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Abstract

The objective of this thesis is to develop a methodology to quickly determine the
fatigue properties of materials, from the evolution of the stored energy with respect to
the stress amplitude and number of cycles applied. This evolution is estimated during
fatigue tests conducted at high frequency and for very high number of cycles. The un-
derstanding of the link between the evolution of stored energy and the activation of
fatigue damage mechanisms would help to improve the credibility of the methodology.
The stored energy is estimated by establishing an energy balance from the difference
between the mechanical work that is brought to the material and the energy that is
dissipated as heat. The mechanical work is estimated from in situ time resolved X-ray
diffraction measurements and the dissipated energy from thermographic measurements.
To study the very high fatigue lives, fatigue tests are conducted by using an ultrasonic
fatigue machine working at 20 kHz. On the first hand, the results show that the stored
energy decreases with the number of cycles, down to reach a stabilized regime. On the
other hand, the stored energy increases with the stress amplitude. In the case of copper,
the evolution of the stored energy with respect to the stress amplitude is also correlated
to the appearance of slip bands, which are precursors of fatigue damage.

Keywords : Very high cycle fatigue, Ultrasonic fatigue machine, Energetic balance, Me-
chanical work, In situ time-resolved X-ray diffraction, Dissipated energy, Infrared ther-
mography, Copper single crystal, C70 pearlitic steel.
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Résumeé

L’objectif de cette these est de développer une méthode de détermination rapide des
propriétés des matériaux en fatigue, a partir de 1’évolution de ’énergie stockée en fonc-
tion de 'amplitude de contrainte et du nombre de cycles appliqués. Cette évolution est
estimée pendant des essais de fatigue menés a haute fréquence et pour des tres grands
nombres de cycles. La compréhension du lien entre I'évolution de 1’énergie stockée et
I’activation des mécanismes d’endommagement en fatigue permettrait de renforcer la
crédibilité de la méthode. L’énergie stockée est estimée en réalisant un bilan d’énergie,
qui correspond a la différence entre le travail mécanique apporté au matériau et ’énergie
qu’il dissipe sous forme de chaleur. Le travail mécanique est estimé par diffraction des
rayons X in situ résolue en temps et 1’énergie dissipée par thermographie. Pour étu-
dier le domaine des tres grands nombres de cycles, un machine de fatigue ultrasonique
fonctionnant a 20kHz est utilisée. Les résultats des mesures montrent d'une part que
I’énergie stockée décroit avec le nombre de cycles, jusqu’a atteindre un régime stabilisé
et d’autre part qu’elle augmente avec 'amplitude de contrainte. Dans le cas du cuivre,
I’évolution de 1'énergie stockée en fonction de I'amplitude de contrainte semble égale-
ment étre corrélée a I'apparition de bandes de glissements, précurseurs de la formation
d’endommagement en fatigue.

Mots-clés : Fatigue a tres grand nombre de cycles, Machine de fatigue ultrasonique, Bilan
d’énergie, travail mécanique, Diffraction des rayons X in situ résolue en temps, Energie
dissipée, Thermographie infrarouge, Cuivre monocristallin, Acier C70 perlitique.
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INTRODUCTION

Context of fatigue phenomenon and industrial impact

Since the XIX" century, numerous accidents are caused in metallic structures (rail-
ways, planes, ...) by an unanticipated failure that is owing to fatigue of materials. The
fatigue phenomenon is the action of cyclic repeated loading on a mechanical component.
This loading induces a deformation that accumulates over numerous repetitions (one re-
petition is classically referred to as one cycle). The process of fatigue failure relies on
the accumulation of a small deformation which leads to the weakening of the matter
and later to its failure. In fact, a cyclic loading can lead to failure even when the applied
stress is smaller than the elastic limit of the material.
Even in current industrial applications, the fatigue of materials seems to be an underes-
timated concern. As a matter of fact, in 2021 the right engine of a Boeing 777 caught fire

during a flight |[Guardian, 2021]. This dramatic incident happened due to the damage

to one of the blades of the engine. This damage was later attributed to the fatigue of
the deficient blade after more than two billions of cycles.

To ensure safety, to be economically sustainable and also to reduce their ecological
footprint, the objective of industrials starts to be directed towards structures that can
last for a very high number of cycles. Then, fatigue lives of mechanical components that
outcome billions of cycles will become even more common. It is currently necessary to
direct the investigations toward very high fatigue lives (i.e. higher than 107 cycles). Such
lifespans correspond to the Very High Cycle Fatigue (VHCF) domain.

To explore the domain beyond 107 cycles with reasonable test duration, fatigue ma-
chines were developed based on a new technology : piezoelectric devices. The properties
of piezoelectric ceramics were used to apply a fatigue loading by making a material
vibrate. This technology is referred to as ultrasonic fatigue machines, which works at
frequencies close to 20 kHz. They permit to reach 10° cycles in only 14 hours, allowing
to reach the gigacycle fatigue regime in short test durations whereas with a conventional
fatigue machine working at 10 Hz, it would take more than three years. With ultrasonic
fatigue machines, the investigation of the VHCF domain is then accessible.

Fatigue design

Design against fatigue failure requires strong knowledge and a substantial experience
in both structural and mechanical engineering and materials science. One can report va-
rious approaches to fatigue design, with different degrees of life inssurance for mechanical
parts. A common approach is based on an experimental assessment of the fatigue pro-
perties of materials. By "fatigue properties”, one should understand the fatigue lifespan
experienced by a material for a given loading state.

The determination of the fatigue properties has been carried out by the conduction
of fatigue tests up to failure. For one loading condition, the lifelength of the material

34



INTRODUCTION

under various conditions can be estimated. This approach is time-consuming and not
viable when it concerns fatigue lives exceeding 10® cycles or more. Ultrasonic fatigue
machines allow to study of the VHCF domain, but studying the fatigue behavior of
materials subjected to more than 10! cycles remain long.

To accelerate the process of fatigue design, the measurement of the temperature field
on the surface of a specimen during short interrupted tests was studied. It is commonly
referred to as the "thermographic method”. For this method, a temperature variation
during an interrupted cyclic loading of a material can be associated with a number of
cycles to failure. This non-contact and non-destructive technique offers the possibility
to determine the fatigue properties of metals by considerably reducing the testing dura-
tions, which reinforced its popularity. In addition, this methodology provides consistent
results for many materials, but its application remains not feasible for all. In fact, the
abovementioned thermal effect is associated with the energy dissipated in the material.
This energy is not directly linked to microstructural changes, such as the formation of
persistent slip bands from which fatigue damage can nucleate. This is why the applica-
tion of the thermographic methodology requires modelling at the microscopic scale to
allow the determination of the fatigue properties of metals from temperature measure-
ments.

Another methodology, proposed in this Ph.D., is to estimate and follow the energy
that is stored in the material during cyclic loading. Indeed, the stored energy is directly
correlated to the non recoverable microstructural changes of the material when it is
subjected to a mechanical loading. For instance, the stored energy is sensitive to a change
in dislocation density or the formation of dislocation structures (such as persistent slip
bands for instance) in the material. Thus, the stored energy is a good candidate to
be measured during short interrupted tests to determine fast the fatigue properties of
metallic materials. Nevertheless, the estimation of stored energy remains a very difficult
task compared to the estimation of the dissipated energy, especially during a fatigue
test conducted in the VHCF domain. In addition, the development of models could be
required as well to indubitably interpret the evolutions of stored energy.

Scientific objectives of the Ph.D.
The aim of the work performed during this Ph.D. is threefold :

e Determine fast the fatigue properties of materials, at a very high number of cycles,
from the evolution of stored energy.

e Estimate the evolution of stored energy with respect to the number of cycles and
the applied stress amplitude during ultrasonic fatigue tests.

e Understand the link between the stored energy evolutions and the fatigue damage
mechanisms.
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The work of this Ph.D. was conducted in the framework of the European research
project H2020 FastMat (fast determination of fatigue properties of materials beyond one
billion cycles) funding by the European Research Council (ERC) (grant agreement No
725142).

Scientific approach

The work conducted in this Ph.D. focused on the development of a methodology
based on an energy balance to determine the stored energy from the difference between
the mechanical work provided to the loaded material and the energy dissipated as heat.
Both measurements were conducted independently. On the first hand, the estimation of
the dissipated energy was conducted through temperature measurements at the surface
of the specimen. On the other hand, the mechanical work was estimated by means of
an in situ time-resolved X-ray diffraction methodology which was conducted by using a
Synchrotron X-ray source. This work was conducted in a collaboration with the DiffAbs
beamline at Synchrotron SOLEIL. The development of this methodology required the
use of the synchrotron X-ray source during 60 days, corresponding to at least ten expe-
rimental campaigns that were carried out at DiffAbs. It underlines the highly iterative
character of this development to ensure the reliability of the methodology. Indeed, the
correct association of the developed experimental setup and the beamline apparatus was
mandatory.
In addition, this study requires the use of an ultrasonic fatigue machine, to establish
the energy balance during fatigue tests conducted in the VHCF domain in reasonable
testing durations.

Both methodologies were applied to two materials to validate their performance.
The materials of interest are C70 fully pearlitic steel and pure copper single crystal. The
pure copper single crystal is a perfect candidate to validate the process of the methodo-
logy. Indeed, its application to X-ray diffraction measurements is convenient owing to its
simple crystalline structure. The C70 steel is a rather classical material for engineering
studies as it can be used to manufacture railways for instance. Hence, this material is a
good candidate to test the method : validation of the methodology, when applied to a
material that has industrial applications, would reinforce its credibility.

Organization of the manuscript
This Ph.D. manuscript is divided into three chapters :
e The first chapter corresponds to a state of the art that defines the current stakes
of fatigue design and presents the methodologies that are employed to determine
the fatigue properties of metals. The focus is made first on the SN diagram and
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its difficult construction when it comes to fatigue lives in the VHCF domain.
Recent methodologies allowing a fast determination of fatigue properties from
temperature measurements are then exposed as well as their limitations in terms
of interpretation of the results. It underlines the requirement for a methodology
that takes into account the understanding of the microstructural phenomenon
that takes place in the material. Such methodology is believed to be associated
with the estimation of the stored energy, representative of the microstructural
change occurring in a material during the application of a loading. The me-
chanisms responsible for microstructural changes in a fatigued metal are then
reviewed.

e The second chapter provides an overview of the contribution of this work in
terms of the experimental methodology that was developed, applied and optimi-
zed to allow an estimation of the stored energy in metals during a fatigue test
in the VHCF domain, conducted with an ultrasonic fatigue machine (working at
20kHz). The chapter starts with the presentation of both materials of interest
and carries on with the presentation of the ultrasonic fatigue machine and its
specific use. Then, the focus is made on the experimental approach developed to
estimate the mechanical work from an in situ time-resolved X-ray diffraction me-
thod. The last section describes the experimental approach that was employed to
determine the dissipated energy. For each methodology, first results are provided.

e Finally, the third chapter presents the results obtained from the application of the
methodologies that were presented in the second chapter. The measurements of
dissipated energy, mechanical work and stored energy will be discussed, especially
their evolution with respect to the stress amplitude and the number of cycles
applied to the materials of interest.
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State of the art
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1.1. CONTEXT OF FATIGUE OF MATERIALS

This chapter provides an overview of the fatigue phenomenon and how important it
is for industries to design mechanical components or structures. The objective of this
chapter is to describe the fatigue of materials, how this phenomenon is understood, the
methodologies considered to design mechanical parts, and what are the main characte-
ristics and questionning which rise when applying these methodologies. As fatigue life
of components tend to increase, this work is concentrated around the Very High Cycle
Fatigue (VHCF) domain, which corresponds to fatigue life length above 107 cycles. The
main difficulty arises when it comes to the determination of the fatigue propertiesﬂ of
materials for fatigue lives above 10° cycles. In particular, the challenge is to maintain
reasonable test durations for the experimental determination of these properties.

In the first section, the focus is made respectively on the stakes of fatigue design
and the different methodologies developed over the past decades to be able to study
the fatigue of materials. Then, an analysis of the fatigue properties determined experi-
mentally for various metallic materials is conducted in the second section. This analysis
reveals the difficulty related to the determination of fatigue properties. Next, the third
section overviews new methodologies to design structures in fatigue that are based on
energetical measurements during interrupted fatigue tests. Finally, the microstructu-
ral mechanisms responsible for fatigue damage and crack initiation, especially in the
VHCF domain are exposed in the last section. It enhances the application of the new
methodologies presented in the third section.

1.1 Context of fatigue of materials

1.1.1 Industrial context and origins

To put things in their context, fatigue of materials was at first studied in the XIX*"
century by who reported the failure of mine host chains, made of iron,
arising from repeated loadings. Most of the studies of this phenomenon, at that time,
were directed towards metallic materials experiencing failure because of repeated loa-
ding, even at stress amplitude below their yield strengthﬂ The cyclic loading effect on

materials was called "fatigue of materials” by [Poncelet, 1841] for the first time. The

expansion of the knowledge of fatigue of materials made great progress owing to the

1. As "fatigue properties”, one should understand the life length of a component respectively to the
external load applied to it.

2. The notion of yield strength was first approached by Leonardo Da Vinci at the end of the XV"
century as he conducted experiments on the resistance of iron cables. The yield strength corresponds
to the stress value below which the relationship between stress and strain is linear and for which the
material can bend elastically ; this concept was shown by Robert Hooke in 1660.
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development of railways [Wohler, 1867]. [Wdhler, 1870] was interested in railroad axles
and summarizes his work into one major conclusion : he stated that to conduct a re-

liable design of a mechanical part, the consideration of the cyclic stress applied to a

material was more important than the peak stress (corresponding to a monotonous ap-
plied stress). Since this period, fatigue has become of increasing interest for the rail
industry and transportation industries in general. In fact, at least 80% of the mechani-
cal parts and structures are designed to resist fatigue, essentially in the transport and
energy production industries.

FIGURE 1.1 — Image of a broken plane fuselage (owing to a fatigue crack)
[Jacek and Gieras, 2013].

Fatigue damage occurs in mechanical parts because of the repeated deformation
applied to the material. One can refer to fatigue damage as the unrecoverable micro-
structural changes in a material that will not be recovered when rested; damage is
associated with the appearance of cracks in the material. Indeed, a fatigue crack ori-
ginates from damage mechanisms at a microscopic scale and propagates slowly (in a
stable manner) in a component, as observed by Sir James Alfred Ewing in 1903. Such
crack is not dangerous but can become lethal for a structure as soon as it has reached
a sufficient length. It then starts to propagate in an unstable manner until the global
failure of the component or the structure.

