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Summary

In the Very High Cycle Fatigue regime (fatigue lives longer than 107 cycles), fatigue cracks
tend to initiate internally. This makes visual detection impossible during maintenance oper-
ations. Consequently, engineers need robust fatigue datasets to prevent such internal crack
initiations that may lead to the fracture of a critical part. To obtain such data, in-situ experi-
mental techniques are developed. In particular, micro-computed tomography allows to acquire
direct images of internal fatigue cracks. In this study, a combination of in-situ micro-tomography
and ultrasonic fatigue cycling has been applied to specimens that contain an internal sharp notch
to study the propagation of internal fatigue cracks. More precisely, the crack shape of internal
fatigue cracks has been monitored in 3D at different instants of their propagation up to the Very
High Cycle Fatigue regime.

Some internal notches have been linked to the specimen surface given access to the ambient
atmosphere. This was done to study the influence of the environment on internal fatigue cracks.
This experimental procedure allowed to acquire for the first time, in-situ observations of internal
fatigue cracks propagating with and without air in a Ti64 alloy. Temperature measurements
were also carried out to evaluate the effect of the environment on the plasticity at the crack tip.
Finally, the fatigue data obtained at ultrasonic frequencies allowed to evaluate the influence of

the cycling frequency on the crack growth rates.

Summary | iz
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Introduction

The fatigue phenomenon is a crucial aspect to consider during the design of the metallic parts
of a mechanical system [ ]. To do so, many engineers use the concept of fatigue limit, the
maximum stress amplitude - for a given mean stress - under which the parts theoretically have
infinite fatigue lives. With the development of ultrasonic fatigue testing machines, the Very High
Cycle Fatigue (VHCF) regime (i.e. fatigue lives beyond 107 cycles) could be extensively studied
by many researchers who demonstrated that fatigue failures eventually occur in metallic alloys
under stress levels equal to or lower than the fatigue limit | ]. It was also observed by
many scientists that, for such low values of applied stress amplitude leading to very high numbers
of cycles, fatigue crack initiation usually occurs in the bulk of the fatigue specimens (or industrial
components). Such observations have been reported also for metallic materials without internal
defects (porosities, inclusions, etc.) such as forged titanium alloys | , ]. From
an industrial perspective, internal fatigue crack initiation is critical because it is invisible to the
classic visual surface inspection methods which are used to detect initiated fatigue cracks during
maintenance inspections. This can be illustrated by some examples of critical component failure
as shown in Figure | on a steel train axle | ] and a Ti64 fan hub of a turbojet engine
[ | (other VHCF fracture examples are reported in the literature such as a compressor
disk of an aircraft engine | ). Even if most of these events resulted only in material
casualties, they illustrate the fact that robust fatigue datasets are needed to prevent fractures

provoked by internal fatigue cracks from happening.
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Figure 1 | Examples of component failure due to internal fatigue crack initiation and
propagation (a) Fracture of a 34CrNiMo6 steel axle of a German high-speed train.
As the initiation location has not been properly identified, this fatigue fracture is
supposed to be subsurface initiated because of the presence of numerous non-metallic
inclusions in the initiation region [KKLI 13]. (b) & (c¢) Fracture of a Ti64 part from an
Airbus A380 motor which occured during the flight. The analyses concluded on an
internal fatigue crack initiation in the Very High Cycle Fatigue regime enhanced by
dwell fatigue [BEA 20].

For this purpose, some recent studies are focused on the development of in-situ experimental
techniques such as temperature monitoring [[KRE 13, RAN 22]; evaluation of the cycling sys-
tem nonlinearities [[XUN 09], X-ray radiography [[.IT/ 11] or X-ray micro-computed tomography
[CHA 15, YOS 16a, MES 19, JUN 23] to study internal fatigue crack initiation and propagation.
Among these methods, the use of X-rays is the only way to directly observe internal cracks in
a non-destructive way. The present study on internal fatigue cracks will extensively use this

technique with synchrotron X-rays.

Literature reports much evidence of the effect of the environment on the fatigue behavior of
metallic alloys. The cracks propagating in air present shorter fatigue lives and faster growth rates
than fatigue cracks propagating in vacuum [HIZN 23]. Since internally initiated cracks are not in
contact with the ambient atmosphere (until they reach the specimen surface), the environment
in which they propagate might explain the differences with surface cracks concerning fatigue

lives and crack growth rates.

To adapt internal fatigue crack observation tests to the constraints of a synchrotron experi-
ment, an internal notching procedure will be employed to foster internal fatigue crack initiation.
Also, as studying internal fatigue cracks raises the topic of the environment effect, an adaptation
of this notching procedure will be employed to artificially bring air molecules to the artificial
internal notch in order to evaluate the environment influence on fatigue properties of internal

cracks.

Hence, this work is based on an experimental protocol that combines in-situ micro-computed

tomography and internally notched specimens to carry out the first in-situ observations of in-
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ternal cracks propagation in Ti64 with and without air in order to collect fatigue data to help

understand the effect of environment on internal fatigue crack propagation in Ti64.

This PhD thesis has been built as the continuation of two previous PhD theses which were
realized in parallel and funded by the French National Research Agency (GIGADEF ANR
project, grant number ANR-16-CE08-0039). Alexandre Messager’s thesis was focused on a cast
aluminum alloy and allowed to develop a first version of the machine used in the present study to
carry out ultrasonic cycling tests with in-situ synchrotron micro-tomography | ]. Arnaud
Junet’s thesis focused on low frequency cycling of internally notched Ti64 specimens also with in-
situ synchrotron micro-tomography monitoring of the fatigue cracks. He developed the artificial

notching procedure used in the present work [ ].

The present study focuses on an adaptation of the in-situ ultrasonic testing procedure to the
Ti64 alloy which presents a finer microstructure than the cast Al alloy studied by A. Messager.
Consequently, the cracks will have a smoother front and a more continuous propagation because
the influence of a fine microstructure on the propagation is reduced. A smoother crack shape al-
lows to more accurately estimate the crack growth rates and also to more easily generate meshes
to set up finite element simulations. Finally, using ultrasonic cycling frequencies allows to carry
out temperature field measurements during the fatigue cyclings because when a low cycling fre-

quency is used, the heat sources per unit of time are too weak to obtain consistent measurements.

This manuscript is divided into four chapters:

- The first chapter introduces the basics of fatigue in Ti64. Also, a summarized state of the
art is presented concerning ultrasonic fatigue cycling tests, experimental evidence of the effect
of environment and cycling frequency on fatigue propagation and methods used to characterize

fatigue crack propagation (post-mortem and in-situ).

- A second chapter describes the experimental and numerical techniques used in this study
to observe and characterize internal fatigue crack propagation in Ti64 with and without air

molecules at the crack tip.

- The third chapter presents the experimental fatigue results (micro-computed tomography
data, fatigue lives and crack growth rates, fractographic observations with SEM and EBSD)
obtained on specimens containing an internal sharp notch not linked with the ambient atmo-
sphere. The propagation mechanisms of the fatigue cracks obtained with this procedure are

then analyzed.

- Finally, the fourth chapter is focused on the effect of environment by presenting experimen-
tal results (micro-computed tomography data, fatigue lives and crack growth rates, fractographic
observations with SEM and EBSD, temperature field measurements) obtained on specimens with

an internal sharp notch connected with ambient atmosphere. They will be analyzed to evaluate
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if the fatigue data obtained in such a way are comparable with surface crack propagation in a
Ti64 specimen put in an ambient atmosphere. This will allow to study the fatigue crack propa-

gation mechanisms when air molecules are present at the crack tip.

4 | Introduction
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1.1 Basics on Fatigue of Metallic Alloys
1.1.1  S-N Curves & Fatigue Regimes

Fatigue is the phenomenon leading to the failure of a material or a component when it is
submitted to a cyclic loading. This phenomenon was studied first in the 19th century by Jean-
Victor Poncelet in France who introduced the term «fatigue» [ |. Fifteen years later in
Germany, August Wohler introduced a curve bearing his name since then. This formalism - also
called S-N curves - is used to represent the fatigue lives of the tested specimens: for a given mean
stress, the applied stress is represented versus the number of cycles before failure (Figure 1.1).
The fatigue life represented on such curves is the sum of the number of cycles needed to initiate
a fatigue crack that will lead to fracture and the number of cycles during which this crack
propagates until the specimen fracture. The applied stress can be defined as the maximal stress

Omaz, the stress amplitude o, = (Omaz — Omin)/2 or its range Ao = Omaz — Omin-

4 conventional ' very high-cycle
fatigue lives 1 fatigue lives
&= =
N = 10%..107
% i, N = 10l.10"
2 1
— 1
& I .
N L}
g HCF :
Z l
< :
surface cracks ' internal cracks
| ] | »
l | T >
= 10° = 10° ~ 10"

Number of cycles to fracture

Figure 1.1 | Schematic S-N curves considered in the literature (adatped from the work
of Mughrabi [ ]). In black, the conventional S-N curve with a HCF fatigue
limit. The fatigue limit is replaced by the curve in domain III (in blue) if Very
High Cycle Fatigue is considered and the green curve in domain IV represents the
VHCF limit sometimes considered in the literature. Surface crack initiations usually
occur in LCF and HCF regimes whereas fatigue cracks tend to internally initiate
in VHCF.

Usually, the literature divides the fatigue behavior into three regimes (see for example the de-
scription of Mughrabi [ ]): the Low Cycle Fatigue regime (LCF) where the applied stress

amplitude is producing macroscopic plastic strains in the material and the fatigue endurance

is limited (typically below ~ 10° cycles). If the stress amplitude is smaller, the fatigue life is

6 | Chapter 1 — State of the Art

These accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0120/these.pdf © [L. Hébrard], [2023], INSA Lyon, tous droits réservés



longer and it corresponds to the High Cycle Fatigue regime (HCF) where there is no macroscopic
plasticity and the fatigue life is approximatively between 10% and 107 cycles. Finally, for even
smaller stress amplitude, the number of cycles to fracture can be higher than 107. This is the
Very High Cycle Fatigue (VHCF) regime. This fatigue domain will be studied in this work and
is presented in Section . These fatigue regimes can be linked with different domains on the
S-N curves as illustrated in Figure 1.1: Domain I corresponds to LCF and the beginning of
HCF where fatigue cracks are due to macroscopic plastic strain (such as persistent slip bands at
the specimen surface). Domain II concerns the conventional fatigue limit located in the HCF
regime where a cyclic strain localization threshold is reached. Domain III concerns VHCF

where only microplastic strains occur.

Up to the end of the 20th century, the first studies on fatigue brought the concept of fatigue
limit for a given mean stress or loading ratio (R = %) it is the stress amplitude below which
the material theoretically has an "infinite" fatigue life. This concept lies in the fact that a plateau
can generally be observed on the S-N curve for several metallic materials above 106 or 107 cycles.
It was however difficult to reach such a large amount of cycles because carrying fatigue tests
beyond 107 cycles is very long with classic servo-hydraulic or electromagnetic testing machines
(usually operating around 30 Hz and 200 Hz respectively). However, with the development of
ultrasonic fatigue testing machines at the end of the 20th century, it has become possible to
test specimens with a 20 kHz (or even higher) frequency and to reach the gigacycle regime in
a reasonable time [ |. This type of loading procedure is based on making the specimens
resonate at 20 kHz. Hence, at such a high frequency, 10? cycles can be applied in less than 14
hours whereas at conventional frequencies (a few hundreds of Hertz), it takes months to reach the
same number of cycles. With this type of test, researchers found out that fracture could occur
beyond the HCF region of the S-N curve - i.e. in the VHCF regime - when the stress amplitude is
lower than the conventional fatigue limit. These observations brought the idea of the existence
of Domain III i.e. the absence of infinite fatigue life meaning that there is no fatigue limit
in materials, particularly in metals. This justifies the necessity to study VHCF regime more
precisely [ ]. Consequently, it was considered to replace the horizontal asymptote of the
S-N curve with a multi-step curve as illustrated in blue in Figure and the notion of fatigue
limit should be replaced by the fatigue strength at a given number of cycles. However, this
consideration is questioned by several papers which report that a Domain IV can be observed
when a strain reversibility threshold is reached leading to possible "infinite" VHCEF lives (green

curve on Figure ) [ ) , ].

1.1.2 Very High Cycle Fatigue

As evoked in last section, ultrasonic fatigue testing machines allow to reach the VHCF regime
in a reasonable amount of testing time. In this regime, Mughrabi distinguished two types of

materials [ |: type I which are single-phase pure materials without microstructural defect
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and type Il materials comprising defects such as inclusions or porosities that act as preferred
sites for fatigue crack initiation (e.g. steels or cast alloys).

In the case of type II materials, a remarkable feature in the VHCF regime is that crack
initiation mechanisms change and fatigue cracks tend to initiate from the defects in the bulk
of the material and not at the surface anymore as it is usually the case in LCF and HCF
[ , , , , , , ]. In Domains I & II of the
S-N curves, the cracks tend to initiate from the surface were cyclic plastic strains are easier to
develop whereas in Domain III, the stress amplitude is too weak for macroscopic plastic strains
to be localized and an accumulation of microplastic strain inside the material occurs leading to
internal fatigue fracture after a very large number of cycles. Figure summarizes the crack
initiation mechanisms in a two-stage S-N curve to illustrate the shift in initiation location when
the fatigue stress amplitude decreases. It points out that many different fatigue crack initiators
have been referenced in the literature for these two types of initiation locations. Most of them
are related to the microstructure (grain boundaries, slip bands, inclusions, cleavage) or linked

with the manufacturing process (machining flaws, porosities, shrinkages, microcracks).

5
2 %%
4 1. Grain houndary .
w 2. Subgrain boundary ..z(_;
5 3. Inclusion (Surface) ’ﬁ
i 4. Persistent slip bands\%, @  Fatigue limit for surface-
5.Shrinkage (Surface) S nitiated fracture
B 6.Machining flaw
% (Macroscopic)
g 1. Slip band erack (Mughrabi)
= 2. Inclusion (Surface)
E 3. Inclusion (Interior)
?, 4. Shrinkage (Interior) ?y
a 5. Pore (Interior) N
= 6. Weak microstructure
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E 8. Surface defect (Very fine)
2 9, Machiping flaw (}nicm-scale) 9
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i
- —_—
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Figure 1.2 | Summary of fatigue crack initiation origins for low-cycle fatigue and surface
initiation (in grey) or high-cycle fatigue and internal initiation (in white) [ ]
In general, fatigue cracks tend to initiate from microstructural or machining-induced
features.

Most of the ultrasonic fatigue test protocols used to study the VHCF regime load the spec-
imens with a fully reversed loading (nominal stress ratio R = 2= = —1) under tension-

compression resonance. However, as explained by Mayer, it is possible to change the ultrasonic

load ratio by adding a static force to the specimen during the ultrasonic loading | .
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A lot of different examples of tests carried out on different materials exist in the literature with
various experimental conditions (fatigue testing of welded joints, ultrasonic three points bend-
ing test,etc.) as reviewed by Stanzl-Tschegg or Mayer | , |. Quite a few of these
studies deal with the Ti64 used in this work [ , , , .

As summarized in Stanzl-Tschegg’s review, ultrasonic fatigue testing procedures have however
several limits [ | such as the specific geometry of the specimens necessary to reach the
resonance (making it very difficult to test components). Also, depending on the material, because
of the high strain rate, the temperature might increase during cycling and influence the fatigue
behavior. That is the reason why most of the specimens in ultrasonic fatigue tests are cooled
with dry compressed air passing through an air gun | |. Furthermore, using very high
strain rates may have an impact on fatigue life. This will be discussed in Section . Finally,
with such a high loading frequency, it is necessary to adapt the measurement methods used to
monitor the cracks during their propagation as it will be presented in Section 1.4. For example,
very few crack growth rate data are available in the literature for ultrasonic cycled specimens
[ , ) , , , |. The present work focuses on a method

to collect such dataset for internal cracks in a Ti64 alloy.

1.2 Fatigue of Ti64 Titanium Alloy

1.2.1 Ti64 Microstructure

As evoked above, the material studied in this project is a titanium alloy. Two different
crystallographic structures can be found in pure titanium (cf. Fig. 1.3): a hexagonal close-packed
(HCP) « phase and a body-centered cubic (BCC) /3 phase | |. At ambient temperature,
the o phase is stable (transus temperature is 882°C). For this HCP phase, the most densely
packed planes are the {0002} basal plane and three {1010} prismatic planes (cf. Fig. 1.3).

In this a phase, different slip systems can be activated during plasticity. They are listed in
Table and have different critical resolved shear stress values. This means that some of them
are easier to activate. As reported by Castioni et al. | | the basal, prismatic and first

order pyramidal are usually the first activated slip systems.

As the two phases are responsible for different characteristics of the alloy, different alloying
elements have been used to stabilize either one or the other phase. Aluminum is an « stabi-
lizer which increases the material strength and vanadium stabilizes the 5 phase to increase its
ductility. These two alloying elements are predominant in the Ti64 titanium alloy (also called
Ti-6A1-4V) which is an a+f alloy covering more than 50% of the titanium market | ]. Ttis
very frequently used for biomedical and aeronautics applications because of its good mechanical

properties, good corrosion resistance and workability | ]
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(1071) —

0.468 nm

(1070) —

a,—-—
(0002)
0.295 nm \32
Figure 1.3 | Unit cells of pure titanium « (left) and S (right) phase | ]. The

hexagonal close-packed a phase is the stable phase at room temperature. The 5
phase is body-centered cubic. Several slip planes are dashed.

Slip system Slip plane | Slip direction | Burgers vector
Basal (0002) < 1120 > a
Prismatic {1010} < 1120 > a
First order pyramidal () {1011} < 1120 > a
First order pyramidal (1) {1011} <1123 > c+a
Second order pyramidal (mg) | {1122} <1123 > c+a

Table 1.1 | Slip systems in the Ti64 « phase | ) ]

Depending on the required properties, different heat treatments can be applied to this alloy
resulting in three main types of microstructure:

The lamellar microstructure (also called basketweave) has large lamellar-shaped « colonies
with 8 zones at the grain boundaries (Figure |.1a). It is obtained from an annealing
treatment and a martensitic structure can be obtained if quenching is applied to this
microstructure leading to very high strength properties.
The bi-modal microstructure is obtained from a lamellar Ti64 which is hot worked and
recrystallized. It is composed of globular « grains surrounded by lamellar-like o zones
(Figure 1.1b). The size of the two different types of grains is determined by the cooling
rate.
Finally, the equiaxed microstructure can be obtained the same way as the bi-modal one
but the cooling rates from the recrystallization temperature have to be slower. This type
of microstructure is used in the present study and is composed of « grains surrounded by

intergranular 3 zones located at the grain boundaries (Figure 1.4c). This microstructure
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configuration has a high level of ductility, strength and a good fatigue resistance. The

latter can be increased if the grain size is smaller.

Figure 1.4 | The three different types of Ti64 microstructures [\WU 13] (a) lamellar
(large lamellar-shaped a colonies with 5 zones at the grain boundaries), (b) bi-
modal (globular a grains surrounded by lamellar-like o zones) and (c) equiaxed
microstructure (« grains surrounded by intergranular 5 zones located at the grain
boundaries)

Macrozones can be observed in the wrought Ti64 alloy. These are large microstructural
zones containing a lot of grains with their ¢ -axis oriented more or less in the same direction.
For instance, these zones can be formed during hot rolling and might have an impact on the
HCF [LEB 00] and VHCF [NII< 15, NIIX 16a] resistance of the alloy. More details on macrozones
formation and characterization can be found in the thesis of Lunt (and particularly in his Section
2.6) [LUN 14].

1.2.2 Fatigue Crack Initiation in Ti Alloys

The fatigue strength of a material depends on its resistance against fatigue crack initiation
and its ability to limit crack propagation as illustrated by S-N curves (representing the sum of
the numbers of cycles required to initiate and to propagate cracks leading to fatigue fracture).
The different Ti64 microstructures do not have the same fatigue strengths. However, those dif-
ferences are not systematic: for example, Welsch et al. observed higher fatigue strength for the
bi-modal microstructure [WEL 94] whereas Liitjering but also Zuo et al. report lower strength
for bi-modal than for lamellar microstructures [LUT 98, ZUO 08]. More generally, Wu et al.
compare the fatigue lives for three Ti64 microstructures by compiling the results from different
studies [W U 13]. They report that the fatigue life is scattered for each microstructure type and
they claim that one of the most important parameters that control the fatigue resistance of Ti64

is the « grain size (or the size of the lamellar zones): smaller grain size entails better fatigue

resistance. This can be explained by the fact that grain boundaries act as natural barriers slow-
ing down the crack propagation specifically when the crack is microstructurally or mechanically

short (i.e. it is short enough to interact strongly with the microstructure) [DAV 03].

Fatigue of Ti64 Titanium Alloy | 11
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As evoked in Section , the location of crack initiation shifts from the surface in the HCF
regime to the interior of the specimen in VHCF (i.e. when the stress amplitude is low). As
most of the titanium alloys do not contain any inclusions or porosity (in the case of forged ma-
terial), the internal fatigue cracks tend to initiate from microstructural heterogeneities such as
macrozones or «/f interfaces (where the deformation is incompatible between the two phases)
[ , |. Nikitin et al. reported four different fatigue crack initiation types which
compete and might lead to the final fracture in a forged VT3-1 titanium alloy (presence of macro-
zones, of elongated « grains, of surface defects and molybdenum segregation zones) | ].
Heinz observed that internal cracks initiate from microstructural inhomogeneities in the o and
[ phase distribution | ]. Wu et al. reported, in a Ti-7Mo-3Nb-3Cr-3A 3 stable alloy, that
fatigue crack initiation tends to occur in elongated « grains | |. Finally, in the HCF and
VHCEF regimes, a lot of studies observe that crack initiation occurs at « grains clusters leading

to the formation of cleavage facets | , , , ].

1.3 Fatigue Crack Propagation

After its initiation, a fatigue crack may propagate until the final fracture of the specimen. The
propagation will be controlled by different mechanisms. This section summarizes the formalism
classically used to describe crack propagation. The mechanisms and the parameters influencing

fatigue crack propagation are also briefly presented.

1.3.1  Stress Intensity Factor, Plastic Zones and Crack Closure

As extensively explained in Chapter 5 of J. Schijve’s book | |, in a Linear Elastic
Fracture Mechanics (LEFM) situation, for which plasticity is supposed to be localized at the
vicinity of the crack tip (small radius of the plastic zone size compared with the crack length),
the stress field around a crack can be written as follows (in the polar coordinates system depicted
in Figure 1.5) | ]:

1

(M) = I 11 111
01d(M) = o= (Kifl;0) + Ku £ 0) + Ki £59)) (L)

with r the distance to the crack front, fiI 3.1 LI

spatial distribution and K7 rrrrr the Stress Intensity Factors (SIF) respectively for the three

(0) the functions which defines the polar stress

fracture modes (Fig. 1.6). The SIF represents the severity of the stress at the crack tip, it takes
into account the loading and the crack geometry and can be considered as the crack driving

force.
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P)

Y e
X

crack front z

Figure 1.5 | Polar coordinate system used to describe the stress field around a 3D
crack (Eq. 1.1). O is a point of the crack front. z is the unit vector tangent with
the crack front in O. z is defined in order to have P = (O, z, z) as the crack front
tangent plane in O. Finally, y is normal to the P plane to have a (xyz) orthonormal
basis. The dashed line is the projection of the crack front on the P plane.
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Figure 1.6 | Three typical fracture modes | ]

In a simplified case of a 2D crack submitted to a stress that is normal to the propagation

direction (e.g. loading in mode I), the SIF can be written as follows:

K =T(a)oy/7a, (1.2)

with o the applied far-field stress and I'(a) a dimensionless function that depends on the crack
length a, the loading applied to the component and the component geometry.

Equation theoretically states that the stresses become infinite when r tends towards
zero (i.e. for a point very close to the crack tip). Metallic materials have, at least, a minimum
ductility, consequently (in the case of a perfect elastic-perfectly plastic behavior), one can observe
a plastic zone around the crack front inside which the stress equals the local yield stress, oy, as

illustrated in Figure 1.7. In this small volume, the above equations are not valid as they have
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been defined in the context of LEFM. Usually, this plastic zone is approximated, in 2D, as a disk.
It is possible to find in the literature some estimations of its radius, 7 mono (Eq. in the case
of plane strain) | |. In a fatigue loading situation, the portion of the cycle when the stress
decreases induces a zone where the plastic flow is reversed. The size of this so-called reverse
cyclic plastic zone, 7, .y, has been evaluated by Rice thanks to the superposition principle
[ ]. In the case of an elastic-perfectly plastic behavior, Tp,eyel 1 four times smaller than
T'p.mono @s shown in Eq. (in the case of plane strain). More details on crack tip plasticity can
be found in the literature (cf. Section 2.3.2 of U. Krupp and Section 5.8 of J. Schijve respective
books [ , ).

T'p,mono = T 0_32/ (1 3)
(1-2v)2 AK?
rp,cycl = - 40-}2/1 (14)
0}

0}
Plastic zone
(radius r,

,mono)

[

Crack

\

Reverse cyclic
plastic zone
(radius 7p,cycl)

Figure 1.7 | Stress field evolution around a crack tip where 7p pono is the radius of the
monotonic plastic zone and 7 .y is the radius of the reverse cyclic plastic zone
appearing in reason of the alternating aspect of the fatigue loading.

As explained in Section 8.4 from J. Schijve’s book [ |, at the end of the unloading
portion of a fatigue cycle, the crack is closed while the stress is still positive (i.e. tensile part of

the cyclic loading). This phenomenon is called fatigue crack closure and is important because
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when the crack is closed, it is usually assumed that the crack does not propagate. Consequently,
an effective SIF range, AK s, has been defined to more precisely quantify the crack driving

force.

AKeff = Kpaz — Kop (1.5)

with K, corresponding to the higher SIF value at which the crack is closed.

As described above, during fatigue crack propagation, a plastic wake is formed in the material
located near the crack lips. This is one of the reasons explaining crack closure because the region
impacted by cyclic plasticity is extended in the loading direction which forces the crack lips to
touch before the end of the unloading. This mechanism has been called plasticity-induced crack
closure. Other phenomena can provoke crack closure such as the presence of oxide layers on
the freshly created crack lips (oxyde-induced crack closure), but also the contact between the
crack lips which induces mode II and mode III residual stresses because of the fractographic
roughness (roughness-induced crack closure). A recent review of this phenomenon has been

written by Pippan & Hohenwarter | ]

1.3.2 Crack Propagation Mechanisms

Different mechanisms are involved in the propagation of a fatigue crack that can be separated

into four successive regimes as detailed in the literature | , , |. Those
regimes are summarized in Table and described hereafter.
Crack pr(?pagat1on Crack size Plast?c Propagation Closure effect LEFM
regime zone size mode
Microstructurally . . .
short ~ Grain size Negligible IT (shear)  Due to roughness Non valid
Mechanicall L
echameally ~ Grain size arge colibare d I (tension) Limited Non valid
short to the crack size
Physically >> Grain size Small cotipare d I (tension) Limited Valid
short to the crack size
11 D h
Long >> Grain size Small compared I (tension) ue to the Valid”

to the crack size plastic zone

Table 1.2 | Fatigue crack propagation regimes

“If the crack is large compared to the dimensions of the specimen section (i.e. the final stage of the crack
propagation), the value of the SIF range is important and the amount of section not fractured is small compared
to the crack size. In this case, the plastic zone is big and LEFM cannot be applied even if the last line of Table
is valid.
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At the beginning of its propagation (called the propagation Stage I), a fatigue crack is
sensitive to the microstructure because of its small size so, even if the crack growth rate may
be relatively high, microstructural features such as grain boundaries, non-metallic inclusions,
pores, etc. can slow down and even arrest the cracks. When the crack size and its plastic zone
increase, those microstructural barriers have less and less impact on the propagation (Stage
I-like as defined by Petit & Sarrazin-Baudoux | ]) so the crack is propagating in Stage I
in the different grains (7.e. shear mode, IT or IIT) but, macroscopically, it is perpendicular to the
loading direction (i.e. mode I). Finally, when the crack is long enough, the microstructure does
not affect anymore the propagation (Stage II, mode I). The transition from Stage I to Stage II
occurs when the crack is mechanically short. Different conditions on the crack size compared

to the grain size can be found in the literature to characterize this transition (transition when

crack size > X with X =1 | : : [, X=5] J, X =8]  or
X =10 ]). A mechanically short crack is small enough to be still influenced by the

heterogeneous stress field around the initiation location. The crack enters the physically short
regime when it is long enough not to be influenced anymore by the microstructure and its plastic
zone is still small compared to the crack size. The main difference between physically short and
long cracks is their plastic zone size which is larger for long cracks. Consequently, there is more
closure effect (due to plasticity) for long cracks. Their crack growth rates are slower than for

physically short cracks.

1.3.3 Cracli Growth Rate

To rationalize crack growth rates in different fatigue experimental conditions, Paul C. Paris
empirically proposed a relation between the SIF range, AK, and the crack growth rate, da/dN
(with N the applied number of cycles), which is valid in a stable propagating stage (since then,

called the Region II or Paris region in Figure 1.8) | |:

da

— =CAK™ 1.6

ud , (16)
with AK = Koz — Kmin the SIF range (Kpap and Ky, corresponding respectively to 0p,q, and
Omin), C and m two empirical constants depending on the testing conditions: applied loading

(in particular the SIF ratio Rx = Kinin/Kmaz), material, temperature, environment...

In this type of diagram, a stable crack growth region called the Paris region can be seen
between two regimes: the threshold region (on the left of the diagram) and a region of very rapid
crack growth (on the right) corresponding to crack instability or material tearing. The threshold
region corresponds to a SIF range value A Ky, below which a long crack does not propagate. For
SIF range values smaller than A Ky, only short cracks can initiate and propagate. In the mid-
70s, Pearson reported for the first time such short crack propagation for SIF ranges below the

AKyy, value | ]: the crack growth rate behavior of short cracks can decrease or increase
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with increasing SIF as explained by Davidson et al. | ] and illustrated by the blue curves
from Figure 1.8. This variety of short crack behaviors is due to their strong interactions with
microstructure because of their small size. Finally, the sudden crack growth region concerns the
propagation which occurs just before the final fracture. The crack growth rate curves can be
used to compare the effect of different testing conditions on crack propagation at a given SIF
value or to visualize the influence of different microstructures on crack resistance [ . A
more comprehensive description of fatigue crack propagation can be found in Chapter 8 of J.
Schijve’s book [ ]. Several parameters can influence the fatigue crack propagation rates,

they will be described in the next sections.
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Figure 1.8 | Crack growth rate curve with the three regions, I, IT and III, corresponding to
the stages of long-crack fatigue propagation. The blue curves represent the variety
of typical small-crack growth rate behavior that have been observed below the SIF
range threshold value, AK,;. This graph is an adaptation from two different sources

[ ) J

1.34 Impacting Factors on Fatigue Crack Propagation

Various factors are reported in the literature to have an influence on fatigue crack propagation
in metallic alloys. For example, Grinberg reports that the microstructure, the mean stress and
the environment have an important influence on the near-threshold region of the crack growth

rate diagram whereas it is not the case in the Paris regime | ] (also highlighted in another
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review | D).