Fatigue damages affect metallic parts in heavily loaded components which are critical
in terms of the reliability of the structure to which they belong. Rotating parts of thermal
engines in the car industry, turbine blades in turbojets and power plants are the most
common components subjected to fatigue failure. Such incident was frequent in the XX
century, as illustrated by the plane incident of Aloha Airline Flight 243 in 1988 where
the fuselage fractured in-flight due to fatigue failure originating from multiple corroded
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rivet holes (see Figure . In fact, this failure originated from the bad knowledge of
the fatigue behavior of the materials constituting the fuselage surrounding the rivets.

In-use loading conditions might be different from what has been considered to conduct
fatigue design, leading to the formation of fatigue cracks. The presence of a fatigue crack
is not necessarily detrimental, especially if it is detected early in the fatigue lifetime of
the structure. Maintenance phases enable to detect small cracks and follow their advance
during the structure lifecycle. The occurrence of the maintenance phases is thus critical
and is determined by the knowledge of the fatigue properties of a material. This under-
lines the importance of the determination of fatigue properties of metallic materials.

1.1.2 Methodologies to characterize and design structures in fatigue

Nowadays, there are several ways in the literature to conduct fatigue design of a
structure. These ways are presented in this section ; their advantages and drawbacks are
presented.

1.1.2.1 1st approach : test structures at their scale

Impressive test rigs can be developed to test a full structure in real conditions. Figure
[[.2 shows an example of a full-scale fatigue test conducted on a plane wing where the
real loading conditions are reproduced.

FIGURE 1.2 — Example of a fatigue test conducted on the wing of a plane in which the
real loading conditions are reproduced to assess the mechanical part behavior under
fatigue - case of the wing of an Airbus™ A380.
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The frequency of application of the load, the stress amplitude, the loading path, or
even the temperature and pressure of the environment can be reproduced to conduct the
test of the structure. These experiments are usually conducted up to fracture. Thus, the
results obtained from such tests are interesting to predict how the structure will react
after several thousand or millions of cycles, what is the weakest part of the structure or
how fatigue cracks appear, etc. However, such machines are very expensive, very specific
to a single structure, sometimes in a single representative loading condition and the
process is time-consuming as it takes months to develop one test rig.

1.1.2.2 2nd approach : test structures at a small scale

The second approach consists in testing only a small representative element of the
volume of the material constitutive of the structure. The objective is to characterize the
material instead of the structure. This approach was proposed by and
relies on the determination of the fatigue properties of a material through fatigue tests
conducted up to its failure. It requires the use of small-scale fatigue machines : Figure
shows an example of a conventional hydraulic fatigue machine that can be used.
Ultimately, the fatigue properties obtained through the application of successive small-
scale tests are commonly integrated into a Finite Element Model (FEM) that models
the structure to be designed. A calculation of the structure stress state according to
its in-use conditions, its material parameters and its fatigue properties will validate its
design.

The abovementioned tests are governed by standards that have been established to
guarantee their repeatability, independently of the machine or the person who conduct
the test [ASM-E606, 2001} [SO-12107, 2012] [DIN-50100, 2016] [ASM-E466, 2021]. The
standards provide the basics to design the fatigue sample (with an advised shape that
should be either dog-bone or hourglass according to [ASM-E466, 2021]), which fatigue
machine to use, the set of parameters to tune, etc.

Such small-scale tests are advantageous in the way that they allow one to consider
the complex stress state of the specimen loaded. Triaxial tests can be conducted to
account for stress triaxiality (if only it is possible to assess such stress state during the
loading)ﬂ. The loading parameters, that generally limits to a certain number (such as
the amplitude, the mean or the frequency of the applied load), are key parameters to
control a test and personalize the loading to fit the in-use conditions. The effect of each
parameter can be tested independently or combined with other parameters. For instance,
it is possible to study the effect of an overload during one cycle or to test the influence
of the mean loading amplitude. The type of cyclic loading applied to the material is

3. To our knowledge, this type of test is not constrained by any standards up to now.
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FIGURE 1.3 — Example of a small-scale test rig : a hydraulic fatigue machine (from
NASA).

generally quite simple : from triangular (to obtain a constant strain rate) to sinusoidal
(easier to apply and study). With small-scale tests, fatigue damage mechanisms can be
studied, which enhances the development of models at a microscopic scale to explain
the formation of fatigue damage.

However, this methodology has its drawbacks. First, a size effect is an unavoidable

confounding factor [Furuya, 2011} [Tridello et al., 2021]. If two specimens, one larger than

the other, are tested, the larger one will show a smaller life length, which comes from the
higher probability to find critical defects in the larger specimen. In addition, fatigue of
material is not a stochastic but a probabilistic phenomenon. This difference is explained
by the difference in microstructure between the two specimens. To counter this proba-
bilistic aspect, numerous tests are required to obtain a statistically reliable estimation
of the fatigue properties. The results of the small-scale tests are usually expressed with
a probability of failure.
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1.1.2.3 3rd approach : test structures at a small scale faster with a complementary
characterization

The procedure to determine the fatigue properties of materials from the second me-
thodology is time-consuming. Thus, this third approach was developed to accelerate the
process. This methodology requires the use of small-scale machines but consists in rea-
lizing short interrupted tests (instead of tests until fracture). In fact, these interrupted
fatigue tests are coupled to complementary measurements that allow one to measure
alternative quantities such as the temperature at the surface of the specimen for ins-
tance [Luong, 1995] [Rosa and Risitano, 2000]. The measurements take place during a

short test and are sufficient in themselves to provide information on the material state
evolution. In the case of temperature measurements on specimens loaded in fatigue, the
temperature can be assessed during the first thousands of cycles applied in a short in-
terrupted test. By extrapolation of these results, several empirical approaches have been
developed to understand the link between the temperature increase and the number of
cycles to failure (Ny).

1.2 Fatigue design with SN (Stress-Number of cycles to
failure) diagrams

The present section details the application of the second methodology presented pre-
viously. It is based on the concept of SN curve also called Wohler curve [Wohler, 1870)].

1.2.1 SN diagram concept

The SN curve plots the stress amplitude with respect to the corresponding number of
cycles to failure (INy). One point on the curve corresponds to one fatigue test conducted
up to failure, at a constant stress amplitude. Two examples are presented in Figure
and for a pearlitic steel with respectively 0.58 wt % C and 0.8 wt % C. This
material is close, in terms of composition, to the C70 steel on which this Ph.D. work
will focus. Figure characterizes fatigue life lower than 107 cycles whereas Figure
characterizes fatigue life up to 10° cycles. It is shown that the life length increases
with a decreasing stress amplitude. A horizontal scatter is generally seen for every stress
amplitude. From Figure [L.5] it appears that the tested steel could fail at 450 MPa after
1.1 x 10° or after 5 x 10° cycles. Additionally, when looking at the fatigue curve of Fig.
a hypothetical horizontal asymptote is identified at a stress of 430 MPa between 10°
and 2 x 10® cycles.
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FIGURE 1.4 — Experimental results reported in SN diagram in the case of a fully
pearlitic steel with 0.8 wt% C. Figure adapted from [Dollar et al., 1989].
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F1GURE 1.5 — Experimental results reported in SN diagram in the case of a pearlitic
steel with 0.58 wt% C. Figure adapted from [Li et al., 2019].

When considering such a curve, it is possible to identify three domains. First, one
can identify the Low Cycle Fatigue (LCF) domain which corresponds to stress ampli-
tudes, in the order of the yield stress of the material, and thus very low fatigue life;
that is up to 10* cycles (it is well represented on the left of Fig. . This domain is
characterized by a macroscopic plastic activity of the material when it is loaded to such
stress amplitudes [Xu, 2017]. Then, there is the High Cycle Fatigue (HCF) domain. This
one represents the fatigue life longer than 10* cycles and shorter than 107 cycles. This
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domain was limited to such fatigue lives because fatigue lives above 107 cycles were
considered almost infinite in many industrial applications. In addition, reaching more
than 107 cycles with fatigue machines working at low-frequency would induce too long
test durations. This domain corresponds to failure occurring for stress amplitudes in the
order of half the yield stress (it is well represented on the right of Fig. [[.4). The HCF
domain is characterized by a localized plastic activity, which takes time to develop and

to produce a fatigue crack leading to failure [Mughrabi, 2012]. Recently, the Very High
Cycle Fatigue (VHCF) domain was defined as the fatigue life domain which goes further

than 107 cycles from the constatation of the possible failure of components at such num-
ber of cycles [Mughrabi et al., 1979 [Puskar, 1993al [Mughrabi, 2006} [Zett] et al., 2006].
The VHCF domain can also be referred to as the gigacycle fatigue regime for fatigue

lives longer than 10° cycles. Fatigue tests conducted in the VHCF domain are repre-
sentative of stress (and strain) levels that are very small, i.e. lower than half the yield
stress.

1.2.2 Fatigue machines to conduct small-scale tests

For many decades, fatigue tests were conducted with conventional fatigue machines
that could either be hydraulic or electro-mechanic [Wohler, 1867, [Sakai et al., 2007].
Those machines could load specimens at frequencies from 10 to 30 Hz. This type of

fatigue machine allows to reach 107 cycles in less than a day but it would require too
much time to reach higher fatigue lives with such means. Fatigue design was confined
to fatigue lives of 107 cycles at maximum and remained in the HCF or LCF domains
owing to long test durations.

During the last decades, the focus was directed towards higher load frequencies in
order to reach higher fatigue lives faster. The development were oriented towards vi-

brophores, also called resonant testing machines [Nicholas, 2002} |George, 2004]. These

machines rely on a mechanical vibration system : a spring-mass functions as an elec-
tromagnetically driven oscillator. This type of machine is particularly adapted to study
the HCF domain. It is to be noted that vibrophores are commonly found on the mar-
ket of fatigue machines and exhibit frequencies around a few hundred of hertz. Fre-

quency up to 1.8kHz has been reached with such machines [Nicholas, 2002]. In paral-
lel, Morgan and Milligan, 1997] and [Zimmermann and Christ, 2007] developed vibro-
phores with a frequency reaching 1kHz and load capacity up to 600N.

Notwithstanding, for several decades the focus is oriented towards piezo-electric
converters whose control has been improved, allowing the development of ultrasonic
fatigue machines. This type of machine was initially proposed in the 1950s by Mason
[Mason, 195§]. Such machines are less cumbersome than conventional machines. For ul-
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trasonic machines, the principle is relatively simple : it loads a Specimenﬁ (considered
itself as a mass-spring system) by making it vibrate in its first longitudinal mode of
vibration. The loaded specimens are designed to reach a vibration frequency close to
20kHz [Fischer et al., 2011} [Schmidt et al., 2010] and up to 30kHz [Marines, 2003], de-
pending on the setup. The development of such machines enables to reach faster the
very high fatigue lives and thus to investigate the VHCF domain with acceptable test

durations. The functioning of ultrasonic fatigue machines will be described later in this
work.

1.2.3 Experimental results : SN diagrams to study the behavior of
materials in the HCF and VHCF domains

The results obtained when plotting an SN diagram in the HCF and VHCF domains
are very different when comparing all metallic materials. In fact, they can be regrouped

into four categories [Pyttel et al., 2011] :

e continuous decrease ;
e decrease with a knee point ;
e horizontal asymptote;
e decrease after horizontal asymptote.
The four categories of the SN diagram are schematically represented in Figure [I.0]

o (MPa) o (MPa)

a) Nf b) Nf
o (MPa) o (MPa)

i > i >
c) Nf d) Nf

FIGURE 1.6 — Schematic representation of the four types of SN diagrams obtain from
experimental results : a) continuous decrease, b) decrease with a knee point, c)
horizontal asymptote and d) decrease after horizontal asymptote.

4. Ultrasonic fatigue specimens have a length that is typically smaller than 700 mm.
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FI1GURE 1.7 — Experimental results of SN diagrams showing a continuous decrease
behavior for a) high-strength steel 100Cr6 [Sonsino, 2007] and b+c)
aluminum /magnesium alloy + aluminum 2024-T531 [Sharma et al., 2020].

Figure shows experimental results for a high-strength steel 100Cr6 and two alu-
minum alloys. The SN diagrams show a continuous decrease : the fatigue life length
continuously increases with the decreasing stress amplitude. The log scale that is used
for stress amplitudes in Fig. compared to Fig. does not influence the conti-
nuous decrease observed for the SN diagram, it just emphasizes it.

49



1.2. FATIGUE DESIGN WITH SN (STRESS-NUMBER OF CYCLES TO
FAILURE) DIAGRAMS

130
+ Experiments
_ 120 = Reference [Stanzl-Tschegg et al 07]
[ *
o +
E 110
o~ o
€ 100
<
03
______________________ v __:R‘“"“{:*
20 Fatigue limit at 1310 %ycles vy
80
1.E+06 1.E+07 1.E408 1.E+09 1.E+10 1.E+11 1.E+12
Number of cycles
(a)
500 — T T T T T T T T T T[T T T T T T TTTT
Material: GGG 50 (GS51)
400 Stressratio: R= -1, Notch factor: K, = 1.0
k228 T,=1:1.20
© ™~
S 300 - — | S pa—
8 <] I , [%]:
2 —4 = o 110
. 500 g -1 50
© 200 { |
% k.= 121
o
@ Mpa
A 30Hz
O 20kt Ref.: |. Marines et al.
100 4+——rrr——rrr——rr——rr—— T ——rrr——rrr
10° 10* 10° 10° 10’ 10° 10° 10° 10" 10"
Cycles to rupture N5
Fig. 7. SN-curve of a cast iron up to the giga-cycle regime.
(b)
400 7
MPa E k=59 Material: ~ AICuMg2 T351
NN AIZnMgCu1.5 T66
300 3 AIZnMgCu1.5 T66| Stress ratio: R =-1, Notch factor: K = 1.0 [
@ k=59
& 200 -
E AICuMg2 T351 - k=14
'Té_ R g BS[%]:
© 3%
» o] 90
£ 100 O 100 Hz k=14 \ T,=1:1.15
» 20 W 20kHz ™
® 20kHz LA
80
Al Ref.: S.E. Stanzl-Tschegg, H. M
e1.: 5.E. Stanzl-1schegg, H. Mayer
60 - . S S A e
10° 10 10° 10° 10’ 10° 10° 10° 10" 10

Cycles to rupture N

(c)

12

FIGURE 1.8 — Experimental results of SN diagrams showing a knee point for a) copper

(99.95% purity) [Phung et al., 2013], b) cast iron [Sonsino, 2007] and ¢) aluminum

alloys [Sonsino, 2007].
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The continuous decrease is sometimes found to exhibit two distinct slopes. In these
cases, a knee point is identified : the slope of the increasing life length with the decreasing
stress changes and becomes flatter, generally between 10° and 10® cycles. Figure
shows experimental results for pure copper, cast iron and aluminum alloys exhibiting a

knee point. Fig. and [1.8d, compared to Fig. show a knee point whose slopes

are smaller in log scale and would thus be more remarkable in linear scale.
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FIGURE 1.9 — Experimental results of SN diagrams reaching a plateau after 10°/107
cycles for a) low carbon steel [Zettl et al., 2000], b) dual phase steel (DP600)
[Torabian et al., 2017] and c) inconel 718 [Chen et al., 2005.

The SN diagrams built with conventional fatigue machines often reached a plateau
around 107 cycles (see Fig.[L.5). According to the ASTM-E468 standard [ASM-E468, 2011],
the horizontal asymptote close to 107 cycles is considered the “fatigue limit” of the ma-
terial. The standard states that a test conducted at a stress amplitude inferior to this
limit would never lead to failure. This concept of infinite life can not be verified expe-
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rimentally because an infinite life length has no experimental meaning. Instead, fatigue
tests must be conducted to very high fatigue lives to study the VHCF domain and ob-
tain crucial information on the fatigue behavior of materials in this domain. In some
cases, SN diagrams can show a plateau corresponding to a prolongation of the concept
of a horizontal asymptote in the VHCF domain, up to fatigue lives of 10'° cycles. Some
examples are provided in Figure for low carbon steel, dual phase steel (DP600) and
inconel 718. In the case of Fig. compared to Fig. and the plateau is not
influenced by the log scale.
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F1GURE 1.10 — Experimental results of SN diagrams showing a decrease after a
horizontal asymptote a) high-strength steel [Furuya et al., 2002], b) high carbon steel
[Wang et al., 2012 and c) titanium alloy TC21 - adapted from [Baohua et al., 201§].

Notwithstanding, several materials do not show a prolongation of the horizontal
asymptote. Failures happen for fatigue life in the VHCF domain and stress below the
horizontal asymptote that is identified around 107 cycles. It means that the concept
of fatigue limit, as an extrapolation of the horizontal asymptote identified from an SN
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diagram, is experimentally proved wrong as a unifying criterion. Figure shows SN
diagrams exhibiting a decrease after horizontal asymptote for high-strength steel, high
carbon steel and titanium alloy TC21. The log scale seen on Fig. [[.10a] compared to
Fig. [[.1I0D] and [T.10d slightly understated the SN shape to make the plot clearer.

1.3 Fatigue design from interrupted tests

Experimental small-scale tests can be emphasized by complementary measurements
to follow the evolution of the temperature of the tested specimen. Such methodology
corresponds to the third fatigue design methodology presented in Section [[.1.2}

1.3.1 Thermographic approaches

When a material is subjected to a cyclic loading, its temperature raises. This phe-
nomenon is called self-heating and corresponds to the activation of heat sources in the
material. The increase of the temperature incrementEl can be measured at the surface of
the fatigued specimens by using either thermocouples fixed on the specimen’s surface or
an InfraRed (IR) camera to measure a temperature field. Figure [L.11] provides a sche-
matic representation of the self-heating phenomenon in the case of a dual phase steel
[Boulanger, 2004} [Doudard et al., 2010} [Munier et al., 2014].

During a fatigue test, the temperature evolves in two ways. It evolves in a rever-
sible manner during one cycle, and the mean temperature increases over several cycles

[Berthel et al., 2008]. The reversible evolution of the temperature during one cycle is

associated with thermo-elasticity. It is reported as the sinusoidal evolution of tempera-
ture in the bottom left of Figure and corresponds to the reversible dilatation of
the material. The increase of the mean temperature is associated with dissipative heat
sources that are always positive and cumulative with each loading cycle. Generally, the
temperature increment stabilizes after a certain time and reaches a plateau.

The temperature increment depends on the loading amplitude. As shown in Figure
[[.12] in the case of an aluminum alloy, the higher the stress amplitude, the higher the
temperature increment increase. However, in the event of failure of the tested specimen,
the temperature increment increases strongly when the fatigue crack propagates. It is
shown in Fig. for the aluminum alloy that failed at a stress amplitude of 55 MPa.
In the case of failure, the temperature at the surface of the specimen becomes spatially
heterogeneous, i.e. the temperature is higher at the location of the fatigue crack.

5. The temperature increment is noted 6. It corresponds to the difference between the temperature
of the specimen at a given time and its initial temperature before the loading.
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Dual phase steel
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FIGURE 1.11 — Evolution of the mean temperature elevation during a short
interrupted fatigue test [Munier et al., 2014].
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FIGURE 1.12 — Self-heating curves of an aluminum alloy specimen for three stress
amplitudes.

It is worth noting that a fatigue test conducted at high frequency will induce a higher
temperature increase per unit of time [Blanche et al., 2015] [Favier et al., 2014]. Indeed,
for very low-stress amplitudes applied (of about 10% of the yield stress associated with
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1.3. FATIGUE DESIGN FROM INTERRUPTED TESTS

the VHCF domain) quantifiable temperature increments can be detected with a sufficient
signal-to-noise ratio when the fatigue loading is conducted at ultrasonic frequencies (in

the order of 20kHz) [Ranc, 2014].

Self-heating curves are plotted for loading sequences conducted at different stress
amplitudes. A temperature increment associated with one loading condition is measured
when the temperature has reached a stabilized value during the test. Several tests are
conducted, leading to a plot showing the evolution of the temperature increment with
respect to the stress amplitude. was the first to propose a method to use
this type of curve to experimentally determine the fatigue limit of materials. Figure[T.13|
shows the abovementioned curve in the case of an XCbH5 steel specimen.
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FIGURE 1.13 — Self-heating temperature increase for an XC55 steel. The fatigue limit
is determined from the interception of the asymptotes of both regimes in the

temperature evolution ; adapted from [Luong, T995].

When plotted in a semi-logarithmic scale, the temperature increment exhibits two
increasing slopes with respect to the stress amplitude. The first slope corresponds to
a low increase in temperature and the second slope shows a sharp increase in tempe-
rature. The sharp increase is believed to be associated with plasticity which starts to
appear in the material. [Luong, T995] [Luong, 1997 [Rosa and Risitano, 2000] defined (in
an arbitrary way) the fatigue limit as the intersection between the two slopes. This me-
thodology works for several materials, but particularly for high strength or dual phase
steels [Doudard et al., 2005].
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Such methodology is interesting as it enables to only load from one to three specimens
with conventional fatigue machines, working in the range of 30 Hz, to provide an estimate
of the fatigue limit of a material in a few hours.

[Munier et al., 2014] has shown that this method gives good results to estimate the

fatigue limit for a large variety of steels whereas [Krapez et al., 2000 has shown that

the self-heating method gives an underestimation of the fatigue limit in the case of the
stainless steel 316L under a tension-tension cyclic loading.

Besides, inconsistencies were found between the fatigue limit determined from self-
heating measurements and the fatigue limit determined by an SN diagram, respectively

on DP600 steel [Torabian et al., 2016] and pure copper polycrystalline [Phung, 2012].
Additionally, the results found using the thermographic methods based on the two tan-

gent slopes of the temperature increment increase are strongly dependent on the way
the tangents of the slopes are defined and on the number of points gathered to plot
the curve. Indeed, the number of points to plot a self-heating curve is commonly small,
in general less than twenty according to the results found in the literature. Thus, the
accuracy of the slope computation might not be guaranteed.

For aluminum alloys, for instance, the temperature increments are very weak and it is
difficult to distinguish the two regimes of temperature increment increase leading to a

difficult estimation of the fatigue limit |[Krapez et al., 2000]. Additionally, for a given

stress amplitude, the temperature evolution of aluminum alloys does not reach a stable

regime and the self-heating curve becomes complex to plot [Wagner et al., 2017].

The previous paragraph corroborates the fact that the temperature evolution is diffi-
cult to interpret. It can be influenced by the surrounding environment (i.e. by conduction
and convection) and does not directly allow to study the sole contribution of the mate-
rial behavior to the increase of the temperature increment. It is thus difficult to consider
the temperature evolution to determine the fatigue limit as such evolution is not only
correlated to the fatigue damage.

1.3.2 Estimation of the dissipated energy

The fatigue behavior of the material can not be directly deduced from the self-
heating data, and it would be preferable to base the estimations directly on the heat

sources that activate in the material [Doudard et al., 2010} [Connesson et al., 2011af
[Blanche et al., 2015| [Favier et al., 2014} [Crupi et al., 2016} [Furuya, 2019].

To estimate the heat sources, an inversion of the heat equation is used. It considers
the measurement of the temperature increment (presented in the previous section) as
an input. When conducting such estimation, the main difficulty comes from the noise
observed in the temperature measurement which can induce instability in the inversion
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of the heat equation. This instability is due to the differential operators involved in this
inversion, i.e. the derivative of the temperature with respect to time and the second de-
rivative of temperature with respect to the spatial coordinates. Some adapted solutions,
such as filtering of the data, can be found in the literature [Ranc et al., 2015].

Besides, the heat equation in three dimensions is generally too complex to be used
directly and several hypotheses must be found to employ a simplified form of the heat

equation, as discussed in |[Boulanger, 2004} (Blanche et al., 2015]. It allows one to conduct

the estimation with a 1-Dimension heat equation (or even a 0-Dimension heat equation

[Jongchansitto et al., 2019]), considering that the heat sources are homogeneously dis-

tributed along the section of the specimen.

As mentioned previously, the heat sources can be either thermo-elastic or dissipative.
The thermo- elastic sources are believed to be null over one loading cycle (see pre-
vious section). On the contrary, the dissipative sources are associated with the intrin-
sic dissipation and are related to the viscoelastic and plastic behavior of the material
[(Boulanger, 2004].
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FIGURE 1.14 — Intrinsic dissipation computed from temperature measurements
conducted at the surface of the specimen - polycrystalline copper [Blanche et al., 2015].

During an ultrasonic fatigue test, the time integration with an infrared camera cor-
responds, at best, to twenty cycles and do not allow observation of the thermo-elastic
source. This is not a problem as these sources are reversible and does not dissipate any

energy [Boulanger, 2004]. However, the average intrinsic dissipation (associated with the

energy dissipated as heat) that would occur during many cycles can still be estimated.
Figure [I.14] shows the evolution of the intrinsic dissipation measured during ultrasonic
fatigue tests conducted on polycrystalline copper. The shape of the evolution of the
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1.3. FATIGUE DESIGN FROM INTERRUPTED TESTS

intrinsic dissipation is generally quadratic.

The abovementioned determination of the heat sources is conducted macroscopically,
at the scale of the specimen. To understand the link between the heat sources and the
fatigue damage mechanisms taking place in the matter, scale transitions micro-macro
models are required [Mareau et al., 2012]. Figureshows the evolution of the intrinsic
dissipation per cycle with respect to the stress ampltiude. Mareau shown that the dissipa-
tive mechanisms are different depending on the stress amplitude [Mareau et al., 2009]. In
fact, the material behavior is seen to transition from an anelastic to an inelastic regime.
Both notions can be defined as follows [Maquin and Pierron, 2009] [Mareau et al., 2017 :

e For low-stress amplitudes, in the anelastic regime, the dissipation is independent
on the loading ratio and is due to an anelastic mechanism, i.e. the strain is
irreversible but recoverable from a mechanical point of view. It corresponds to
no fatigue damage and no microstructural change of the material [Golovin, 2008]
[Torkabadi et al., 2016].

e For high-stress amplitudes, the dissipative mechanism is inelastic, i.e. the strain
is irreversible and unrecoverable. It is associated with microstructural changes
occurring in the material and possibly to fatigue damage starting to form
[S>zczepinski, 2001].
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FI1GURE 1.15 — Experimental self-heating curves, namely average intrinsic dissipation
per cycle versus stress amplitude, obtained for a ferritic steel for different loading
ratios [Mareau et al., 2012.

Although the high potential of the estimation of the dissipative sources to determine
the fatigue behavior of metallic materials, the method is also sensitive to the applied
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process. It might depend on the fatigue testing conditions, the environment and the
material state; it may also depend on the order of the loading steps conducted (with

an increasing or decreasing stress amplitude) [Maquin and Pierron, 2009]. According to

[Chrysochoos et al., 2008], a specimen that has already been loaded, even at lower stress

than the current applied stress, will dissipate less energy (at a macroscopic scale) than
the unloaded one. This suggests that the history of fatigue loading should be taken into
account for tested specimens with methods based on temperature measurements.

In consequence, the correlation between the involved damage mechanisms and the
evolution of the dissipation is not completely understood [Lebedev, 1999 [Favier et al., 2016].

The estimation of dissipated energy is a convolution of visco-elasticity (anelasticity) and

micro-plasticity (inelasticity) contributions [Maquin and Pierron, 2009]. Those contribu-

tions are unequal, which induces the interpretation of dissipated energy estimation to re-

quire the be completed with models at the microscopic scale [Maquin and Pierron, 2009]
[Ghuzlan, 2001f.

1.3.3 Stored energy as a marker of fatigue damage ?

The focus is now directed toward the stored energy. This energy is suposed to be
representative of the microstructural changes occurring in the material during a cyclic

loading, referred to as fatigue damage [Wauthier-Monnin et al., 2015].

Historically, it has been decades since which stored energy is estimated in metallic

materials to account for microstructural changes [Clarebrough et al., 1952]. Two me-

thods have been identified to estimate the energy stored in materials owing to their
deformation. The first one relies on the comparison between calorimetric measurements
of the heat released when heating at a very high temperature a deformed sample and an
annealed sample. The second one is based on the computation of the difference between
the mechanical work provided to deform the material and the energy dissipated as heat
during the deformation.