As explained above, short cracks are largely influenced by the microstructure through which
they propagate. Hence the microstructure has an influence on fatigue properties. Wu et al.
reviewed some results from different studies to evaluate the influence of the Ti64 microstructure

types on fatigue life | ], this has been detailed in Section

The nominal stress ratio R = % (with opmin and ope, the extrema stress values when
no crack is considered in the specimen i.e. the nominal stress values) has also a huge impact
on the fatigue properties as detailed in many studies | , , , ]
These studies report a smaller value of AKy, (fatigue crack propagation threshold) for higher
stress ratios and link it with the closure effect | ]. The influence of the stress ratio can be
considered together with the influence of the environment because the chosen stress ratio plays a
role in the time during which the crack is open: a key parameter when the effect of environment
is considered. For example, Grinberg claims that the stress ratio has an impact on AKyp, only
in air and not in vacuum | |. In the present work, all our experiments were carried out
under R = —1.

The temperature has an influence on the fatigue behavior of metallic alloys (fatigue life
and crack growth rate) particularly at high temperatures (¢f. Chapter 17 from J. Schijve’s book
for more details | ]). This influence on fatigue properties is crucial in aeronautics and in
particular for turbine blades which can be cycled at 300°C | ]

Other phenomena can influence the fatigue properties, for example, the dwell effect can impact
the fatigue life of titanium alloys as extensively reported in the literature | , ,
, |. This effect consists of an increase in crack growth rates provoked when a

static loading is imposed on the specimens in between their cyclic blocks.

The present work uses ultrasonic cycling to study internal crack propagation in a nonde-
structive way thanks to in-situ synchrotron computed tomography. The environment and the
loading frequency are two parameters which will be relevant in the present work. A literature

review on these topics is presented in the next sections.

1.34.1 Environment Influence

The environment in which a fatigue crack propagates is known to have an important impact
on the fatigue behavior of many metallic alloys. This phenomenon has been documented for
decades as illustrated by the numerous reviews available in the literature [ , ,

, , |. For example, environment effect has been observed for titanium
alloy [ , , , , |, for aluminum alloys [ | and for
steel [ ]

The majority of experimental evidence of the environment effect on various metallic alloys

(Al alloys, steels, Ti alloys or pure Cu) cycled at conventional frequencies report shorter fatigue
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lives if the specimen is in air than if it is in a vacuum environment | ) ]. This
difference has also been reported at ultrasonic frequencies as presented by Petit et al. in Ti6246

alloy (Figure 1.9) | ).

O VHCF air 20°C o LCF-HCF air 20°C
w A VHCF air 300°C ¢ LCF-HCF air 300°C
""E m VHCF vacuum 20°C @ LCF-HCF vacuum 300°C|
< 0,008 - # LCF-HCF vacuum 300°C
i)
2 0,007 { O
@ o
[ -
5 0,006 3 C@
=
»n 0,005 o OO
e I i
2 0,004 -
g
'S 0,003 : : : : : s
ou- 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10

Number of cycles Nf

Figure 1.9 | Differences in fatigue lives between cracks propagating in air and in
vacuum at 20 kHz in Ti6246 | ]. Cracks in contact with air present shorter
lives than vacuum-propagating ones.
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Figure 1.10 | Crack growth rate curves obtained for specimens cycled in air or in
vacuum (a) for a high-strength low-alloy steel by Henaff et al. | ] and (b)
for Ti64 by Yoshinaka et al. | ]. For similar SIF range values, the growth

rates are higher for cracks propagating in air than in vacuum.
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Also, for long cracks with similar SIF range values, air-propagating cracks growth rates are
reported to be higher than those obtained in vacuum (Figure ) as observed by Henaff et
al. and Yoshinaka et al. respectively in high-strength low-alloy steels and in Ti64 cycled at
conventional frequencies [ , |. Petit et al. reviewed similar observations from
many studies on a 7075 Al alloy, a nodular cast iron, an En24 steel and a high-strength low-
alloy steel [ |. Similarly, Oguma et al. compared Ti64 fatigue crack growth in air and in
vacuum, they reported the same observations concerning fatigue lives and crack growth rates
[ J-

The different fatigue behaviors of Ti64 in various environments can be observed from frac-
tographic observations. As it will be explained in Section , the fractographic aspect of a
crack that propagated under vacuum conditions does not present the same characteristics as a
fatigue crack propagating under air environment (for example, the striation phenomenon is, in
general, known to occur only in presence of air and not in vacuum | ).

The described influence of the environment on fatigue properties has also been studied at
ultrasonic frequencies to evaluate the link it has with the frequency effect concerning fatigue

crack growth rates, this will be detailed in Section

As explained by Petit & Sarrazin-Baudoux | ], the model from Wei is usually used
to explain this difference in propagation | |. Two different mechanisms emerge from this
model:

(i) the adsorption-induced dislocation emission (AIDE) where water vapor molecules are ad-

sorbed at the freshly created surface crack to create an oxide layer | , ]. Some
researchers claim that this layer increases dislocations movements | |, reduces slip irre-
versibility and crack front surface energy [ ] or increases plasticity | | resulting

- in all cases - in an increase in crack growth rate.
(ii) the hydrogen enhanced localized plasticity (HELP) which claims that the adsorbed hydrogen
diffuses in the material around the crack tip reducing the stress needed to unpin dislocations.
As reviewed by Henaff & Sarrazin-Baudoux | |, a two-step model composed of the suc-
cession of adsorption and hydrogen crack propagation assistance is sometimes developed in the
literature. It has been considered for titanium alloys by Smith & Piasick | ]. The HELP
phenomenon has been experimentally observed only for small values of the SIF range [ ]
whereas the AIDE one seems to occur for larger values of the SIF range | ]. Also, Sinha
& Larsen | | report that oxidation has a higher influence on the crack growth rate than
hydrogen in Ti alloys.

In addition to these two mechanisms, Hudson & Seward present cold-welding as a reason
why vacuum propagating cracks can be slower | ]: when there is no oxide layer, the
two lips of a freshly created fatigue crack might reweld during the compression phase of the

cycling. Several studies have reported observations justifying this assumption [ , ,

Y ]'
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To study the influence of environment on fatigue behavior, most researchers are using adapted
fatigue testing machines fitted with a vacuum chamber to cycle a specimen with a surface crack in
a controlled environment | , , ]. An original example of vacuum chamber
has been used by Geathers et al. who carry out their observations in the primary vacuum of a
Scanning Electron Microscope [ ].

Another uncommon solution to study the effect of environment consists of bringing air to internal
cracks instead of putting surface cracks in a controlled vacuum environment. To do so, Schijve
drilled an axial hole connecting the top surface of some fatigue specimens to the volume center

[ |. As detailed in Chapter 2, a similar approach has been used in the present study.

1.3.4.2 Loading Frequency Influence

The present work is focused on internal fatigue cracks which principally initiate in VHCF
regime. As it will be explained in Chapter 2, an ultrasonic system working at 20 kHz is used to
reach this gigacycle regime in a reasonable amount of time. For this reason, it is important to
know the influence of the cycling frequency on the crack behavior because the majority of fatigue
experimental protocols use servo-hydraulic, electro-magnetic or electrodynamic resonance types
of equipment whose cycling frequencies are generally of the order of several tens or hundreds
of Hertz. The influence of the cycling frequency can be linked with strain rate effects and

time-dependent influences of the environment.

To address those issues, it is necessary to differentiate the materials. For example, steel or
copper alloys which are strain rate sensitive might be influenced a lot by the cycling frequency.
Kikukawa et al. - who wrote one of the first papers reporting a study on the frequency effect -
observed that for their studied steel, higher frequencies led to longer fatigue strengths [ ].
Mayer reports that - contrary to body-centered cubic alloys - the face-centered cubic metals (e.g.
Al alloy) are weakly dependent on the strain rate | |. However, these assertions need to
be taken with caution as illustrated by Engler-Pinto et al. | ] who studied two different
Al-Si cast alloys used for an automotive component and observed that one alloy did not present
any noticeable differences in fatigue behavior between ultrasonic and conventional frequencies

whereas for the other one, the difference was very pronounced.

For strain rate insensitive alloys, as studied by Stanzl-Tschegg, Sarrazin-Baudoux and cowork-
ers [ , ], the frequency effect is mainly explained by environment considerations
because, at ultrasonic frequencies, a surface fatigue crack is in contact with the air molecules
present in the ambient atmosphere during very short time intervals. Hence, by taking into ac-
count the environment effect presented in Section , it is possible to claim that the crack
growth rates might not be impacted by high frequencies if the cracks are in a non-corrosive
environment (i.e. in primary vacuum) [ ) ]. In the study on frequency effect
made by Holper et al. on a 2024-T3 Al alloy cycled with R = —1 | , |, it has
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been observed that the crack growth rates in vacuum appear similar for high and low cycling
frequencies whereas in air, the crack growth rates at ultrasonic frequencies decrease to meet
those measured under vacuum conditions at high SIF ranges (long cracks) (c¢f. their summa-
rized results in Figure ). To explain these observations, the authors claim that, at ultrasonic
frequencies, the amount of time during which the crack is open is too short for the air molecules

to reach the crack tip and provoke oxidation of the freshly created crack surfaces.
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Figure 1.11 | Crack growth rate graphs showing a frequency effect for 2024-T3 alu-
minum alloy | ] (a) Dataset cycled under vacuum conditions: no difference
between 20 Hz and 20 kHz crack growth rates (b) Dataset cycled under air condi-
tions: the crack growth rates obtained at 20 kHz are lower than the one obtained
at 20 Hz. The continuous curve in (b) corresponds to the data from (a): for high
SIF amplitudes, the growth rates for cracks cycled in air at 20 kHz are comparable
to the rates measured in vacuum.

However, the results reported by Sarrazin-Baudoux et al. on a comparable 2024-T351 Al
alloy present no difference in crack growth rate between cracks propagated at 20 Hz and 20 kHz
[ |. In this last study, the stress ratios used were all positive. This reminds the conclusions
of Petit et al. for results obtained at conventional frequencies: if the effect of environment is
«saturated» (i.e. if the specimen is cycled in ambient air at positive stress ratio), the air
molecules are reaching the crack front whatever the frequency, so in that case, the frequency
effect might be limited | .

These considerations bring elements to understand the different literature results concerning

frequency effect on titanium alloys [ |. For example, Morrissey & Nicholas observed longer
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fatigue lives for tests carried out at ultrasonic frequency and R = —1 | | whereas, for the
same Ti64 alloy, Atrens et al. did not report any frequency influence on fatigue life with a stress
ratio of zero | |. Similarly, Furuya & Takeuchi claim that no frequency effect is observed
for positive stress ratios for Ti64 | |. Finally, in the review on ultrasonic fatigue testing
written by Mayer | ], a comparison between different studies was made which reported

no frequency effect for internal cracks | | contrary to the case of surface cracks | ].

1.4 Experimental Analysis of Internal Fatigue Cracks Initiation and
Growth in Metals

Different experimental approaches have been used to study internal fatigue cracks and will
be presented in this section, from the classic post-mortem optical surface analysis to the in-situ

microcomputed tomography monitoring which is less frequently used in the literature.

1.4.1 Fracture Surface Analysis

As presented in Section , in VHCF, fatigue crack initiation occurs very often inside the
material. Consequently, the experimental methods to study this type of crack are very limited.
That is the reason why most of the experimental references on internal fatigue cracks are fo-
cused on the total number of cycles and use post-mortem observations of the final fractured
surfaces to determine the mechanisms occurring before the final fracture [ |. This frac-
tographic analysis method is used to locate the crack initiation site and also to determine the
crack propagation mechanisms from the aspect of the fractured surface. To obtain this type
of information, optical microscope and Scanning Electron Microscope (SEM) observations are
usually carried out. But the crack surface can also be analyzed with 3D profile measurements
[ ], roughness measurements | , ], Energy-Dispersive X-ray spectroscopy
(EDX) | | or even by using the Focused-Ion Beam (FIB) technology to extract a section
view perpendicular to the crack surface in order to reveals the microstructure in the volume just
below the crack | | (this method, used in the present study, will be detailed in Chapter 3).

Generally, the initiation site is located on the fractographic surface thanks to several fracture
characteristics such as clusters of facets or step lines which are directed toward the initiation

location as it can be observed in Figure a | .

Immediately after initiation, an internal crack in a Ti64 alloy has strong interactions with
the microstructure; this can be seen on the fracture surface as a "chaotic-looking" zone called
the Rough Area (RA) as illustrated in Figure a. In this zone which comprises the initiation
site, a relatively large roughness is observed. More precisely, the zone is composed of smooth
facets dispersed within granular areas (cf. Fig. b). This Rough Area is referenced in a lot
of studies on Ti64 | , ]
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Figure 1.12 | Aspects of the fracture surface for a sub-surface crack in Ti64 observed
with SEM [LIU 15]. It presents all the typical fractographic features of an internal
fatigue crack in Ti64. (a) global view of the Rough Area around the initiation
location, (b) detailed view located in the Rough Area: some facets surrounded by
granular zones, (c) scheme of the fracture surface for an internal crack in Ti64.

When the crack is long enough not to be influenced by the microstructure anymore, the
fracture surface starts to present a more planar aspect. This zone surrounding the Rough Area
has a circular shape, for this reason, it forms with the Rough Area, the so-called Fish-eye zone
(FiE). Beyond this region, the crack enters the Steady Crack Growth region and propagates
until the final fracture when the maximum value of the SIF approaches the material toughness.
These different zones are summarized in Figure 1.12¢ and described with more details in Hong
& Sun’s review [HON 17].

To explain those different regions of the fracture surface, some authors claim that the crack
exits the Rough Area region when the plastic zone radius at the crack tip is larger than the grain
size [WAN 89, ZHA 12, JUN 21]. Such an assumption has also been made by Birkbeck et al.
who studied a low-carbon steel and stated that the crack is not influenced by the microstructure
when the plastic zone radius is four times larger than ferrite grain diameter [BIR 71].

In their review, Hong & Sun present a model to explain the formation of a Fine Grain Area
(FGA) in steels with internal fatigue crack initiation (the Fine Grain Area is the steel equivalent
of the Rough Area observed in Ti alloys) [HON 17]. This so-called Numerous Cyclic Pressing
(NCP) model states that the repeated pressing between crack surfaces during fatigue cycling
can lead to the formation of a nanograin layer immediately below the crack lips as confirmed by
several works [JIA 16, CHA 20, FU 22]. Other models can be found in the literature to explain
the formation of the Fine Grain Area, they are detailed in Section 4.1 from Hong & Sun’s paper,
however, they concern most of the time alloys with inclusions such as steels. For example, the
environment effect of the hydrogen contained in the inclusion from which the crack initiated is
considered as the origin of Fine Grain Area formation by different researchers [MUR 00, L1 12].

Finally, because the Fine Grain Area is only present for specimen cycled in vacuum and not
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in air, Oguma & Nakamura supposed that cold-welding occurring between the two lips of an

internal crack might be the reason for the formation of this zone | ].

The aspect of the fracture surface is influenced by the environment in which the fatigue crack
has propagated [ |. For example, the fractographic features of a crack that initiated at the
surface of a Ti64 specimen put in air are different from those of an internal crack not in contact
with the ambient atmosphere. As described by Yoshinaka et al., surface crack fractography does
not present any Rough Area with facets and granular aspect but an «angular and sharp» zone
nearby the initiation site surrounded by a «larger flat striated zone» (cf. Fig. ) | ].
In this work, the authors studied the propagation of fatigue cracks from an artificial notch at
the surface of Ti64 under various controlled environments. They report that the «angular and
sharp» zone around the initiation location - observed when the specimen is in ambient air -
progressively changes when the atmospheric pressure is modified and a «granular and rounded»
aspect is observed when a 1079 Pa, pressure is applied. The latter reminds the granular Rough
Area typically reported for internal fatigue cracks (depicted in Figure ).

The fact that the influence of the environment on the fracture aspect can only be observed
near the initiation site (7.e. for short cracks) is in agreement with the observations of Grinberg
who claimed that the crack growth rate depends on the environment only in the near-threshold

region [ .

Small defect

angular & sharp zone |

flat striated

i zonef

Figure 1.13 | Scheme of the fracture surface for a surface crack propagating in Ti64
in ambient atmosphere No Rough Area is observed around the initiation site
but an angular and sharp zone located inside a flat striated one. Illustration
adapted from the work of Yoshinaka et al. | ]
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The striations on the fracture surface are typical of fatigue cracks propagating in air as re-
ported by many studies in the literature | |. It consists in many parallel marks visible
on the planar regions of the crack surface. This phenomenon is described as specific to crack
propagation under air environment as remarked by Yoshinaka et al. | | who observe that
striations disappear when the pressure around the fatigue specimen decreases. Two possible
mechanisms have been proposed to explain the striations formation: Newmann | | pos-
tulated that, in a vacuum environment, the absence of any oxide layer will enhance the rubbing
marks on the crack surfaces and will obliterate the fatigue striations; a different hypothesis from
Pelloux suggests that, in air, the oxide layer prevents the shear process in the plastic region

around the crack tip to be reversible and leads to the formation of a striation pattern | ].

These striations are frequently used to calculate a crack growth rate by assuming that one
striation is created during each fatigue cycle [ , , |. Measuring crack
growth rates from inter-striation spacings gives a local estimation measured at the scale of a
facet (several dozen micrometers) whereas macroscopic crack growth rates usually reported in the
literature are averaged along a longer crack length and during the given amount of cycles between
two measurements (which obviously depends on the cycling frequency). The very different
nature of these two types of measurements might explain why such a striation-based method
to estimate the crack growth rate frequently gives higher values than the macroscopic averaged
ones | , , ]. Some researchers | ] claim that those differences in
crack growth rates lie in the fact that the propagation is not homogeneous along the crack front
so the macroscopic crack growth rate - which is an averaged value - can differ from the local
one, measured in the facets for example. This hypothesis might be valid only for short cracks
because when a crack is long, the microstructure no longer influences the propagation. In that
case, other researchers insist on the fact that the crack in the flat facets (where striations can
be observed) could stay arrested during several cycles (between 10 and 100) before propagating
again. For example, Grinberg reported different observations on an iron and a copper alloy
to state that the number of cycles needed to form one striation varies during the propagation

depending on the value of the SIF range at the moment of the creation of the striations | ]

1.4.2 In-Situ Observation of Propagating Cracks

Studying the internal fatigue crack growth mechanisms thanks to the number of cycles to
failure and the observation of fractured surfaces brings crucial information on the fatigue behav-
ior of the studied material but this approach is carried out post-mortem. Consequently, a lot of
information is still missing or is assumed. For this reason, several non-destructive in-situ meth-
ods have been developed to monitor fatigue cracks during their growth and to better understand

the initiation and propagation mechanisms.
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1421 Thermal Measurements

Following the temperature field evolution at the surface of a specimen submitted to cyclic
loading is an example of an in-situ non-destructive way to observe internal fatigue cracks. Such
an indirect technique allows only to observe the consequences of the crack presence and prop-
agation on the temperature field at the specimen surface. The thermal evolutions of cycling
specimens depend on the different heat sources in the material but also on the material ther-
mal properties, the specimen geometry and the heat losses caused by convection and radiation.
The challenge is to separate these sources from the temperature measurements to quantitatively
study the heat source due to the crack presence.

When a metallic material is cycled below its macroscopic yield strength, plastic strain heteroge-
neously occurs at the scale of the microstructure. This cyclic localized microplasticity activity
is at the origin of the so-called self-heating thermal source. It can be considered to be homoge-
neous at the scale of the representative elementary volume and directly depends on the applied
stress amplitude | ].

The presence of a propagating fatigue crack inside a specimen contributes to the heterogeneous
temperature increment field because of the energy dissipation provoked by the plastic activity
in the reverse cyclic plastic zone near the crack front but also because of the friction between
the crack lips during cycling. No study has been found in the literature to evaluate the heat

source due to crack lips friction but it is usually negligible in the case of mode I loading. As

shown by Rice & Rosengren [ |, the plastic energy for an elastic-perfectly plastic material
is linear versus the square value of the reversed cyclic plastic zone size 7'; cyel- 1D the case of

cyclic loading, the radius of this plastic zone size should be linear versus AK? as presented by
Equation . Hence, the heat source due to the cyclic plastic zone at the crack tip is linear
with AK*. Experimental observations from Pippan & Stiiwe and numerical simulations from

Klingbeil | , ] also confirm this.

Several studies report the contactless monitoring of temperature evolution of cycling speci-
mens containing internal fatigue cracks. Most of them observe a typical temperature evolution
[ , , , | which starts, as represented in Figure , with (i) a
rapid increase of the temperature corresponding to a thermal transient regime where a quasi-
homogeneous heat source is generated in the whole specimen due the microplastic activity (i.e.
specimen self-heating) | ]. The fact that this source predominates on the heat losses is
the reason for the strong increase. (ii) After the transient regime, the temperature keeps in-
creasing but the increment is slower because the heat losses caused by convection and conduction
become predominant. The heat source originates also from microplastic activity as illustrated
by the fact that the slope of this temperature increment depends on the stress amplitude applied
on the specimen. (iii) Once a crack has initiated, the heat source in the plastic zone provokes a

strong temperature increase because of a high cyclic plastic activity around the crack tip. This
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thermal increment can be detected in the temperature measurements.
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Figure 1.14 | Typical surface temperature field evolutions for AlSi7Mg specimens
containing propagating fatigue cracks Graph extracted from the work of
Krewerth et al. [[XRE 13]. The transient temperature increase due to microplastic
self-heating is labeled as (i). The small temperature increase due to the slight
evolution of the microplastic heat source with the number of cycles is labeled as
(ii) and the final strong increase provoked by the crack initiation and propagation
is labeled as (iii).

Most of the literature references reporting fatigue crack temperature monitoring use thermal
approaches to detect internal fatigue crack initiation. For example Wagner et al. estimated the
initiation proportion of the VHCF life to 92% under tension (R = 0.01) at ultrasonic frequency
for two aluminum-silicon alloys and three low alloyed steels [\WWAG 09]. Huang et al. carried out
a fatigue experiment on a titanium alloy while monitoring the surface radiation in the infrared
domain to obtain data to calibrate a dissipation model [[HUUA 14] and to predict the fatigue life
with a Weibull model [HUA 15]. However, internal crack detection carried out with thermal
measurements can be complicated because an initiated crack remains small for an important
number of cycles so the SIF range and consequently the heat sources also remain small. In
practice, as the thermal measurement is performed at the surface of the specimen, the heat
diffusion and conduction in the material prevent the surface from undergoing a measurable
thermal increment if the crack initated far away from the monitored surface. These limitations
are pointed out by Ranc et al. who compared experimental and simulation data to evaluate

the smaller internal crack thermally observable [R AN 08]. In this paper, the crack propagation
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has also been monitored with thermal data and compared with simulation results under the

assumption of a simple penny-shape crack geometry.

As evoked above, the plastic dissipation at the crack front is proportional to AK* with n
being the proportionality coefficient. Consequently, the lineic heat source at the crack tip, S,
can be written: S = nAK?*. The n material parameter can be used to quantify the influence of
various parameters on the local crack tip plastic activity occurring during fatigue loadings. To
do this, Ranc et al. | , | supposed that all the mechanical energy is dissipated in
heat (with perfect plasticity and no closure effect). Then, during the PhD thesis of A. Messager,
temperature field measurements were used to evaluate the value of 7 in a cast aluminum alloy
[ |. For that purpose, the heat source located in the reversed cyclic plastic zone has
been modeled as lineic along the crack front in finite element simulations carried out with the
crack geometry obtained from micro-tomography acquisitions. As presented in Section ,
this approach will be carried out to evaluate the influence of the environment in which cracks

are propagating, on the plastic activity at the crack tip.

1.4.2.2  System Nonlinearities Measurements

A specimen can be put in vibrations to measure its acoustic parameters in order to detect
[ ] or even quantify its damage from the nonlinearities of this signal, as reviewed by Jhang
[ ]. This approach can be applied to fatigue tests such as presented by Frouin et al. who
regularly stopped their low-frequency fatigue tests to carry out ultrasonic nonlinearities mea-
surements and to detect fatigue crack initiation | ) ]. In the case of ultrasonic
fatigue tests, the specimen ultrasonic vibrations can directly be measured during cycling (i.e.

in-situ approach) to detect crack initiation. As reviewed by Matlack et al. (cf their Section

4.1 | |), different methods to measure these ultrasonic vibrations can be found in the
literature, either in contact with the specimen (strain gauge | ) ) ]) or
contactless (laser vibrometer [ |, capacitive displacement sensor [ D-

If the free-end velocity of a vibrating specimen is measured, it is possible to determine -
thanks to a Fast Fourier Transform (FFT) - the amplitudes of its harmonics which depend on
the nonlinearities of the whole fatigue experimental system. Such nonlinearities originate from
the presence of cracks in the specimen but also from the specimen material itself (micro plastic-
ity provoked by micro-cracks, local plasticity at the crack tip) and the experimental assembly
(intrinsic apparatus nonlinearities, unperfect contacts between parts, temperature evolution of
the piezoelectric actuator, or even high voltage electric power). Consequently, in order to use
this approach to detect fatigue crack initiation, the nonlinearity due to the presence of a crack
has to be distinguished from the others. For this reason, Kumar et al. [ ] used a relative

nonlinearity parameter, (.., to detect an initiated fatigue crack.
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Their parameter depends on the amplitude of the second harmonics and is normalized by its

initial value as follows:

Va VQ)
rel = 201 — | =201 — 1.7
Brel 0g10 (Vf) 0810 (V12 . ( )

with V7 and V5 the vibration velocity amplitudes of respectively the fundamental and the second
harmonics where (.)p means the initial value of a parameter at the beginning of the considered
cycling test.

This in-situ crack detection procedure is illustrated in Figure which represents the evolu-
tion of the described nonlinearity parameter during cycling. It is possible to observe an increase
just before the final crack propagation. For this reason, this method has been used by other
researchers to detect crack initiation [ ]. However, this approach did not suppress all the
parasitic nonlinearity contributions. For example, piezoelectric converter nonlinearities might
depend a lot on the converter temperature which can increase during ultrasonic cyclings (even
when dry air cooling is used). Furthermore, the described parameter does not consider the other
harmonics that might be more sensitive to specific nonlinearities (the ability to study numerous

harmonics depends on the recording system bandwidth).
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Figure 1.15 | Normalized nonlinearity parameter (Eq. ) evolution during fatigue

cycling. The sudden increase observed at the end of cycling is due to crack
initiation and fast crack propagation. This increase can be used to detect internal
fatigue crack initiation. Data extracted from the work of Kumar et al. | ]

Hence, such an approach allows the detection of fatigue crack initiation but remains influenced

by other nonlinearities from surrounding elements of the experimental setup. Despite this, the
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technique could be used to detect a fatigue crack in its early stages of propagation in order to
stop the cyclic loading before the crack is too big. X-ray imaging methods - such as micro-
computed tomography - can then be used to obtain direct images of such a fatigue crack at

different instants of the propagation [MES 19].

1.4.2.3 Direct Crack Imaging Methods Using X-Rays

The experimental methods described above to detect and monitor an internal fatigue crack
during its propagation are based on indirect measurements. During the last two decades, many
studies have adapted X-ray techniques (either in laboratories or in large instruments) to monitor
in a non-destructive way fatigue cracks during their propagation. For example, X-ray diffraction
has been used to study the crack closure effect [TH1 19] or the role of slip bands and dislocations
in fatigue crack initiation [[ST 14]. X-rays can also give direct measurements of the crack size
in 2D using X-ray radiography [LIU 08, LIU 11] or in 3D thanks to X-ray micro-computed
tomography (uCT) [WU 17, LUO 18].

X-ray micro-computed tomography allows to non-destructively monitor a 3D volume thanks
to the acquisition of a set of 2D radiographs. During the acquisition, the studied specimen is
located on a rotating stage to acquire successive radiographs at different angular positions of
the specimen. From the set of radiographs, a 3D volume is then reconstructed. Figure 1.10
illustrates this type of data by showing some different views of a 3D volume containing a fatigue

crack which has been acquired with micro-tomography.

Al , c

£la) _ 2 i _

I 735 " hy O |

% ; (v ) % _IV'V[“’\-"‘/’

©0 o :

:_g -1&&111 '_g 3 AI_O__u_m

[} (]

S N=1.60x 10 S N=1.88x 10

g 5

e A g

5 ¥

< 40 pm| S

2 — g 100 um
= N=1.93x 10’ = N=1.96x 10’ —_—

Figure 1.16 | Typical example of direct 3D crack imaging with micro-tomography
(a-d) Longitudinal sections extracted from different 3D pCT volumes acquired
at different instants of the crack propagation. (e) Projection along the specimen
loading axis of the tomographied crack. This type of data can be used to obtain
the 3D shape of a fatigue crack at different instants of the propagation. Images
taken from Yoshinaka et al. on Ti64 [YOS 164]

The access to the 3D aspect of the cracks allows to measure the local crack growth rates in

a more precise way than with post-mortem, indirect or 2D analyses. For these reasons, micro-
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tomography experiments are employed in the present study to acquire the shape of internal cracks
with different experimental conditions. To carry out this type of imaging, specific fatigue testing
machines adapted to X-ray recording have been developed | , ]. A lot of studies
using in-situ tomography to monitor material damage and in particular fatigue crack propagation
have been published in the literature, see for example the following reviews | , ]

However, there are very few examples focused on internal fatigue cracks.

Those rare observations have been obtained in different titanium alloys as reported by some
authors who observed internal cracks initiated from microstructural defects (natural cracks)
[ ) , , |. Artificial internal defects have also been used by some
authors to locate the fatigue crack initiation in the observed area of Ti64 specimens | ]
Also, an internal fatigue crack initiated from a casting defect could be monitored with tomog-
raphy in an Al alloy [ ) ] or another one initiated from an internal inclusion in a

Ni-based superalloy | ]
The use of the X-ray technology to acquire tomographic data of fatigue cracks needs adapted

experimental setups allowing to cycle the specimens and to let the X-rays pass through the
tomographied volume | |. Consequently, the in-situ fatigue testing machines used in that
case are generally quite bulky so the recorded specimen cannot be brought very close to the X-ray
detector. Hence, this type of experiment has to be carried out in synchrotron facilities in order
to use a parallel X-ray beam which ensures a good spatial resolution (typically around 1 pm)
even if the specimen is far from the detector. This is crucial because, usually, the opening of a
fatigue crack is small (the crack tip opening displacement is typically below 1 gm). Furthermore,
the use of synchrotron X-rays allows to have an important phase contrast in the acquired data.
With this type of contrast, it is possible to distinguish cracks at a resolution below the voxel size
[ |. Finally, synchrotron facilities provide a monochromatic (or quasi-monochromatic)
beam, which allows to acquire good quality pictures in a short amount of time: usually, the
time needed to record the set of radiographs from which the 3D image is obtained (scan) takes
between 5 and 10 minutes in synchrotron facilities and approximately one hour with a laboratory

tomograph.

The limit of using a parallel beam is that the specimen size is limited by the size of the
X-ray detector. So, even if a half-acquisition setup is used (the specimen size is twice bigger
than the detector size), the specimens cannot be too thick. For example, the width of the
detector available at PSICHE beamline (Soleil synchrotron in France) is 4600 pixels, so with a
0.7 pm voxel resolution, the specimen cannot be thicker than 3.2 mm (without half-acquisition).
Therefore, a compromise has to be found because the specimen diameter should be big enough
for the crack to propagate internally the longest possible before reaching the surface and small
enough to be fully tomographied. For example, Junet et al. | | have used Ti64 specimens
with a cylindrical diameter in the gauge section of 1 mm and Messager et al. | ] used

specimens in cast Al alloy with a diameter of 3 mm.
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In-situ testing micro-tomography has several specific limits such as the fact that the specimen
cycling has to be stopped during the acquisition; consequently, such in-situ procedures consist, in
fact, in acquiring «screenshots» of the crack shape at different instants of its propagation. Also,
the file size of the tomographic scans is quite large (e.g. 4.5 Go for an 8-bit 3000 x 3000 x 500
volume) so if they have to be analyzed immediately after the acquisition (for example to check if
a crack is present in the acquired volume), it is necessary to have an optimized analysis procedure
that does not take too much time because synchrotron in-situ experiments usually last a few

days (typically three or four days).