Previous works by [Farren and Taylor, 1925] [Quinney and Taylor, 1937] present an ap-

plication of the second methodology that is based on an energy balance computed from
calorimetric measurements. It relies on the combination of the first and the second prin-
ciples of thermodynamics ; equation shows the complete formulation.

/ pédt = / oedt+ [ pCTdt— / Stnedt — / Ayt (1.1)
cycle cycle cycle cycle cycle
pAe Winech pCAT Egiss

where p is the density of the material and C' is its specific heat energy, Ae is the specific
internal energy, W,,ccn is the volumetric mechanical work brought to the material from
the exterior, T" is the temperature variation of the material between the begining and
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the end of the cycle, Fg;4s is the volumetric energy dissipated in the material and sy, is
associated with the heat source from thermo-elastic effects.

Notwithstanding, in the case of a fatigue loading conducted in the VHCF domain,
this equation can be simplified into an unidimensional problem in the case of a trans-
formation corresponding to one full loading cycle in the steady-state regime, see equa-
tion . The assumptions made to get this simplified expression are reported below
[Chrysochoos et al., 2008 [Ranc, 2014] :

e the thermo-elastic coupling source is considered fully reversible during one loading

cycle, i.e. the mean value of the source over one cycle is null. Thus, the term
associated with the integral of the thermo-elastic coupling sources during one
cycle is neglected compared to the other terms.

e the temperature of the material increases during a fatigue loading but stabilizes in
few thousands of cycles. Besides, it is believed not to significantly change during
one loading cycle so that the calorific term is considered negligible compared to
the other terms.

One can thus consider the simplified energy balance as :

Est - Wmech - Ediss- (12)

where Eg corresponds to the variation of specific internal energy (also referred to as
stored energy).

[Clarebrough et al., 1952 [Bever, 197J] studied the stored energy which they referred

to as cold work energy. It is associated with microstructural changes obtained at low

temperature, only by applying a mechanical load. The stored energy is known to in-
crease with the applied strain or stress [Williams, 1964} [Ronnpagel and Schwink, 197§].

Besides, the energy that is stored in the material increases with an increasing dis-
location density [Bailey, 1963] |Bever, 1973] [Ungar et al., 1984] [Benzerga et al., 2005]
[Cebron and Kosel, 2014] [Chen et al., 2019]. It is worth noting that no work was conduc-
ted to determine the energy that corresponds to a given arrangement of dislocations but

only a correlation between dislocation density and stored energy was determined through

Discrete Dislocation Dynamics [Manole et al., 2009].

The stored energy was estimated experimentally during fatigue tests in a few works.
Tables and [[.2] provide the results that were reported in the literature. The two tables
report respectively the cumulative stored energy and the stored energy per cycle. Such
measurements were only conducted in LCF and at low-frequency to obtain a sufficient
time resolutionﬁ on the estimation of the stored energy.

6. The time resolution is limited by the sampling frequency of the apparatus that are used to assess
the mechanical work and dissipated energy during each cycle of the fatigue test.
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TABLE 1.1 — Cumulative stored energy estimated experimentally on polycrystalline
materials from fatigue tests.

Reference Material Strain/Stress amp. | Neyees | Est (Jm™)
[Clarebrough et al., 1957] Copper 172MPa 2.5 x 10* | 4.5 x 10°
69MPa 108 1.13 x 10°
[Martins et al., 2020 Bainitic steel 0.006 104 1.08 x 100
0.008 104 1.49 x 10
0.01 104 1.65 x 10
[Connesson et al., 2011b] | Low carbon steel 8bMPa 10 0.4 x 10*
K 60 1.95 x 10*
K 120 3.5 x 10%

TABLE 1.2 — Stored energy per cycle estimated from experimental measurements on
polycrystalline materials. SMA = Shape Memory Alloys.

Reference Material Strain/Stress amp. | Neyees | Ese (Jm™3.cycle™)
[Martins et al., 2020] Bainitic steel 0.007 150 6.6 x 10°
0.007 103 6. x 109
0.01 150 13.5 x 10°
0.01 10° 12.6 x 10°
[Zhang et al., 2019 NiTi SMA* 473MPa <1 3 x 10°
7 10 1 x 106
7 o0 0
[Seelan et al., 2020] 316L steel 150 1 0.7 x 10*
? 10 1.5 x 104
7 30 3.2 x 10%
7 100 0.8 x 104
7 300 0.3 x 104
[Jirandehi and Khonsari, 2020 Al 7075-T6 330MPa 150 4.7 x 10°
510MPa / 5.4 x 10°
Steel AISI 1018 410MPa / 2 x 10°
425MPa / 3.45 x 105
T ot al., 2021] Al alloy LY12 359 ] 3.28 x 107
584MPa / 5.36 x 10
Al alloy LC9 383MPa / 3.48 x 10*
589MPa / 5.52 x 109

From the results displayed in table [} it is seen that the cumulative stored energy
increases with the number of cycles applied to the specimen [Connesson et al., 2011Db[. It
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also increases with the stress amplitude [Clarebrough et al., 1957 [Martins et al., 2020].

In Table two tendencies are observed. The energy stored per cycle increases with
the stress amplitude [Martins et al., 2020} [Jirandehi and Khonsari, 2020[. Martins even
reported an increase in stored energy per cycle when a fatigue crack is starting to

propagate.

The energy stored per cycle also decreases with the number of cycles [Zhang et al., 2019]
[Martins et al., 2020]. The explanation for this observation would be that the stored
energy saturates after a certain number of cycles for a prescribed stress amplitude
[Seelan et al., 2020]. An example of this behavior is shown in Figure in the case
of a shape memory alloy loaded during 60 cycles.

[e2)
L

Stored energy E,&(MJ/m3)

Cycles N

FIGURE 1.16 — Evolution of stored with respect to the number of cycles - case of a
shape memory alloy loaded in LCF [Zhang et al., 2019].
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1.3.4 Conclusion of the section

In this section, the methodologies based on the use of small-scale fatigue machines

were reviewed. It appeared that SN diagrams are a powerful tool to determine experi-
mentally the fatigue properties of metallic materials. This methodology comes with a
counterpart that numerous fatigue tests must be carried out inducing a time-consuming
construction of SN diagrams, especially when studying the VHCF domain. The metho-
dology based on energy measurements during short interrupted fatigue tests is in turn
of great interest as it could help to reduce the duration of the determination of fatigue
properties of metals. The methodologies based on the estimation of dissipated or stored
energy are both based on the estimation of a quantity that is an image of what happens
in the material. The understanding of their evolution is only possible through simula-
tions or additional characterization.
In this work, stored energy is believed to be more representative of the fatigue damage
occurring in the material during a cyclic loading and its interpretation is considered ea-
sier. Unfortunately, very few results were reported in the literature to discuss the stored
energy evolution during a fatigue loading.
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1.4 Mechanisms of fatigue damage

The origin of the initiation of fatigue failure in crystalline materials is commonly
related to some sort of slip irreversibility in the bulk that leads to unreversed micro-
structural evolutions. The accumulation of small irreversible microstructural evolutions

observed during each loading cycle will ultimately form damageﬂ [Mughrabi, 2006[. The

significance of slip irreversibilities, their origin, magnitude and how they contribute to
fatigue damage must be investigated in order to relate the slip irreversibilities to the
fatigue life of metals. The microstructural mechanisms responsible for fatigue damage
in the HCF and VHCF domain both arise from cyclic slip irreversibility but do not rely
on the same microstructural mechanisms.

This section is split into two parts. The first part recalls the basics of the fatigue
crack initiation mechanisms taking place for loadings in the HCF domain and introduces
the notion of cyclic slip irreversibility, which is at the root of fatigue damage initiation
in both HCF and VHCF domains. The second part is dedicated to the presentation of
the microstructural mechanisms that are representative of the VHCF domain.

1.4.1 Fatigue damage mechanisms in the HCF domain

1.4.1.1 Cyclic slip irreversibility

Cyclic slip irreversibilities are associated with any outbreak of plasticity as a micro-
structural or physical change in the material. Cyclic slip irreversibility was quantitatively
defined as the fraction p of irreversible plastic shear strain (in a microstructural sense),
referred to the total plastic shear strain [Mughrabi, 2009 [Mughrabi, 2013]. This quantity
is thus expected to depend on the plastic strain amplitude and it is commonly consider

that 0 < p < 1. Estimates of p are not easily obtained. Few experimental assessments

were possible by using atomic force microscopy [Risbet et al., 2003] or electronic micro-
copy [Weidner et al., 2010]. The p parameter can vary from 107! (measured in a PSB)

for loadings in the HCF domain of FCCH metals, down to 107° for pure copper loaded
in the VHCF domain after more than 10'° cycles [Mughrabi, 2009] [Mughrabi, 2015]. In
consequence, the lower the stress (or plastic strain) amplitude, the smaller p and the

higher the fatigue life. The p parameter could have been used to predict the number
of cycles to failure but the difficulty arising to conduct an estimation of this parameter
made this technique not viable for industrial applications. Few microstructural mecha-
nisms, that can be associated with cyclic slip irreversibilities in the sense that forward

7. Fatigue damage is associated with the appearance of micro-cracks in the material.
8. Face Centered Cubic (crystallographic structure).
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and reverse glide of dislocations do not occur along identical paths, were brought to
light by [Mughrabi, 2009 :
e cross-slip of screw dislocations in the case of body centered-cubic (BCC) metals,

implying that forward and reverse glide of dislocations do not occur on the same
slip planes. Cross-slip events are estimated to have higher chances to happen
for higher stress amplitudes but can occur for stress amplitudes of few tens of

MegaPascals in copper [Bonneville and Escaig, 1979] [Couteau et al., 2011]) ;

e mutual annihilation of unlike screw and unlike edge dislocations : whenever a
dislocation is annihilated, this marks the end of its glide path, implying that
reverse deformation cannot occur along the same glide path

e so-called slip plane asymmetry in the case of bodycentered-cubic (bce) metals : in
this case, forward and reverse glide of dislocations occur on different glide planes
in tension and compression ;

e random to and fro glide of dislocations.

Irreversibilities can only occur if the applied stress is sufficient. Namely, dislocations
starts to move when the nominal stress applied is in the order of 0.2 MPa, in pure cop-

per [Peierls, 1940f [Nabarro, 1997]. The chance for a dislocation to induce an irreversible

change in the microstructure of the material is also increased as soon as the applied
stress is high enough to trigger the Frank-Read mechanisms responsible for disloca-
tion multiplications. It corresponds to a nominal stress higher than 5MPa in copper
Madec et al., 2000f and 32 MPa in steel |Callister, 1994f. For higher stress amplitudes,
the formation of irreversible dislocation structures strongly contributes to the cyclic slip

irreversibilities happening in the material.

To put it simply, the irreversible character of the movement of dislocations enables
one to understand the microstructural mechanisms that are responsible for damage
initiation in the HCF but also in the VHCF domains. In the VHCF domain, cyclic slip
irreversibilities can be accumulated for a very high number of cycles until a micro-crack
initiates.

1.4.1.2 Dislocation structures and Persistent Slip Bands (PSB)

In fatigue, and for the first cycles of loading, the plastic strain amplitude evolves when
the stress amplitude is imposed. In a reversed way, the stress amplitude evolves when it
is the plastic strain that is imposed. This corresponds to cyclic softening or hardening,
depending on whether the material is annealed or has been pre-deformed. The cyclic
loading generally stabilizes after a few cycles. The stress and strain amplitudes of the
loading are measured on the stabilized cyclic stress-strain curve.

The so-called cyclic stress-strain curve (CSSC) was presented by [Li et al., 2017]. It
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was built in the case of a pure copper single crystal (whose orientation corresponds to
the activation of a single glide system of dislocations). This curve, shown in Figure
plots the resolved shear stress amplitude (measured along the crystallographic direction
of the studied crystal) with respect to the plastic resolved shear strain that is imposed.
Both quantities were measured when the loading was stabilized (i.e. after the eventual
softening /hardening). Micrographs from the work of [Woods, 1973], [Winter, 1974, [?]
and [Cheng and Laird, 1981] are represented to illustrate the corresponding dislocation
structures that develop at each range of plastic resolved shear strain.
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FIGURE 1.17 — Cyclic stress-strain curve with associated dislocation pattern in 3

stages (with a plateau at which PSBs are forming) - case of a copper single crystal
L1 et al., 2011J.

Three regions are identified on this curve :

e Region A : is characterized by plastic resolved shear strain inferior to v, ap =
6 x 107°. For an increasing plastic strain amplitude, the measured resolved shear
stress increases as well. In this domain, screw dislocations will annihilate whe-
reas edge dislocations of opposite signs are trapped in dipolar configurations

called "patches” [Buchinger et al., 1985]. These patches are separated by regions

of low dislocation density called channels. The combination of channels and loop
patches is referred to as "veins” structure [Mughrabi, 2015]. Figure [L.18h shows
a schematic representation of this type of structure. Between the patches, screw

dislocations can glide freely. To minimise the internal energy of the crystal, dislo-
cations of opposite signs rearrange along a Taylor network oriented at 45° of finite

size [Neumann, 1986[. This region corresponds to fatigue loading representative

of the VHCF domain. When a "veins” structure is subjected to a fatigue loading,
the distance between two dislocations will increase under the positive part of
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the cyclic loading and come back to its initial value during the unloading. It is

worth noting that [Shih et al., 2010] also reported similar dislocation structures

in steels.

e Region B : is marked-out by plastic resolved shear strain that are higher than
Ypi,AB = 6 X 107° but lower than Ypi,BC = 1.5 X 1073, It is characterized by a pla-
teau at which the resolved shear stress is independent of the plastic strain applied.
The plateau corresponds to a plastic resolved shear stress 77 = 28 MPa along the
activated glide system [Mughrabi, 1978] [Buchinger et al., 1985]. The dislocation
structures observed in region B have a ladder-like structure. This type of structure
is referred to as "persistent slip bands” (PSB)H The formation of PSBs is condi-
toned by the stability of the "veins” structures. [Neumann, 1986] showed that

from a certain stress amplitude (corresponding to region B), "veins” structures
become unstable and start to break down locally and make room for disloca-

tion walls to appear. [Buchinger et al., 1985 evidenced it with micrographs of

the evolution of the veins into ladder-like structures. The walls are separated by
zones of low dislocation density, as shown in Figure[I.I8p. Such structure is even
more stable than the "veins” structure. First observation of a ladder-like structure
(constituted of walls and zones with low dislocation content) was conducted by

[Lauter and Roberts, 1964]. Region B is particular as it corresponds to the coha-

bitation of PSB that lies within a "matrix” exhibiting a structure in "veins” or
"patches”. The dislocation density is strongly heterogeneous in these dual struc-
ture : it is concentrated in the PSB because they easily accommodate the plastic
strain[[7} The plastic shear strain in PSB is estimated at 8 x 1072 whereas it lies at
6.5x 107° in the matrix. Consequently, the resolved shear strain remains constant
in region B for an increasing plastic strain which corresponds to an increase of the
volumic fraction of PSB in the crystal [Finney and Laird, 1975 [Mughrabi, 197§].
This region is associated with the HCF domain as the damage initiation in HCF

strongly relies on PSBs. The minimum loading at which PSBs occur is defi-
ned as the PSB-threshold. This threshold is estimated at 56 MPa in terms of
axial stress amplitude and at 2.5 x 107° in terms of plastic strain amplitude
[E:ssmann and Mughrabi, 1981].

e Region C : corresponds to plastic resolved shear strain larger than to v, pc =

7.5 x 1073, The plastic strain increase also corresponds to an increase in the
stress amplitude. This domain is characterized by the appearance of dislocation

9. [Thompson et al., 1956] evidenced that slip bands are persistent when they reappear at the exact
same location when the material is fatigued again after the previously formed slip bands had been
polished away.