1.5 Chapter Synthesis

For decades, fatigue crack initiation and propagation have been studied in metallic alloys.

Since the development of ultrasonic cycling techniques, the Very High Cycle Fatigue regime

has been extensively studied showing that fatigue fracture could occur at stress amplitudes
lower than the conventional fatigue limit (i.e. beyond 107 cycles) [ ]. Contrary to Low
Cycle Fatigue where cracks initiate from the specimen surface, in VHCF, the fatigue cracks tend
to initiate internally. A major difference between the two cases is the environment in which
the crack propagates because, contrary to internal ones, surface cracks are in contact with the

ambient atmosphere.

The environment effect on surface fatigue crack behavior has been widely reported in the

literature: cracks in contact with air present shorter fatigue lives and higher crack growth rates
than cracks propagating in a vacuum environment | ) |. These observations have
been explained, for metallic alloys, by the impact of the water vapor and hydrogen present in the
ambient atmosphere on fatigue propagation mechanisms | ]. According to our knowledge,
there is no literature reference on the effect of the environment on the propagation of internal

cracks. That is one aim of this study.

Because ultrasonic frequencies are needed to cycle fatigue cracks to the VHCF regime, the

frequency influence on fatigue has been studied by many researchers | , ]. For

strain rate insensitive alloys, it is closely linked with the environment effect because, at such
high cycling frequency, if a negative stress ratio is imposed, the time required to allow the
atmosphere molecules to reach the crack front is reduced. Consequently, for some materials,
ultrasonic frequency applied to cracks propagating in air leads to crack growth rates close to
those of long cracks propagating in vacuum (as claimed by Holper et al. in Al alloy | D-

To study the impacting parameters on fatigue behavior, different types of experimental
methods are reported in the literature. Post-mortem analysis are typically carried out on spec-
imen fracture surfaces with optical microscopes and Scanning Electron Microscopes to identify
the propagation regimes of the cracks and the local mechanisms occurring during the whole

propagation | |. The parameters impacting fatigue behavior - such as the environment in
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which fatigue cracks propagate | | - can be analyzed through the different influences they
have on fractographic features. For example, striation marks are typical of fatigue propagation

in an air environment.

To monitor the crack behavior all along the fatigue life, many different in-situ experimental

methods have been developed such as the monitoring of the specimen acoustic nonlinearities
to detect crack initiation and to follow the fatigue damage evolution | ]. This type of
method is however limited by the numerous parasitic nonlinearities which can influence such
measurements. Thermal monitoring is also used for initiation detection purposes and to record
the temperature evolution of a specimen in which a fatigue crack propagates | ]. This
approach can however be limited when cracks initiate far away from the observed specimen
surface. Finally, in-situ X-ray 3D imaging allows one to precisely follow the crack propagation
because it allows the record of non-destructive direct pictures of the crack 3D shape at different
instants of its propagation inside an optically opaque specimen. The limits of such an approach
are the heavy required experimental setup, the relatively small specimen size needed for X-ray
transmission purposes and the necessity to get access to synchrotron beamlines. Nevertheless, in
the present study, this technique is used in combination with temperature measurements carried

out all along the in-situ synchrotron fatigue tests.
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This work is the continuation of two PhD theses during which synchrotron micro-tomography
(uCT) was applied to study internal fatigue cracks. The first one studied the Very High Cycle
Fatigue regime of a cast Al alloy with an in-situ ultrasonic machine [MES 20] and the second one
was focused on low frequency (20 Hz) high-cycle fatigue of Ti64 [JUN 21]. For both materials,
specimens containing artificial defects were used. The present work consists of the adaptation

of the ultrasonic in-situ micro-tomography approach to Ti64 in order to study VHCF for a

material with smaller grain size than the cast aluminum material studied in the first thesis. A

finer microstructure should allow to obtain cracks with a more regular 3D shape which should

make the micro-tomography data post-processing easier.

2.1 Studied Titanium Alloy

2.1.1 Microstructure

The material studied in this work is a Ti64 alloy bought from the Timet company as a
15-mm-thick plate. This so-called Timetal 64 has been hot-rolled and annealed at 750°C. Its

chemical composition is given in Table 2.1.

Al A% Fe O C N H Y Ti
6.43 4.10 0.15 0.18 0.01 0.004 0.004 <0.001 Bal.

Table 2.1 | Chemical composition of the studied Ti64 (weight%) according to the tech-
nical datasheet provided by the company.

Figure 2.1 | Phases in the studied Ti64 microstructure observed with SEM backscattered
electron mode. Predominant « phase (in dark grey levels) with 5 phase at the grains
boundaries (light grey levels such as pointed by the blue arrows).
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The equiaxed microstructure of the studied material is represented in Figure 2.1. It is com-
posed of small BCC 3 zones located at the boundaries between larger HCP « regions which
compose around 94 % of the surface fraction. The average « grain size has been determined

from Electron Backscatter Diffraction (EBSD) acquisitions (c¢f. Fig. 2.3) with Equation 2.1:

average Z A (2.1)
tot

with n the number of grains, A; the area of grain i, Asy; the total area of the EBSD map and
D; = 2,/ A;/7 the equivalent diameter of grain ¢ [JUN 19].

This method allows to avoid the large number of small grains to bias the result whereas they
constitute only a small fraction of the total observed surface. Figure 2.2a can be compared to
Figure 2.2b to point out the difference in grain size if we consider the number of grains or the

fraction area. Hence, the grain size will be considered to be 10.8 + 1um.
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Figure 2.2 | Distribution of equivalent grain diameters of the studied Ti64 estimated
with (a) the number of grains per class of equivalent diameter. (b) the grains relative
surface fraction A;/A, with regard to the whole observed surface A;o;. The second
approach allows to reduce the influence of small grains on the measurement.

As presented in Section 1.2.1, macrozones can be found in the Ti64 alloy. Some EBSD maps
have been obtained on different sections of the original plate to check the presence of such zones.
Figure 2.3 represents - for the X, Y and Z directions of the laminated plate - in red the grains
whose basal plane normal direction (i.e. the & -axis) is parallel to the orange line of the figure
and in blue the ones with a prismatic plane normal parallel to this orange line. Extended red
zones can be observed in the first two cubes of this figure which means that there are macrozones
with the ¢ -axis aligned with the longitudinal transverse and rolling directions (respectively Y
and Z) of the rolled plate. As described by Lunt [LLUN 14], this is typical for rolled material.
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[00.1] [21.0]

Figure 2.3 | Microstructure of the rolled sheet used in this study Each cube presents
the IPF showing the crystal directions parallel to the orange line represented in
each cube. The rolling process appears to have aligned most of the grains ¢ -axis in
the Y and Z directions leading to the formation of macrozones. A 5°misorientation
is used to obtain those EBSD maps.

2.1.2 Mechanical Properties

Table 2.2 gives the nominal mechanical properties of the alloy. Before designing the spec-
imens used for the ultrasonic fatigue tests, a volumetric mass measurement of the material,
p, has been done. Also, the Young modulus was measured in the case of ultrasonic loading,
Eys. To do so, a classic procedure has been applied (cf Appendix D). The measured values are
p=4422 kgm™3 and Eys = 117.4 GPa.
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Young Modulus (20°C) 0.2% yield stress Ultimate Tensile Stress Elongation
107-122 GPa 830 MPa 900 - 1160 MPa 10 %

Table 2.2 | Timetal 64 mechanical properties at room temperature (according to the
technical datasheet provided by the company)

The Vickers hardness (500 g) of the material has been measured and compared with Ti64
values reported in the literature (Fig. 2.4). The measured values, around 350 HV, are in good
agreement with the literature data. A series of measurements across the plate thickness showed

no significant variation in the hardness between the bulk and the surface of the plate.
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Figure 2.4 | Literature and measured Vickers hardness. The uncertainty bars represent

the standard deviations in the case of a dataset with many measurements | ,
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2.2 Experimental Procedures

2.2.1  Synchrotron In-Situ Ultrasonic Fatigue Testing Machine
2211 Concept

A first ultrasonic fatigue machine was developed in a previous study | | for in-situ

micro-computed tomography at synchrotron facilities; it has been improved in the present thesis.
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This apparatus is represented in Figure and its components are schematized in Figure

The machine is composed of a piezoelectric converter (Branson CR-20) which is powered by
a 20 + 0.5 kHz ultrasonic generator (Branson DC922b) and cooled by compressed dried air.
Between this converter and the specimen, there are a booster and a horn that mechanically
amplifies the ultrasonic signal in order to cycle the specimens. The tension-compression cyclic
loading is carried out with a load ratio of R = —1. A laser vibrometer monitors the free-end
surface velocity of the specimen during cycling to detect potential nonlinearities that may be
caused by a crack. This signal is treated by a laser conditioner and used to automatically
stop the piezoelectric converter when the nonlinearities increase (this aspect of the protocol is
described in detail in Section ). A cylindrical PMMA tube surrounds the specimen and
transfers the mechanical load with a constant and negligible X-ray attenuation. This tube is not
transparent to infrared signal, hence some holes are machined in the structural metallic tube to
allow the monitoring of the thermal radiation of the specimen gauge length during the cycling

blocks with an infrared camera. Finally, the vibration nodes of the booster are clamped with

the structural tube (cf. detailed section in Figure 2.5). During tomography acquisitions, a static
load is applied to the specimen. This load is controlled thanks to a force sensor (cf. Fig. 2.7b).
The value of such a load is set at 80% of the stress amplitude to open the cracks in the loading

direction and to distinguish them better on the tomographic data | ]

Because the setup was originally designed to test aluminum specimens, several parts had to
be redesigned to support larger static loads (force sensors, loading motor and its support parts).
The booster was also added to be able to impose larger stress amplitudes.

Excessive parasitical vibrations occurred during the first tests because the vibration line lay on
the vibration nodes of the horn. To reduce those, it has been decided to clamp the whole line
on the vibration nodes of the booster. Besides improving the stiffness of the whole setup, this
clamping system shown in the section view (S) from Figure also allows to avoid a potential
rotation along the machine axis. This could prevent successive tomographic scans from having

a different reference.

2.2.1.2 Test Calibration for Undamaged Ultrasonic Specimens

The ultrasonic fatigue testing protocol has to be calibrated for the chosen specimen geometry
before carrying out crack propagation tests. The following calibration protocol has been applied
to a specimen (such as the one represented in Figure ) without any internal notch or any
initiated fatigue crack. The specimen was mounted on the vibration line composed of the
piezoelectric converter, a 1.5x Booster (serial nb 101-149-052) and a horn (serial nb FR2021-
0430). A strain gauge (with a small grid of 0.5 x 0.5 mm) was glued on the region of interest

of the specimen and inserted in a Wheatstone bridge.
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Figure 2.5 | Ultrasonic fatigue testing machine installed on PSICHE beamline of the
Soleil synchrotron facility. (S) represents a detailed section of the clamping system
at the vibration nodes of the booster. All the parts of the machine are schematized
in Figure 2.7.

The calibration protocol consists of inputting different control voltages, V.., to the ultrasonic
generator and measuring the corresponding strain amplitude to link it to a stress amplitude,
04, using the Young modulus, Eyg, evaluated in Section 2.1.2. However, as the radius of the
specimen cross-section in its neck part is small (1.25 mm - ¢f. Section 2.3), the double curvature
of the specimen surface on which the strain gauge is glued reduces the fatigue life of the latter.
Hence, the strain gauge broke when the stress amplitude was above 250 MPa. Consequently,

very few data points could be acquired (cf. Table 2.3).

Verrt (V) | 0o (MPa) | dpor (pm) | R, (MPa/pm)
-7.40598 116.5 4.74 24.6
-5.06654 227.1 9.31 24.39

Table 2.3 | Stress amplitude datapoints acquired with a strain gauge below 250 MPa
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To solve this problem, the laser vibrometer has been used to monitor the specimen free-
end displacement amplitude, dp,, for different power control voltage values, V. As shown in
Figure , this allowed to point out that the relation between dp,; and Vi, is linear (at least
below dpot = 16.5 pm).

=
[e)]

dpot = Vern X 1.972 + 19.327

= =
N H

dbot (Um)
=
b

7 5 5 a2 3 2
Vctrl(V)

Figure 2.6 | Linear regression and experimental measurements of the specimen free-
end surface displacement amplitude, d;,, for different values of power
control voltage, V.

The specimen free-end displacement measurements permitted also to estimate a value of the
line amplification ratio, R,, which is the proportionality coefficient between o, and dpy. It has
been evaluated to be RE™P = 24.5 MPa/um + 2.5% (cf. Table 2.3). This value was compared to
the one obtained from finite element calculations carried out to design the ultrasonic specimen
geometry (in Section 2.3): a harmonic calculation on the geometry at the frequency obtained
with a numerical modal analysis gave RI""™ = 22.7 MPa/um. So there is an 8% difference

between the experimental and the numerical amplification ratio values.

Finally, because there is a linear relation between dp,; and Vi, the experimental value of

the amplification ratio, RS*P, was chosen to obtain the relation between o, and V:

oa (MPa) = REP x dyyy (um) = Vi (V) x 48.322 + 473.506 (2.2)

Nota: This equation is valid for a tension, V., used to control the generator ranged between
-7.5Vand +7.5 V.

This protocol has been applied to specimens without internal notch or crack but the local
stress field around the crack evolves during its propagation. It makes it impossible to compare
the fatigue lives of different specimens in a similar graph. In S-N diagrams, the represented

stress amplitudes do not take into account the presence of the cracks in the specimens because
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such diagrams have an engineering purpose which is to know the number of cycles an initially
undamaged part can withstand at a given nominal stress amplitude. So, to compare stress
amplitudes calculated in a similar way, it has been decided, in this work, to consider
only nominal values i.e. the average stress amplitudes dynamically calculated over
the middle cross-section of the specimen without considering the presence of the

notch or the crack.

2.2.2  In-Situ Synchrotron Internal Crack Propagation Experimental Protocol

The in-situ experimental procedure is divided into two phases: crack initiation and crack
growth monitoring.

The initiation phase consists in cycling the specimen with the machine described in Sec-

tion . This phase is carried out at room temperature, the specimen is not cooled down
during cycling and its surface temperature is monitored with an infrared camera. It will
be shown in Section that the specimen self-heats by only a few degrees. When the
machine is in cycling mode (Figure 2.7a), there is no tensile static force applied on the
specimen during its vibration at 20 kHz (so the nominal stress ratio is R=-1). The laser
vibrometer monitors the bottom-surface velocity and a real-time Fast Fourier Transform
(FFT) of this signal allows to obtain in real time the amplitudes of its fundamental, V7,
second, V3, and third, V3, harmonics. The FFT is carried out with a moving average (of 3
timesteps length) on the measured velocity amplitudes. A 80 kHz frequency bandwidth is
used and no numeric filters are activated. Based on the work of Kumar et al. | ],
a nonlinear parameter, «, depending on the value of the second harmonic which is nor-
malized by the fundamental amplitude can be computed. It is presented in Equation

where (.)g represents the value of (.) at the beginning of the cycling, 7.e. when the material

is not damaged (reference state).

Vo Vo
The « notation - which differs from the one used by Kumar et al. | | presented in
Section - is proposed to avoid any confusion with the nonlinear parameter 8 used

in the nonlinear acoustic community for the quadratic term of the nonlinear Hooke’s law
[ ]. This o parameter characterizes the nonlinearities of the whole testing system:
nonlinearity of the material in the specimen, nonlinearities due to the potential initiation
of a crack and nonlinearities coming from the horn, the booster, the converter and their
connections. The experimental surroundings may have an impact on this nonlinearity.
Consequently, to ensure a good reproducibility of the ultrasonic fatigue tests and an accu-
rate crack detection by this technique, the dry compressed air used to cool the converter

has to be stable and the temperature of the testing room has to be stabilized with air con-
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ditioning all along the test. Hence, the ultrasonic cycling can be automatically stopped by
setting a threshold on the velocity second harmonic, V5. Once the cycling is automatically
stopped because of the detection of a potential crack, a static load is manually applied
to the specimen (80% of the stress amplitude). A micro-tomography acquisition is then

carried out (machine in its acquisition mode - Figure 2.7b).

The experiments reported in this PhD thesis have been carried out at SOLEIL and ESRF
synchrotrons. On the PSICHE beamline (SOLEIL synchrotron facility), a 65 keV pink
beam (multi-bunch mode) obtained by filtering the white beam with a 3mm Al + 0.304mm
W plate was used. With a 4608 x 2592 pixels Hamamatsu ORCA Lightning camera, a
1.5 x 3.2 x 3.2 mm? volume (1.5 mm being along the specimen loading direction) with a
voxel size of 0.7 um can be acquired with a 360 degrees acquisition containing 7000 projec-
tions (for better statistics and fewer artifacts). The scan takes approximately 10 minutes.
Because exposure times needed for the tomography of metallic alloys are relatively long
(~ 100 us), a continuous beam signal can be supposed when the camera shutter is open.
On the ID19 beamline (ESRF synchrotron), a multi-bunch wiggler 70 keV pink beam was
used (filtered with a 2.8mm Al 4+ 0.7mm Cu plate). With a 2160 x 2560 pixels detector and
a half-acquisition setup (5300 projection and exposure time of 0.1s), the 1.5 x 3.2 x 3.2 mm?
volume can be acquired in 10 minutes with a voxel size of 0.7 pm.

The reconstruction time takes typically 15 minutes for the 1.5 x 3.2 x 3.2 mm? volume.
Consequently, at the two beamlines, the 3D data from the tomography acquisition are
available in less than half an hour.

When an automatic stop happens, a tomographic scan has to be acquired to carefully
check if the stop is really due to a crack initiation. That is necessary because some false
detections can occur in reason of the very high sensitivity of the technique to parasitic
vibrations (c¢f. Appendix (). If no crack is detected on the 3D data, the initiation phase
continues as described above but if an initiated crack is observable on the tomographic

data, the procedure shifts to the propagation phase.

During the propagation phase, the number of cycles is pre-set so that the ultrasonic cycling

is not controlled by the laser vibrometer anymore. Even if this detection system is still
active, to prevent the initiated crack from propagating too quickly, each loading block
is limited in number of cycles (typically between 10* and 5 x 10° cycles corresponding
to a cycling time ranging from 0.5 to 250 seconds at 20 kHz) to more precisely control
the crack propagation between two successive tomography acquisitions. These number of
cycles have been chosen so that the crack advance during each loading block would be
detectable for a crack growth rate maximum value of 5 x 10~7 m.cycle™* (i.e. larger than

a b um crack propagation at ultrasonic frequency). This propagation phase is carried out
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until the crack has grown as far as the specimen cannot be put in resonance anymore. In
that case, the crack reaches the specimen surface and it usually covers more than 85% of
the specimen section. Consequently, in the rest of this work, the total number of
cycles applied to the specimen until it cannot resonate anymore (because of

the propagated crack) will be considered as the number of cycles to fracture.
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Figure 2.7 | Schematic representation of the ultrasonic machine in the two used
experimental modes (a) cycling mode: ultrasonic loading is on but no static load
is applied, the measurement systems (IR camera, laser vibrometer) are recording.
(b) tomography acquisition mode: no fatigue cycling but a static loading, X-rays
are used to carry out micro-tomography.

Two specimens were cycled without the use of a threshold set on any velocity harmonic
amplitude in order to record the signal acquired by the laser vibrometer during a whole cycling
test carried out without any stop until the fatigue fracture. Figure represents the amplitudes
of the second and third harmonics for the two specimens. It is possible to remark that the
second harmonic amplitude starts to increase before 70% of the total fatigue life and undergoes
a strong increase just before the final fracture whereas the third harmonic one does not seem to
vary until the very end of the fatigue life. For this reason, a threshold on the amplitude of the
second harmonic was used to detect internal crack initiations. However, because it was required

by the software, a threshold on the amplitude of the third harmonic was also activated.
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Figure 2.8 | Evolution of the second and third amplitude of the ultrasonic velocity
signal acquired by the laser vibrometer during the whole fatigue life of
two specimens (a) Specimen 59 cycled at 500 MPa. (b) Specimen 55 cycled at
330 MPa and (c) Detailed view of the end of the cycling represented in (b). The
second harmonic amplitude seems more sensitive to crack propagation than the
third harmonic one.

The typical evolutions of the velocity second harmonic amplitude used to detect crack ini-
tiation during an ultrasonic loading are represented in Figure 2.9. For Specimen nb 45, a sud-
den increase of the harmonic amplitude stopped the ultrasonic cycling (red point in Fig. 2.9a)
whereas for Specimen nb 61 (Fig. 2.9b), this parameter progressively increased to reach the
specified threshold (at 1073m/s in this case). These two cases are typical of the two types of

internal crack detection which occurred during the in-situ synchrotron experiments.
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However, for Specimen nb 53, the first internal crack imaging with tomography was after the

cycling had been stopped by an important increase in the velocity third harmonic but without

any evolution of the second one (¢f. the corresponding red point in Fig.

d). Such an increase

in the third harmonic without any evolution of the second one was frequently observed when

false detections occurred. For Specimen nb 53, it allowed to detect an internal crack very early

in its fatigue life so the crack could be imaged while it was still very short.
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Figure 2.9 | Second harmonic of the specimen free-end surface velocity monitored
with the laser vibrometer during the cycling blocks of in-situ synchrotron
experiments (a) & (b): Two specimens cycled during long cycling blocks (data
used to control the ultrasonic generator during the cyclings). (c¢) & (d): two speci-
mens cycled during short cycling blocks (data acquired during the experiment and
post-processed afterward). Each blue dot represents a tomographic acquisition and
the red dots correspond to the moment where the internal crack was detected for
the first time on the tomographic data. Nota: (c) & (d) were plotted from the
signal acquired by another ultrasonic signal acquisition system (which has a 1 MHz

acquisition frequency).

These previous examples illustrate clearly the difficulty of using the velocity second harmonic

(i.e. the a parameter) to reliably detect internal fatigue crack initiation. As explained before,

this parameter depends on the nonlinearities of the whole experimental system. This is the
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reason why using this parameter to detect internal fatigue crack initiation can be biased by
external parasites (false detections where the threshold was reached for the second or third
harmonic but no internal crack could be observed in the tomographic data, Specimen nb 53
being the only exception).

Another argument justifying the influence of the experimental surroundings on the vibrometer
signal quality is that the first crack detections that occurred during the synchrotron experiment
at ID19 beamline (ESRF synchrotron) were some sudden second harmonic amplitude increases
(Figure 2.9a). However, for the experiment at PSICHE beamline (SOLEIL synchrotron), only
progressive ones (Fig. 2.9b and 2.9¢) allowed to detect cracks for the first time in the different

specimens.

2.2.3 Long Crack Propagation Test in Air at Ultrasonic Frequency

Another experimental procotol has been used to measure the crack growth rates of long
surface cracks in Ti64 specimens loaded at 20 kHz (without the use of synchrotron tomography).
For that purpose, the experimental protocol has been adapted from the works of Perez Mora,

Ouarabi and Messager | , , ].

2.2.3.1  Ultrasonic Propagation Specimen Design

Mounting system (Dimensions in mm)

Figure 2.10 | Drawing of the ultrasonic fatigue propagation specimen used in this
study.

The specimen geometry used to study ultrasonic fatigue crack propagation has been deter-
mined as described in Section 2.3.1.1 of A. Messager’s thesis | ]. With the same thickness,

the same width and the same mounting system, the specimen length [ is determined with Equa-

tion
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=US — 127 8mm (2.4)

A

with f = 20 kHz the aimed resonance frequency, Eyg = 117.4 GPa the Ti64 Young modulus
and p = 4422 kg/m? its volumetric mass.

The resulting Ti64 specimen dimensions are shown on the technical drawing from Figure 2.10.
As described in Section 2.2.3.3, the specimens will be notched before the tests to force the crack
to initiate at a precise location (in the middle of the specimen, where there is the highest stress

amplitude) and to shorten the initiation duration.

2.2.3.2  Test Calibration

In the case of ultrasonic cycling, as detailed in A. Messager’s thesis [MES 20], Wu & Bathias
proposed, for a test run under displacement control (like an ultrasonic test) with the amplitude,

Uy, imposed at the top of the specimen, to write the mode I stress intensity factor range as

follows [W 1 94]:
. EUS ™ a
AK; = 1_U2UO,/GF(W> (2.5)

with Eyg and v, respectively the Young modulus and the Poisson ratio for Ti64, a the crack

length and W the specimen width as summarized in Figure 2.11.

Horn

N —]

Y

Figure 2.11 | Summary of the parameters used in Equation 2.5 (Figure from A. Mes-
sager’s thesis [MES 20]).
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The procedure required to determine the F'(a/W) function [ , , | has

been done with the finite elements software Abaqus and is decomposed in two steps:

First, for different crack lengths, a modal analysis is carried out on a geometry that includes
the whole horn (made of Ti64) and the specimen to obtain - for each crack length a - the
value of the first longitudinal eigen mode which should be around 20 kHz. As explained
below, some other resonance modes are close to this one and might influence the loading
mode when the crack is too long. For this type of finite element analysis, a mesh as shown
in Figure is created for different values of a (it is refined near the crack tip and the
crack opening is equal to 10 um to avoid volume interpenetration in the software). The
results are presented in Figure and reveal that the resonance frequency decreases

when the crack size increases as pointed out in Ouarabi’s thesis | ]

A 2D harmonic calculation is then carried out for each crack length with the resonance

frequency - determined from the modal analysis - applied to the model. As the geometry
is thin the finite element calculation is carried out in plane stress. Furthermore, it has
been decided to model only half of the geometry because the frequency is set to be the
resonance frequency of a free specimen. Hence, the nodes at the bottom boundary of the
geometry which do not constitute the crack are fixed and a sinusoidal displacement with
an amplitude Uy = 1 pum is applied to the top nodes (¢f. Figure a). As explained
just below, the crack tip opening displacement (CTOD) will be computed to deduce the
stress intensity factor range. For this reason, the mesh around the crack tip is refined
(Figure b). Finally, for each crack length, the SIF factor range is estimated and the
F(a/W) function can be identified from Equation (cf. Figure ).

The CTOD method used to estimate the SIF range is based on Linear Elastic Fracture
Mechanics assumptions. It is valid to use these hypotheses in the present case because the
plastic deformations are only localized in the close vicinity of the crack tip. In this case, the

displacement field in the vicinity of the crack tip can be written at any point as follows:

Uy = % % ((2k + 1)cos (g) — cos (329>> - % ((Qk + 3)sin (g) — sin (320>> (2.6)
Uy = % % ((Zk + 1)sin <g> — sin (320)> — % <(2k: + 3)cos (Z) — cos (329)> (2.7)

_ 2Ky [ <9)
Uz = — 55| 5 (2.8)

with G = % the dynamic shear modulus, k = % in the plane stress conditions, » and 6

the radial coordinates around the crack tip of the given point as illustrated in Figure
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Figure 2.12 | Mesh used for the modal analysis in Abaqus The horn and the specimen
are meshed with a refinement around the crack.

L2

a
—>

Parawa

Crack

A

Figure 2.13 | Geometry used in the 2D plane stress harmonic calculation in Abaqus
(a) Dimensions and boundary conditions used in the calculation. (b) Refined mesh
at the crack tip.
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Figure 2.14 | Resonance frequency drop when the crack length increases according to
finite element simulations. A more important drop is obtained when the simulation
is carried out without the horn so it is necessary to consider it in the finite element
simulations.
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Figure 2.15 | Notations and axis used in the CTOD method for evaluating the SIF
(Figure from Ouarabi’s thesis [ -

It is generally supposed that the crack does not propagate when it is closed. Consequently,
the effective SIF range AK,ys is approximated as AKcrp = Kpaz — Kop With K, the minimum
SIF value for which the crack is open. With an ultrasonic loading at 20 kHz, the literature does
not report any way to experimentally determine the value of K,,. Hence, as the cycling was
carried out under a nominal stress ratio of R = —1, the crack is supposed to be closed when the
applied stress is negative (K,, = 0) and only the positive part of AK is considered to make the
crack propagate: AK.rr = AK™. For this reason, Equation can be applied along the crack
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(i.e. # = 180° and r between 0 and a) to obtain the SIF range from the CTOD as follows:

n
max(uy (£)) = K;g (14 K) = A;é \/;(Mrk) — AK* = u?f_fk 27” (2.9)
Finally, as this approach provides a AK value for each crack length a, it is possible to use

Equation 2.5 to determine the F'(a/W) function (cf. Figure ). As explained in A. Messager’s

thesis | ], this numerical procedure is used for a a/W ratio up to 50% because, for larger

cracks, the resonance mode becomes too much influenced by the crack and does not correspond
to tension-compression loading anymore (parasitic modes with a resonance frequency too close

to the longitudinal one are present).

F(a/W) = 0.41162 (a/W)"~2 + 0.35290 a/W + -0.00027

0.00 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

a/W

Figure 2.16 | Polynomial regression used to estimate the F(a/W) function (for our
specimen in Ti64) from Abaqus calculations carried out on the geometry shown
in Figure

2.2.3.3  Ultrasonic Crack Propagation Protocol

The experimental protocol used in the present work to measure surface crack growth rates at
20 kHz has been presented in A. Messager’s thesis and is summarized in the following paragraphs
[ )

The ultrasonic (US) crack propagation specimens are notched on one side with a micro-cutting
machine. The size of the initial notches ranges between 500 and 1000 pm (this length is taken
into account in the measurement of the crack size as indicated in Figure b)). Before the tests,
the observed surface is polished down to 4000 grit SiC paper, then a super-polishing is carried
out for 10 minutes with an Oxide Polishing Suspensions (OPS) preparation (cf. Figure a).
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Figure 2.17 | Notch machined on one edge of the specimen (a) Optical microscopy
picture of the polished specimen surface. (b) Scheme of the crack length measure-
ments: aeyry is used to calculate crack growth rates and a,,.,; is used to determine

SIF ranges.

Ultrasonic line

Compressed air
(to cool down the horn)

| US control computer | .

> T 2
7. S
Figure 2.18 | Ultrasonic fatigue propagation setup

To carry out the ultrasonic fatigue crack propagation tests, the same ultrasonic line as the one
described previously for in-situ tests (ultrasonic generator + piezo-electric converter + booster +
horn) is used without the synchrotron tomography adapted support part and the static loading
cell (¢f. Fig. 2.18). The specimens are observed with a Keyence ® optical microscope to measure

the crack size after each cycling block. However, as the specimen is vibrating at 20 kHz, the
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cycling has to be stopped to measure the crack length with good accuracy (which is around 8

pm with the higher magnification lens of the used microscope).
The ultrasonic crack propagation tests are divided into an initiation and a propagation phase:

Initiation - The aim is to initiate a crack from the artificial notch at the lowest possible SIF
range. For this, an initial imposed displacement amplitude is estimated with Equation

from the initial crack length (i.e. the notch length) and an initial SIF range value. If
the crack does not initiate after 107 cycles under this displacement amplitude, the SIF
range is increased by 0.1 MPa./m steps until a crack propagation is observed with the
optical microscope. The crack has to propagate more than 500 um from the initial notch
to consider that the stress field at the crack tip is not influenced anymore by the notch.

Once this is the case, the crack is considered to be initiated.

Propagation - The propagation is divided into successive cycling blocks to be able to
measure the crack length when the ultrasounds are turned off between two blocks. Usual
low-frequency fatigue crack propagation tests follow the ASTM E647 standard test method
[ ] which recommends that the propagation tests have to be carried out with a
constant SIF range. At ultrasonic frequencies, it is not possible to control in real time this
parameter while cycling. Since this standard test method imposes keeping a maximum
AK variation of 7% during a cycling block, this method has been adapted as it was done
in the thesis of Perez Mora, Ouarabi and Messager | ) ) ]. For this
reason, before starting a block during which the crack will propagate, (i) a maximum crack
length is estimated to be sure that the SIF range will not exceed 1.07 times its initial value
given that the displacement amplitude is fixed during a whole cycling block.

Another crack length condition is set to be sure that the crack propagation distance is
larger than the cyclic plastic zone of the previous block. That means that (ii) the crack
has to propagate at least during more than two times the cyclic plastic zone radius of the
previous block.

If these two conditions (i) & (ii) are respected, the cycling block is considered to be valid.

Once the crack has been initiated, the displacement amplitude is kept constant and cycling
blocks are carried out to make the crack propagate. This procedure is maintained until
the crack growth rate reaches 10 m/cycle. When this maximum crack growth rate is
reached, the first part of the propagation phase is finished and the second part starts: the
displacement amplitude is progressively decreased for the following cycling blocks until
there is no observable propagation at all during a 107 cycles-long block. This means that
with the spatial resolution of our optical microscope (= 8 pum) the smallest detectable
crack growth rate is around 10~'2 m.cycle™!. During the final part of the protocol, the
displacement amplitude is kept constant as it was done in the first part and cycling blocks
are carried out until the overall crack length is larger than 50% of the specimen width.

This three-part protocol allows to run three times through the AK range in order to obtain
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crack growth rate data. Such an increasing SIF range procedure followed by a decreasing

and another increasing one satisfies the ASTM standard method recommendations.

2.3 Specimen Design and Fabrication for Synchrotron In-Situ Internal
Crack Propagation Tests

The in-situ ultrasonic cycling specimens are designed to have their first longitudinal eigen

mode at 20 + 0.5 kHz. For that purpose, the geometry is first approximated in the case of an

axisymmetric specimen by a 1D-model | ]. For this simplified configuration (cf. Fig. )

the geometric parameters can be linked with Equation

kv =2nf\/p/Eus

1 1 k
Ly = — arctan (—(73 — kg tanh (k:gLQ)) with ¢ ko = arcosh(Rg/R1)/L1  (2.10)
kl kl tanh (kng)
ks = \/k3 — k?
with Ry, Rs, L1 and Lo the geometric parameters from Figure , f the resonance frequency,

p and Epg respectively the volumetric mass and the Young modulus of the material.

|
! )

Figure 2.19 | Simplified specimen geometry considered by the 1D-model from Bathias &
Paris | ]

The time needed to acquire a micro-tomography scan depends on the thickness of the speci-
men. As a synchrotron experiment only lasts a few days (4 days max.), it has been decided to
impose the thickness of the region of interest of the in-situ specimens to be 2.5 mm in order to be
able to acquire a consistent amount of tomographic data during the synchrotron experiments. So
with Ry = 1.25 mm and Ry = 5 mm (to keep enough space for the threading), the L; dimension
is chosen to have a long enough specimen with a not-too-short Lo dimension. Most importantly,
Ry has to be as large as possible to induce a nearly constant longitudinal stress value around the
center of the specimen. The specimen geometry resulting from this approach is then imported

in the Finite Element Analysis software Abagus to carry out several modal analyses to optimize
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the design: heads with a specific geometry allowing to apply the static loading during tomog-
raphy will be added and the final geometry needs its first longitudinal eigen mode to be equal
to 20 £ 0.5 kHz. The stress distribution around the central region of interest is determined and
one can check if the other eigenmodes are not in the 20 + 2 kHz range to avoid any parasitic
mode. The final geometry is illustrated in Figure ; it has a longitudinal stress decrease of

3% maximum in a 1.64 mm-thick region around the specimen center as depicted in Figure

max(o)
97% of max(o)

Normal stress amplitude

Specimen
center

|
Position along specimen longitudinal axis

Figure 2.20 | Distribution of the normal stress amplitude along the specimen lon-
gitudinal axis (schematic drawing). For the design used in this study, there is
a stress decrease of 3% maximum in a 1.64 mm-thick region around the specimen
center.

Reminder: All stress amplitude values given in this work are the nominal values i.e. the
average stress amplitudes dynamically calculated over the middle cross-section of the specimen
without considering the presence of the notch or the crack. The chimney presence is neglected

too for the stress calculation.

To ensure internal crack initiation but also to know its precise location (to facilitate
the observations with tomography), an artificial internal notch is inserted inside the specimen
following the procedure proposed by Junet et al. [ , ]. To obtain experimental
evidence of the environment effect on fatigue crack propagation, it is also possible to add a
narrow path (which will be called chimney hereafter) to link the notch to the surface of the
specimen in order to bring air molecules to the internal notch. The procedure used to produce

the notched specimens with or without the chimney is illustrated in Figure
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Figure 2.21 | Drawing of the ultrasonic fatigue specimen geometry designed for in-situ
synchrotron micro-tomography fatigue tests carried out in the present study.

SiC Buehler Used Plate . Applied Polishing
Step . . Head rotation .
Paper support suspension rotation pressure duration
X 320 50 rpm Until
st
1 Grit / / 220 rpm (same rotation) 25N plane
50 rpm .
nd
2 / Verdutex 9 pm 150 rpm (opp. rotation) 25 N 15 min
3rd / Chemomey OXide Polishing 0 50 rpm. 20 N 15 min
Suspension (opp. rotation)

Table 2.4 | Polishing protocol for Ti64 applied before the SPS bonding |
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Figure 2.22 | Schematic illustration of the specimen fabrication process (a) one half-
sheet with an artificial notch is diffusion bonded with an unnotched one by Spark
Plasma Sintering. (b) Diffusion-bonded block used to manufacture the specimen.
(c) specimen geometry (dimensions in mm). The green chimney is optional and
can be added to link the internal notch to the ambient atmosphere.

The fabrication steps are as follows:

A 15-mm-thick Ti64 sheet is cut in its middle in two parts using electrical discharge
machining. The two halves are mechanically polished (with an automatic polishing ma-
chine) down to 1-pum-diamond suspension according to the titanium polishing protocol
from Buehler [ ] which is summed up in Table 2.4. The polished half-sheets are

then ultrasonically cleaned in acetone.

One half-sheet is notched with a femtosecond laser” as described by Junet et al. | ]
in order to have minimal residual damage and reduced microstructure alteration around
the notched micro defects (for details, see the paper of Junet et al.). The notch dimensions
are approximately 300 x 120 x 20 um (cf. Fig. a). For the second type of specimen, a
narrow chimney (with a 170 x 50 pm cross-section) links the central notch to the bottom
surface of the specimen (cf. green volume in Fig. c). As the notching protocol is easily
reproducible, every notch is geometrically quasi-similar to the others (cf. Figure and

). As depicted by Figure a, the voxel size is too large to determine if the opening

created by the laser in the central part of the notch exists or if it has been rewelded

“We sincerely thank Prof. Arnaud Weck from the University of Ottawa for the realization of the femtosecond
notches.
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during the following thermal treatment. However, such internal notches allow the cracks
to initiate which is their primary objective as this study focuses on the early phases of

crack propagation.

The two plates are then diffusion bonded using Spark Plasma Sintering (SPS) as described
in Section 1.5.3.2 from A. Junet’s thesis [ |: the thermal bonding protocol starts by
applying a 1 MPa initial normal load on the two plates while a primary vacuum is pumped
down to 100 Pa. A force creating a pressure of 15 MPa is then applied before increasing
the temperature up to 750°C with a heating rate of 100°C/min. This value is maintained
for 10 minutes before decreasing the temperature down to 450°C with a controlled rate
of 25°C/min (to obtain a microstructure similar to the original one). The last step is the
natural cooling in the SPS chamber down to 200°C. A very good bonding of the interfaces
is obtained with this protocol as shown in the thesis of A. Junet | | and corresponds
to the observations made during the present work. Some considerations on the potential
impact of this welding procedure on the crack propagation will be presented in Chapter

The vacuum level inside the internal notches has been studied by Junet et al. | ]
and experimental evidence allows to claim that the few air molecules present in the notch
before the SPS diffuse in the material during the welding because of the imposed high
temperature. Consequently, the vacuum level is estimated to be higher than the vacuum
applied during the bonding of the two Ti64 half sheets (< 100 Pa) but no quantitative

measurements could be carried out.

After SPS, the internal notch position is checked with X-ray radiography before specimen
manufacturing. This is necessary to ensure that the internal notch will be machined in the

center of the specimen cross-section and in the middle of the specimen longitudinal axis.

Finally, when the specimen has been manufactured (Fig. c), the gauge length is man-
ually polished (down to 4000 grit SiC paper) to avoid surface crack initiation due to the

lathe machining marks.

2.4 Data Post-Processing

241 From Micro—Computed Tomography Data to 3D Mesh

A tomography acquisition provides a stack of 32-bit slices which is converted to an unsigned 8-
bit stack (otherwise the file size is too large for an easy treatment). The automated thresholding
protocol developed with the Fiji software to convert each 8-bit tomographic stack dataset into a

binary stack representing the propagated crack is described below and illustrated in Figure
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Figure 2.23 | 3D renderings of an internal notch (b) without and (c) with the chimney
which links the internal crack to the ambient atmosphere. The chimney is dis-
played in green. (a) Section of a notch without the chimney. The loading direction
is along z. The voxel size is too large to determine if the opening created by the

laser in the central part of the notch exists or if it has been rewelded during the
thermal treatment

(b 100 pm m

f) ;
TN N

200 pm

Figure 2.24 | Successive steps of the thresholding protocol for a reconstructed slice of
an internal crack after 4.4 x 107 cycles of propagation under a stress amplitude
of 330 MPa. (a) Initial grey-level image. (f) binary image after the thresholding
protocol. See the text for a detailed explanation of the successive steps (b to e).
All the pictures have the same scale as (f).
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Figure a - Initial 8-bit grey level reconstructed slice of the crack.

Figure b - The contrast is manually adjusted to increase the grayscale difference be-
tween the propagated crack and the titanium bulk. The contrast extrema are similarly

adjusted for each scan of the same specimen recorded after a different number of cycles.
Figure ¢ - A 3D-median filter with a 3 voxels radius is applied to reduce the noise.

Figure d - A small volume around the notch is selected to shorten the procedure.
This volume has a cuboid shape which comprises the notch and several hundreds of voxels
around it. The threshold value is determined from the grayscale distribution of the voxels
in this small volume of interest. With D(gs) the number of voxels having a grayscale
equal to gs in the volume, the threshold value gsgg is chosen to be the grey level for which
D(gs20) = 0.2max(D). Using this value, the overall volume is binarized (cf. Fig. ).

The 20% value has been fixed after comparison with several sections from the original

dataset (Fig. a) to be sure that no important part of the crack is omitted.
kept voxels removed voxels
. A\
D]~ O =
20% max(D)

gs

Figure 2.25 | Typical grey level histogram used to determine the threshold value
applied to a tomographic stack.

Figure e - Another 3D-median filter with a 3 voxels radius is applied to smooth the

binarized volume and to remove the isolated voxels.

Figure f - Finally, a 3D labelling tool is applied to select and delete all 3D objects
composed of less than 2.5 x 10° voxels. This last step allows to keep only the thresholded
volume that comprises the internal notch and the propagated crack and removes spurious

voxels that result from noise.

The protocol described above allows to obtain the thresholded 3D volume of the acquired
crack geometry. The shape of the crack fronts obtained with such a method can be jagged
(¢f. Fig. a). Because near the front, the crack opening is very narrow, it is not possible
to estimate if this aspect is the real front aspect or if it is due to the thresholding procedure.
Consequently, the uncertainty on the crack front is evaluated to 5 pixels based on the capacity
to distinguish the crack front in tomography data. The thresholded crack volume is then treated

to obtain a surface mesh of the crack which will be used in a Finite Element Analysis (FEA)
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to compute the SIF along the crack front. The meshing protocol is presented as follows (it
comprises a smoothing step that mitigates the jagged aspect of the front).
Smoothing of the 3D volume with the Fiji tool Smooth (3D) from the Process menu. The
Gaussian method is chosen with a sigma value of 3.0. The output of this averaging tool
is an 8-bit stack which needs to be thresholded to keep a binarized volume. For this, the
pixels with grayscales higher than 20 are kept: 20 < gs < 255.
The binary volume is then treated to create a surface mesh with the gmsh plugin of Python.
For each coordinate in the XY plane, the average Z position of the pixels corresponding
to the crack is measured. A surface mesh is created from all these average Z positions.
The obtained mesh has to be smoothed to remove the discontinuities due to the Z-averaging
step but also to smooth the crack front which can be quite chaotic after the thresholding
procedure. The Meshlab software is used for this and particularly the Laplacian Smooth
tool [SOR 05]. Such a smoothing tool is employed with approximately a hundred smooth-
ing steps with a remeshing every ten steps.
Finally, the obtained mesh is manually cleaned (removing of the folded elements and local
remeshing of the distorted ones) before being imported into a finite element software. A

typical crack mesh is presented in Figure 2.206.

a) b)

Figure 2.26 | Meshed crack (a) before and (b) after smoothing procedure

2.4.2  Numerical Stress Intensity Factor Estimations

The mesh of the crack is then used to carry out finite elements analysis thanks to the Zcracks
module from the material and structure analysis suite Zset [ZC1R21]. This module allows to insert
a meshed crack in a volume and to evaluate the SIF values all along its front. This method is
useful to obtain an estimation of the SIF for complex 3D cracks for which no analytical solutions
exist (as penny-shape cracks do have).

The crack insertion in the meshed specimen is carried out by Zcracks. Then, the whole
volume containing the inserted crack is remeshed. All the remeshing steps are carried out with
the use of several software modules from MeshGems suite which is distributed by the Distene

company.
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In the present study, the crack is inserted in a specimen which is modelled as a short cylinder
(with a R; = 1.25 mm radius). A stress amplitude is applied on its top surface and the boundary

conditions are set on its bottom one (no displacement along the specimen axis).

The SIF evaluation along the crack tip is done with the G-6 method (detailed in software
users manual [ | as reproduced in Appendix V). This approach estimates the stress-energy
release rate, GG, which is the Lagrangian derivative of the potential energy, W.

With this value, the software computes the SIF in mode I using the classical plane strain

equation:

EG

K= 1—12

(2.11)

The software also enables to estimate directly the Ky ;7 777 values with Westergard displace-

ment solutions v/ III1T

applied to an interaction integral in the crack front vicinity. It is then
possible to integrate the stress-energy release rate Gj at each control point j distributed along
the crack front for pure mode I, II or III. Finally, in the assumption of isotropic linear elastic
behavior (justified by the fact that only a small volume at the crack tip underwent plastic de-
formation ¢.e. small scale yiedling assumption), applying the Irwin formula (¢f. Equation

[ ]) to this system of equation gives the SIF value for each mode at every control points
depending on the material parameters (F, the Young’s modulus, v the Poisson ratio and p, the

shear modulus).

1—12
E

K2
(K7 +K3r) + 22” (2.12)

G:

With this approach, the equivalent value AK,, can be calculated as the mode I SIF whose

energy release rate equals a mixed mode I4-1I4111:

AK?
AK., = \/AK% + AK?, + % (2.13)

1
These two different approaches (Eq. & Eq. ) used to numerically estimate the SIF
range for complicatedly-shaped cracks are compared in Figure . It represents the mode I SIF

range AK7 evaluated with these two approaches along a meshed crack tip which has the shape
depicted in the top left corner of the figure. The SIF range value analytically calculated for a
penny-shape crack having the same area (inserted in the center of an infinitely long volume with
a circular section from the Equation presented in Chapter 3 [ ]) is indicated by the
red line in this figure. This value is closer to the average SIF range obtained with Equation

(dark blue curve) than to the one obtained with Equation (light blue curve). It is due to
the numerical errors on the SIF range obtained with Equation in some portions of the crack

front when the meshed crack is not regular enough (¢f. black arrows in the figure). For this
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reason, Equation has been used in the rest of this work to numerically estimate the SIF

range evolution along the crack front.
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Figure 2.27 | Mode I SIF range AK; evaluated along a meshed crack tip with the two
approaches described in Eq. & Eq. . Dashed lines are the corresponding
average values. The red line represents the SIF value analytically estimated for
a penny-shape crack having the same area as the projected crack (Eq. 3.2). The
black arrows point at the crack front portions where there are errors in the SIF
range evaluation by Equation . The black closed curve displayed at the top
left corner corresponds to the studied meshed crack front.

24.3 Thermal Analysis

As described in Section , the experimental protocol is designed to be able to monitor
the temperature field on the specimen surface while they are submitted to ultrasonic fatigue
cycling. Such measurements have been carried out and presented in Chapter 4 to evaluate if
a difference in generated heat source due the cyclic plastic deformation can be detected during
internal crack propagation between specimens with and without a chimney. For that purpose,
the n parameter is estimated. This proportionality coefficient between the linear heat source and
AK* characterizes the heat source due to the cyclic plasticity along the crack front independently
of the applied stress intensity factor range. Thus, an environment effect on this cyclic plasticity

along the crack front will directly affect the eta parameter.

24.3.1 Experimental Thermal Data Analysis

An infrared camera has been used to monitor the temperature field (¢f. Figure ) at the

surface of a specimen containing an internal crack under ultrasonic cyclic loading. For that
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purpose, before the first cyclic loading, the specimen surface is covered by black matte paint
to reduce the light reflections and have an emissivity close to the unit. The used camera is a
FLIR X6900SC which has a spectral range between 3 and 5 um and a resolution of 40 pm /pixel.

It was configured with a 200 Hz frame rate, a temperature range between 10 and 90°C, and an

integration time of 0.2539 ms.

Figure 2.28 | Example of thermal data acquired during a synchrotron in-situ cycling
block representing the temperature increase after 0.7s of a specimen loaded at 20
kHz with an internal chimney (Specimen nb 53). The pink rectangle of (a) locates
the detailed view represented in (b). The blue ellipse is used to evaluate the
average temperature around the crack location.

To evaluate the temperature increase due to the presence of a crack in the specimen, the
temperature is averaged in a circle around the hot point (blue ellipse in Figure 2.28). With the
initial value, g™, of this average temperature, the temperature evolution ez = Tt F— 0P
can be extracted during the different cycling blocks as shown in Figure 2.29 where the blocks
are presented one after each other for a specific specimen. In this example, the internal crack

initiated during Block nb 4 and the final fracture occurred during Block nb 26.

Plotting the evolution of the temperature increments versus time for different blocks with
the same temporal origin allows distinguishing the differences between them more easily. For
example, in Figure 2.30 where the specimen was loaded at the same stress amplitude for each
block, the crack was observed on tomography data for the first time at the end of Block nb
4 (with aeq = 243 pm). As explained in Section 1.4.2.1, the only active heat source before
crack initiation is self-heating due to microplastic activity. For this reason, the increments in
temperature for the cycling blocks before crack initiation (all cycled at the same stress amplitude)
look similar. However, once the crack starts to grow, the temperature increments are more and
more important because the heat source due to the plastic activity at the crack tip is added
to the microplastic source and increases with the crack size. So the temperature increment is

due to these two sources and, as the heat equation is linear versus its sources, it is possible
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to separate the thermal increase induced by the plasticity at the crack tip from the one due
to the microplastic source. If the microplastic source is supposed to be constant during crack
propagation (i.e. the influence of the crack on the stress field is limited), it is possible to consider
the temperature increment of the cycling blocks before crack initiation to be the thermal increase
only due to the self-heating. Consequently, the temperature increment obtained for Block nb

4 can be subtracted from the increments measured after initiation to deduce the temperature

increment, ﬁg;‘;ck, resulting from the sole presence of the crack (as represented by the black
arrow in Figure a).

24.3.2 Numerical Finite Elements Thermal Analysis

As it is possible to experimentally measure the temperature increase provoked by the presence
of an internal crack in a specimen, a numerical analysis will be used to evaluate the corresponding
heat source due to plastic activity at the crack tip. For that purpose, the 1 proportionality
coefficient between the plastic dissipation at the crack tip and AK? will be determined. This
will be carried out for specimens with and without a chimney to quantify the impact of the
chimney on the reverse cyclic plastic zone activity.

To do this, a Matlab finite element code is used to solve the heat equation for a 3D meshed
geometry of the specimen in order to model the temporal evolution of the temperature at its
surface. The thermal model is described hereafter and all the heat sources modeled in the finite
element procedure are summarized in Figure

Since the specimen temperature increments are small (Fig. ), thermal radiations can be
neglected if they are compared with convection. The whole exterior surface of the specimen is

supposed to only undergo a convection heat flux which is modeled as follows:

@ = h(T*% ) —T79mby = py (2.14)

with h the convection coefficient (supposed equal to h = 10 W.m~2.K~! | ]) and T
the ambient temperature which is supposed to be equal to the initial value of the specimen
surface temperature.
The thermal exchanges between the horn and the specimen are not modeled but are supposed to
have a negligible effect on the results near the center of the specimen, particularly for short-time
simulations.

As explained in Section , the temperature increase undergone by a cycled specimen

that contains an internal fatigue crack is induced by two heat sources:

o the microplastic heat source per unit of volume (also called self-heating or intrinsic dissi-

pation) is not modeled in the finite element procedure because the numerical temperature

19crack

field will be compared to the experimental thermal increment, Jg;7

, provoked only by

the presence of the internal crack.
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Figure 2.31 | Sources considered in the finite element model used for thermal anal-
yses (a) Global scheme of a specimen. (b) Detailed view of the specimen central
part. In the model, an adiabatic relation has been imposed between the two crack
lips (not shown in the figure).

e the heat source originating from the plastic activity in the reversed cyclic plastic zone

around the crack tip, S(s), is modeled to be linear along the crack front (where s is

the curvilinear abscissa along the crack front) since the area of this plastic zone remains
negligible (compared with the specimen size and the crack length) and given that stress
and plastic strain fields are not known. This is equivalent to integrating the plastic energy
rate in the reversed cyclic plastic zone (if it is supposed to be entirely dissipated in heat).
The SIF values along the crack front - which are determined as explained in Section -
are imported in the finite element model to estimate this source with the n proportionality

coefficient:

S(s) = nAK(s)! (2.15)

By considering the reversed cyclic plastic zone heat source, the heat equation can be written

as follows for each M point in the modeled volume:

pcpgf = A\V?0 + §(M)S(s) (2.16)

with p the volumetric mass, C), the heat capacity and A the thermal conductivity of Ti64. (M)
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is the Dirac function along the crack front.

The procedure described in this section aims to determine the value of the n proportionality

crack
196:17]7

a for Block nb 20 after ¢ = 15 s).

This procedure is based on the fact that the temperature field and n are proportionnal because

coefficient from the experimental temperature increase, , provoked only by the presence

of the internal crack (for example, measured in Figure

they are linear with the sources. In that case, the finite element model is applied with the

assumption of n = 1 W.m~3.MPa~* to obtain a normalized temperature field and to calculate

the numerical thermal increment, ﬁﬁfgd“. Hence, it is possible to calculate the experimental
Nezp Value from a linear relation (Eq. ) between the two temperature increments, ﬁg;?fk and

¥4k (measured at the same location after a similar, ¢;, amount of cycling time). The overall

procedure is summarized in Figure
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Figure 2.32 | Graphical abstract showing the thermal approach carried out to evaluate
the n parameter. Usually, the cycling duration ¢; after which the temperatures are
measured is short (around 0.3 sec) to avoid being too much influenced by external
thermal phenomena. A detailed description of the successive steps is given in the

text.
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Because micro-tomography acquisitions are carried out between the successive fatigue cycling
blocks, the crack shape during the blocks is not known. For this reason, the estimation of 7cy),
corresponding to a given block is carried out by using the meshed crack obtained from the
tomographic acquisition prior to the considered block. For this purpose, Equation is used
with ¢; = 0.3 sec corresponding to the very early beginning of the cycling block (the 6000 first
cycles). As presented in the next chapters, crack growth rates have been measured between 10712
and 1078 m/cycle, so 6000 cycles at these rates corresponds to a crack propagation between 0.006
and 60 pm. Those values are negligible compared to the measured crack sizes.

The results obtained from this method will be presented in Chapter 4 to evaluate if the
plastic activity around a propagating crack changes when a chimney links the internal crack to

the specimen surface.
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2.5 Graphical Overview of the Chapter
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Figure 2.33 | Overview of the experimental and numerical procedures employed in
this work. The red boxes represent the experimental data analyzed to evaluate

the environment effect on the fatigue crack propagation.
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Chapter J
Internal Fatigue Crack in Ti64
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To study the Very High Cycle Fatigue regime and internal cracks, the experimental protocol
described in Chapter 2 (ultrasonic fatigue machine adapted to in-situ tomography and used to
cycle internally notched specimens) has been used. The fatigue lives and fracture surfaces have
been analyzed and growth rates have been measured from the crack 3D shapes acquired with
micro-tomography. These results are presented in this chapter to evaluate the fatigue crack

propagation obtained with such a protocol.
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3.1 Fatigue Tests Results in an S-N Diagram

3.1.1  Ultrasonic Fatigue Specimens Without Artificial Internal Defect

A first series of experiments has been carried out with the ultrasonic fatigue system to cycle
specimens without any artificial internal defect. Their geometry is similar to the one illustrated
in Figure but no internal notch was added. The aim of these preliminary experiments was
to compare fatigue data obtained for the chosen Ti64 alloy with literature results on the same

alloy at ultrasonic and conventional loading frequencies.

These unnotched specimens are listed in Table ; they were loaded at different nominal

stress amplitudes. Their fatigue lives are shown in an S-N graph in Figure (purple star
symbols). The fatigue lives obtained with our setup are in good agreement with the values from
the literature showing decreasing S-N curves with a very low slope and scattered fatigue lives.
For example, at 500 MPa, some specimens failed after 107 cycles whereas others did not fail
after 107 cycles | , , ]. This observation is also true for the specimens

tested in the present study.

. Stress ampl. Nb of cycles
Specimen nb (MPa) before fracture” Remarks
2 500 1.5 x 10° surface
3 500 >1x 10° not broken
6 600 9.41 x 10% subsurface
7 580 3.3 x 10° surface
8 620 2.98 x 10° surface
9 560 >1x 10° not broken
10 600 6.67 x 107 surface
11 640 4.3 x 10* surface
13 620 4.2 x 10° surface
14 580 6.53 x 107 subsurface
15 600 7.94 x 10° internal
16 580 4% 10° surface
17 560 3.45 x 10° surface
19 540 > 3.78 x 10° not broken
20 500 1.5 x 107 internal
21 560 4.77 x 107 subsurface
23 500 2 x 10° not broken
27 500 4.06 x 10° surface
32 480 > 1.82 x 10° not broken
35 480 > 1.74 x 10° not broken
36 480 > 1.49 x 10° not broken
37 480 > 2.25 x 10° not broken

Table 3.1 | Ti64 specimens (without any artificial internal sharp notch) cycled in
this study. Represented by purple datapoints in Figure

" As specified in Chapter 2, this is the total number of cycles applied to the specimen until it cannot resonate
anymore because the crack has fractured almost all the specimen section.
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Figure 3.1 | Fatigue lives of smooth ultrasonic specimens without artificial in-
ternal defect (purple symbols) compared with data from literature obtained
for smooth Ti64 specimens (black symbols) | , , , ,
, , , ]. Unless specified in the legend, the literature
data were obtained at ultrasonic frequency (20 kHz). The experimental conditions
of the literature references are listed in Appendix H. The fatigue lives obtained with
the ultrasonic machine agree with the literature.

A second observation concerns the crack initiation location. In the unnotched specimens,

the large majority of the fatigue cracks initiated from the surface (Fig. 3.2a) or the subsurface
(Fig. 3.2b) of the specimens, a few internal initiations occurred (Fig. 3.2¢). This is reported
in Figure by the data points that are surrounded by a square (subsurface initiation) or

those that are not surrounded (surface initiation). This observation is in agreement with the
literature for VHCF of titanium. For example, Nikitin remarked in a VT3-1 titanium alloy, that
a lot of subsurface initiation occurred in specimens cycled at low stress amplitude [ |-
It can be noticed, however, that either for literature data or for the data from this study, the
surface fatigue crack initiation concerns mostly the specimens with the shortest lives (smaller
than ~ 3 x 10° cycles).

3.1.2 Specimens With an Internal Artificial Defect

The present work focuses on the study of internal fatigue crack propagation. As pointed out
by the results obtained for specimens without internal defect, internal crack initiation occurs for

low stress amplitudes leading to very long fatigue lives.

To have access to the crack shapes with tomography during an important fraction of the
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Figure 3.2 | Optical microscope view of the fracture surface for three specimens
without artificial internal notch (a) Surface crack initiation (Specimen nb 8
cycled during N = 2.98 x 10° cycles at o, = 620 MPa), (b) Subsurface initiation
(Specimen nb 14: N = 6.53x 107 cycles at o, = 580 MPa) and (c) internal initiation
(Specimen nb 15: N = 7.94 x 107 cycles at o, = 600 MPa). The red arrows locate
the crack initiation sites.

propagation stage, it is necessary to acquire the first 3D shape of the internal crack not long after
the initiation. But, as explained in Section 2.2.2, the laser vibrometer used for crack initiation
detection can report false detections. Consequently, before starting the propagation phase of the
protocol, it is necessary to check if an internal crack did initiate in the acquired tomographied
volume or not. Knowing in advance the location of crack initiation reduces the time required to
look for a potentially initiated crack in the 3D volume. In the case of synchrotron experiments

which only last a few days, this is a crucial issue.

Also, during the first stages of the propagation of a fatigue crack, the crack size and opening
are very small making it difficult to distinguish it in tomographic data especially if one has
to look for the initiation location everywhere in the volume of the specimen. Hence, to know
from where the crack will initiate, it has been decided to insert a sharp notch in the specimen
which will act as an artificial internal defect concentrating the stress field around it and fostering
internal fatigue crack initiation from a specific zone in the material. The notch needs to be sharp

in order to be as close as possible from a natural crack.

The notching procedure developed by Junet et al. (femtosecond laser notching of a Ti64 sheet
then welded to another one with SPS) [JUN 19] has been adapted to the ultrasonic specimens
as described in Section 2.3. Preliminary femtosecond laser tests have been made on the same
material to adjust the laser power in order to precisely control the notch size. Similar laser
control parameters were used for every notch. This procedure is easily reproducible given that
every specimen presented in this study (except Specimen nb 43) has been notched from the same
batch. Hence, every notch is small, very sharp and geometrically quasi-similar to the others (cf.

Fig. 3.3). As detailed by Junet et al., one can expect minimal residual damage and reduced
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microstructure alteration around such micro defects | ]. The list of the cycled specimens
with an artificial internal sharp notch and the corresponding experimental conditions are given
in Table

JEHHWHY
‘ 44 45 ;
100 R ) ;.4? 48+

200

300

400

Figure 3.3 | Projection of all the notches of the specimens submitted to cyclic load-
ing during this study All the notches, except for Specimen nb 43 were obtained
in the same batch. This explains why the latter has a different shape. Specimens
nb 46, 48, 52 and 53 will be analyzed in Chapter 4 because they contain a chimney.