10. It appears that dislocation density is also heterogeneous in PSBs as well, where dislocations are
gathered in walls [Laird et al., 1981].
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structures in "cells” and "mazes” [Llanes et al., 1993]. This region would be re-

presentative of the LCF domain.
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FIGURE 1.18 — Schematic representation of a) dslocation aggregates in veins (patches)
structure and b) dislocation walls in PSB after [Haasen et al., 1980].

1.4.1.3 PSBs leading to fatigue failure in the HCF domain

The HCF domain corresponds to plastic resolved shear strain in the order of re-
gion B on Figure At a sufficient plastic strain amplitude, and thus at a sufficient
stress amplitude, PSBs appears in the material along the slip planes for which the plas-
tic resolved shear strain is the highest. The plastic strain is concentrated in the PSBs
and lead to a strong irreversible movement of the dislocations inside them. The dis-
locations that are highly mobile in the PSBs transmit the plastic deformation to the
surface |[Lukas and Kunz, 2004]. When PSBs meet the surface, it leads to irreversible
small steps/marches [Obrtlik et al., 1994] called slip markings. The cyclic character of

the loading leads to an increasing surface roughening throughout the fatigue life. The
accumulation of plastic strain at the surface generates extrusions (positive steps) and
intrusions (negative steps). Extrusions formed by PSBs are produced by the diffusion

of vacancies which was highlighted by [Essmann and Mughrabi, 1981] and retrieved by
[Polak and Man, 2015]. In HCF, the surface of the tested material is generally covered
with numerous slip markings whose heigth and width are increasing with the number

of cycles [Stanzltschegg et al., 2007]. This cyclic contribution to slip markings induces

an increase in the depth of intrusions. These intrusions act as critical stress risers (equi-
valent to a notch) at which fatigue micro-cracks initiate. In HCF, the fatigue limit is
estimated to be twice higher than the PSB-threshold [Mughrabi, 2015]. This is explained
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by the fact that the stress amplitude corresponding to the PSB-threshold is not sufficient
to propagate the cracks that could initiate at the PSBs. It is the further development
of PSBs that are responsible for fatigue failure in the HCF domain.
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extrusion
PSM /
intrusions . ff“

)
-4~ 44— channels
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FiGURE 1.19 — Shape of predicted surface relief of an emerging PSB
[Polak and Man, 2015].

1.4.2 Fatigue damage mechanisms in the VHCF domain

In the HCF domain, the fatigue failure originates at the roughening that is induced
by slip markings through the emergence of PSBs at the surface of the material. In light of
the experimental SN diagrams of various metals presented in Section [[.2.3] it was noticed
that failure can occur in the VHCF domain, i.e. after 107 cycles for loading amplitudes
below the horizontal asymptote characteristic of the HCF domain. A question remains
for these failures occurring in the VHCF domain : does a failure occurring in VHCF
necessarily originate from a PSB? The answer to this question was found to be "o”.
Indeed, fatigue failures were found to occur even under the PSB-threshold but happen
generally after a very high number of cycles in the VHCF domain because of accumulated
slip irreversibilities [Stanzltschegg et al., 2007 [Mughrabi, 2015]. The process of fatigue

failure in the VHCF domain must thus be based on different mechanisms than in HCF.

A first proposition was made by [Mughrabi, 2002] to classify the materials into two types
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according to the behavior they exhibit in VHCF :

e Type I : are homogeneous materials and single phase alloys, that are ductile and
do not contain precipitates or internal inclusions. It is the case of pure metals
with face centered cubic structure such as copper.

e Type Il : are metals and alloys with a heterogeneous microstructure, which have
several phases and might also contain precipitates or internal inclusions. High-
strength steels are an example of such materials.

Mughrabi proposed two SN diagrams to represent the fatigue behavior of materials of
both types. The case of materials showing a horizontal asymptote that remains in the
VHCF domain is not treated and simply corresponds to a prolongation of the HCF
behavior for higher fatigue lives. As Mughrabi focuses on the cyclic irreversibility of the
movement of dislocations, the SN diagrams are provided as Coffin-Manson plots with
the plastic strain amplitude for the vertical axis instead of the stress amplitude.

1.4.2.1 Fatigue failure in VHCF for type I materials

Pure (polycrystalline) copper is the best example to illustrate type I materials. Figure
1.20| shows the evolution of plastic strain amplitude with respect to the number of cycles

until failure. This curve is divided into four characteristic domains [Mughrabi, 2007 :

e domain "I” : is characteristic of the LCF domain for which the plastic strain
amplitude is very high.

e domain II : is representative of the HCF domain, with the horizontal asymptote
characteristic of the high scatter in fatigue lives. This domain is associated with
the PSB-threshold [Lukas et al., 1974].

e domain "III” : corresponds to the domain that is below the PSB-threshold but
still above the irreversibility threshold. This corresponds to the beginning of the
VHCF domain where the fatigue life is longer than in HCF but not infinite.

e domain IV : is represented by a horizontal asymptote corresponding to an irre-
versibility threshold. It is considered that under this plastic strain amplitude, the

deformation is reversible. It was thus considered that no irreversibility would lead
to no fatigue damage and therefore that no fatigue failure would occur. However,
this can not be proven experimentally.
Cracks initiated at plastic strain amplitude corresponding to domains ”III” (i.e. in the
VHCF domain) are propagating slowlier than in the HCF domain; the focus will be

made on this domain in this subsection [Stanzl-T'schegg and Schonbauer, 2010].

It was seen that dislocation structures can form at stress amplitudes lower than
the PSB threshold. This underlines the existing plastic activity occuring in the mate-

rial. To explain the mechanisms of fatigue crack initiation, Mughrabi [Mughrabi, 2006]
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FIGURE 1.20 — Schematic representation of SN curve to explain the fatigue behavior
of type I materials [Mughrabi, 20006].

proposed that the plastic activity evolves with the number of loading cycles to form a
surface roughness which can also induce the initiation of a crack. However, in this case,
the surface roughness (induced by prolonged slip markings) must reach a critical state

[Mughrabi, 2006]. At this point, few valleys in the surface roughness profile can act as

strong stress raisers if they are sufficiently steep. The local stress will thus locally exceed
the PSB-threshold and PSB nuclei will be formed. Only a few PSB nuclei are formed in
VHCF owing to the very localized plastic activity. The process is schematized in Figure
Such a PSB will only extend to a small depth into the material. Nevertheless, the
cyclic strain starts to be localized in the PSB nuclei and the equivalent notch at which
the PSB occurred will increase in depth with the increasing number of cycles. The depth
increase will lead to the initiation of a fatigue micro-crack that could further propagate
and lead to failure if the loading amplitude is high enough.

The typical slip markings of the VHCF domain, that are observed for low-stress
amplitudes, are isolated and not numerous on the contrary to what can be observed

in the case of higher stress amplitudes [Stanzltschegg et al., 2007]. This is associated

with the orientation of the grains that is not favorable for all of them to activate a slip

system and then provoke slip markings at the surface [Macdonald, 1976[. Thus, only a

few grains exhibit slip markings. As the slip markings are more isolated in the case of
a loading typical of the VHCF domain, this explains why a fatigue crack would initiate
later than in the HCF domain [Stanzl-Tschege and Schonbauer, 2010]. In fact, the larger
the stress amplitude applied, the more intense and generalized the plastic activity.

To challenge the behavior proposed by Mughrabi for type I materials in the VHCF,
Stanzl-Tschegg explored experimentally the irreversibility threshold evidenced by Mugh-
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(a) (b) (c)

FIGURE 1.21 — Process of fatigue crack initiation at the surface in VHCF : a) initial
state of the material, b) surface roughening and small intrusions forming and c¢) PSB
nuclei forming at these steep intrusions [Mughrabi, 2006].

rabi in the case of a polycrystalline copper specimen loaded with an ultrasonic fatigue
machine [Stanzltschegg et al., 2007]. Stanzl-Tschegg et al. identified a PSB-threshold in
terms of plastic strain amplitude that is lower than the one expressed by Mughrabi. In

fact, they detected early ladder-like structures that are associated with PSB precursors
[Wang and Laird, 1988 [Llanes et al., 1993] at plastic strain amplitude of 6.1 x 1076 after
2 x 10° cycles (corresponding to an axial stress amplitude of 62.6 MPa). The difference
between the PSB-threshold value found by Stanzl-Tschegg et al. (during tests at 20 kHz)
and that found by [Mughrabi, 2015] (during tests at 0.15 Hz) was believed to be attribu-
ted to the very high frequency of the loading which could have led to a hardening that is

more pronounced [Stanzltschegg et al., 2007]. However, |[Buchinger et al., 1985 applied

as well an ultrasonic fatigue loading to copper single crystal specimens and reported that

PSB appeared for stress amplitudes similar to what was found by [Mughrabi, 2015] after
108 cycles. Consequently, the threshold reported by [Stanzltschegg et al., 2007] would be
specific to polycrystalline copper and does not necessarily prove the findings of Mughrabi

to be wrong.

Figure shows the SN curve of pure polycrystalline copper on which are reported
the first appearance of slip markings and PSB that are representative of the irreversible
character of the cyclic deformation. The work of Stanzl-Tschegg evidenced that the
appearance of PSBs is not only governed by a threshold. It is dependent on the number
of cycles that are applied to the material and not only on the plastic strain (or stress)
amplitude applied to the material. [Phung et al., 2013] confirmed that the lower the
stress amplitude, the higher the number of cycles necessary to observe the earliest slip

markings on the surface of the specimen. This result could explain the lower estimate
of the stress value at which PSBs were first identified by [Stanzltschegg et al., 2007].
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Even below the PSB-threshold, irreversible cyclic slip still operates and fatigue-induced
slip band features were detected for stress (or plastic strain) amplitudes approximately
50% lower than the PSB-threshold level [Stanzl-Tschegg and Schénbauer, 2010]. In fact,
slip markings were observed at stress amplitudes of 34 MPa after 10° cycles. These slip
markings do not exhibit the ladder-like structure that is typical of PSBs but still are a

manifestation at the surface of the irreversibility of the deformation taking place in the

bulk of the material [Phung, 2012].
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FI1GURE 1.22 — SN diagram of polycrystalline copper fatigued with an ultrasonic
fatigue machine in the VHCF domain. Appearance of first slip bands and PSB is
reported on this curve [Stanzltschege et al., 2007].

The appearance and the evolution (with the number of cycles) of the slip markings
in the VHCF regime for a wide range of stress amplitude from 38 to 115 MPa in the

case of polycrystalline copper was studied by [Phung et al., 2013]. The fatigue loading

was conducted with an ultrasonic fatigue machine working at 20 kHz. Three types of slip
markings were identified : type I, type II and type III. They differ in their morphology
and their location within the microstructure. Figure shows an example of the three
types of slip markings. The three types of slip markings were identified as persistent
because they reappeared at the same site when fatigue was resumed after the surface
was electropolished.

Slip bands of type I are typically formed of tens of bands that are straight, long and
parallel. They are generally entirely crossing grains in which they appear. Type II slip
bands are long and straight but are generally isolated which differentiates them from
type I bands. Type II bands appear generally along grain boundaries. Type I and II
slip bands are exhibiting approximately the same height. The third type of slip bands
(type III) have a smaller height but are constituted of an ensemble of fine bands that
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are very close to each other. These slip bands are very localized and usually appear
close to grains or twins boundaries. This observation is corroborated by the findings
of [Llanes and Laird, 1992] [Peralta et al., 1999]. Slip bands close to type II were re-
ported by [Obrtlik et al., 1994] and slip markings close to type III were evidenced by
[Stanzltschegg et al., 2007] during ultrasonic fatigue loadings. Typically, slip markings

of type III are generally attributed to fatigue loading at low-stress amplitudes (in the
order of 34 to 57MPa), in the VHCF domain and appear after very large number of
cycles (namely above 10% cycles) [Stanzltschegg et al., 2007} [Phung, 2017]. In addition,
type I and II slip markings that appear early (namely below 107 cycles) are gradually

steeper with an increasing number of cycle [Phung, 2012 [Stanzl-Tschege, 2017].

FIGURE 1.23 — Micrographs of the three types of slip markings observed on
polycrystalline copper during fatigue loading : a) type I, b) type II and ¢) Type 11

[Phung, 2012].

The findings detailed above concerning the slip markings observed in copper under
HCF and VHCF loadings demonstrate slip markings that are straight and sometimes
appear at grain boundaries of the material. The study of other materials such as a-
brass and a-iron loaded in the VHCF domain by [Favier et al., 2016] evidenced several
conclusions. First, there is a threshold in stress amplitude above which slip markings

are observed on the surface of a-brass and this threshold decreases for an increasing
number of cycles. Also, the slip markings that are observed in a-brass are similar to
those of copper whereas slip markings observed in a-iron are wavy and fully cover few
grains. [Mughrabi et al., 1979| [Munier, 2012| reported similar observations of wavy slip
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markings in a-iron. This wavy character was attributed to the cross-slip of dislocations
that is easier in BCC metals [Favier et al., 2016].