Specimen nb Stress ampl. Nb of cycles . Nb of cycles when a crack Corresponding
(MPa) before fracture is detected using uCT marker in Fig.
43 385 1.05 x 108 No pCT data /
44 337 1.17 x 103 9.59 x 10° D)
45 329 7.53 x 107 9.73 x 108 °
46 330 4.55 x 107 9.98 x 10° °
55 330 1.30 x 103 No uCT data /
61 330 8.92 x 107 7.18 x 107 e
58 500 2.43 x 10° 2.06 x 10° °
59 500 3.38 x 10° No uCT data /

Table 3.2 | Ti64 specimens containing an artificial internal sharp notch which are
cycled at 20 kHz in this study. The notches are internal and do not have any
contact with ambient air.

With notched specimens, crack initiation always occurred (100% of the cases) from the arti-
ficial internal notch. The fatigue lives of these notched specimens are illustrated in Figure
(blue stars) which compares them with all the data points from Figure where internal or
subsurface initiations have been observed. From this figure, it can be seen that the insertion of
an internal sharp notch (~ 300 pm x 120 pm with a thickness between 5 and 20 pum) shortens
quite drastically the fatigue life. Besides, the fatigue behavior seems more reproducible because,
for a given stress amplitude, the fatigue lives are scattered over half a decade whereas more

than two decades can be found between the fatigue lives of two unnotched specimens loaded at

*As specified in Chapter 2, this is the total number of cycles applied to the specimen until it cannot resonate
anymore because the crack has fractured almost all the specimen section.
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the same amplitude. This reduction in fatigue life scatter is typical for specimens containing

artificial notches of a given size.
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Figure 3.4 | S-N graph for ultrasonic notched specimens with internal cracks com-
pared with data from literature and from unnotched specimens. The notched spec-
imens have shorter fatigue lives than the unnotched ones. The detailed view in the
black rectangle allows to distinguish the different points around 330 MPa. The hor-
izontal dashed lines represent the number of cycles between the crack first detection
and its final fracture.

An estimation of the number of cycles before crack initiation - not frequently measured in
a direct way in the literature and especially at 20 kHz - can be obtained from the tomography
data. When an initiated crack is observed on the tomographic 3D volume for the first time, the
overall number of cycles applied before this micro-tomography acquisition is an upper bound
estimation of the number of cycles needed to initiate the fatigue crack from the notch. For each
with a blue point. The

horizontal dashed lines represent the number of cycles between the crack first detection and

specimen, this value is listed in Table and represented in Figure
its final fracture. Several studies in the literature claim that, in Very High Cycle Fatigue, the
major part of the fatigue life is spent in crack initiation | , ) ) ]
For three specimens out of the four cycled around 330 MPa which could be tomographied in
the present study, the amount of fatigue life before the first detection corresponds to a small
fraction of the overall fatigue life (between 8 and 20%). It illustrates the decrease in fatigue
life entailed by the presence of an internal notch which fosters crack initiation. Furthermore, it
shows that, in the VHCF regime, the number of cycles needed for internal crack propagation

only can be larger than 9 x 107 cycles. Similarly, A. Messager used micro-tomography to observe
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VHCEF crack initiation in an A357-T6 aluminum alloy containing an artificial casting defect and
showed physical evidence that the duration of the propagation phase for a crack initiated from
such an internal defect represents a substantial part of the VHCF life | ]

Another example of early internal crack initiation has been reported by Yoshinaka et al. | ]
who observed Ti64 specimens without any defect with a tomography approach. Internal crack
initiation was observed after only 20% of the overall fatigue life and other numerous initiations

were observed during a large proportion of the fatigue life (between 5 x 106 and 108 cycles).

In addition to fatigue life considerations, the other classic way to study fatigue cracks is the
post-mortem observation of the specimen fracture surfaces. This is presented in the next section
to evaluate if the internal fatigue cracks obtained with the presented protocol can be compared

with the natural ones described in the literature.

3.2 Observation of the Fracture Surfaces

In this section, the characteristics of the ultrasonic fatigue crack surfaces are described and

compared with literature to try to understand the crack propagation mechanisms.

3.2.1 Morphology of the Crack Surface

3.2.1.1 Influence of the Manufacturing Protocol on the Microstructure in Which the Crack
Propagates

The manufacturing procedure used to obtain internally notched specimens (introduction
of artificial notch and welding) may have an impact on the observed crack growth and the
crack shape. For example, in his PhD thesis | ], A. Junet observed a slight difference in
crack propagation rate between the part of the crack which is located in the titanium half-sheet
containing the artificial notch and the crack located in the notch-free half-sheet. Such a difference
has been explained by the fact that he used two titanium plates with different thicknesses (and
therefore different rolling ratio reductions) welded together (with one that has been notched
before). Consequently, after the plate sintering, two slightly different microstructure textures
were observed on each side of the joint plane (near the internal notch). To avoid this drawback
in the present work, it has been decided to use a thicker plate which was cut in its middle. One
half was then notched before welding the two parts in a configuration similar as the initial one
(as summarized in Figure ). This was done to have the same original microstructure on

both sides of the welding plane.

As the notch was obtained with a femtosecond laser, a very short interaction with the material
was expected during the notching procedure. As shown by Weck et al. | ], close to the
notch, the material can be harder but a thermal treatment - such as the one used during SPS

welding - is very efficient to reduce this extra hardness. Furthermore, the present study deals
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with the propagation of cracks, not their initiation and 3D characterization starts when the
crack is long enough not to be influenced by the internal notch anymore (see for example, the

crack fronts in Figure 3.7).

The SPS welding has been carried out at the same temperature as that of the hot rolling
- used to form the initial Ti plates - but during a shorter amount of time (10 minutes compared
to one hour). This diffusion bonding process has been described in a previous study on a similar
Ti64 alloy [JUN 19] and no difference could be observed with EBSD in the grain structure. Also,
the tensile properties of the material were almost similar before and after the SPS welding. In
the present case, again, no difference in the microstructure could be observed after SPS by EBSD
(cf. Fig. 3.5). Although the tensile properties were not tested this time, only a small reduction
in hardness (HV 500g) was measured after SPS (from 348 + 13 HV to 323 £ 18 HV i.e. a 7%
reduction as referenced in Appendix I). Therefore, we feel confident that the welding process
has hardly affected the studied material.

Figure 3.5 | EBSD maps (a) & (b) before and (c) & (d) after SPS bonding procedure
(a) & (c) represent the Inverse Pole Figure (IPF) showing the crystal directions
parallel to the specimen long dimension (Z direction) and (b) & (d) shows the
crystal directions parallel to the width of the original Ti64 plate (X direction - cf.
also Fig. 2.3). No major microstructure modifications are observed before and after
SPS.
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3.2.1.2 O]oservation of the Crack Shape

Because the notching and welding processes should have reduced influence on the crack
growth, the shape of the cracks should only be influenced by the material original microstructure.
As explained before, the use of in-situ synchrotron micro-computed tomography allows to access
the 3D shape of the cracks at several instants of their propagation. Figure 3.0a represents a
crack obtained with the described protocol. As illustrated by the two sections views from this
figure, the crack has a relatively smooth shape, i.e. planar without strong macroscopic variation
in the orientation of the crack surface normal vector (mode I growth). This is representative of
almost all the crack shapes obtained in this study which are summarized in Appendix GG. Only
one specific crack obtained in the present work has a relatively complex shape; it is illustrated
in Figure 3.6b. These cracks differ from the fatigue cracks obtained in A. Messager’s PhD thesis

[MES 20] who used a very similar ultrasonic cycling machine.
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Figure 3.6 | Average height of two fatigue cracks which propagated from an internal
notch (the zero is fixed at the lowest height of the crack). Maps plotted from
the thresholded 3D shapes of the cracks (acquired with micro-tomography). The
different section views correspond to the cut planes represented in black on the
cracks. (a) The crack from Specimen nb 46, represented after 4.55 x 107 cycles at
330 MPa, has a regular shape representative of the cracks obtained in this study.
(b) The crack from Specimen nb 61, represented after 8.92 x 107 cycles at 330 MPa,
is the only one presenting a relatively complex shape.
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The large grains of the cast Al alloy studied by A. Messager | | induced very irregular
crack fronts and complex morphologies of the crack surfaces. In the present study, since the
grain size is much smaller (10.8+1um), the observed internal cracks are not significantly affected
by the microstructure and the crack fronts are relatively regular as soon as the crack exits the
sharp notch influence (¢f. the successive fronts depicted in Figure 3.7). It is not possible to
estimate if local jagged aspect of the crack front is the real front aspect or if it is due to the
thresholding procedure. Hence,the uncertainty on the crack front is evaluated to 5 pixels based

on the capacity to distinguish the crack front in tomography data.

Figure illustrates also the fact that the global shape of the crack fronts rapidly becomes
circular after initiation. This shows that the artificial internal notches are sharp enough not
to influence crack growth relatively rapidly after initiation. Hence they are comparable to
small natural cracks, it is important with the purpose to obtain results comparable to naturally

initiated fatigue internal cracks.

e aa

NbCycles
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Figure 3.7 | Orthogonal projections of the crack fronts on a plane perpendicular to
the cycling direction obtained from micro-tomography data of Specimen nb 58
cycled at 500 MPa. The blue circular shape represents the specimen section. The
crack fronts are relatively regular when the crack is larger than the initial sharp
notch.
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3.2.2 Microscopic Observations
3221 Observations of the Fracture Surfaces

Figure shows an optical image of the fracture surface of a specimen which failed due
to an internal fatigue crack (which has no link with the ambient atmosphere like all the other
specimens presented in this chapter). As systematically observed for the specimens presented in
this chapter, it presents the characteristic features described in the literature (by Hong & Sun
for example [ |). Three zones schematically shown in Figure can be distinguished as

follows:

A zone with a dark aspect is present in the vicinity of the initiation site. In this so-
called Rough Area (also called Dark Area in several references), the crack has a strong
interaction with the microstructure which results in a relatively large roughness. More
precisely, as shown in Figure , this zone contains smooth facets dispersed within larger
«granular» areas. This is in agreement with many studies carried out on internal fatigue

cracks observed in the same type of alloy [ , , ].

A circular zone surrounds the Rough Area and is more planar. Many literature references

call the zone inside this circular area the Fish-eye zone.

Finally, the Steady Crack Growth Area followed by the final fracture zone (where the
SIF reaches the material toughness and propagates quickly) compose the last part of the
fracture surface.

final

fracture
zone

1 1 1

Figure 3.8 | Optical microscopy observation of two fracture surfaces with internal
fatigue cracks (not linked with the specimen surface). (a) Specimen nb 46 cycled
at 330 MPa during 4.55 x 107 cycles. (b) Specimen nb 59 cycled at 500 MPa during

3.38 x 10° cycles. The different zones schematized in Figure are delimited in
the present figure. The pink rectangle in (a) locates Figure a and the small red
one localizes Figure b.
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Figure 3.9 | Scheme of the typical zones on the fracture surface of an internal crack

In the literature, the normals of the facets observed on the Rough Area are usually roughly
aligned with the ¢ -axis of the HCP structure - also called the basal direction (cf. Fig. 1.3).
For example, Pilchak et al. have used EBSD measurements to show that the angle between the
facet normals and the ¢ -axis is comprised between -20° and 40° [PIL 10]. The range of this
interval is justified by the fact that when a propagating crack approaches a grain oriented for
plastic deformation on the basal plane, it has to deviate to facilitate its propagation with the
plastic slip system available in front of the crack. Hence, its normal is as close as possible to
the ¢ direction when it enters the considered grain. Consequently, the facet surface might not
be perfectly parallel with a basal plane and present small steps. Other studies report that most
of the facet normals are parallel to the ¢ -axis [SIN 07, JHA 12]. A. Junet has estimated in his
work that an important proportion of the facets comprised in the Rough Area were parallel to
a basal plane but no quantitative measurement were carried out [JUN 21]. Conversely, a study
by Evenaerts et al. was made on Ti64 wires which presented a strong prismatic texture (i.e.
the grains have in majority their prismatic {1010} planes aligned with the loading direction)
[EVE 17b]. In this work, the authors observed an important majority of prismatic facets (i.e.
which are parallel with a prismatic {1010} plane of the HCP structure) and linked them with
the original specimen texture.

In the present work, different experimental techniques have been employed to try to study more
precisely the microstructural aspects of the different fractographic features reported above. The

results of these observations are summarized in the following sections.
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Figure 3.10 | SEM detailed views of the Rough Area of an internal crack (a) Global
view showing a «granular» aspect with scattered facets (some of them are circled
in pink). (b) View showing the «granular» aspect and some facets with a higher
magnification. (c) Detailed view of a facet localized in the Rough Area. The red
rectangle in (b) localizes (c).
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3.2.2.2  Microstructural Observations of the Facets

As presented in the previous section, the formation of facets on the fracture surface of a
propagating internal crack is controlled by the microstructure encountered by the crack imme-
diately after initiation (short crack). This relation between facets and local microstructure has
been analyzed with several methods to evaluate if the facet normals are aligned with a specific

microstructural direction as reported by different studies.

a - Large View of the Microstructure Under the Fracture Surface

One specimen has been cut along the global normal direction of its fracture surface (i.e. in a
plane parallel to the loading direction - ¢f. Fig. 3.11a) with a diamond wire saw. The obtained
surface has been polished with an argon beam milling system (Gatan Ilion II) and it has been
imaged with the EBSD method to observe the microstructure under the fracture surface (cf.
Figure 3.11c¢).

a) Notch Cutting b)

plane

Surface
— crack

Polished surface
Q

‘ N
O
-‘

Figure 3.11 | EBSD map detail of the microstructure under the fracture surface
Schemes of (a) the specimen cutting plane and (b) the polishing configuration. (c)
EBSD map of the microstructure observed on the polished surface. The IPF shows
the crystal direction parallel to the vertical direction of the picture. The crack
depicted here was linked with the specimen surface (Specimen nb 49 cycled at
315 MPa during 8.16 x 10° cycles) as presented in Chapter  so the fractographic
features are different but it allowed to evaluate the relevance of such an observation
procedure.
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This approach allows to observe a relatively large area showing the microstructure under the
fracture surface. However, to carry out the polishing, the fracture surface has to be glued on a
supporting plate (as schematized in Figure b), hence it is not possible to directly correlate
the microstructure under the surface with the fractographic features observed from above the

surface. So, it is not possible to know if the polished cut plane contains a facet.

b - Local Microstructure Under One Facet

To be sure to observe the microstructure under one facet, a thin lamella - hereafter called
«wall» - of the fracture surface was extracted by Focused Ion Beam (FIB) milling. This allows
to have access to the grains located just under the selected facet. This machining procedure is
described in the following insert.

Focused Ion Beam Milling (FIB)

FIB milling is usually used to prepare small volumes extracted from a specimen for Trans-

mission Electronic Microscope (TEM) observations. As summarized in Figure , a car-

bon or platinum protection layer has to be applied on the region of interest to prevent

to damage it too much during the extraction (Fig. a). A gallium ion beam is then

used to mill the material around the region of interest (Fig. b) before extracting the

small wall and gluing it on a TEM holder - also called a grid (Fig. c¢). Finally, the
wall thickness is diminished down to several dozens of nanometers (Fig. d) to carry
out TEM observations (Fig. e). Such a FIB procedure has already been reported to

study the microstructure under a fracture surface as described by Hong & Sun | ].
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Figure 3.12 | Summary of the Focused Ion Beam milling procedure See text
above for a description of the different steps. Scheme extracted from the
JEOL website [ .
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A wall has been extracted under a specific facet located in the Rough Area of a specimen.

The extraction plane is depicted in Figure 3.13 and the obtained wall is pictured in Figure 3.14a.

! Dot ) &
2um EHT = 1.50 kV Signal A= SE2 Vit. Bafayage = 9
|_| WD= 7.8 mm Grand. = 253KX Dim. Fixel Image = 44.16 nm

Figure 3.13 | SEM picture representing a facet located in the Rough Area of Specimen nb
44 cycled at 337 MPa during 1.17 x 108 cycles. The localization of the specimen
wall extracted with FIB is represented by the red line and the face represented in
Fig. 3.14a is depicted by the red arrows. A and B points are also represented in
Figure 3.14a.

To analyze the microstructure of the wall, a Transmission Kikuchi Method (TKD) has been
used” to obtain a better resolution than EBSD. This method is detailed in a following insert.
This TKD method was applied to the extracted wall and the obtained map is represented in
Figure 3.14b. It allows to observe that the facet is not completely planar because of a slip
accommodation of the crack to propagate as close as it can from the basal plane (this is called
quasi-cleavage and explained by Pilchak et al. [PIL 10]). The TKD map shows also that,
underneath the facet, a single grain is found. Because the wall extraction procedure is a time-
consuming process (several hours), no other facet was studied in such a way.

The orientation of the grain is displayed in the top left corner of Figure 3.14b. However, as the

orientation between the facet normal and the cutting plane is unknown, it is not possible to

“We deeply thank Thierry Douillard for the time spent helping us with the FIB and TKD procedures.
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precisely compare the direction of the facet normal with the crystal orientation (i.e. the angle

between n,, and nif from Figure 3.15 is unknown).

Mag= 987 KX EHT= 150 kV/ Signal A= SES| FIB Probe = 30KV:80 pA
WD = 48 mm Image Pixel Size=11.31nm  Scan Speed=11 FIB Imaging = SEM

Figure 3.14 | (a) SEM and (b) TKD pictures of the extracted wall located under
the facet depicted in Fig. 3.13. Only a single grain seems to be present under
the facet. The EBSD map has been obtained with TKD method and the IPF
presents the crystal direction which is normal to the picture. The red rectangle in
(a) locates (b) and A and B are also represented in Figure 3.13.

SEM
detector

i EBSD

Xessp
detector

Figure 3.15 | Scheme of the different directions used to describe the orientation of
a facet in a specimen observed with SEM and EBSD x5z and xg55p are
respectively the observation direction of the SEM and the EBSD detectors. The
angle between those two directions is known. mp is the normal of the observed
facet. m;, is the direction of the ¢ - axis of the grain under the facet.
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Transmission Kikuchi Diffraction Method (TKD)
TKD is used on thin specimens to collect the electrons which are transmitted through
the region of interest to build an EBSD map from the collected diffraction patterns. As
summarized in Figure 3.16, EBSD is usually used to study the surface microstructure
of relatively bulky specimens whereas TKD is used to study reduced regions from thin
specimens. When it can be used, the TKD method provides a better resolution than the
classic EBSD.

a) Electron b) Electron
beam beam

working distance ~ 14 mm Y working distance ~ 4 mm

- ,1/1,,&,\,\;- 11,\,
Diffraction pattern used Diffraction pattern used
to build EBSD map to build EBSD map

Figure 3.16 | Principle set-ups for (a) EBSD and (b) TKD methods. TKD is
used for thin specimens and uses the electrons transmitting through the
specimen. Figure adapted from the work of Liang et al. [LIA 19].

c - Direct EBSD Mapping of the Fuacets

Some EBSD acquisitions were carried out on the fracture surface directly pointing at the
facets. The quality of the obtained maps may be not very good but it allows to obtain the
angle between n,, and xpgsp (from Figure 3.15) for the grains located under some facets
(depending on their orientation and flatness). For example, a facet has been studied in such a
way in Figure 3.17: the angle between the view direction, xgpgp, and the grain ¢ -axis can be
measured and seems to be close to 0°. So, it is highly likely that this facet corresponds to a
basal plane but, as the orientation of the facet normal, ng, is unknown, it is not possible to be

sure of that.

To measure the angle between the facet normal and the SEM observation axis, the quanti-
tative tilt fractography method has been employed as it was done by Sinha et al. [SIN 07] after
the work from Themelis et al. [THE 90]. As described in Appendix I3, this technique needs two
pictures of the same facet acquired when the specimen is tilted with two different angles. From

those two images, it is theoretically possible to obtain the angle between the facet normal, np,
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and the view direction, xgpgp. For the example of Figure 3.17, this angle between the facet
plane and the ¢ -axis, was determined to be 79° using this method (similar measurements for
other facets are shown in Appendix I'). When compared to the 3D rendering of the HCP cell
on Figure 3.17, this value seems at least inaccurate and most probably wrong. This error might
be due to the very small size of the analyzed facet which could lead to high uncertainties on
the results obtained with the tilt fractography method. Another method based on roughness
measurements using optical confocal microscopy was briefly tested to measure this angle and
is presented in Appendix I. This last method was not more successful than the one previously
described.

Figure 3.17 | (a) SEM picture of a facet present in the Rough Area of an internal
crack fracture surface and (b) its corresponding EBSD map Because the
axis of the EBSD camera has a 70° angle from the axis of the SEM camera (cf.
Fig. 3.15), Picture (a) is artificially distorted to show the SEM picture with the
same angle than the EBSD one (i.e. in a way such as the specimen is observed
from a 0° view direction). The IPF shows the crystal direction normal to the
picture. The depicted feature belongs to the fracture surface of Specimen nb 46
cycled at 330 MPa during 4.55 x 107 cycles.

d - Concluding Remarks on the Micrstructural Analysis Under the Facets

As reported by the literature, the carried out approach allowed to point out that, only one
grain is located under each facet. The angle between the microstructure of such a grain and
the normal of its corresponding facet is difficult to measure. However, from the variety of grain
orientations reported under different facets in Appendix I, it emerges that the facet normal
is not systematically aligned with the basal direction of the grain. This observation
can be linked with the results described earlier from Evenaerts et al. who claimed that the facet
normals are controlled by the texture of the original material. In the present work, the used

Ti64 contains large macrozones where neighboring grains are similarly oriented. Specifically, as
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the specimens are manufactured to have their length parallel to the rolling direction (presented
in Figure 2.3), the ¢ -axis of the macrozones are either oriented along the specimen’s length
(i.e. normal to the crack surface) or in the specimen’s section (i.e. compatible with a prismatic
direction normal to the crack surface). This could explain the presence of various alignments

between the facet normals and the local microstructure.

3. 2 . 2 . 3 Granular Areas

Between the facets present in the Rough Area, the fracture surface has a «granular» rough
aspect. This type of fractographic feature is illustrated in Figure 3.18. A thin wall has been
extracted from this area with the FIB method to observe the underlying microstructure. The ob-
served section is shown in Figure 3.19a and the TKD maps are presented in Figures 3.19b, 3.20a
and 3.20b. On these figures, it is possible to distinguish several regions immediately under the
crack surface which are composed of nanograins. The size of those nanograins, around 150 nm, is
approximately 100 times smaller than the average grain size of the original material, suggesting
that this microstructure was not present in the initial material and might be due to the cyclic

loading and the presence of the fatigue crack.

SR ra
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| | WD= 7.8 mm Grand. = 199KX Dim. Pixel Image =56.09 nm |
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Figure 3.18 | SEM picture of a «granular» rough zone located in the Rough Area
from the fracture surface of Specimen nb 44 cycled at 337 MPa during 1.17 x
108 cycles. The localization of the wall extracted with FIB is represented by the
red line and the face observed in Fig. 3.19a is depicted by the red arrows. FIB
milling was carried out on one of two crack surfaces (i.e. one side of the cracked
specimen) and the presented picture was taken on the second one. That is the
reason why the holes in the present figure correspond to the pikes of Figure 3.19a.
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{ Tem Mag= 500K X EHT= 150 kV Signal A=InLens FIB Probe = 30KV:80 pA
WD = 48 mm Image Pixel Size=22.33nm  Scan Speed=10 FIB Imaging = SEM

Figure 3.19 | (a) SEM picture and (b) TKD map of the extracted wall located
under the «granular» rough zone depicted in Fig. 3.18. The red rectangle in
(a) locates (b). The blue rectangle locates Fig. 3.20a and the green one locates
Fig. 3.20b. The IPF presents the crystal direction normal to the picture.

Figure 3.20 | Detailed views of the map obtained with TKD under a «granular»
rough zone A nanograin layer is present just under the granular features of the
crack surface (the grain size of the original material is 10.8 + 1um).
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Several studies report grain refinement under the crack surfaces in steels as reviewed by Sakai
et al. | |. Hong & Sun observed a wall extracted by FIB out of the fractographic surfaces
of a high-strength steel and a Ti64 alloy which have been ultrasonically fatigue tested. Their

Transmission Electron Microscope observations allowed them also to distinguish nanograins in

a micrometer-thick layer under the crack surface | ]. Su et al. observed the same type
of microstructure in a bi-modal Ti64 alloy [ ], the nanograins average size of 105 nm was
a bit smaller than those observed in this study and illustrated in Figure (estimated to be

around 150 nm). In this paper of Su et al., different stress ratios were tested and it emerges that
the Rough Area and the nanograins layer were absent from the initiation site of failed specimens
which were cycled at R = 0.5 whereas they were observed at R = —1. Furthermore, Hong &
Sun [ | reported an absence of Rough Area for specimens ultrasonically cycled at R = —1
which failed after a short amount of cycles (N = 1.28 x 10° cycles). In their study, the size of the
Rough Area was reduced but still present for specimens cycled at R = 0.1. A. Junet observed a
granular Rough Area on the same alloy at R = 0.1 (20 Hz) although no attempt was made to

analyze the grain structure under the fracture surface | ].

To understand these observations, Hong et al. proposed the so-called Numerous Cyclic
Pressing (NCP) model. The formation of the nanograins layer under the Rough Area is supposed
to be caused by an accumulation of plastic deformation originating from the repeated pressing
between the two crack lips | |. According to this model, the formation of the Rough Area

and of the nanograins layer is favored by long fatigue lives and negative stress ratios.

Another hypothesis justifying the presence of the Rough Area and of nanograins is however
claimed by Oguma et al. | | who suppose that the repeated contact of the internal
crack surfaces induces a cold-welding phenomenon. The cyclic loading provokes a repeated
fracture of the cold-welded surfaces (not necessarily at the same location within the grains)
leading to some microstructure refinement. Cold-welding provoked by cyclic loading has been
experimentally observed in the case of pure platinum nanocrystals analyzed with Transmission
Electron Microscope | ]. As it will be presented in Chapter /, when air molecules are
brought to an internal crack during its propagation, the fracture surfaces do not present a
Rough Area nor nanograins. Assuming that the NCP mechanism could operate in air as well
as in vacuum while cold-welding should be favored in vacuum (oxidized surfaces would be very
difficult to weld), this brings an argument in favor of the cold-welding hypothesis to justify the
presence of the Rough Area.

In a nutshell, as pointed out by the different zones of the crack surface, the crack path is
impacted by the microstructure in the first stages of propagation. Furthermore, the presence of
the nanograins layer shows that the crack itself induces some modifications in the microstructure.
The different fractographic zones where different mechanisms are active could have an impact

on the crack growth rate. The latter is analyzed in the next section.
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3.3 Crack Growth Rate

The cracks obtained with tomography acquisitions carried out at different instants between
the fatigue crack first detection and the specimen final fracture (represented in Figure a as
an example) allows to estimate the crack growth rate of the studied internal fatigue cracks within
each of the regions identified on the fracture surfaces. This type of data has only been obtained
in the literature by Yoshinaka et al. | | who also used synchrotron micro-tomography.
However, in their case, the cycling frequency was 400 Hz, the stress ratio was R = 0.1, the
cracks initiated naturally (i.e. without any artificial defect) and no relation was made with the

fractographic features.

In the current study, the 3D crack fronts observed after different numbers of cycles are used
to plot the crack growth rate curves (da/dN = f(AK) with a = a¢, the crack size, N the
number of cycles and AK the SIF range). To do this, an equivalent crack size a4 is evaluated
from the area of the 3D projected crack obtained thanks to the thresholding protocol described
in Section . Geq corresponds to the radius of a disk (4.e. penny-shape crack) with the same
area as the projected crack: ac, = v/area/m. Figure b represents the crack radius measured
at different polar coordinates around the notch for successive tomographic scans and the black
curve represents a., measured for the same scans. It can be seen that the a., estimation is a

good average (this is also the case for the other tomographied cracks).

The thresholding protocol could not be carried out for specimens nb 44 and 45 because of
the presence of ring artifacts in the 3D images obtained at the ID19 beamline (ESRF). For these
two specimens, the crack equivalent radius was therefore approximated by half the maximum
crack dimension measured from several 2D sections of the 3D acquired volume. This approach
was carried out for the other specimens as well to check that the difference between the two

approaches is not important (around 15% difference in the measured values of aey).

The value of the SIF range, AK = K0 — Kimin, 18 estimated by using Eq. where o the

applied stress, a.q the equivalent crack radius and b the specimen gauge length radius | ].

2 1 — %1 4 ().148 (%a)?
K = —0\/Taeg 2b (%) , (3.1)
Q 1 — aeq/b

This equation is valid for a penny-shape crack at the center of a specimen with a circular
cross-section (diameter 2b) as explained above. This penny-shape has been assumed all along
the fatigue life including the early stages of propagation where some cracks can have irregular
3D fronts (cf. the darker shapes of Figure a). This hypothesis entails an uncertainty on
the measurement, it has been quantified and is detailed in Appendix A. This simplified data
analysis - which also ignores the crack eccentricity - mainly aims at comparing a propagating

internal crack with data from the literature.
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Figure 3.21 | (a) Orthogonal projections of the crack fronts on a plane perpendicular
to the cycling direction obtained from micro-tomography data. (b)
& (c) Different crack radius measurements estimated at the various polar
coordinates represented in (a) for successive tomographic scans (as illustrated by
the angle represented in black in (a)). The black curves in (b) & (c) correspond to
the equivalent crack size estimated as a.; = y/area/m. The crack propagated in
Specimen nb 46 cycled at 330 MPa during 4.55 x 107 cycles before final fracture.
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It is generally supposed that the crack does not propagate when it is closed. Consequently,
the effective SIF range AK, ¢ is approximated as AK.rr = Kpar — Kop with K, the minimum
SIF value for which the crack is open. According to our knowledge, with an ultrasonic loading
at 20 kHz, it is not possible to experimentally determine the value of K,,. Hence, as cycling was
carried out under a loading ratio of R = —1, the crack is supposed to be closed when the applied
stress is negative (K,, = 0 and consequently 0,,q,, = Ac/2). Equation then transforms as

follows (with Ao /2 = o, the stress amplitude):

a, Qeq\3
2A 1—37%40.148 (=2
AKeff =~ ——U,/Traeq 2b + ( b ) , (32)
T 2 1 — aeq/b

The crack growth rate j—]‘\lf is estimated from the crack size difference between two successive

scans Geq(scan k + 1) — aeq(scan k). It is linked with an average of the two SIF evaluated for
these two scans to obtain Figure . The estimated value is the mean value of the crack growth
rate between (scan k + 1 and scan k) for an equivalent penny-shape crack. The corresponding

uncertainties on these measurements are detailed in Appendix

Figure compares the crack growth rate data from this study with experimental data
from the literature. The circle symbols correspond to specimens cycled in the present study
with an internal sharp notch not in contact with ambient atmosphere i.e. without a chimney.
Reference data include some cracks which had either internal initiation or surface initiation with
the whole specimen put in vacuum. These two types of testing conditions will be called vacuum-
propagating cracks hereafter. The fact that only one reference reports internal fatigue crack
propagation rates | | illustrates the lack of in-situ observations of internal fatigue cracks
in the literature. Besides, only one literature dataset could be found for cracks propagating under
vacuum conditions at R = —1 (with a 20 kHz cycling frequency) | ]. Therefore, the crack
growth rates could mainly be compared with literature experiments carried out at R = 0.1. It
seems that the crack growth rates obtained in the present study are in very good agreement
with the values from the literature for vacuum-propagating cracks. The only difference concerns
the crack growth rates obtained by Junet et al. which are higher than the others | ]. In
their study, the protocol used to manufacture the specimens and to acquire tomographic data
is similar to the one used in the present work. The main difference is the cycling frequency (20
Hz for Junet et al. and 20 kHz in the present study). This point will be discussed in Chapter

when the influence of environment will be taken into account.