1.4.2.2 Fatigue failure in VHCF for type II materials

The focus is now made on type II materials. Typical type II materials would be
high-strength steel containing non-metallic inclusions. Figure [1.24] shows a schematic
representation of the evolution of a multi-stage Wohler-type S—N plot for this type
of material. This curve is divided into four characteristic domains that are similar to
those in the case of type I material. The transitions between the different ranges will of
course not be sharp but gradual with some scatter and overlap. The most interesting
feature of this work is attributed to the differentiation between surface and internal
crack initiation. In the LCF (stage I) and HCF (range II), fatigue failures are initiated
in most cases at the surface. The conventional "fatigue limit” associated with HCF
(stage II) is also found for type II materials. The HCF regime is terminated with the
onset of the VHCF (stage III) in which fatigue failures occur at stresses below the
horizontal asymptote. For such fatigue failure, the cracks originate in most cases from
internal defects. Consequently, Mughrabi proposed to estimate that at sufficiently low-
stress levels, there might exist a true fatigue limit at which no fatigue failure will occur
[Mughrabi, 2002} [Nishijima and Kanazawa, 1999] which would correspond to stage IV.
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FIGURE 1.24 — Schematic representation of SN curve to explain the fatigue behavior
of type II materials. Differentiation is made between external and internal fatigue
crack initiation [Mughrabi, 2006f.

Fatigue cracks often occur in the interior of type II materials subjected to fatigue loa-
ding characteristics of the VHCF domain. Such crack is generally found to initiate at in-
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ternal stress concentration sites such as non-metallic inclusions or pores. The micro-crack
initiation arise from the accumulation of dislocations corresponding to a strong localized

plastic activity at these locations [Krupp et al., 2010] [Bathias et al., 2013]. It was also

observed that fatigue crack can initiate at grain boundaries or even at phase boundaries

in the bulk of materials that do not contain non-metallic inclusions [Krupp et al., 2016)
[Tofique, 2016] [Fu et al., 2021]. Even in VHCF, the plastic strain which is induced in
the bulk of the material can also be high but then very localized. The dislocations

interactions with microstructural barriers is decisive. If the dislocations meet soft bar-
riers and can outcome them, they can then pursue their displacement. On the contrary,
when they meet a strong barrier, such as grain boundaries, the dislocations accumu-

late and form dislocations pile-ups [Antolovich and Armstrong, 2014] [Fu et al., 2021].
Figure shows Transmission Electron Microscope (TEM) micrographs of dislocation
pile-ups in the case of a duplex stainless steel subjected to fatigue loading in the gi-

gacycle fatigue regime. The pile-ups induce a higher plastic activity and thus a higher

strain at the grain (or phase) boundary. [Fu et al., 2021]. If the stress amplitude applied

to the material is sufficient, the dislocation activity will induce a crack nucleation at
the grain (or phase) boundary, in the VHCF regime (corresponding to stage III of Fig.
[[.24). Stage IV in Fig. would thus correspond to stress amplitudes at which dislo-
cations are not accumulated enough at microstructural barriers or are not subjected to
a sufficient plastic strain amplitude to lead to failure.

FiGURE 1.25 — Experimental observation of the dislocation structures characteristics
of strain localization : dislocation pile ups at grain boundaries. Case of a duplex
stainless steel subjected to 5 x 10 cycles at a loading amplitude Ao = 345MPa

[Fu et al., 2021]. "PB” stands for phase boundary.
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1.4.3 Conclusion of the section

Cyclic irreversibility is a key factor to study the behavior of metals in HCF and VHCF
domains. The irreversibility is usually characterized by the microstructural mechanisms
that are activated at a certain level of plastic strain. These irreversibilities influence the
localization of the plastic strain and can induce failure even at loading amplitudes below
the PSB-threshold. Hence, a fatigue test conducted at a fatigue loading at which slip
bands are created (but not PSB) might ultimately lead to failure but at a number of
cycles that can’t be reached experimentally. The cyclic slip irreversibility could have been
a relevant parameter to determine the existence of a fatigue limit if only this parameter
was easy to measure. Consequently, alternative investigations must be conducted to
provide convenient and reliable methodologies to determine fast the fatigue properties
of metallic materials, especially in the VHCF domain. The focus should still be made on
the cyclic slip irreversibility but with an alternative manner to estimate its magnitude
and progression under a fatigue loading.

1.5 Conclusion of the chapter

The industrial stakes, aiming at increasing the fatigue life of structures and compo-
nents, require the use of powerful methodologies to determine accurately, reliably and
rapidly the fatigue properties of materials. The behavior of metals when subjected to
low-stress amplitudes and thus for very long fatigue lives (more than 107 cycles) must
be understood to acquire a complete knowledge of the VHCF domain and design safer
structures. Such methodologies were reviewed in this chapter. The focus was first made
on SN diagrams. They constitute a powerful tool that is required to study the fatigue
behavior of materials from experimental results and observations. However, such a de-
sign tool is limited when it comes to the study of fatigue lives above 10! cycles. Indeed,
experimental means can not provide results in test durations that are short enough, even
when using ultrasonic fatigue machines. The focus was then directed towards alternative
methodologies based on energetic measurements during short interrupted fatigue tests.
The measurement of the dissipated energy is a convenient method to study the evolution
of the behavior of fatigued materials but is not completely correlated with microstruc-
tural changes in the matter. The use of dissipated energy thus requires to model what
happens in the material. Microstructural mechanisms occurring in a material loaded in
the VHCF regime, namely at low-stress amplitudes, rely on the irreversibility of the dis-
location movement leading to specific structures in which plastic strain is concentrated.
This plastic strain accumulates during the cyclic loading, leading ultimately to the nu-
cleation of a micro-crack. The stored energy accounts for such irreversibilities developing
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in a cyclically loaded material. Thus, this quantity could be used to develop a criterion
to allow the fast determination of the fatigue properties of metallic materials. The in-
terpretation of stored energy evolutions compared to those of the dissipated energy are
believed to be more suitable but still requires the use of modelisation to be completely
understood.. Although its interesting potential, the estimation of this quantity remains
a difficult task according to the very few experimental results found in the literature.
Consequently, an innovative methodology to reliably estimate the energy that is stored
in metals (even for fatigue loadings in the VHCF domain) is missing.
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Contribution to the development of an
experimental methodology to estimate
the stored energy during fatigue tests at
20kHz
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2.1. INTRODUCTION

This chapter is devoted to the presentation of the contribution of this Ph.D. work

to provide an experimental methodology to complete the estimation of stored energy
during an ultrasonic fatigue test in the VHCF regime.
The first section presents the methodology and the objective of its development. The
materials that were studied in this work are described in the second section. Then, the
third section defines the ultrasonic fatigue machine functioning principle and the key
parameters to understand its use. From this knowledge, the two experimental methodo-
logies and setup that were developed to conduct the estimation of the mechanical work
and of the dissipated energy are presented in two separate sections. The validation of
both methodologies is presented in keeping with the respective methodologies.

2.1 Introduction

The main target of this work is to estimate the energy stored in a metallic material
during a fatigue loading, in the VHCF regime, in the course of tests performed at
20kHz. Consequently, an experimental methodology to carry on with the estimation
of the stored energy, in such conditions, must be developed. The choice was made to
estimate the stored energy from an energy balance during one cycle (see Section .
This balance will be completed through the estimation of two quantities, as to know :

e the energy dissipated per cycle by the material, from temperature measurements ;

e the mechanical work provided to the material, during one cycle, through stress
measurement using an in situ time-resolved X-ray diffraction (XRD) methodo-
logy and total strain measurement using strain gauge.

The dissipated energy is estimated from an inverse resolution of the heat equation
that relies on the measurement of the temperature increase on the specimen surface
during an ultrasonic fatigue test. The methodology relies on the use of an infrared (IR)
camera to acquire a temperature field at the surface of the specimen.

The mechanical work estimation relies on the estimation of the stress and the total
strain rate during one cycle. The calculation of the mechanical work is given by equation

B -
Winea = / oedt (2.1)
cycle

It also corresponds to estimating the area of the hysteresis loop to obtain an estimation
of the mechanical work during one cycle, as represented in Figure 2.1}
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FIGURE 2.1 — Principle of the estimation of mechanical work from the estimation of
stress and strain for one loading cycle.

To be able to draw the hysteresis loop and estimate the mechanical work, the evolu-

tions of stress and strain, during one cycle, must be measured. During a cyclic loading,
the stress can be estimated by either measuring the total strain (with strain gauge)
or by measuring the displacement applied to the specimen (with a laser vibrometer).
These methods rely on the assumption of a linear elastic behavior of the materialEl,
corresponding to a hysteresis loop that is closed. Thus, the mechanical work can not be
estimated.
A third method must be considered, namely X-ray diffraction (XRD), which is inde-
pendent of the elastic assumption and allows one to directly estimate the elastic strain
applied to the material. From the elastic strain, the stress is estimated and the hysteresis
loop area can be determined. In consequence, the mechanical work can be estimated.
Indeed, the estimation of the total strain is conducted by using strain gauge and the
estimation of the stress by employing XRD.

The methodology relies on a good correlation of the stress and strain estimation with
time. In fact, the time shift between the stress and strain which determines directly the
hysteresis loop aperture is about 10ns in metalsﬂ [Ono, 2020].

To ensure such time resolution, several conditions must be fulfilled :
e Acquire a significant number of stress (and strain) values during the cyclic loading
to correctly describe one cycle;
e Achieve an accurate temporal positioning of the measured values of stress (and
strain) ;

1. By neglecting the plastic deformation, the total strain can be identified with the elastic strain,
and thus stress can be estimated.
2. This time shift is associated with the characteristic time of the viscous damping of metals.
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e Settle an integration time that is small enough to limit the variation of the signal
during the acquisition. It should be in the order of 1ps down to 0.1ns;
e Reduce the noise level to limit its influence compared to the amplitude of the
signals.
Fulfilling these conditions is possible by reducing the influence of the noise on the acqui-
red XRD images (from which the stress is computed). It is equivalent to increasing the
Signal-to-Noise ratio of these images. This is achievable by using an X-ray source that
has high brilliance such as a Synchrotron source. Nevertheless, the current brilliance of
synchrotrons does not allow them to meet such requirements on their own. Consequently,
a stroboscopic method must be employed as well.

The methodology presented here is original as no one ever tried to estimate the sto-
red energy evolution during a fatigue tests conducted at 20 kHz in the VHCF domain.
Its development was thus difficult and highly iterative : it required the conduction of 10
experimental campaigns at the DiffAbs beamline, at SOLEIL Synchrotron. The develop-
ment of the methodology sometimes required to make a backwards step to characterize
the experimental setup before keeping up with the application of the methodology to
the two studied materials. In this manuscript, the presentation of the development of
the methodology is depicted as linear. In fact, non essential aspects of this work were
cut off from the manuscript to make its reading more comfortable.

2.2 Tested materials

This work focuses on the fast determination of the fatigue properties of two mate-
rials :

e A pure copper single crystal with an orientation along the crystallographic [110]
direction. The study of single crystals provides data on the behavior of mate-
rials by freeing ourselves of the effect of grain boundariesf] and focus only on the
dislocation structures and their effect on the fatigue behavior of the material.
Moreover, the VHCF behavior of single grains was rarely studied in the litera-
ture which underlines the exploratory character of this work. This could open
further interpretations as copper has widely been studied in terms of evolution
of dislocation structures.

e A polycrystalline C70 steel, fully pearlitic, composed of ferrite and cementite
phases in a lamellar microstructure. Its interest is to validate the methodology

3. The stress concentration owing to different elastic stiffness between grains with different orienta-
tions can not be considered as well.
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on a more complex material, that is closer to those employed in the industry.
A second interest lies in the fact that this material has two phases, helping to
validate the use of the methodology to get a reliable estimation of macroscopic
stress from XRD data on both phases.
Both materials are presented in the next subsections : their composition and their me-
chanical properties are provided. A brief overview of their fatigue behavior in the VHCF
domain is discussed as well.

2.2.1 Pure copper single crystal

The crystalline structure of copper single crystal is Face-Centered Cubic (FCC). The
composition of the present copper is given by the manufacturer (namely GoodFellow”??)

as shown in Table B11

TABLE 2.1 — Chemical composition of pure copper single crystal studied (% weight).

Cu Others
99.999 | Balance

The mechanical properties of all copper single crystals mostly depend on the level
of purity of the material. In the case of our material, its properties can be found in the

literature. [Ledbetter and Naimon, 1974f compared almost twenty experimental measu-

rements on copper specimens with various purity contents. The mean value of the elastic
constants of copper and the standard deviations over the twenty results are reported in

Table 22

TABLE 2.2 — Mechanical properties of single crystal pure copper.

011 (GP&) 012 (GP&) 044 (GPa)
169.1 £ 0.2 | 1222 + 0.3 | 75.4 £ 0.5

Three single crystals were received, as built, in cylinder rods with the crystallogra-
phic orientation [110] lying along the cylinder length, with an accuracy of 1 to SOH This
cylinder orientation was chosen among two, including also the longitudinal orientation
[100]. The choice was made to consider only the [110] cylinder rods in the first place
as this orientation allows to design fatigue specimens that have dimensions close to
those of steel specimens and as eight slip systems can possibly activate in this crystal,
corresponding to a plastic activity that is closer to what can be observed in polycrystal-
line materials. As the single crystal rods were not numerous, very few fatigue specimens

4. These single crystals were manufactured using the Bridgman technique to reach a crystal size of
a few centimeters. The raw crystals were 50 mm long with a diameter of 10 mm.
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could be manufactured : at least two for crystals with longitudinal orientation [110]. The
equivalent Young’s modulus of the specimen in its longitudinal direction is estimated to
be Ej10 = 130.3 + 0.3G'Pa from the elastic constants.

It is to be noted that no results are found in the literature concerning the determina-

tion of the fatigue properties of copper single crystals. However, [Buchinger et al., 1985]

discusses the behavior of copper single crystal in the VHCF domain, in terms of the
evolution of dislocation structures, through ultrasonic fatigue tests.