Another point seems in agreement with the literature concerning the crack propagation
regime. As frequently observed by other studies, the crack growth rates seem more dispersed
for low values of SIF range (i.e. AK < 7 MPa/m) than for high values. This observation is
also valid for the results obtained in the present study even though the crack size was averaged

using a a4 radius.
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Figure 3.22 | Crack growth rate data in a Paris diagram for the tested specimens
with internal cracks All the literature data points [ , , ,
, | were obtained at low loading frequency i.e. between 20 and 400
Hz and under positive stress ratio (R = 0.1) except for Geathers et al. (20 kHz
and R =-1). Table links each marker type with a specimen. The experimental
conditions of the literature references are listed in Appendix H. The growth rates of
the cracks propagating from an artificial internal notch seem to be in agreement
with the rates reported in the literature for crack propagating in vacuum and
internal cracks (except for Junet et al. data points).

In addition to the fractographic observations, the crack growth rate measurements allow

us to be confident in the fact that a crack initiated from an internal artificial sharp notch

propagates in an environment comparable to vacuum. This means that the combination of

the notching procedure and ultrasonic cycling provides internal notches with a vacuum level

comparable to natural internal cracks. This allows to validate the data collected with the

presented experimental protocol to study internal fatigue cracks.

However, the differences in crack growth rates with the results from Junet et al. who used

100 | Chapter 8 — Internal Fatigue Crack in Ti64

These accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0120/these.pdf © [L. Hébrard], [2023], INSA Lyon, tous droits réservés



the same type of artificial internal notches need to be explained [ |. For that purpose, an
approach where similar internal notches were linked with the specimen surface (with a chimney)
has been carried out to obtain more elements but also to discuss (with some physical evidence

and results) the influence of environment on propagating fatigue cracks.

34  Chapter Synthesis

In this chapter, the results obtained with the combination of a specimen artificial notching
procedure and an ultrasonic cycling protocol coupled with micro-computed tomography have

been presented and analyzed. The following points emerge from this work:

Performing in-situ fatigue tests at very low-stress amplitudes results in long fatigue lives
(N > 108 cycles). So ultrasonic cycling allows shortening VHCF experiments to be adapted

to synchrotron procedures.

The fatigue lives obtained on unnotched specimens are in agreement with fatigue data of
Ti64 from the literature.

The notch insertion is crucial to ensure a systematic internal initiation and to optimize

the micro-tomography in-situ analysis.

The notched specimens had lower fatigue lives which were more reproducible than the

usual lives referenced in literature for Ti64.

The microscopic analysis of the fracture surfaces confirms the typical presence of a Rough
Area in the vicinity of the crack initiation site. It is composed of facets scattered in a

«granular» aspect zone. Those facets are located within a single grain and their normal

vector is not always parallel with the microstructural ¢ -axis of their underlying grain. The

granular aspect seems to be related to microstructure refinement immediately under the

fracture surface. This phenomenon has already been observed and is probably attributed

to cold-welding under negative loading ratios.

Fractographic and fatigue crack growth rates analysis allow to know that the cracks ob-
tained with the internal notching procedure are propagating in an environment comparable

to the one undergone by natural internal fatigue cracks.
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The last chapter was focused on internal fatigue cracks which present lower growth rates than
surface cracks growing in air | , ) ) ]. The two differences between
internal and surface cracks are their position within the specimen section and the environment
in which they propagate. The crack position influences the stress field at the crack front because
a small surface crack will undergo plane stress whereas internal cracks will mainly experience
plane strain conditions. This may play a role in the plasticity at the crack tip and therefore,
have an influence on the growth rate | ]. In the previous chapter, it was confirmed that

surface cracks propagating in specimens cycled in vacuum present growth rates comparable to

| 1038
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the cracks emanating from internal artificial defects. To eliminate a potential effect of the stress
field at the crack tip, the procedure to obtain internally notched specimens has been adapted

to insert a chimney that links the artificial defect to the outside surface. «Bring air to internal

fatigue cracks» has been developed to study cracks with shapes and stress fields similar to the
ones studied in Chapter 3. This should allow to evaluate only the environment effect. It is
assumed that, because of the small dimensions of the added chimney linking the internal notch
with the specimen bottom surface (as represented in Figure /.1), this one has a limited influence
on the stress field around the notch. Furthermore, this study focuses on the crack propagation
mechanisms away from the internal artificial sharp notch where this possible influence should

be negligible.

0 cycles

1.7e5 cycles

2e5 cycles : Internal
; notch

2.35e5 cycles

2.55e5 cycles

2.75e5 cycles

2.96e5 cycles

3.17e5 cycles

3.38e5 cycles

3.49e5 cycles

e —————— e
TR T~ :;:_?pm,”m ——

Figure 4.1 | Propagation of an internal crack in a specimen (nb 53) with a chimney
visible on the pictures Data obtained by slicing the reconstructed tomographic
volumes acquired at different numbers of cycles. The applied stress amplitude is
300 MPa and the loading direction is parallel to Z. The shapes of the notch and the
top part of the chimney are illustrated in the insert along with the cutting plane
used to represent the successive slices.

4.1 Fatigue Life

Four ultrasonic notched specimens had a chimney linking the internal crack to the speci-
men bottom surface. These specimens were cycled during synchrotron experiments to obtain

tomographic data for three of them (see the list in Table 1.1).
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Specimen nb Stress ampl. Nb of cycles . Nb of cycles when a crack Corresponding
(MPa) before fracture is detected using uCT marker in Fig.
48 300 5.04 x 10° 3.70 x 10° B
49 315 8.16 x 10° No uCT data u
52 300 4.02 x 10° 3.49 x 10° m
53 300 3.60 x 10° 6.21 x 10* O

Table 4.1 | Internally notched ultrasonic specimens with a chimney

As it was done for specimens without the chimney, the total number of cycles before fa-
tigue fracture was plotted in an S-N curve (Fig. 1.2). It can be seen in this figure that, for
the investigated stress levels, the fatigue lives are shorter for internal cracks propagating in a
specimen with a chimney than for cracks in specimens without a chimney. During his PhD the-
sis, A. Junet cycled fatigue specimens with a similar protocol but a lower frequency (20 Hz) at
higher maximum stress 0,4, and a positive nominal stress ratio R = 0.1 | |. He measured
a difference in fatigue life of approximately one decade between cracks in specimens with and
without a chimney. In the present study where the maximum stress is about 50% lower than

for his experiments, the difference in fatigue life reaches more than two decades.

This two decades difference can be explained by the number of cycles needed to start a long
crack propagation because, as pointed out by Oguma & Nakamura | ], the AKy, value
(below which long cracks do not propagate) is lower for a crack propagating in air than for a
crack growing in vacuum. Also, as explained in the following sections, the cracks propagating
in specimens with the chimney (i.e. linked with the specimen surface) have higher growth rates
than the ones without a chimney. Hence, the number of cycles during which a crack propagates

is also reduced if it is linked with the specimen surface.

A first order calculation was carried out to estimate the number of cycles during which a
crack emanating from the internal sharp notch propagates. For that purpose, the Paris law
described in Section is integrated. If Equation [ | is considered for a penny-
shape crack located in the center of the circular section of a specimen (with b its radius), the
number of cycles, Ny, needed to propagate from the a; initial crack radius to a final size, ay,

can be evaluated as follows:

B 1 ay da , a\  1—&+0.148(%)°
Ny = C(z/ﬁ)mam/ a2 (agpym S <b> = —a/b (4.1)

*As specified in Chapter 2, this is the total number of cycles applied to the specimen until it cannot resonate
anymore because the crack has fractured almost all the specimen section.
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Figure 4.2 | S-N graph for ultrasonic notched specimens with internal cracks linked
to the surface with a chimney compared with data from the literature, from
unnotched specimens and from notched specimens without the chimney. The ex-
perimental conditions of the literature references are listed in Appendix . The
horizontal dashed lines represent the number of cycles between the crack first de-
tection and its final fracture. A detailed view is added to distinguish the different
points cycled at 300 MPa. The fatigue lives of specimens with an internal sharp
notch are reduced when a chimney is inserted.

As explained in Section , micro-tomography data allows to measure the crack growth

rates. From those values, the Paris law coefficients C' and m can be estimated for the two

experimental conditions (cf. red and blue dashed lines in Figure ). Hence, the Paris laws of
Equations and can be written.

Aa/ANchimney = 7.532 X 10" AKY™ m/cycle (4.2)

Aa/ANuo chimney = 4393 x 107 AK®% m/cycle (4.3)

It is then possible to calculate the ratio between the numbers of cycles needed to propagate
a crack from a a; = 300 pm radius (the size of the internal notch) to the final fracture (ay =
b = 1250 pm, the specimen radius) at a 300 MPa stress amplitude for the two experimental

conditions:

N¢(no chimney) _ 5 (4.4)

Ny (chimney)
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This approximation seems consistent with the two decades difference observed in Figure
This suggests that the number of cycles needed to initiate the crack from the internal artificial
notch is negligible and the difference in total fatigue lives is probably mainly due to a difference

in crack growth rates between the two types of tested specimens.

All these elements tend to indicate that the propagation mechanisms for a cracks in a speci-
men with a chimney might be different from those of the internal cracks presented in Chapter
They could be comparable to propagation mechanisms in air. Additional observations and

results described in the next sections will bring other elements to confirm this assertion.

As pointed out in Section for internal cracks without a chimney, the low scatter of the
fatigue life can also be observed in the present case. The numbers of cycles between the first
detection and the final fracture are represented in Figure by the horizontal dashed lines.
Except for Specimen nb 53 where the cycling was automatically stopped soon enough, the other
cracks were already long and propagating rapidly when they were monitored for the first time.
For one specimen (nb 49), crack initiation was even missed and the final fracture occurred before
the first tomographic acquisition. This shows that the propagation of internal cracks in contact
with the specimen bottom surface (because of the chimney) was significantly faster than that of

internal cracks not in contact with ambient atmosphere.

4.2 Fractographic Analysis
421 Crack Surface ZOHeS

Similarly to specimens without the chimney, the fracture surfaces of internal cracks in spec-
imens with the chimney have been analyzed with optical microscopy and SEM. These observed
fracture surfaces are very different from the ones described in Chapter 3 as depicted in Fig-
ure 4.3a: two different zones are present in the Fish-Fye zone and can be distinguished with

optical microscopy.

A small zone which appears dark in the optical microscope is visible around the notch (it
will be called hereafter the Black Area). Using SEM provides a closer look at this zone and
reveals that this Black Area has a faceted aspect (¢f. Fig. 4.1a and 4.41b). This suggests

strong interactions of the crack with the microstructure.

Around this dark central region, another zone which appears bright in the optical micro-
scope can be observed (Figure 1.1¢). A more detailed inspection by SEM reveals that this
bright aspect is due to the presence of relatively large planar features present in this zone.
The aspect of these features reminds that of a leaf and has been reported by Pilchak et
al. and A. Junet [ , ]. They claim that this aspect is due to the so-called
quasi-cleavage mechanism occurring when the crack reaches a grain with an angle between

the propagation direction and the grain basal direction. In that case, the crack has to
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accommodate the different grain orientations to propagate from one grain to the next one
as close as it can from the basal plane, giving the fractographic feature a planar aspect
containing steps. Hence, such a quasi-cleavage feature is created in more than one cycle.
This is consistent with the fact that the planar features observed in the present study very

frequently present extensive striations (Figure 1.4d). It illustrates the fact that such a

planar feature is not created in one cycle.

Fish-Eye

Final fracture Zone

Figure 4.3 | Fracture surface of an internal crack which propagated in a spec-
imen containing a chimney (Specimen nb 48 cycled at 300 MPa during
5.04 x 10° cycles). (a) Optical view of the fracture surface. The Black Area sur-
rounds the initiation site and is surrounded itself by the Bright Area. These two
zones are comprised in the Fish-Eye zone. The red rectangle locates Figure 4.1a.
Figures 4.4c and 4.4d are located in the yellow rectangle where the value of the SIF
range is estimated at AK ~ 5.4 MPa/m (Eq. 3.2). (b) Scheme of the typical zones
present on such a fracture surface.

These differences in crack surface features observed between specimens with and without
chimney are in very good agreement with the fractographic observations of Yoshinaka et al. who
performed fatigue tests on Ti64 specimens in various environments (from air at the atmospheric
pressure ~ 0.1 MPa to a vacuum with a pressure of 1074 Pa) to evaluate the difference in crack
surface aspect under different environments [Y OS5 21]. As described in Chapter | (Section .1.1
and Figure 1.13), these authors describe - for the surface cracks which propagated in air - an
«angular and sharp aspect» close to the initiation site (around AK = 6 MPa +/m) surrounded
by a «larger flat striated zone» (which is still visible at AK = 18 MPa y/m). For surface cracks
in a vacuum environment, they observe a «granular and round aspect» in the vicinity of the

initiation site which is surrounded by a «flat zone without striation».
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Figure 4.4 | SEM detailed views of the Black Area and the Bright Area of a crack
fracture surface which propagated in a specimen with a chimney (Spec-
imen nb 48 cycled at 300 MPa during 5.04 x 10° cycles). (a) zoom on the Black
Area with crystallographic aspect located in the red rectangle of Figure 4.3a. The
blue curve separates the Bright Area and the Black Area which is very narrow. (b)
detailed view of a facet in the Black Area located in the red rectangle of (a). (c)
zoom on the Bright Area with planar features. (d) detailed view of a planar feature
from the Bright Area showing extensive striations. (c¢) and (d) are located in the
yellow rectangle of Figure 4.3a.

These observations match very well with the fractographic features observed in the present
work for internal cracks respectively with and without the chimney. This confirms that, in spite
of its narrow dimensions, the chimney allows air molecules under atmospheric pressure, to reach
the interior of the notch and, from there, the crack tip despite the ultrasonic loading frequency.
These fractographic observations also confirm that, for internal cracks, the propagation mech-
anisms differ between the two environments, at least until the cracks are long enough to enter
into the Fish-Eye zone external area (which appears grey in Figure 4.3b). In this last region,
the fracture surfaces belonging to specimens with and without a chimney appear similar as

illustrated in Figure 4.5.
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Figure 4.5 | Fractographic aspect of the external area of the Fish-Eye zone observed
with SEM for specimens with (b & d) and without (a & c) a chimney Low
magnification pictures (a & b) show that the fracture surface presents a combination
of rough and planar zones (the latter being less planar than the facets) with many
step lines (cf. red arrows). Also, a higher magnification (¢ & d) allows to remark
the presence of ridges in the external area of the Fish-Eye zone (also located by red
arrows) for the two types of specimen.

(a) corresponds to AK ~ 11.2 MPa y/m for Specimen nb 44 cycled at 337 MPa.
(b) corresponds to AK = 10.1 MPa +/m for Specimen nb 49 cycled at 315 MPa.
(c) corresponds to AK = 12.4 MPa y/m for Specimen nb 59 cycled at 500 MPa.
(d) corresponds to AK = 10.9 MPa y/m for Specimen nb 49 cycled at 315 MPa.

The section below the fracture surface of Specimen nb 49 which is presented in Figure 3.11
allows to observe the microstructure under the Black and Bright Area. The cutting plane is
represented in Figure 1.0a and the zones are observed with SEM (Fig. 1.6b). EBSD observations

have also been carried out in those two regions but no crucial difference emerges (cf. Figures 1.6¢
and 1.6d).
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Black are

Figure 4.6 | Section perpendicular to the average crack plane for a specimen with
a chimney (Specimen nb 49 cycled at 315 MPa during 8.16 x 10° cycles). (a)
Location of the section. (b) SEM picture of the polished section observed in back-
scattered mode to distinguish the microstructure under the fracture surface around
the internal notch. EBSD map details of the (¢) Black and (d) Bright zones. In (b),
the notch and the chimney are represented in green, Black Area is located in white
and Bright Area, in orange. (c) & (d) are located within the orange rectangles in
(b). The IPF shows the crystal direction parallel to the vertical direction of the
picture (~ direction of the loading). No major microstructural difference has been
observed under these two fractographic zones.
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422 Striation Analysis

As illustrated in Figure d, the planar zones present in the Bright Area contain many
straight parallel marks. These features are specific to fatigue crack propagation in air environ-
ment as explained in Section . The inter-striation spacing has been used to locally estimate
the crack growth rate within the planar features. For this, the crack is assumed to propagate
the distance measured between two striations in one loading cycle. The measurements have
been carried out for at least 10 planar features per specimen at AK values ranging from 4 to
10 MPa y/m. Within this range, the crack growth rate does not seem to vary with AK values,
its average value is 2.7 x 1077 £1.0 x 10~7 m/cycle (cf. Fig. 4.7). As it was done in Section 3.3,
the averaged macroscopic crack growth rate has been estimated thanks to tomography data for
the specimens with a chimney. These results will be presented in Section but they allow to
remark that the local crack growth rate measured from the striation spacing is two orders of
magnitude higher than the maximum value of the macroscopic one estimated from tomographic
data. This observation matches also with the results from Yoshinaka et al. | | who mea-
sures the striation spacing to be 1.4 x 1077 m when AK = 18 MPa /m for a crack propagating
in air environment in the same alloy loaded in tension at R = 0.1. Differences about the same
order of magnitude have been measured between striations-determined crack growth rate and
macroscopic one by Pilchak et al. for another titanium alloy | ]

A possible explanation for this apparently high crack growth rate in the planar fractographic
features has been suggested by Williams et al.. It consists in the fact that the propagation is not
homogeneous along the crack front so the macroscopic crack growth rate - which is an averaged
value - can differ from the local one (measured in the planar fractographic features for example)
[ ]. However, for such long cracks, the microstructure influence on the propagation is
reduced. Another explanation might be that the crack in such flat zones could stay arrested
during several cycles (between 10 and 100) before propagating again. The microstructure under

such striations has been observed and will be presented in the next section.

4.2.3 Microstructure Analysis Under the Striations

The FIB extraction procedure described in Section b has been applied to a planar
fractographic feature containing striations. A wall was extracted perpendicularly to the stri-
ation marks as illustrated in Figure 4.8. This procedure allows to observe the microstructure

immediately under the fracture surface (c¢f. Fig. 1.9).
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Figure 4.7 | Crack growth rates estimated from the distance between striations
located in the crack surface of different specimens with a chimney. Those measured
values do not seem to depend on the stress intensity factor range between AK = 4
and AK =9 MPa /m (c¢f. Fig. 1.20 for comparison with macroscopic growth rates
estimated from tomographic data). The color of each marker corresponds to one
specimen as referenced in Table 4.1.

Mag= 303K X EHT = 150 kv Signal A = SESI FIB Probe = 30KV:40 pA
WD = 7.6 mm Image Pixel Size =36.84nm  Scan Speed=9 FIB Imaging = SEM

Figure 4.8 | SEM picture representing a planar striated zone in the Bright Area from
the fracture surface of Specimen nb 48 cycled at 300 MPa during 5.04 x 10° cycles.
The localization of the wall extracted with FIB is represented by the red line and
the face represented in Fig. 4.9 is depicted by the red arrows. The green zones
correspond to the grains which do not contain any parallel microstructural marks,
they seem to present, instead, a sharper aspect.
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2um Mag= 305KX EHT= 150kV Signal A=ESB FIE Probe =30KY:80 pA
WD= 48 mm Image Pixel Size=36.61nm Scan Speed=12 FIB Imaging=SEM

Figure 4.9 | SEM picture of the extracted wall located under the striated zone
depicted in Fig. 4.8. The red rectangle locates Fig. 4.10a.

A detailed view of the microstructure under a striation pattern allows to remark small marks
(¢f. SEM observations in Fig. 1.10a and TEM observations” in Fig. 1.1( )c). These marks which
have a wedge shape are oriented in the direction of the crack propagation (the crack propagates
from left to right in Figure 1.10c), they have a length ranging from 200 to 600 nm and a thickness
between 20 and 80 nm. Also, the average angle between the direction of these marks and the
crack average surface is approximately equal to 60° (cf. angle ¢ in Figure 4.10c). This is not far
from the typical 70° angle between the direction of the plastic zone longest dimension ahead of
a crack tip and the crack propagation direction in the case of an isotropic material [MCC 91].
Furthermore, from the distance between the analyzed marks and the internal notch (~ 320 pym),
an estimation of the SIF range at which those marks were created can be calculated from
Equation 3.2 (~ 6.1 MPay/m). This value is used to estimate the plastic zone size (¢f. Eq. 1.1)
when the crack front was near the created marks. Hence, the plastic radius was approximately
500 nm which is comparable to the length of those marks (the average length of the marks in
Fig. 1.10c is 360 nm). All those elements point toward a link between the presence of the marks

and the plastic activity at the crack tip.

The inter-striation distance has been measured (Fig. 1.10b) and compared with the distance
between two successive marks observed in the microstructure under those striations (Fig. 1.10a);
these two values are in very good agreement.

Figure 4.14 summarizes the presence or not of parallel marks in the different grains observed
in the extracted wall from a more general point of view. This can be compared to the fracture
surface of Figure 4.8 to remark that every time striations are observed on the fracture surface,

parallel marks are also present in the grain located under those striations. Conversely, the

“We thank Nicholas Blanchard and Thierry Douillard for the time spent on all the TEM observations.
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fractographic aspect above the grains which do not contain any parallel mark is sharper and
does not present any striations (zones circled in green in Figure 1.8). All these observations
suggest that a microstructural mark is present under each striation. However, as pointed out
by the red line from Figure 4.10c, the inter-striation distance is larger than the thickness of a

microstructural mark.

0.24 pum/striation

0 K X EHT= 150 kV Signal A= ESB FIB Probe = 30KV:80 pA
WD= 48 mm Image Pixel Size =5583 nm  Scan Speed =12 FIB Imaging = SEM

200

Figure 4.10 | Marks observed under the striations (a) SEM picture of the marks. (b) Stri-
ations visible above the marks represented in (a). (c) Transmission Electron Mi-
croscope detail picture of the marks. (c) is localized in the red rectangle of (a).
¢ is the average angle between the direction of the marks and the crack average
surface. The distance measured between two striations seems to match with the
distance between two marks meaning that one mark is present under each stria-
tion.

The extracted wall has also been analyzed by EBSD to obtain the microstructure orientation
just under the crack surface. However, as illustrated in Figure 41.12a, the EBSD spatial resolution
does not allow to distinguish the marks observed with Scanning and Transmission Electron
Microscope. For this reason, the TKD procedure described in Section 3.2.2.2b has been used
(Fig. 1.12b). From this data, it was possible to measure the misorientation between the regions
corresponding to the marks and the one of the overall grain in which they are included (¢f. unit
cells depicted in Fig. 1.12b). The misorientation between those two regions has been measured
to be a rotation of 87° around the [1120] direction. This value has been confirmed with
measurements of misorientations carried out from TEM diffraction patterns (cf. Fig. 1.13).

As summarized in the PhD thesis of L. Nervo [NER 15], four twin systems have been reported
in titanium. Particularly, two of them can occur when the material is loaded in compression,
and the two others concern tension loadings [MUN 97]. The misorientation relation measured
in the present study is very close to the so-called {1012} tensile-twinning relation referenced in
titanium which is a rotation of 85° around the [1120] direction [[.AV 18a]. This suggests that
one tensile-twin forms under each striation mark. The half-lens shape of these twins has been
reported in Section 17.5 of the book written by Abbaschian et al. (¢f. Fig. 1.11) in the case

where a twin intersects only with one free surface [ABDB 10]. In this case, the lattice around the
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twin is distorted to accommodate to the shearing strain. It leads to the formation of surface

kinks adjacent to the twins. Similar features can be observed in Figure 4.10c along the profile

of the wall.
Tensile
stress
f Basal
¥ plane
Accommo-
dation kink
-, '
Surface tilt Twin
due to twin

'

Tensile
stress

Figure 4.11 | Half-lens shape of tensile twins described by Abbaschian et al. [ABB 10]

Figure 4.12 | Microstructure orientation maps of the extracted wall located under
the striated zone (a) EBSD global view of the section depicted in Fig. 1.9.
(b) detailed view of the twinning marks for two adjacent grains. (b) picture was
obtained with TKD method. The IPF presents the crystal direction normal to the
pictures. The crystal misorientation between the marks and the bulk corresponds
to the {1012} tensile-twinning relation.

Twinning in a fatigue-cycled Ti64 specimen has already been reported in several studies but,
to the best of our knowledge, it has never been related to striations. For example, Lavogiez et al.
observed that tensile-twinning occurs at the surface of a cycled specimen [[LAV 18a]. When slip
bands try to pass from a soft grain (i.e. whose orientation is favorable for slip with a high Schmid

factor [RUG 07]) to a neighboring hard grain (i.e. low Schmid factor), they do so by forming a
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twin in the latter. Also, Ma et al. studied a cycled lamellar Ti64 and reported tensile-twinning
in the grains near the crack | |. In this study, they calculated the Schmid factor to find
out that {1012} tensile-twinning principally occurs in grains with low values of the Schmid factor
for basal slip. It means that, when the ¢ -axis is aligned with the loading direction, basal slip
is difficult to trigger and twinning tends to be favored. This interplay between ¢ -axis direction

and twinning occurrence is also claimed by Chi et al. | .

Figure 4.13 | Diffraction patterns of a microstructural mark (in red) and of the
grain in which it is located (in blue) Acquisition carried out with Trans-
mission Electron Microscope. An 87° misorientation is measured between these
two matrixes. It is typical of the {1012} tensile-twinning relation in titanium

[ : J

Conversely, Sun et al. cycled a Ti64 alloy and observed that {1012} tensile-twinning occurred
in grains with high Schmid factor for basal slip | ]. To explain this, they claim that
high stress can provoke dislocation accumulation in some grains until a point when twinning is

triggered to accommodate the plastic strain.

Munroe et al. | ] report that the presence of twinning in titanium can be observed
in grains with ¢ -axis aligned with the loading direction but also in the case of high Schmid
factors for basal slip. In this paper, different results from several studies are listed and claim
that {1012} twinning was dominant in titanium monocrystals if the Q angle between the ¢ -axis

and the loading direction is equal to 12°, 30°, close to 0° or between 30° and 40°.

Figure summarizes the presence or not of twinning in the different grains from the
wall analyzed in the present study. Hence, in our case, it emerges that tensile-twinning is not
observed in the grains with a ¢ -axis almost aligned with the loading direction and twinning

marks are present when 37° < Q < 44°.
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Figure 4.14 | Summary of the presence of striations and the ) angle between ¢ -
axis and vertical loading direction for each grain located in the extracted
wall which is represented in Fig. 1.9. (a) Low magnification TKD map. (b)
Detailed view of (a) after a supplementary polishing session using a precision
ion polishing system. The white rectangle in (a) locates (b) and the IPF shows
the crystal direction parallel to the vertical direction of the picture (assumed to
be approximatively the stress direction). The grains which do not present any
striations are the ones circled in green in Figure 4.8. The Schmid factors of the
three grains with «*» markers have been analyzed.
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To try to explain the presence of tensile-twinning in the grains under some of the fractographic
regions presenting striation marks, a numerical Schmid factor analysis has been carried out”.
For that purpose, a crack is inserted within a 2D mesh under plane strain conditions (because
the crack is internal) with a symmetric boundary condition on its left lateral boundary (cf.
Fig. 1.15). An elastic Finite Element calculation on this mesh allows to obtain the stress field at
the crack tip. As the study has only been carried out for the three grains represented with «*»
markers in Figure 4.11a, the numerical crack is slightly tilted in the grain (¢f. Fig. 1.15) to be

more representative of the experimental crack (assuming a nearly vertical loading in Figure 1.11).

K>
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Figure 4.15 | 2D model used for the elastic finite element calculation carried out to
obtain the stress field at the crack tip

Then, for each crystallographic orientation, the obtained stress field at the crack tip is used

to calculate a resolved shear stress, 7, for each slip system s listed in Table 4.2.

S

™ =blon (4.5)

with n the slip plane normal, b the slip direction and o the stress field (¢f. Figure 4.16 for a

scheme of the different notations). Note that, in contrast to the uniaxial sketch of Figure .10,

“We sincerely thank Sylvain Dancette for the time dedicated to Schmid factor analysis carried out from
halfway around the world!
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the stress state at the crack tip, o, is triaxial as computed by the finite element analysis described

above.
Slip normal n Applied
force
Cross-sectional
area
Slip plane
! S sy,
| Ly/feC[.
/JI\ /0/7
1
k:_/
1

lTensiIe axis

Figure 4.16 | Notations used to calculate the resolved shear stress on a given slip
system

This «slip approach» is also applied to the twin mechanisms to obtain an equivalent shear
rate. For that purpose, the twinning plane and the twinning direction (as defined by Bilby
& Crocker [BIL 65]) are considered respectively as the slip plane with the normal, n, and the
slip direction, b. This approach has been carried out for the tensile and compressive twinning
systems summarized in Table 4.2. However, contrary to slip modes, the twin modes are uni-
directional. Therefore, only positive resolved shear stresses on the specified twin systems might

activate deformation twinning in the grain.

Slip system Slip plane Slip direction
Basal (0002) < 1120 >
Prismatic {1010} <1120 >
Pyramidal <c+a> {1011} <1123 >
Twinning type Twinning plane | Twinning direction
Tensile {1012} < 1010 >
Compressive {1122} <1123 >

Table 4.2 | Slip and twin systems used in the Schmid factors analysis The twinning
planes and directions are used for the tensile and compressive twin mechanisms which
are modeled by a «slip approach» to determine an equivalent shear rate.
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The Critical Resolved Shear Stress (CRSS) for the different slip systems in titanium has
been computed by several studies as reported by Castioni et al. | | and summarized in
Table 4.3. For the twinning systems, the CRSS have been taken equal to the higher one i.e.
corresponding to the CRSS of the "harder" system (the < ¢+ a > pyramidal slip system in the
case of Ti64 according to Bridier et al. | -

7_cpmsm chasal 7_prr<c+a> 7_Ttunn 7_cth'm

C
1.0 1.14 1.59 1.59 1.59

Table 4.3 | Relative critical resolved shear stresses used in the Schmid factor anal-
ysis for the different slip and twin systems. The values are normalized by the lowest
CRSS (corresponding to the prismatic slip). Extracted from the work of Bridier et
al. | ].

To predict the active slip or twin mechanism for each crystallographic orientation, the corre-
sponding resolved shear stress, 7%, is normalized by the CRSS corresponding to the mechanism,

78 to obtain a shear rate 4 = ~o|7° /7Y™

i sign(T°) with vy a reference slip rate and m a

strain-rate sensitivity exponent (as described in Appendix A from the paper of Lavogiez et al.
[ ). By comparing the maximum shear rate in each family of slip or twin systems, it
is possible to obtain the "preferential" deformation mode for a grain of a given crystallographic

orientation as summarized by the IPF triangle in Figure

compressive-twinning 1010
I tensile-twinning
<c+a> pyramidal
prismatic
basal

0001

3
Xk kkk

Figure 4.17 | Deformation system activated for each microstructure orientation ac-
cording to the Schmid factor analysis. The «*» markers correspond to the three
grains indexed by similar markers in Figure

The three studied grains (indexed with «*» markers in Fig. ) are located in this figure.
It emerges that the Schmid factor analysis predicts twinning in the grain with «**» but no
twinning in the two others. Those predictions are the opposite of what has been experimentally
observed but they agree with the results of Ma et al. and Chi et al. | , ] who claim
that twin is favored when the local ¢ -axis is normal with the loading direction because slipping
is impossible to activate in this case. The mismatch between these Schmid factor analysis re-

sults and the experimental observations could be explained by the fact that the CRSS might be
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impacted by the environment. This impact could change the order of activation between the

different systems [ ]

With the considered hypotheses, the presence of twinning under each striation has not been
explained with the Schmid factor analysis. However, this phenomenon can be considered to try
to understand some crack propagation mechanisms. As described in Section , the crack
growth rates measured thanks to the striations are two orders of magnitude higher than the
macroscopic one. Consequently, this brings two different hypotheses: either (i) each striation
mark needs one cycle to be created and the local crack growth rate is lower outside of the planar
fractographic features where the striations are observed or (ii) the crack stays arrested during
many cycles between the creation of two successive striation marks. The second hypothesis lies
in the fact that the crack stays arrested for several cycles between the formation of two successive
twinning marks. It can be linked with the explanation from Chi et al. about tensile twinning
in Ti64 [ |. In this paper, the authors suggest that twin nucleation occurs in « grains
when the plastic strain accumulation reaches a certain level. By considering this assertion in
the present study, the cracks can be supposed to discontinuously propagate as the number of
cycles increases and to produce a twin at the crack tip every time the propagation starts again

because of plastic strain accumulation.