2.2.2 Pearlitic (C70) steel

The composition of the polycrystalline fully pearlitic C70 steel is given in Table

TABLE 2.3 — Chemical composition of the C70 steel studied (% weight).

C Si Mn S P Ni Cr Mo Cu Al Sn Fe

0.68 | 0.192 | 0.846 | 0.01 | 0.01 | 0.114 | 0.16 | 0.027 | 0.205 | 0.042 | 0.016 | balance

This material was studied after a heat treatment which has been applied to the raw
rods of steel. The heat treatment was conducted as follows : austenitization at 1050°C
during 7min followed by a cooling in air. The heat treatment led to a fully lamellar
pearlitic microstructure. The cooling stage was realized in a blown air environment which
resulted in a microstructure of the material with interlamellar spacings Sp (between
cementite lamellae) of 170 nm. Figure shows a micrography of the microstructure of
the steel and showing the interlamellar spacing. The volume percentage of ferrite in the
pearlite was estimated with X-ray diffraction and is about 89%. Therefore, the volume
percentage of cementite is 11%. The crystalline structure of ferrite is centered cubic
(CC) and that of cementite is orthorhombic (OR).

Mechanical properties of C70 steel are exposed in Table[2.4] The density p of the ma-
terial was measured by double weighing. The longitudinal elastic modulus, here denoted
FE;s was measured with ultrasound wave propagation method with 5 MHz frequencyﬂ
The interlamellar spacing Sp as well as other conventional parameters (Re, Rm and A%)
of this material were taken from the literature |Ozdemir, 2012 [Yahiaoui, 2013].

The experimental SN diagram of the C70 fully pearlitic steel is plotted in Figure
23] This SN diagram was built from several fatigue tests conducted with the ultrasonic

5. The isothermal modulus, for an adiabatic and reversible transformation, is considered here as the
study is based on ultrasonic fatigue (i.e. dynamic) tests considered adiabatic due to very short loading
period (50ps). It is worth noting that only a small discrepancy is observed between the isentropic and
isothermal modulii. They are related with the following formula E;s = 1/(1/Er — Toa?/pC) where C
is the volumetric heat capacity, T the ambient temperature and « the thermal expansion coefficient.
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FIGURE 2.2 — Micrography of the C70 pearlitic steel taken from SEM at a

s
] /)/// {// / /7

LIM 20.0kV 11.7mm x3.00k SE(M)

i —

10.0um

magnification of 3000. The interlamellar spacing S, is represented [Yahiaoui, 2013].

TABLE 2.4 — Mechanical properties of the C70 steel studied.

Material Sp (nm)

p (kg/m~™)

Eis (GP&)

Re (MPa)

Rm (MPa)

A (%)

C70 pearlitic steel | 170 + 25

7800 £ 140

206 £ 4

799

14

fatigue machine in the HCF and VHCF regimes. It shows a fatigue limit estimated at
402 MPa. Below 402 MPa, no failure occurred for tests conducted up to 10'° cycles. In
addition, a strong variability is observed for stress amplitudes between 401 and 404 MPa
with specimens failing after a few 10° cycles or not failing until 10'° cycles.

430

420

Stress (MPa)
S
=
o

400

390

Surface failure
Internal failure
Run-outs

10°

107

8

Number of cycles

10°

1010

F1GURE 2.3 — SN curve of C70 pearlitic steel in the HCF and VHCF domains. A
fatigue limit is determined from 107 to 10'° cycles at 402 MPa.
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It was observed that fatigue cracks initiate essentially at the surface of steels at
rather high-stress amplitudes and low fatigue lifelength (namely below 107 cycles). In
the case of lower stress amplitudes and thus higher lifelength (namely above 107 cycles),
an internal crack initiation and growth was observed. These results are represented in
different colors in Figure 2.3] The fracture surfaces are provided in Figure Cracks
are generally found to be initiating at a phase boundary between ferrite and cementite
phasesEl in VHCF as discussed by [Bach et al., 2016]. According to its behavior, the
present C70 steel is associated with type II materials (see Section .

LS

PIMM 10.0kV 15.0mm x25 SE(

FIGURE 2.4 — Fracture surface of the C70 steel in case of a fatigue loading conducted
at 20kHz for a) 406 MPa during 107 cycles; internal crack initiation forming a fish-eye
and b) 413 MPa during 2 x 10° cycles; crack initiation at the surface.

6. It might also be encountered that this material experiences internal initiation at grain boundaries
[Bayraktar et al., 2006].
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2.3 Ultrasonic fatigue tests

To carry out time-resolved X-ray diffraction for stress measurements, the ultrasonic
machine was used in two modes :
e the conventional (or standard) mode where the frequency of the machine is adap-
ted in real time to minimize the supplied power;
e the synchronized mode where the machine vibrates at a fixed frequency imposed
by an external source, like a synchrotron master clock for instance.
Initially, the ultrasonic fatigue machine works with a standard power supply from
Branson”™ . However, to allow the machine to work in synchronized mode, a power
supply was developed during this Ph.D., and used to fatigue specimens.

2.3.1 Functioning in conventional mode

2.3.1.1 Principle of the ultrasonic fatigue machine

The history of the development of fatigue machines was directed towards increasing
frequencies to reach faster the very high number of cycles and study the VHCF domain.
The evolution of the machines evolved from conventional hydraulic or electronic fatigue
machines at rather low-frequency (in the order of 10 Hz), through vibratory machines
which showed frequencies lying close to 1000 Hz, up to ultrasonic fatigue machines with
frequencies ranging from 20 kHz to 40 kHzIZl. Due to their very high frequency, this type
of machine can reach 10° cycles within only 14 hours and thus to investigate the VHCF
domain with convenient tests durations. The use of ultrasonic fatigue machine has been
precisely described in the dedicated ASTM standard [ASM et al., 2000]. It provides,
among other things, the type of machine that should be used and methods to conduct
fatigue tests at 20 kHz.

In the present work, an ultrasonic fatigue machine is used to load specimens at 20kHz.

This machine is based on the original design of Bathias and coworkers [Wu et al., 1994]
™

using Branson' " components, see Figure The horizontal shelf was developed during
this Ph.D. to facilitate its installation and use on the synchrotron diffractometer. The
machine is composed of a power supply (1) from Branson™ | a high power piezo-electric
converter (2) from Branson” (referenced as "2000 Series Model CR-20” constituted
of six stacks of piezoelectric material, whose power is estimated at 3000 W) and which
converts the electrical signal into mechanical vibrations, a booster (3) and an amplifying
acoustic horn (4) which amplifies the displacement by a ratio which varies according to

the horn shape.

7. At such frequency, the period of the loading is ranging from 50 to 25 us.
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FIGURE 2.5 — Ultrasonic fatigue machine a) principle, b) picture.

In consequence, it is possible to obtain a steady wave in the system with a frequency
close to 20kHz. It induces displacement and stress whose amplitude vary along the
system length, as shown with red and blue curves respectively in Figure 2.5h. As can
be seen in this figure, there are places where the amplitude of vibration is zero in the
resonant system. Such points are called vibration nodes and it is at these locations that
the resonant system is fixed to the equipment frame. Our machine is settled by clamping
the central part of the booster. When working, the converter is continuously refreshed
with a cold air flux to maintain the temperature of the piezoelectric stacks constant and
close to the ambient.

The piezoelectric converter works at a frequency corresponding to its first longi-
tudinal eigenmode of vibrationﬁ. The other components (booster and horn) are de-
signed so that their eigenfrequency is close to the frequency at which the converter
works [Bruchhausen et al., 2013]. The ASTM standard [ASM et al., 2000] details the
horn shapes and specimen geometries that can be designed to be used on an ultrasonic

fatigue machine.

In practice, when considering a booster and a horn assembled with the piezoelectric
converter, the system vibrates at a frequency that is slightly different from that of the
converter aloneﬂ This specific frequency is called anti-resonance frequency. Table [2.5
displays the anti-resonance frequency of the system in various configurations. This fre-
quency corresponds to the working point at which the minimum power is supplied to the

8. At this working point, the power supplied to the machine is minimized ; piezo-electric converters
are described independently in [P 004]

9. The shape and material (elastic) properties of a mechanical vibratory part define its vibration
properties, namely its longitudinal eigenmode frequency.
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machine. A specimen can likewise be screwed at the free end of the horn to be fatigued,
but in this subsubsection we first characterize the behavior of the machine itself with
no specimen attached to it.

TABLE 2.5 — Anti-resonance and resonance frequencies of various configurations of the

resonant system in its conventional functioning - "Co.” = piezoelectric converter and
"Bo.” = booster.
Configuration anti-res. frequency (Hz) | Disp. amp. range (um) | Slope (um/V)
Converter (Co.) alone 20740 0.05-12 /
Co. + Booster (Bo.) x1 20190 0.05-12 /
Co. + Bo. x1 + Horn x2.65 20232 0.15-30 0.023
Co. + Bo. x1 + Horn x10 20029 0.6-120 0.086

The adding of a specific mechanical part (booster or horn) is conditioned by the
objective of the test in order to reach rather low or high displacement amplitudes (re-
ported in Table [Prokic, 2004]. In the case of a configuration of the system being
constituted of {converter + booster x1 + horn x2.65}, the displacement was measured
at the free end of the horn, by using a laser vibrometer, as shown in Figure [2.6h. Fi-
gure [2.6p shows the experimental results representing the displacement amplitude with
respect to the voltage amplitude supplied to the piezoelectric converter. A linear cor-
relation is evidenced between the displacement and voltage amplitudes, with a slope
lying close to 0.023 pm/V. The plotted error bars are attributed to the uncertainty as-
sociated with the measure conducted with the laser vibrometer (for further details, see
[Jacquemain et al., 2021]). In addition, the displacement ranges provided by the system
in different configurations are reported in Table

u(t)

: € (us) —— Linear Fit
8

e Experimental Calibration

~

o

0.023 pmV?t

Displacement amplitude (um)
Now o &oa

o =

Il “ 0 50 100 150 200 250 300 350
> Voltage amplitude (V)

(a) (b)

FIGURE 2.6 — a) Schematic representation of the experimental setup used to measure
the displacement amplitude at the edge of the sonotrode and b) evolution of the
displacement amplitude measured at the free end of the horn, with respect to the

voltage amplitude applied to the piezoelectric converter.
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2.3.1.2 Characterization of the ultrasonic fatigue machine

The input of the converter is a sinusoidal voltage signal u(t) = ug sin(wt) imposed by
the voltage generator (where w is the angular frequency). The current i(t) = o sin(wt +
Omachine) and the displacement signals of the end of the horn d(t) = dg sin(wt+ Gmachine.2)
are the two outputs. The measurement of the current and displacement were conducted
for a voltage amplitude of uy = 15V, specifically in the case of the system being com-
posed of {converter + booster x1 + horn x2.65} presented in Figure Therefore, the
electrical transfer function of the piezo-electric system H(t) = % was determined expe-
rimentally. In the case of a harmonic evolution, this allows one to define the gain of the
transfer function G(w) = ;—% as a function of w, which is represented on Figure with
respect to the frequency. On this curve, two extrema can be observed : the maximum
(4dB) at a frequency of 20090Hz and minimum (—65dB) at 20232Hz defined respectively
as the resonance and the anti-resonance of the system. At the anti-resonance, the mean
energy rate supplied by the generator corresponds to the smallest amount of power to

work. The provided power compensates exactly the energy dissipated by the system.

The phase ¢pachine between the current and voltage supplied to the system is plotted
in Figure2.7D] with respect to frequency, for a voltage amplitude of 15V. Sharp evolutions
are noticed very close to the resonance and the anti-resonance frequencies.

The speed of displacement at the free end of the horn was measured using a Polytec?™
HSV 2001 laser vibrometer and is converted into displacement amplitude. The variation
of displacement amplitude is plotted in Figure with respect to the frequency for a
voltage amplitude of 15V. The closer frequency is to the resonance, the larger the dis-
placement amplitude provided but the larger the amount of current required to obtain
such displacement. On that account, there are several benefits of working at a frequency
close to the anti-resonance : it leads to a smaller amount of power required to work
and thus less energy that is dissipated in the piezoelectric converter corresponding to
a better thermal stability. In addition, the displacement amplitude is less sensitive to
frequency shifts (a property that is useful to carry out mechanical tests under precisely
controlled conditions), even though a smaller displacement amplitude is accessible at
the anti-resonance : at least 0.25um at 20232Hz for a voltage amplitude of 15V.
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FIGURE 2.7 — Characterization of the piezoelectric converter : a) Transfer function
gain , b) phase and c) displacement vs. frequency [Jacquemain et al., 2021].
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2.3.1.3 Control of the ultrasonic fatigue machine

Remote control of the machine is necessary to make sure that it works continuously
at a frequency close to the anti-resonance frequency of the systemm. To do that, the
phase plays a key role in controlling the machine because the anti-resonance is charac-
terized by a strong phase change as shown in Figure [2.7bl The target phase value is
zero degrees correponding to a working frequency of 20232Hz. During a sweeping of the
frequency (from 20500 to 19500Hz) at a small voltage amplitude input, the highest fre-
quency corresponding to the phase being equal to zero degrees is identified and stored.
It corresponds to the anti-resonance of the system. Then, using a phase locked loop
(PLL), the controlling system adjusts the frequency during the fatigue loading so that
the phase stays close to the value ¢,qcnine = 0°. When the anti-resonance frequency
is reached, the system amplifies the input voltage to apply a significant displacement
amplitude at the free end of the horn. This process takes in general 100ms to complete.

2.3.1.4 Design of fatigue specimens

Having characterized the machine response the next step is to design the specimen so
that the machine and the specimenEl can vibrate independently in their own vibration
mode. This guarantees then the decoupling between the whole system and the speci-
men ; in other words, no stress exists at the interface between them. To assure these
conditions, the specimen must vibrate in its first longitudinal mode of free vibration

with a frequency close to the anti-resonance frequency of the machine [Puskar, 1993b]
Mayer, 1999 [Wagner et al., 2012] [Bruchhausen et al., 2013] [Marti et al., 2015]. The
main objective of the design is therefore to determine all specimen dimensions that

correspond to the target eigenfrequency.