To summarize, the observations of the microstructure located under the fracture surface in
the Bright Area reveal the presence of {1012} tensile-twinning under each striation in this region.
To the best of our knowledge, this had never been reported in this alloy before. This mechanism
has not been observed under the un-striated fractographic planar areas and in particular, under
the facets observed in the fractographic surface of the cracks propagating internally without a
chimney. This suggests that the propagation mechanisms are strongly modified when the crack
propagates in a specimen which has an internal chimney. In particular, the plastic activity at

the crack tip seems to be impacted.

4.3 Crack Growth Rate

4.3.1 Surface Cracks Propagating Under Ultrasonic Cyclic Loading

The majority of the fatigue data found in the literature concerning Ti64 have been obtained
at low loading frequency with R = 0.1 and have to be considered with caution in a comparison
with the measurements acquired at 20 kHz and R = —1 in the present study. To our knowledge,
this type of data is almost not present in the literature except in one study carried out with
SEM imaging by Geathers et al. | , |. Therefore, an experiment has been carried

out - as presented in Section - on flat pre-cracked specimens designed for resonating at
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20 kHz under axial tension (so-called ultrasonic CT-like specimen in the following) to obtain
crack growth rate data for Ti64 at ultrasonic frequency with a nominal stress ratio R = —1.
These tests provided a reference dataset to compare with the crack growth rates of internal
fatigue cracks cycled at 20 kHz and linked to the surface with a chimney.

The standard test method used to collect fatigue propagation data imposes two conditions on the
propagation blocks to be valid (cf. Section ) [ ]. All the data points corresponding
to this experiment fulfill these two conditions; however, during a cycling block, the crack can
propagate while another branch is created in parallel (Fig. a). The other branch can also
propagate further than the original one (Fig. b). In these two cases, it has been chosen to
measure the crack length increase, da, as the propagation of the longest branch (c¢f. Figure ).
But, as these specific cases are not considered in the standard method, the corresponding data
points are represented in white circles in Figures and and should be considered with

caution.

Specimen

M‘____ga__.——b

M

da

—— Crack before cycling

Figure 4.18 | Two specific crack propagation cases not considered by the ASTM
E647 standard test method | ]. da represents the crack length increase
measured during one loading block of the CT ultrasonic propagation tests pre-
sented in this section.

4.3.2 Crack Growth Rates Comparisons

The procedure described in Section to calculate the crack growth rates from tomographic
data has been applied to the specimens with a chimney. In Figure , the crack growth rates
are plotted versus the SIF range in a Paris diagram and compared with data from the literature
and from other experiments presented in this manuscript (ultrasonic surface crack propagation
and in-situ internal crack propagation without a chimney). Figure presents only the data

acquired at R = —1. The data from the work of Junet et al. | | are not represented in
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The crack

growth rate uncertainties for the internal tomographied data and the CT ultrasonic propagation

those figures for the sake of clarity but it will be discussed later in Section

ones are presented in Appendix
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Figure 4.19 | Crack growth rate data in a Paris diagram for all the tested specimens
compared with literature data obtained at R = —1 | , , ].
The latter were obtained at low loading frequency ¢.e. between 20 and 400 Hz
except for Geathers et al. (20 kHz). The red circles correspond to the ultrasonic
fatigue propagation data acquired with surface cracks. The red and blue dashed
lines correspond to a fit of the in-situ data obtained for specimens respectively
with and without a chimney. The presence of a chimney in the specimens provokes
higher crack growth rates than for specimens without such a chimney.

First of all, the fatigue tests of specimens with an internal chimney provide fewer data
points than in the case of specimens without any chimney because the crack growth rates are
higher. Consequently, the propagation length is more important between two successive micro-
tomography acquisitions. Also, the initial propagation is so rapid that, when cycling is stopped
for the first time, the crack is generally already quite long and few data points could be acquired
at low SIF range values (AK < 6 MPa/m ).
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Figure 4.20 | Crack growth rate data in a Paris diagram for all the tested specimens
compared with literature data | , , , , ,
]. The latter were obtained at low loading frequency i.e. between 20
and 400 Hz except for Geathers et al. (20 kHz). The experimental conditions of
the literature references are listed in Appendix . Tables and link each
marker type with a specimen. The red circles correspond to the ultrasonic fatigue
propagation data. These growth rates have the same order of magnitude than the
rates reported in the literature for crack propagating in air from the surface of
specimens.

The growth rates of cracks propagating in a specimen with a chimney are clearly higher than
the ones measured in specimens without a chimney for AK < 10 MPa y/m. As they agree with
the rates obtained at ultrasonic loading frequencies for CT-like specimens (Section ) and
with the only reference from literature at 20 kHz and R = —1 | |, this tends to prove
again the efficiency of the chimney to bring air to the internal cracks. For high STF range values,
the growth rates obtained for specimens with a chimney tend towards the values acquired in the
case of specimens without any chimney (i.e. internal propagation behavior). This observation
is also valid for the datapoints obtained at ultrasonic frequencies with CT-like specimens and

for Geathers et al. datapoints | |. However, this is less the case for other literature data

Crack Growth Rate | 125

These accessible a I'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0120/these.pdf © [L. Hébrard], [2023], INSA Lyon, tous droits réservés



points which have been acquired at conventional cycling frequency. This will be discussed in the

rest of the section.

If more attention is paid to the cycling frequency, it is possible to remark that for vacuum-

propagating cracks, the ultrasonic and conventional (low frequency) data are similar. However,

this is no longer true for cracks in contact with air. There is a difference in crack growth rates

between the datapoints acquired at ultrasonic and low frequency [ , , ].
This difference increases at large SIF range values (AK > 8 MPa y/m i.e. for longer cracks). In
other words, as the SIF range increases, the growth rate at 20 kHz for a crack in contact with
air tends to be lower than for a crack in a similar situation but cycled at low frequency. For SIF
range values around 10 MPa /m, the crack growth rates at 20 kHz in air were even measured

(for one specimen) to reach the values obtained for vacuum-propagating cracks.

The previous observations concerning the impact of cycling frequency on Ti64 fatigue be-
havior are in agreement with the observations of Holper et al. on aluminum alloys [ ]
(¢f. Chap. 1). According to these authors, if a crack is cycled at ultrasonic frequency in air, at
high SIF range values (i.e. when it is a long crack), the air molecules cannot reach the crack
front as well as they could if the frequency was low. Hence, the crack growth rates tend to
become similar to that of a crack propagating in vacuum (the latter not being influenced by
the frequency because of the absence of air molecules). This paper, cite the study of Wei et
al. | , ] who showed that a water vapor pressure of 5 Pa is sufficient to make a
fatigue crack undergo full environment effect at 5 Hz (with R = 0.05). With this frequency, the
crack front is submitted to 5 Pa during an exposure time of less than 0.2 seconds (because crack
closure might prevent the crack to be open during the total tensile part of the cycles). Holper et
al. consider then a 1200 Pa water vapor in a standard experimental case (ambient temperature
of 20°C with 40 to 60% relative humidity). So, with atmospheric pressure, the exposure time
mentioned before can only be reached with cycling frequencies below 1.2 kHz at a positive stress
ratio or even below 600 Hz at R = —1 (in reality, the cracks stay open for an even shorter time
because of the crack closure effect).

If the same mechanism is assumed for the Ti64 alloy, at 20 kHz, one can expect a small difference
between crack growth rates in air and in vacuum at high SIF range values (corresponding to long
cracks here). This is exactly what we observe in Figure . This assertion can be supported
by Mayer who reviewed that the fatigue lives of specimens that have failed from internal cracks
in titanium alloys are not impacted by the cycling frequency whereas specimens having failed

from surface fatigue cracks present longer lives if they are ultrasonically cycled | ]

Concerning the stress ratio, Boyce et al. report several crack growth rate datasets acquired
for surface cracks loaded at different frequencies (from 30 Hz to 20 kHz) with positive stress
ratios (R=0.1 or 0.8) | ]. No frequency influence was reported in this context. It can be
linked to the fact that, at positive stress ratios, the crack is closed during a shorter amount of

time than at negative stress ratios (because the specimen is never in compression), consequently,
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air molecules can almost always reach the crack front even if ultrasonic frequencies are used.

As a summary, the observations presented in this section point out that the crack growth
rates are higher if a crack propagates in a specimen with a chimney than if it propagates in a
specimen without a chimney. It means that the chimney most probably efficiently brings air
molecules to the internal notch. However, at high SIF range values, the growth rates obtained
for cracks propagating in air are lower for ultrasonic frequency than for conventional ones. This
might mean that air molecules cannot reach the front of a long crack if it is loaded at ultrasonic
frequency. Consequently, its growth rates tend towards the ones of vacuum-propagating cracks.
This phenomenon should be reduced for fatigue tests at positive stress ratios because, in that
case, the cracks stay usually open during a longer proportion of the cycles. More data are needed
to confirm these observations, but as explained, tracking internal cracks propagating in

air with micro-tomography is difficult.

4.3.3 Link Between Crack Growth Rates and Fractographic Features

The sizes of the fractographic zones of specimens with and without chimney (described in

Sections and ) were measured and used to estimate an equivalent SIF range value
corresponding to the crack exiting the considered zones. For this purpose, Equation was
applied with the equivalent crack size a., as explained at the beginning of Section 3.3. These

values are plotted in Figure

The typical fractographic features of internal fatigue crack have already been linked to SIF
range values in the literature. Hong & Sun estimated the characteristic SIF value for crack
initiation in VHCF regime in titanium alloys as AK = 3.39 MPa/m | ]. Junet et al.
[ |, who also studied internal crack propagation in Ti64, evaluated the AK value at the
end of the Rough Area as AKpg/pip = 9.14 £ 1.19 MPa/m. They claim that this value is
in agreement with other studies: Li et al. reported that this value increases if the stress ratio
decreases, they report AKpy/pip = 8.03 MPa /m for negative stress ratio (R = —0.3) | ].

Cao & Ravi Chandran measured AKp4/p;p between 7 & 9 MPa /m | |. Heinz & Eifler
estimated it to be AKpy/pip = 6.76 + 0.39 MPa/m | | and Yoshinaka et al. reported
AKpa/pip = 9.1 MPay/m | ]. All these literature values seem to match with the

equivalent SIF range estimated in the present study which is around AKgy/pip =9 MPa Vm.

Another observation concerns the transitions from the Bright Area to the external area of the
Fish-Eye zone (crack propagating in air) and from the Rough Area to the external area of the
Fish-Eye zone (crack propagating in vacuum) which seem to occur at the same SIF range values
(AK =~ 9 or 10 MPa y/m). Above, this value, the crack growth rates tend to be close for the two
environments. This suggests similar propagation mechanisms between those two environments
when the cracks are very long and cycled at ultrasonic frequency (because, in this case, the air

molecules hardly reach the crack front).
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Figure 4.21 | Estimations of the equivalent SIF range corresponding to each zone
of the fracture surfaces represented in a Paris diagram The SIF range
corresponding to the different regions of the fracture surfaces in specimens without
and with chimney are shown by the colored bars respectively at the bottom and the
top of the curve. These values are compared with crack growth rate data for all the
specimens tested in this study. The colors correspond to the fractographic zones
schematized in (i) for specimens with a chimney and (ii) for specimens without a
chimney.

434 Effect of the Cycling Frequency on Specimens with an Internal Notch

As evoked in Chapter 3, the crack growth rates measured in the present study for internal
cracks without chimney seem to match with most of the literature data (whatever the cycling
frequency) but notably not with the data obtained during the thesis of A. Junet even though
this author used the same experimental protocol (artificial internal notch made with a femtosec-
ond laser and SPS plate welding + in-situ synchrotron pCT acquisitions) [JUN 19]. The only
difference was the cycling frequency which was set as 20 Hz in A. Junet’s work. During his ex-
periment, this author also used a chimney to bring air to the internal crack, hence, crack growth
rate data were also obtained for specimens with chimney and are represented in Figure 4.22 to

be compared with the datasets already presented in the current chapter.
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Figure 4.22 | Comparison of crack growth rate with internal crack data cycled at
20 Hz by Junet et al. | ]. The experimental conditions of the literature
references are listed in Appendix H. The blue quadrilateral represents the order of
magnitude of the crack growth rates estimated by A. Junet from Paris’s law inte-
gration for specimens which did not undergo any dwell effect (no static loading).

The crack growth rates obtained by A. Junet for specimens with chimney match the literature
data at low frequency but his internal cracks without chimney present higher growth rates than
the rest of the literature and than the results from the present study. A hypothesis to explain
this difference is that, after the SPS welding protocol, the vacuum level inside the artificial
notch is not high enough to have cracks comparable to natural internal ones. Consequently,
the crack growth rate for this type of specimen is located between the air and the vacuum
fatigue behaviors. It can be called «wvacuum-like» environmental conditions. In the present
study, the previous analyses allow us to claim that ultrasonic cyclic loading «enhances» the
vacuum conditions inducing a decrease in crack growth rates of the wvacuum-like propagating
cracks obtained from artificial internal notches. That could explain why the internal cracks
ultrasonically cycled without a chimney in the present study have similar crack growth rates than
other vacuum propagating cracks from the literature while it is not the case for the specimens

of A. Junet which were cycled at low frequency.
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In his thesis [ ], A. Junet gives another explanation for this relatively high internal
crack growth rates of specimens without chimney: the time during which the static loading
is applied to the specimen while a tomography scan is acquired could induce a dwell effect
[ , ]. This phenomenon is known to influence the fatigue life, particularly for
titanium alloys, and could entail an increase in crack growth rates. To confirm this hypothesis,
he estimated the crack growth rates by integrating Paris’s law (with the C' and m parameters
taken from his previous propagation studies on the same material) for fatigue-failed specimens
which did not undergo any static loading in order not to be influenced by a potential dwell phe-
nomenon (hence they were not tomographied). These estimations are represented by the blue
quadrilateral in Figure . They present lower values than the A. Junet’s in-situ data which
led him to his hypothesis. However, the quadrilateral remains still slightly higher than most of
the literature datasets and than the ultrasonic dataset acquired during the present study. This
entails that the dwell effect might have an impact on fatigue crack propagation rates but this

effect alone does not explain the high crack growth rates measured by A. Junet.

44 Thermal Analysis

According to the observations reported in the previous section, coupled frequency and en-
vironment effects might contribute to the drop in crack growth rate undergone by long fatigue
cracks propagating in air conditions. The environment in which a crack propagates might influ-
ence the cyclic plastic activity at the crack tip. Since this plastic energy is dissipated in heat,
it constitutes a heat source in the reversed cyclic plastic zone at the crack tip. Consequently,
the temperature field around the crack tip might differ when the crack grows in different envi-
ronments. To evaluate this assertion, a thermal analysis has been carried out from temperature
measurements acquired during the in-situ fatigue tests realized on specimens with and without

a chimney.

441 Determination of the n Parameter

The 7 parameter from the model described in Section is the proportionality coefficient
between the crack tip lineic heat source and AK*. Hence, this parameter characterizes the heat
source at the crack tip independently of the applied stress amplitude. So, to evaluate the
influence of the environment on the plastic activity at the crack tip, the n parameter will be
determined in the case of ultrasonic fatigue tests carried out on specimens with and without a
chimney.

The procedure summarized in Figure has been applied to several cycling blocks of some
specimens to determine the corresponding n parameter. In a nutshell, from tomographic scans,

the crack shape has been meshed (c¢f. Section ) to carry out numerical SIF estimations
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along the crack fronts (with the Zcracks module of the Zset finite element software | ] as
described in Section ). This SIF evolution along the crack front is used to calculate a lineic

heat source with the assumption of = 1 W.m™3.MPa %,

Then, the heat source along the
front is implemented in a finite element procedure which integrates the heat equation to obtain
the temperature field at the surface of the specimen (the hypotheses used in this finite element
model are detailed in Section ). Because the temperature field is linear versus the heat
source, it depends linearly on the n parameter. Consequently, a ratio between the numerical
thermal increment (obtained with n = 1 W.m™3.MPa™*) and the experimental one gives the

experimental value of the n parameter (cf. Eq. ).

Because the temperature is monitored during each cycling block, a corresponding n value can
be identified for the different blocks. It is supposed to be constant during each block and, as
explained in Section , it is estimated from a temperature measurement acquired after 0.3
sec of cycling. All these values are represented versus the SIF range averaged along the meshed

crack front in Figure
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Figure 4.23 | Results of the 7 calculation protocol represented versus the SIF
range averaged along the meshed crack front for several cycling blocks
recorded for some specimens with and without chimney The number dis-
played near each data point corresponds to the studied cycling block during which
the temperature has been monitored. The color of the marker corresponds to the

studied specimen (colors are matched with Tables and 1.1).
As illustrated in Figure , the n parameter seems to depend on the SIF range value. It
means that the linear relation versus AK* claimed by the used model (Eq. ) might not

be very accurate. Also, the n parameters measured for specimens without a chimney seem
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slightly higher than the ones corresponding to specimens with a chimney (at similar SIF range
values). To try to understand these observations, the influence of certain parameters on the
measured 7 values will be evaluated in the following sections to estimate some uncertainties in

those measurements.

442 Inﬂuence of the Craek Size on the Thermal Measurements

According to Equation , the experimental temperature increase is needed to estimate

the n parameter. As it is explained in Section , the measured experimental temperature

values are averaged in a small zone surrounding the hot spot (¢f. Fig. ). Consequently,
the spatial standard deviation of this measurement can be evaluated to estimate the impact of

experimental temperature increase on the n parameter. It is represented by the error bars on

Figure showing the n parameter versus the meshed crack front total length.
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Figure 4.24 | Results of the 7 calculation protocol represented versus the front total
length for several cycling blocks recorded for some specimens with and
without chimney The number displayed near each data point corresponds to
the studied cycling block during which the temperature has been monitored. The
color of the marker corresponds to the studied specimen (colors are matched with
Tables and 1.1). The uncertainties due to experimental temperature averaging
are presented along with each crack projection in the corresponding specimen
cross-section. Small cracks with a crack front length shorter than 2.5mm produce
a small temperature increment at the surface leading to very large uncertainties.
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It points out that the temperature increase monitored during the cycling of specimens con-
taining small cracks is too weak to obtain meaningful measurements. The values of 1 obtained
for those small cracks are then too uncertain to be considered. Consequently, it has been chosen

not to consider the values for cracks with a total crack front length shorter than 2.5 mm.

44.3 Influence of Mesh Smoothing on the Heat Source Identification

The influence on the n parameter of the smoothing level employed to generate crack meshes
has been evaluated. As described in Section 2.4.1, the mesh is obtained from tomographic scan
data that have been thresholded. The procedure comprises at least one smoothing step to get
rid of the mesh elements which are too distorted. This smoothing procedure has been carried
out with the Laplacian Smooth tool from Meshlab software [SOR 05]. Smoothing can then be
applied again with different amounts of steps interspersed by several remeshing steps (also to
avoid strong element distortion). Two different amounts of smoothing steps (10 and 100) were
tried as depicted by Figure 4.25b & 4.25¢.

a) b)

300 pm

Figure 4.25 | Three types of smoothing applied to a meshed crack (a) no smoothing
except the first one carried out to remesh the distorted elements, (b) & (c) mesh
after applying respectively 10 and 100 steps of Meshlab’s Laplacian Smooth.

It is possible to remark that the smoothing level has an influence on the irregularity of the
crack front; consequently, the calculated SIF range along the front is impacted. A smoother
front presents fewer variations in its SIF range evolution but the extreme values of the SIF
range are enhanced (the green arrow in Fig. 1.20a corresponds to the SIF range value of the
crack front portion circled in green in Fig. 1.26c). The smoothing procedure has also an impact
on the total crack tip length because a lightly smoothed crack (Fig. 1.25a) will be more irregular
so it will have more concavities than an extensively smoothed one (Fig. 1.25¢). Since the heat
source located in the reverse cyclic plastic zone is a lineic source in the proposed model, mesh
smoothing has an influence on the estimation of the total energy rate dissipated by the crack

(as illustrated by the values reported in Figure 4.26b).
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Figure 4.26 | SIF range AK; evaluated from Eq. 2.11 along the tip of differently
smoothed crack meshes (a) The three curves correspond to the three smoothing
levels depicted in Figure 4.25 and dashed lines are the corresponding average
values. (b) Total crack front length and integral of AK* along the crack front for
each smoothing level. (c) Projected crack used to define the 1 angle. The high
local SIF range values correspond to the crack irregularities. It is illustrated by
the green arrow corresponding to the SIF range value of the crack front portion
circled in green in (b).

This influence is depicted by Figure 1.27a representing the lineic heat source S = nAK, ;&nge
for each cycling block thermally evaluated. In this graph, the shape of the markers (circle,
star or square) corresponds to the used mesh smoothing procedure. The points obtained for
the same cycling block with different smoothing levels can be used to evaluate the influence of
the smoothing approach on the plastic zone heat source. To take into account this influence,
the points corresponding to a specific cycling block have been merged into a single point with

uncertainty bars (cf. Fig. 1.27b).

444 Considerations on the Measured Internal Crack Tip Plasticity Heat Source

The described protocol allowed us to estimate the lineic heat source due to the cyclic plastic
zone at the crack tip thanks to the evaluation of the n parameter. It is represented in Figure 41.28
with the measured uncertainties. Hence, from the in-situ temperature field measurements carried
out on Ti64, this parameter has been estimated between 2.7x 1073 and 1.3x 1072 W.m 3. MPa~*.

Only very few papers report reference values for the 7 linearity coefficient on different ma-
terials [[XL1 03, RAN I4a, PIP 83, RAN 14b]. This makes uncertain the quantification of this

parameter so it has to be considered with caution.
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Figure 4.27 | Value of the lineic heat source estimated (a) for different smoothing levels
of several cycling blocks recorded for some specimens with and without chimney.
(b) The points corresponding to the same mesh with different smoothing have
been grouped with uncertainty bars which take into account the influence of the
smoothing protocol. The points without error bars have not undergone a smooth-
ing sensitivity analysis. The number displayed near each data point corresponds
to the studied cycling block. The color of the marker corresponds to the studied
specimen.

The values from the present study were obtained from different specimens cycled either with
or without a chimney. As pointed out by Figure , it appears that the n values seem slightly
higher for cracks propagating internally without a chimney than for cracks in a specimen with a
chimney. This could mean that, for similar SIF range values, the dissipated energy (represented
by the heat source purple curves), and consequently the plastic activity at the crack front, is
more important for a crack propagating internally with no contact with ambient atmosphere
than for a crack propagating in air environment.

As explained in Section , tensile twinning was observed near the cracks that propagated in
a specimen with a chimney but not in the vicinity of cracks propagating in a specimen without
a chimney. Twinning is a displacive transformation so very little dissipation occurs when this
mechanism is triggered | ]. This could mean that twinning is a weak heat source and,
consequently, heat emission at the crack tip would be reduced when twinning occurs. This
might explain the small differences in the n parameter measured between the fatigue cracks

propagating in the two types of environment.
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Figure 4.28 | Values of the 1 parameter estimated for different cycling blocks corre-
sponding to some specimens with and without chimney. The points without error
bars have not undergone a mesh smoothing sensitivity analysis. Purple curves
represent different lineic heat source values as represented in Figure (accord-
ing to Equation ). The number displayed near each data point corresponds
to the studied cycling block. The color of the marker corresponds to the studied
specimen.

However, this difference between heat sources at the front of cracks propagating in air or in
vacuum is of the same order of magnitude as the uncertainty bars. Hence, it is not possible to
be more assertive on the impact of the environment on crack tip cyclic plasticity without having
a procedure producing fewer uncertainties (c.f. the important influence of mesh smoothing).

Finally, this approach models the lineic plastic zone heat source to have a linear dependence
on AK?* because it is the only model available in the literature. However, the experimental
results presented in this section tend to show that the 7 parameter varies with the value of AK.
So, the considered model might not be very accurate. This could be because it does not consider
the crack closure effect which may have different influences on the plastic activity at the crack
tip depending on the environment and the SIF range. It is a limit of the heat source estimation

protocol described here.
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4.5 Chapter Synthesis

The in-situ ultrasonic fatigue protocol applied to internally notched specimens was adapted
to bring air to the initiated cracks thanks to a chimney linking the internal notch to the specimen
surface and allowing air molecules to reach the crack front. The following points emerge from

the analysis of the results obtained with this procedure:

The fatigue lives of cracks propagating in a specimen with a chimney are lower than
those of specimens without the chimney by about two decades. This difference in fatigue
lives might be essentially due to a difference in crack growth rates. As it was the case for
specimens without a chimney, the S-N data is very reproducible also in the case of chimney

specimens.

At ultrasonic cycling frequency, the cracks propagating from the internal notch with a
chimney have similar fractographic aspect and crack growth rates than fatigue cracks

initiating from the surface in ambient atmosphere (from this study and from the literature).

Fatigue crack growth rates for ultrasonically cycled specimens containing a chimney are
lower than the rates obtained at conventional frequencies, particularly at high SIF ranges
(i.e. long cracks). This observation is also valid for surface cracks loaded at ultrasonic
frequency. The fatigue behavior (growth rates and fractography) for air-propagating long
cracks cycled at ultrasonic frequencies looks like the one of cracks propagating in vacuum
(which does not depend on the cycling frequency). To explain this, it is supposed that, at
ultrasonic frequencies, the cracks are not open long enough to allow the air molecules to

reach the crack front. Consequently, the environment effect is drastically reduced.

Temperature field acquisitions carried out during the ultrasonic cyclings allow to observe
experimental evidence of a slightly higher plastic activity at the front of an internal crack
with no link with specimen surface compared to the activity at the front of an internal
crack propagating in air. However, as this approach has been used to evaluate a very local
material characteristic (the cyclic plasticity at the crack tip), it still needs improvements

to reduce the uncertainties and to improve the heat source model.

Fractographic observations point out that the Rough Area presents on the crack surface
of Ti64 internal crack (not in contact with ambient atmosphere) is replaced by a Bright
Area which comprises a Black Area around the initiation site if a chimney is added inside
the specimen. The Black Area presents a sharp crystallographic aspect whereas the Bright
Area comprises planar and striated zones. Assuming that one cycle is needed to create
one striation, these features allow to estimate a local crack growth rate two decades larger
than the macroscopic one. This could be explained by the fact that cracks propagate

discontinuously in the planar features.

The striation marks (observed on specimens with chimney only) are created by {1012}
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tensile-twinning which have been observed in section views. In this work, the occurrence
of this type of twin in a grain might be controlled by a microstructural criterion: the grain
¢ -axis direction has to be oriented from 37° to 44° with the loading direction to allow the

twinning to occur.
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Figure 4.29 | Synthesis of the environement effect on fatigue crack propagation
observed from the results obtained with in-situ ultrasonic fatigue tests applied on
specimens containting an artificial internal notch and a chimney.
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Concluding Remarks and Prospects

Internal fatigue cracks are impossible to detect with visual surface observation methods used
during classic maintenance procedures. Hence, the fatigue behavior of internal cracks has to be
precisely known in order to prevent critical part fractures from occurring | , ]. For
this purpose, different in-situ experimental methods (such as temperature measurements, system
nonlinearities analysis or X-ray imaging) have been developed to acquire robust fatigue data
on internal cracks | , , |. X-ray micro-tomography is the only method
providing direct 3D images of a propagating crack. However, very few papers in the literature
report such observations on internally initiated fatigue cracks | , , ,

, ]. For this reason, an experimental protocol has been developed in this study
by combining in-situ synchrotron micro-tomography and ultrasonic fatigue cycling in order to
acquire the 3D shape of internal fatigue cracks at different instants of their propagation up to the
Very High Cycle Fatigue regime. From these crack shapes, growth rates can be estimated but
also meshes can be generated to be used in some numerical finite element approaches estimating

the mechanical or thermal parameters of the studied crack.

The fatigue lives obtained in the present study with the ultrasonic fatigue testing machine
are consistent with the literature data. However, to optimize the experimental sessions at
the synchrotron, the cycled specimens were internally notched. The fatigue lives of those sharp
notched specimens are reduced but the cracks could be monitored more efficiently. The observed
fractographic features and the crack growth rates measured on those specimens are similar to
those reported by different studies on fatigue cracks propagating in vacuum and natural internal
ones in the same Ti64 alloy. For example, a layer of nanograins has been observed under the
Rough Area of the fracture surface obtained in the present study. This can be linked with
the observations of Oguma et al. | | who justify this aspect with cold-welding. All the
observations allow to claim that the fatigue cracks obtained in this study are comparable to
natural internal fatigue cracks in Ti64. It validates the data acquired with the experimental

protocol presented in this thesis.

Fatigue tests in vacuum on specimens containing a surface crack have been used in the
literature to reproduce the behavior of internal fatigue cracks. However, surface fatigue cracks

do not exactly experience the same mechanical conditions as internal cracks. The latter are
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fully enclosed in the bulk of the specimen (with a potential effect of constraint on plasticity)
but surface cracks are not (plane stress condition at the surface). To get rid of this effect and
isolate the effect of environment on internal cracks, the notching procedure has been adapted by
adding a chimney that links the internal notch to the bottom surface of the specimen in order to
bring air molecules to the internally initiated crack. According to our knowledge, this procedure
permitted to carry out the first direct observations of internal cracks propagating in Ti64 with
and without air. In this case (i.e. with a chimney), it is possible to observe shorter fatigue lives,
higher crack growth rates and fractographic features typically reported for cracks propagating in
air (i.e. striations). These observations confirm that the chimney properly brings air molecules
to the internal crack. Hence, the obtained fatigue data are comparable to the surface fatigue

cracks grown in air reported in the literature.

Literature reports temperature acquisitions on cycling specimens carried out to detect crack
initiation | , ] or to monitor the propagation [ , ]. In the present
study, from temperature field measurements at the surface of the specimens during cycling, a
thermal analysis has been carried out in order to point out the influence of the environment
on the plasticity at the crack tip. Although the difference has the same order of magnitude as
uncertainties, it appears that the heat source generated by internal crack tip cyclic plasticity is
slightly higher than the one observed around internal cracks linked with air. The microstructure
under the striations mentioned above has been analyzed with TEM and EBSD and reveals the
presence of tensile-twins under each striation mark. As no striation and twinning marks are
observed in the fractographic surface of internal cracks propagating without being in contact
with air, this phenomenon can be linked with the difference in heat source. That would mean

that twinning phase transformation generates little dissipation.

Because cycling was carried out at ultrasonic frequencies, crack growth rate measurements
allow to evaluate the influence of cycling frequency on fatigue. For cracks cycled in air at
ultrasonic frequency, the growth rates are lower than those measured on the same alloy at low
frequency. For high SIF range values (and long cracks), the data acquired at ultrasonic frequency
even tend towards the growth rates obtained for cracks propagating in vacuum. The very short
amount of time during which cracks are open when they are cycled at ultrasonic frequencies

might prevent the air molecules from reaching the front of long cracks | ].

These results - which are focused on the effect of environment on fatigue crack propagation -
illustrate the type of investigations which can be carried out with the in-situ protocol applied
to internally notched specimens. This would allow to collect crucial fatigue data in the VHCF
domain which could prevent critical failure of mechanical components. However, additional
investigations are needed to confirm the interpretations and to study more precisely several

phenomena reported in this thesis.

“A part of these results have been published during the PhD thesis | ]
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Surface Crack Propagation in Vacuum at Ultrasonic Frequency

The growth rates of internal cracks linked to the ambient atmosphere with a chimney have
been compared with surface crack growth rates acquired also at ultrasonic frequency (CT-
like specimens). It allowed to point out that the crack growth rates in an internally notched
specimen with a chimney are comparable to the surface crack growth rates. Similarly, ultrasonic
propagation tests should be carried out in vacuum for CT-like specimens with a surface crack.
For that purpose, the ultrasonic machine has to be adapted with a vacuum chamber to carry out
ultrasonic fatigue tests with in-situ tomography on such surface cracks propagating in vacuum.
Similar growth rates between internal cracks and surface cracks put in vacuum would add an
experimental confirmation that the behavior of these two types of fatigue crack is comparable
even at ultrasonic frequency. Such a result could confirm that the difference in growth rates
between internal and surface cracks is principally due to the influence of the environment, the

difference in the stress field undergone by the crack being less impactful.
Further Experimental Evidence to Confirm the Frequency Effect

The experimental observations described in Section allow to claim that the effect of
cycling frequency on crack growth rates is linked with the influence of the environment because,
for high values of the stress intensity factor range, air molecules cannot reach the crack front if
an ultrasonic cycling frequency is used. In that case, it only affects cracks in contact with air
as observed in the presented results. Also, fatigue tests at positive stress ratios should not be
impacted by the cycling frequency. This last point has already been observed for cracks propa-
gating in air by Stanzl-Tschegg | | but no comparison with internal cracks was presented.
For that purpose, a setup to cycle internally notched specimens at ultrasonic frequency with a
positive stress ratio is needed. The results would be compared to the propagation data acquired

in the present study at R = —1 to evaluate the effect of stress ratio at ultrasonic frequency.
Improvements of the Thermal Model to Quantify Crack Tip Plastic Activity

The evaluation of the plastic activity at the tip of a propagating crack under cyclic loading
- which was carried out from temperature measurements - was done to evaluate the environment
influence on this plasticity. However, this difference was slight and about the order of magnitude
of the uncertainties. Consequently, this approach should be adapted to reduce the noise in the
thermal measurements. For that purpose, the camera setups could be optimized to collect more
data once the crack has initiated. More importantly, tests could be carried out at a higher
cycling frequency (40 kHz) in order to have a bigger heat source needed to gain more accuracy
in the temperature measurements.
If signals with a higher signal-to-noise ratio are acquired, the model used to evaluate the different
heat sources could be improved. Particularly, the linearity between the lineic heat source at the
cyclic plastic zone and AK* seems not accurate. This could be explained by the fact that the

crack closure is not taken into account by the model.
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Improvements on the Schmid Factor Analysis to Understand Twinning

As described in Section , a Schmid factor analysis has been carried out to try to un-
derstand the presence of twinning in some grains around the crack path in specimens with a
chimney. For that purpose, twinning activation has been modeled with a criterion based on
the critical resolved shear stress. Since no such data exist in the literature, the value of this
critical resolved shear stress was supposed to be equal to the highest one among the different slip
systems. However, the numerical results obtained with this approach were different from the ex-
perimental observations. Consequently, a study should be carried out to find out if specific twin
CRSS values could allow to obtain simulation results similar to the experimental observations.
Furthermore, the influence of environement on the values of the critical resolved shear stress

was not considered and could change the order of activation between the different systems.
Improvements on the Crack Initiation Detection System

In the protocol described in this manuscript, a laser vibrometer was used to detect the fatigue
cracks as soon as possible after they initiated to acquire a first micro-tomography. In the case of
internal cracks not in contact with the ambient atmosphere, this first acquisition occurred when
the crack size was relatively small compared to the specimen diameter. It allowed to regularly
obtain the 3D crack shape during its whole propagation until final fracture. However, in the
case of specimens with a chimney, since the growth rates were important, the initial tomography
occurred once the crack was large and, consequently, only a limited number of acquisitions could
be carried out before the final fracture. To obtain more tomographic acquisitions in the case
of cracks propagating in contact with air, it is necessary to improve the detection system. For
that purpose, a system with two laser vibrometers could be set up to monitor the oscillation at
the bottom surface of the vibrating specimen but also at the bottom of the horn. A difference
between these two acquired signals would allow to evaluate only the specimen nonlinearities.
In that case, the detection procedure could be less impacted by parasitic nonlinearities and a
smaller threshold could be set on the specimen free-end displacement second or third harmonics
to detect earlier the crack initiation. This would allow to obtain more propagation data for

cracks propagating in air or even to monitor specimens without any artificial internal notch.
Internal Fatigue Crack Initiation

The present work was focused on internal fatigue crack propagation. For that purpose,
internal notching was used to foster the initiation and to locate it in the tomography field of
view. Consequently, the initiation mechanisms might be different from the natural ones. A
study on internal fatigue crack initiation could complement the present results in order to have
more robust data on Very High Cycle Fatigue regime. To do so with the protocol described in
this study, initiation should occur without the notch. For that purpose, materials with natural
inclusions could be used (such as steel 42CrMo4, for example) to know in advance the possible

natural initiation location in the material. However, if no internal notch is used, the initiation
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can occur in a relatively large volume. Hence, as the acquired volume has to be inspected when
a potential initiation is detected with the laser vibrometer, it will be time-consuming to check
with tomography if an internal crack properly initiated. So this approach has to be carried out

as long as an improvement in the detection system is considered (as evoked above).
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Appendix A
Measurement Uneertainties

The different measurements used to calculate the experimental data points in the Paris
diagrams (da/dN = f(AK) in Fig. and ) have uncertainties that need to be estimated.
This has been done for the SIF and the crack growth rate using Equation

of \’
0f(x;) = — | éx?%|. Al
f() ; (8%) ; (A1)

As shown in the next figures, the uncertainty on the crack growth rate is negligible for high
SIF ranges but increases for smaller cracks; mainly because the crack growth rate is very low.
The uncertainty on the SIF range can be important specifically for cracks with a non-circular
shape but the uncertainty level does not seem to contradict the result interpretation as the

curves conserve their shape and still match with literature data.

A1 Paris Diagram Uncertainties for Tomographied Cracks

For tomographied cracks, the SIF range is calculated from Equation so uncertainties need
to be quantified for the stress amplitude o, = Ao /2, the equivalent crack radius a., and the
specimen gauge length radius b. However, as detailed in Section 3.3, the use of Equation
supposes the cracks to have a penny shape which is not properly the case. Hence, the uncertainty
on aeq was evaluated from the radius of the smallest circle containing the projection of the crack
and the radius of the largest circle contained in the projected crack. The uncertainty on the
equivalent crack radius daeq, is equal to the difference between these two circles radiuses.

The crack growth rate is evaluated as the ratio between the crack size increase and the number
of cycles between two tomographic acquisitions, so uncertainties are needed for the crack size
increment da., and the increment of the number of cycles §N. The uncertainty on the extension

of the projected crack area depends on the difference in the projected crack area between two
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successive tomographic scans. The uncertainty on ae, is subjectively evaluated to 5 pixels based

on the capacity to distinguish the crack front in tomography data.

A summary of the uncertainties estimations is presented in Table A.l and the uncertainty

bars are depicted in Figure A.1.
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Figure A.1 | Uncertainties for tomographied cracks represented in a Paris diagram
from Figure 4.20. The observations described in Chapter 3 and Chapter 4 do not
seem to be contradicted as the curves conserve their shape and still match with
literature data.

Table A.1 Measurement uncertainties taken into account in the case of the tomographied cracks

0(Ao) 0b daeq (for g—]‘\‘,) J(AN)
2% 40 pm 5 pixels (3.5 pm) 20 cycles (1 ms)
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A2 Paris Diagram Uncertainties for Surface Cracks in Ultrasonic CT-
Like Specimens

For surface cracks studied during ultrasonic fatigue tests carried out on CT-like specimens, the
SIF is calculated from Equation so uncertainty is quantified for the displacement amplitude,
Uy, as the difference between the amplitude measured with the laser vibrometer and the one
calculated with the used linear regression. The projected crack length uncertainty, da,.;, is also
needed. It has been estimated from repeated measurements carried out on a few crack pictures.
Furthermore, dap,,; has been individually adjusted for each crack propagation block because
the accuracy of the alignment between two successive pictures was not always similar. Also, a
chamfer was present on the specimen edges but it is not similar for every specimen. This has
been considered as well in the estimation of dap,o;.

The crack growth rate uncertainty is evaluated from 0 N and da¢yr,.- The curvilinear crack length

uncertainty has been estimated from repeated measurements carried out on a few crack pictures.

All the uncertainties estimations are presented in Table and the uncertainty bars are

depicted in Figure

Table A.2 Measurement uncertainties taken into account in the case of surface cracks propa-
gating in ultrasonic CT specimens

5(Uo)  daproj (for AK)  dacyr, (for j—]‘\’,) J(AN)
0.3 pm 8% max. 13 pm 20 cycles (1 ms)
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Figure A.2 | Uncertainties for surface cracks propagating in ultrasonic CT spec-

imens represented in a Paris diagram from Figure
described in Chapter
small.
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Appendix B
Tilt Fractography Method

The tilt fractography protocol has been described by Themelis et al. and Sinha et al.
[ , ] and is used in Chapter 3 to measure the inclination angle of a plane facet

localized on the specimen fracture surface.

For that purpose, the coordinates of three non-colinear fracture features have to be measured
when the specimen is tilted at two different angles. The protocol is based on the following

equations.

x, y and z, the coordinates of a feature in the SEM stage axis system can be measured from
the features coordinates obtained at two different tilt angles. According to Figure , it is

possible to write for each tilt angle 6;:

x; = xcosl; — zsinb; (B.1)

Consequently, the coordinates of a fracture feature in the SEM stage axis system (i, j, k) can

be written depending on its coordinates at tilt angles 61 and 65:

T coshy —sinbi| |x T 1 —sinby  sinbq| |z
= < - 3 .
21 costly —sinby| |z z costlysinty — costsinby | —cosly cosby | |z
(B.2)
A ZA)

Specifically, for the fracture feature «A» with (z4,y its coordinates in the SEM stage

axis system and (2!, y#) its coordinates at tilt angle 6;:

x4 = (x{lsinfy — x4 sinby)/sin(0y — 1)
vt =yl =g = (i ys)/2 (B.3)
24 = (x4 coshy — x{tcoshy)/sin( — 6y)
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Figure B.1 | Coordinates situation of a feature which is on a tilted specimen The
tilting is a 6; rotation around j = v axis. z, y and z are the feature coordinates in
the SEM stage axis system (i, 7, k). x;, y; and z; are the coordinates in the tilted
system (u,v,w) at tilt angle 0;.

If the approach described above to obtain the feature coordinates in the SEM stage axis
system is carried out for three non-colinear features «A», «B» and «C», it is possible to obtain

two non-colinear vectors included in the facet plane:

Gy (2 —2P)
AB=|(y" —y")| and BC= | —y") (B4)
(ZB _ ZA) (ZC _ ZB)

Consequently, the cross product of these two vectors gives a vector colinear to the facet

normal:

c C—yB)(zB—ZA)
= AB x BC = | (28 — 24)(2C - 28) — (¢ — 25) (B
B B _ yA>(xC _ mB)

Finally, the angle between the observation direction k and the facet normal 7 can be calcu-

lated as follows:

7]

v = arccos <n> (B.6)
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Appendix C

Notes on the Crack Initation Detection
System

Figure C.1 | System used to support the laser vibrometer installed on ID19 beamline
in ESRF synchrotron.

During the first synchrotron experimental sessions, the limits of the laser vibrometer system
were pointed out. A large amount of false detections occurred in reason of parasitic vibrations
present in the experimental synchrotron environment. The new clamping system shown in
Section (S) from Figure 2.5 allows the reduction of this detected noise but the detections were
still occurring too frequently without any crack initiation. Finally, the major improvement was
to replace the tripod which supported the laser vibrometer with a more rigid solution. As shown
in Figure C.1, a rigid part was fixed to the beamline granite table and the translating support
of the laser vibrometer was fixed on this rigid part. By choosing this solution and plugging
- when it was possible - the power supply of the acquisition devices on the electric network
isolated from the grounds and specifically dedicated to the measurements, the detection system

was considerably less sensitive to external vibrations and had only very few false detections.
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Appendix D

Fxperimental Measurements of the

Material Properties

Two material properties are needed to design ultrasonic specimens. To measure the Young
modulus in the case of ultrasonic loading, Eyg, and the volumetric mass of the material, p, a
cylindrical specimen has been manufactured with the same material according to the drawing
from Figure . For such a geometry, Bathias & Paris propose the resonance frequency f such
as defined in Equation (with [ the cylinder length) [ .

1 [Eys
f_27l e (D.1)

The presented geometry allows to measure p = 4422 kgm~3. It has been loaded with an
ultrasonic machine to measure its resonance frequency, f, according to Equation [ ].
A measured resonance frequency f = 20 433 Hz leads to Eys = p(2f1)?> = 117.4 GPa

_2hf
fot 1

N 5/

Jo =31,

(D.2)

with f, = 20 387 Hz the loading frequency of the ultrasonic machine without any specimen

and f,; = 20 410 Hz the frequency of the machine with the cylindrical specimen.
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Figure D.1 | Drawing of the cylinder specimen used to determine Eyg
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Appendix E

(-0 Method

The G-6 method is used to calculate the SIF range along the crack tip of a complicatedly
shaped crack. It is detailed in the software users manual [ZCR21] (reproduced below) and

summarized in French in Section 3.2.3.1 from Messager’s thesis [M125 20].

G-theta method theory | e
Transformations F" of domain Q to Q7 due pukely:
to crack propagation

F" - M— M + 5 0(M)

crack plane gxf/

6 : crack extension virtual field that modifies only
the position of the crack front 'y

crack front IO 8 € © = {usuchthat p.es =0} (tangent to
- the crack plane)

The stress energy release rate G(6) for crack extension ¢ is given by
the Lagrangian derivative of potential energy W:

ow
G(0) = T
For thermo-elasticity the right-hand side reduces to :
w 1
(?9—?7 = /g; {5 (0:(e—eM)VO — o (VUVQ)} aQ

The left-hand side is obtained by
integration on the crack front I'°:

G(9) = fr G(s) 6(s) ei(s) ds

n, control points
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Discretization by n, control points with shape functions N;(s):

G(s) = ij G N(s) . G(6) = Zpejf 0(s) Ni(s) ds , V0 € ©
j=1 j=1 T
For 6 (i = 1, np) virtual fields  6'(s).e1(s) = Ni(s) :
Go) = ie,/ Ni(s) Ni(s)ds  i=1,np
=1
_ 1 o (e e i
= [0[2( (e - €™)) Vo .(wve)} )

a system with n, unknowns (Z;jcr = 1, np) ~set

o

2

SIF extraction using the G-theta method» * ""“f’i' I

Introducing the same discretization of a GV value on the crack front I°
as the one defined for G previously:

G'(s) = Y Gf N(s)
j=1

it is possible to evaluate an interaction integral using any virtual
displacement field v in combination of the FEA obtained
displacement v in the following formulation:

j=1

[ 3w mve - o) (vuve)| g

Introducing, in the previous equation, any pure mode |, Il or llI
Westergaard displacement solutions v/ defined in the crack front
vicinity, allows to compute associated G/ values. The following
Irwin formula for a given isotropic linear elastic behavior, leads to
each associated SIF Kj””"” along the front discretization:

Mp
% 60 [ (o) s -
= o

n

1 -2 1
K_I K_V,I+K_ﬂ K‘VJI + _K_ﬂf K_V,IH N:(s) Ni(s)ds
> 5 (KEL K)o S NN

o

-set
Z-cracks
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Appendix F

Analysis of the Microstructure Under the
Facets

F.1 Direct EBSD Mapping of Other Facets

A study on the facets located in the Rough Area of specimens cycled without a chimney is
presented in Chapter 3. The method described in Section to obtain the microstructural
orientation of the grains under such facets was carried out for several of them. The next figures
present, for each of them, a SEM picture of the studied facet with its corresponding EBSD map.
Because the axis of the EBSD camera has a 70° angle from the axis of the SEM camera (cf.
Fig. ), all Pictures (a) are artificially distorted to show the SEM pictures with the same angle
than the EBSD ones (i.e. in a way such as the specimen is observed from a 0° view direction).

The IPF shows the crystal direction normal to the pictures.
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Figure F.1 | (a) SEM picture of the facet and (b) its corresponding EBSD map
The depicted feature belongs to the fracture surface of Specimen nb 48 cycled at
300 MPa during 5.04 x 10° cycles. The tilt fractography method was used on this
facet, the angle between its normal and the view direction is evaluated to 61°.

Figure F.2 | (a) SEM picture of the facet and (b) its corresponding EBSD map
The depicted feature belongs to the fracture surface of Specimen nb 46 cycled at
330 MPa during 4.55 x 107 cycles. The tilt fractography method was used on this
facet, the angle between its normal and the view direction is evaluated to 81°.
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Figure F.3 | (a) SEM picture of the facet and (b) its corresponding EBSD map
The depicted feature belongs to the fracture surface of Specimen nb 46 cycled at
330 MPa during 4.55 x 107 cycles. The tilt fractography method was used on this
facet, the angle between its normal and the view direction is evaluated to 82°.

Figure F.4 | (a) SEM picture of the facet and (b) its corresponding EBSD map
The depicted feature belongs to the fracture surface of Specimen nb 48 cycled at
300 MPa during 5.04 x 10° cycles. The tilt fractography method was used on this
facet, the angle between its normal and the view direction is evaluated to 58°.
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Figure F.5 | (a) SEM picture of the facet and (b) its corresponding EBSD map
The depicted feature belongs to the fracture surface of Specimen nb 49 cycled at
315 MPa during 8.16 x 10° cycles. The tilt fractography method was used on this
facet, the angle between its normal and the view direction is evaluated to 54°.

F.2  Another Tested Method to Determine the Facet Orientation

In reason of the lack of confidence in the results from the tilt fractography method, another
approach has been used to evaluate the facet orientation. The studied facet is observed with a
Hirox RH-2000 high-resolution optical microscope (cf. Figure I'.6) and the automatized focus
tool from this microscope allows to obtain a 3D map of the observed surface (cf. Figure I'.7).
The example illustrated in Figure I'.6 corresponds to the facet observed with SEM from Figure
I'.5. Tts normal angle was measured to be 51° with tilt fractography but only around 22° with
the optical microscopy approach. This approach was not pushed further for a matter of time so

no evaluation of the accuracy of such a method could be carried out.
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Figure F.6 | Optical microscopic observation of a facet used to measure its orienta-
tion The facet was also observed with SEM in Figure I'.5.
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Figure F.7 | Angle the local normal makes with the picture normal This map has the
same dimensions than the optical microscopy picture presented in Figure F'.6. This
facet was also observed with SEM in Figure .5.
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Appendix G
Studied Internal Cracks

The fracture surfaces of the internal cracks which propagated in a specimen with an artificial

notch are illustrated in this Appendix.

G.1  Specimens Which Have Been Tomographied

Figure G.1 | Optical microscopy observation of the fracture surface of Specimen nb
44 which has been cycled at 337 MPa during 1.17 x 10® cycles. It does not contain
a chimney.

The following figures represent (a) the average heights of the fatigue cracks (the zero is fixed
at the lowest height of the crack). The different sections correspond to section views along the

planes represented in black on the cracks. (b) Optical microscopy observation of the fracture
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Figure G.2 | Specimen nb 46 has been cycled at 330 MPa during 4.55 x 107 cycles. (a)
represents the crack shape 3.8 x 10% cycles before final fracture. It does not contain
a chimney.
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Figure G.3 | Specimen nb 48 has been cycled at 300 MPa during 5.04 x 10° cycles. (a)
represents the crack shape 1.3 x 10% cycles before final fracture. It contains a
chimney.
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Figure G.4 | Specimen nb 52 has been cycled at 300 MPa during 4.02 x 10° cycles. (a)
represents the crack shape 1.1 x 10% cycles before final fracture. It contains a

chimney.
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Figure G.5 | Specimen nb 53 has been cycled at 300 MPa during 3.6 x 10° cycles. (a) represents
the crack shape 1.1 x 10* cycles before final fracture. It contains a chimney.
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Figure G.6 | Specimen nb 58 has been cycled at 500 MPa during 2.43 x 10% cycles. (a)
represents the crack shape before the final fracture which occurred during the
static loading (necessary for the tomographic acquisition). It does not contain a
chimney.
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Figure G.7 | Specimen nb 61 has been cycled at 330 MPa during 8.92 x 107 cycles. (a)
represents the crack shape 7.0 x 10% cycles before final fracture. It does not contain
a chimney.
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G.2  Specimens Which Have Not Been Tomographied During the Crack

Propagation

The following figures represent only an optical microscopy observation of the fracture surface.

Figure G.8 | Specimen nb 49 has been cycled at 315 MPa during 8.16 x 10° cycles. It contains
a chimney.

Figure G.9 | Specimen nb 55 has been cycled at 330 MPa during 1.30 x 10® cycles. It does
not contain a chimney.
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Figure G.10 | Specimen nb 59 has been cycled at 500 MPa during 3.38 x 10% cycles. It does
not contain a chimney.
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Appendix H

Fxperimental Conditions of the Ti64
Fatigue Tests from the Literature

This Appendix lists the experimental conditions of the fatigue tests extracted from the lit-

erature to be compared with the results from this work (c¢f. Figures 3.1, , , and
).
Cyclin Stress Crack

Authors & year frequchy g(Hz) ratio IR initiation Reference
Berto et al. - 2015 15 -1 Natural [ ]
Geathers et al. - 2022 20 000 -1 Surf. notches | | ]
Heinz et al. - 2013 20 000 -1 Natural [ ]
Hines et al. - 1999 90 -1 Natural [ ]
Huang et al. - 2014 20 000 -1 Natural [ ]
Janecek et al. - 2015 20 000 -1 Natural [ ]
Junet et al. - 2023 20 0.1 Int. notches [ ]
Liu et al. - 2015 20 000 -1 Natural [ ]
Oguma et al. - 2004 100 -1 Natural [ ]
Oguma et al. - 2013 60 0.1 CT specimens | | ]
Peters et al. - 2001 30 -1 Surf. notches | | ]

. 120, 600 Natural

Takeushi et al. - 2008 50 000 -1 Surf. notches [ ]
Yoshinaka et al. - 2016 60 0.1 Surf. notches | | ]
Yoshinaka et al. - 2019 400 0.1 Natural [ ]
Zuo et al. - 2008 20 000 -1 Natural [ ]

Table H.1 | Fatigue test experimental conditions of the literature results compared
with the data obtained during the present study on Ti64
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Appendix |
Hardness Measurements

This Appendix lists the hardness measurements carried out before and after the SPS bonding

procedure as presented in Section

Before After
SPS SIS
@) | | V)
336 338
329 306
327 323
351 300
345 286
336 332
358 307
358 355
359 336
358 319
338 324

330
336
336

Table 1.1 | Hardness measurements before and after the SPS bonding procedure
(HV 500g)
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Appendix J

List of Scientific Communication

Contributions

This Appendix lists the different communications carried out by Louis Hébrard to present
the PhD thesis project and some results:

Research paper - 2023 - Environment effect on internal fatigue crack propagation stud-
ied with in-situ X-ray microtomography - L. Hébrard, J.Y. Buffiere, T. Palin-Luc, N. Ranc,
M. Majkut, A. King, A. Weck - Materials Science and Engineering: A - Vol. 882, 145462
- https://doi.org/10.1016/j.msea.2023.145462
International conference - Apr. 4th, 2022 - Presentation (20 min.) at the 11th Eu-
ropean Solid Mechanics Conference (Cambridge - United Kingdom): 3D characterization
of internal fatigue cracks in Ti-6Al-4V during gigacycle fatigue
International conference - Jul. 5th, 2022 - Presentation (20 min.) at the 18th
European Mechanics of Materials Conference (Galway - Ireland): 3D characterization of
internal fatigue cracks in metallic material during gigacycle fatigue
National conference - 2023 - Poster at Plasticité 2023 (Lyon - France)
International conference - Sept. 4th, 2023 - Presentation (20 min.) at FEMS
Euromat 2023 (Frankfurt - Germany): Observation of the environment effect on internal
fatigue crack propagation in Ti-6Al-4V with in-situ X-ray microtomography
Lab seminar - 2022 - Presentation (15 min.) at the Matéis-Métal yearly Team-building
seminar
Lab seminar - 2022 - Poster at the Matéis yearly PhD student day
Lab seminar - 2023 - Presentation (50 min.) at the I2M monthly lab seminar
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Nomenclature

« Non-linearity parameter used in the present study

6] Kumar et al.’s non-linearity parameter | ]

Brel Relative value of Kumar et al.’s non-linearity S parameter | ]
AK Stress intensity factor range

AKT Positive part of the SIF range (= AK,, in the study because R = —1)
AKgperage SIF range averaged along the crack tip

AK.rr  Effective stress intensity factor range taking into account the closure effect
AKey Equivalent stress intensity factor range (taking all K 17 777 into account)
AKpa/rip SIF range value at the transition from Rough Area to Fish-Eye region
AKyy, Threshold value of SIF range for long crack propagation

(M) Dirac function along the crack front

Ao Stress range: Omaz — Tmin

0 Shear rate

n Proportionality coefficient between heat source and AK*
I'(a) Dimensionless function depending on the crack length to define the SIF
A Thermal conductivity

1 Shear modulus

v Poisson ratio

Q Angle between the c-axis of a grain and the loading direction
P Angle around a projected crack (defined in Figure )

P Volumetric mass

o Nominal value of the applied stress

oy Yield stress

Oq Stress amplitude

Omaz Maximum value per cycle of the nominal applied stress
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Omin Minimum value per cycle of the nominal applied stress

T Resolved shear stress for the slip system s

TS Critical resolved shear stress for the deformation mechanism s

0 Polar position of a M point

@ Convection heat flux

gerack Difference in specimen surface temperature increment (due to the presence of a crack)
Deap Temperature increase: T, » = 5™

ng Normal direction of the studied facet

N ¢ - axis direction of the microstructure of the single grain located under the studied

facet
reppsp EBSD detector observation direction

TSEM SEM detector observation direction

¢ Angle between the direction of a twin mark and the crack average surface (defined in
Figure c)

a Crack radius

Geurv Crack length (used to calculate growth rates in ultrasonic propagation tests - Fig.
b)

egq Equivalent crack size

A; Area of i grain

Aproj Projected crack length (used to calculate SIF in ultrasonic propagation tests - Fig.
b)

Aot Total area of an EBSD map

b Specimen gauge length radius

C Paris law coefficient

Cp Heat capacity

Clir Paris law coefficient for a crack propagating in air

Clac Paris law coefficient for a crack propagating in vacuum

D(gs) Number of voxels having a grayscale equal to gs

Dgverage Average grain size

dpot Specimen free-end surface displacement amplitude
din Self-heating (or intrinsic dissipation) heat source
D; Equivalent ¢ grain diameter

da Crack length increase
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Eys

f
F(a/W)

II1IIT
fij

G
gs
9520
h

k

k1
ko
ks
Krrrorr
Kop
L
Ly
Ly
M
m

Mair

FElasticity modulus
Elasticity modulus measured in the case of ultrasonic loading
Frequency resonance of the ultrasonic specimen

Shape function linking displacement amplitude and SIF for ultrasonic fatigue crack
growth specimens

Functions defining the polar stress spatial distribution (resp. for 3 fract. modes)
Shear modulus
Grayscale value (8-bits digital level)
Grayscale threshold value such as D(gs29) = 0.2max(D)
Convection coefficient
3—v

= 177 (in the plane stress conditions)

=27nf/p/Egyn (used to design the specimen geometry)

= arcosh(Ry/R1)/L1 (used to design the specimen geometry)

= /k3 — k? (used to design the specimen geometry)

Stress intensity factors respectivelly for the three fracture modes
Smallest SIF value at which the crack is open

Length of the ultrasonic crack growth (CT) specimen

Length of the ultrasonic specimen part having a section with variable radius
Length of the ultrasonic specimen head

Point in a volume

Paris law exponent

Paris law exponent for a crack propagating in air

Paris law exponent for a crack propagating in vacuum

Number of cycles

Number of cycles to fracture

Nominal stress ratio, %

Distance between a M point and the crack (i.e. its radial distance in a cylindrical
coordinate system)

Radius of the ultrasonic specimen median torus
Radius of the ultrasonic specimen central section
Radius of the ultrasonic specimen head

Ultrasonic line amplification ratio
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Rk Stress intensity factor ratio, %
max
Tp,cycl Reversed cyclic plastic zone radius

Tpmono ~ Monotonic plastic zone radius

S Curvilinear abscissa

S(s) Lineic heat source originating from the reversed cyclic plastic zone
5" Initial value of the experimental specimen surface temperature
T ! Experimental value of the specimen surface temperature

Uy Displacement amplitude

Ug, Uy, U, Displacement field around a crack tip

Upc Computer input vibration displacement amplitude

1 Amplitude of the fundamental frequency of the velocity
Va Amplitude of the second harmonics of the velocity

Vierrt Converter power control voltage

w Thickness of the ultrasonic crack growth (CT) specimen

XY, Z Original material laminated plate directions
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Acronyms

pCT micro-Computed Tomography.
AIDE Adsorption-Induced Dislocation Emission.
BCC Body-Centred Cubic.

CGR Crack Growth Rate.

CRSS Critical Resolved Shear Stress.

CT Compact Tension (specimen).

CTOD Crack Tip Openning Displacement.

EBSD Electron Backscatter Diffraction.
EDX Energy-Dispersive X-ray spectroscopy.
ESRF FEuropean Synchrotron Radiation Facility.

FE Finite Element.

FEA Finite Element Analysis.
FFT Fast Fourier Transform.
FGA Fine Grain Area.

FIB Focused-Ton Beam.

FiE Fish-Eye.

HCF High Cycle Fatigue.
HCP Hexagonal Close-Packed.
HELP Hydrogen Enhanced Localized Plasticity.

IPF Inverse Pole Figure.

LCF Low Cycle Fatigue.
LEFM Linear Elastic Fracture Mechanics.

NCP Numerous Cyclic Pressing.
OPS Oxide Polishing Suspension.

PMMA Polymethyl methacrylate.
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RA Rough Area.

S-N Graphics representing the cyclic stress applied to a specimen represented versus the number
of cycles to failure.

SEM Scanning Electron Miscroscope.
SIF Stress Intensity Factor.
SPS Spark Plasma Sintering.

TEM Transmission Electron Miscroscope.
Ti64 Ti-6Al-4V.
TKD Transmission Kikuchi Diffraction.

US Ultrasonic.

VHCF Very High Cycle Fatigue.
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