Every specimen designed in this work is based on an hourglass shape for which a
smooth gaussian stress gradient appears along the longitudinal direction, the maximum
stress being located at the specimen center (in the gauge zone).

The design process has been presented in detail in [Jacquemain et al., 2021. It consi-

ders the study case a specimen made of pearlitic C70 steelEl that is also considered in
the present section. The dimensions of the specimen (as shown in Figure [2.8]) are chosen

10. The anti-resonance frequency can change if the fatigue specimen experiences self-heating of if a
crack appears in it.

11. To be fatigued, a specimen is usually screwed to the free end of the horn. In our work, the system
is designed such that the acoustic waves induce a perfect tension-compression loading to the specimen
with a loading ratio R = —1.

12. In this reference, the design procedure was detailed in the case of a steel specimen but it is the
same for every mechanical parts of the system (namely boosters or horns). The steps of the process is
also identical for any specimen shapes or material.
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to be fixed, except the shaft length L,. The objective is to identify the value of L at
which the eigenfrequency of the specimen coincides with the anti-resonance frequency
of the ultrasonic fatigue machine (that was estimated at 20 232 Hz). This length is gra-
dually changed through a modal calculation conducted on a Finite Element Analysis
(FEA) simulationEl Figure shows the evolution of the eigenfrequency of the speci-
men with respect to the shaft length Ly in the case of a steel specimen. From Figure
the optimal L, value was identified to be Ly = 17.5 mm.

FIGURE 2.8 — Geometry of a C70 steel fatigue specimen designed to vibrate at an
ultrasonic frequency.
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F1GURE 2.9 — Evolution of the frequency with respect to the shaft length of a C70
steel specimen modeled by using Abaqus™.

13. The mesh size that was chosen in the FEA model was fixed at 0.4 mm, for which the results were
independent of the mesh.
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The specimen design procedure was applied to pure copper single crystal and C70

steel specimens. The fact that the studied pure copper was a single crystal made the

specimen design process a bit more complex than what is presented above. As this

material is anisotropic, its elastic properties depend on the crystal orientation. The FEA

model must account for the anisotropy of the single crystal which is easily achieved in
Abaqus™ . Concerning the C70 steel, its behavior being isotropic, the calculation was

straightforward.

Sc =3x54 0.4mm?

R=27.25mm", Ls = 175+ 0.4mm

(a)

R=27.25mm"\ gc= 3+ 0.05mm 4 LS =165% 04nm

Lc= 15+ 0.3 mm 2
Ss=12%x 12+ 25mm

(b)

R = 30.6mm Se = 3% 4+ 0.4mm?
Ls—83+04mm

(=T

R= 2725127171 S Le=154+ 03mm
g s =12+ 0.1mm

()

FIGURE 2.10 — Specimen geometry in the case of a) steel specimen reserved for XRD
parallelepipedic shape, b) steel specimen for building an SN diagram and c) copper

single crystal specimen for XRD.
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Specimens were designed in this study to have different shapes. In some cases, a
rectangular cross-section is considered. This geometry allows one to conduct XRD mea-
surements on the largest, almost flat, surface at the center of the specimenlﬂ A circular
cross-section is considered for specimens that are used for plotting SN diagramsEl for
instance. The final design of the copper and steel specimens are shown in Figure [2.10)

Figure [2.10] shows as well the tolerance intervals associated with each dimension of
all specimens. The tolerance intervals are associated with a maximum frequency uncer-
tainty of +204 Hz. This uncertainty in frequency arises from the uncertainty observed
when estimating the materials properties. The tolerance intervals are determined from a
sensitivity analysis that ensures that the variation of frequency induced by each dimen-
sion of the specimens remains smaller than the maximum uncertainty of 4204 Hz. The
sensitivity of the first longitudinal eigenfrequency of a fatigue specimen, with respect
to geometrical and material parameters, was investigated with a modal calculation by

using a 3D FEA model ; more details can be found in [Jacquemain et al., 2021f.

The fatigue specimens are manufactured by electro erosion wire-cutting. This ensures
that the surface integrity of the specimen is preserved. The last point is mandatory for
pure copper single crystals that are very soft.

Copper specimens have been manufactured with their larger central surface being
perpendicular to a specific crystallographic direction of the crystal. In fact, two cases
were considered, one specimen whose larger surface is oriented perpendicular to the [111]
direction and one specimen whose larger surface is oriented perpendicular to the [113]
direction. Both cases are represented in Figure [2.11

FI1GURE 2.11 — Configuration of the copper single crystal specimens with their largest
surface oriented perpendicular to the a) [113] and b) [111] directions.

14. [Zhigachev, 2013] demonstrated that circular cross-sections are not optimal to conduct XRD
leading to the selection of almost flat surfaces in this work.

15. Circular cross-sections are preferred to reduce the stress concentration zones by removing the
specimen edges.
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2.3.1.5 Estimation of the stress amplitude in fatigue specimens

In the literature, two conventional methods are reported to estimate the stress am-
plitude from a fatigue test conducted at 20 kHz. The application of both methodologies
is based on the assumption that the material exhibits a purely macroscopic elastic be-
havior :

e The first one requires the use of strain gauge to estimate the stress from the mea-
surement of the total strain. This technique is straightforward and only requires

the precise knowledge of the elastic properties of the material |[Brugger et al., 2017].

e The second one requires the use of a laser vibrometer to estimate the stress and
is conducted in two steps [Bathias, 2006|. First, the speed of displacement of

the free end of the specimen is estimated with the vibrometer and converted
into a displacement amplitude from the knowledge of the frequency of vibration.
The specimen is then modeled in FEA (using the Abaqus™ software with the
same elements size than exposed in the previous section) to carry out a harmonic
calculation (considering a linear elastic behavior of the material). The calculation
considers an external loadIEl symbolised by a displacement amplitude applied to
one end of the specimen (that is fixed to 1um), the other end remaining free. This
calculation allows the determination of the k coefficient that links the longitudinal
stress amplitude to the applied displacement.

In this section, the choice is made to focus on the second method (using laser vibrometer

and FEA) as it allows one to estimate the stress distribution in the whole specimen.

From the FEA calculation, the stress is estimated at the surface of the specimen,
along its length. Figure presents the FEA model of a C70 steel specimen as well
as the heterogeneous stress repartition along its length for an applied displacement of
1pm. Fig. focuses on the central part as both specimen ends show a stress that is
null. The stress is higher in the center of the specimen (in the gauge zone) and remains
above 99% of its maximum in a zone of £0.5mm around the center.

16. In the model, the specimen is considered to vibrate at the frequency of its first longitudinal
eigenmode.
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FIGURE 2.12 — a) Longitudinal stress amplitude along the specimen central axis and
b) longitudinal stress amplitude field (applied displacement amplitude 1um ; loading
frequency of 20232Hz) [Jacquemain et al., 2021].

The abovementioned calculation enables to identify a non negligible stress gradient
throughout the cross-section of a specimen. The heterogeneity of the longitudinal stress
in the central cross-section of the specimen is shown in Figure for steel. A stress
concentration is found at the four edges of the cross-section and might be arising from
an edge effect. Table 2.0] shows the stress amplitudes reached in the specimen central
cross section for the steel specimen. The kor coefficient corresponds to the stress value
measured at the surface of the specimen (for an applied displacement of 1pm), which
is shown by a black dotlﬂ on Figure It is found to be koo = 24.2 MPa/pm. This
value corresponds to the maximum stress in Figure 2.12h.

17. The k coefficient is estimated at this specific place because stress measurements from XRD are
conducted at the same location, on the surface of the specimen. This allows a consistent comparison
between both estimations of stress.
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FIGURE 2.13 — Longitudinal stress amplitude distribution within the specimen
cross-section, in the center of the specimen for an applied displacement of 1 pm - case
of steel specimen with parallelepipedic shape for a frequency of 20232 Hz.

011 (MP&/}IHI)
min. | max. | mean | surface

C70 Steel | 23.1 | 25.3 | 23.6 24.2

TABLE 2.6 — Longitudinal stress amplitudes of the steel specimen (in the x direction)
for a displacement amplitude applied of 1 pm.

Results obtained from the application of the abovementioned methods to estimate
the stress amplitude (at the center of the specimen), in several loading conditions, are
reported in Figure [2.14] with respect to the displacement amplitude imposed by the
machine (measured experimentally). The measurements based on the use of the laser
vibrometer (from which the stress amplitude is considered at the center of the specimen)
are in great agreement with those obtained with the strain gauge glued on the specimen
(at its center). The calculation is considered valid as the relative difference between both
linear fits is lower than 5%. The linear curve shows a slope that corresponds to the kcrg
coefficient.

The process of stress estimation by using the laser vibrometer was conducted once
with one specimen to build such a curve. Then, the present curve combined with the
curve from Figure will be used during the fatigue tests to obtain an approximation
of the stress amplitude applied to specimens with respect to the input voltage of the
machine that is adjusted.

In practice, the frequency at which the specimen vibrates is generally different from the
frequency at which the calculation has been conducted. For instance, for a difference of
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FIGURE 2.14 — Evolution of the stress at the center of the specimen vs. the applied
displacement to its screwed end - case of a C70 steel specimen.

10 Hz between both frequencies (owing to the self-heating of the specimen), the diffe-
rence in stress between the value estimated and the value underwent by the specimen is
in the order of 0.2 MPa, which is negligible. On top of that, strain gauge will be used to
experimentally estimate the total strain underwent by the specimen and estimate in-situ
the applied load during all experiments.

In the case of copper single crystal, the FEA calculation is conducted by taking
into account the anisotropic character of the specimen. The specimen’s longitudinal
direction is oriented along the [110] direction and its largest central surface is respectively
perpendicular to the [111] and [113] directions for the two orientations of specimens. The
stress heterogeneity along the length of the specimen is similar in terms of shape between
copper and steel. In addition, the anisotropy in copper single crystal induces a stress
concentration that is localized at the opposite edges of the cross-section, as shown in
Figure[2.15]for both specimens’ orientations. In this figure, the coefficient k., is identified
in the same manner than what was done previously for steel. The k coefficients are
estimated at k., ;73 = 16.8 MPa/pm and £, ;7; = 18.0 MPa/jm. Table provides the
values of the longitudinal stress amplitudes obtained in the central cross-section of both
copper specimens.
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F1GURE 2.15 — Longitudinal stress amplitude distribution within the specimen
cross-section, in the center of the specimen for an applied displacement of 1 pm - case
of copper specimen a) with its larger central surface oriented perpendicular to the [113]
direction, for a frequency of 20269 Hz and b) with its larger central surface oriented
perpendicular to the [111] direction, for a frequency of 20267 Hz.

o
o

o
3
o
o

Stress [MPa]
Stress [MPa]

o
(9]
Position along z axis [mm]
o

Position along z axis [mm]
o

3

o11 (MPa/pm)
min. | max. | mean | surface
(113) 16.1 | 205 | 17.0 | 16.8
(111) 15.9 | 20.6 | 16.9 18.0

Orientation

TABLE 2.7 — Longitudinal stress amplitudes of both copper specimens (in the x
direction) for an applied displacement amplitude of 1 pm.

Resolved shear stress (MPa/pm)

Orientation B4 C1
min. ‘ max. ‘ mean | min. ‘ max. ‘ mean
(111) 6,46 | 8,42 | 6,75 | 6,46 | 842 | 6,75
(113) 6,44 | 8,36 | 6,80 | 6,44 | 8,36 | 6,80

Resolved shear stress (MPa/pm)

Orientation B2 C3

min. ‘ max. ‘ mean | min. ‘ max. ‘ mean

111) 6,32 | 842 | 6,75 | 6,32 | 8,42 | 6,75
) 6,46 | 8,36 | 6,81 | 6,46 | 8,36 | 6,81

TABLE 2.8 — Resolved shear stresses for the respective slip systems of the copper
specimen (in the x direction) for a displacement amplitude applied of 1 pm.
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According to the orientation of the specimen longitudinal direction, which corres-
ponds to the [110] direction, four slip systems were identified : B2, B4, C1 and C3.
These possibly active slip systems were determined from the calculation of the Schmid
factor of each slip system. The resolved shear stress that is measured on the glide plane
of each slip system was estimated from the post-treatment of the abovementioned har-
monic calculation (using Abaqus) and the results are shown in Table[2.8] The maximum
resolved shear stress is localized at the opposite edges of the cross-section, as well as the
longitudinal stress (see Fig. [2.15)).

2.3.2 Functioning in synchronized mode

In synchronized mode, the frequency at which the machine vibrates is imposed by an
external reference signal provided by the master clock of the synchrotron. The frequency
of this external signal is imposed on the machine to enable the application of a new
methodology that was developed in this Ph.D.

The machine can work in synchronized mode only if the frequency that is imposed
on the system is close to its anti-resonance frequency. In fact, the farther the working
frequency from the anti-resonance frequency of the system, the higher the power supplied
to the machine up to the limit of the power supply. In addition, the dissipated power
in the piezoelectric converter is higher in such a detrimental configuration, inducing
its heating. The output of the converter then tends to derivate with time. To limit
these negative effects, new horns and specimens were designed to have their longitudinal
eigenfrequency the closest to the target frequency allowing the whole system to vibrate
at a frequency close to the imposed frequency.

The process of synchronization of the fatigue loading at the frequency of the ex-
ternal signal is schematized in Figure This process relies on a power supply that
was designed especially for this application by Christophe Cheuleu, engineer in mecha-
tronics. It is constituted of a signal generation board, a synchronization board and an
amplification board. Its operation can be summarized as follows : the electronic board
reads the reference signal and generates a sinusoidal signal at a frequency that is the
same as that of the reference signal ; the synchronization board then synchronizes both
signals in phase; the amplifying board finally amplifies the output signal to supply the
piezoelectric converter with a sufficient voltage amplitude of a few hundreds of volts.
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FIGURE 2.16 — Schematic representation of the process of synchronization of the
fatigue loading at the frequency of the synchrotron.

2.4 Time-resolved methodology to estimate the mechani-
cal work

The estimation of the evolution of stress and total strain rate allows one to draw the
hysteresis loop of one loading cycle in order to estimate the mechanical work.

2.4.1 Estimation of the total strain

Strain gauge are used to measure the total longitudinal strain in the center of the
specimens loaded at 20 kHz. Thus, two gauge (KYOWA KFG-1N-120-C1-11) are glued
facing each other on opposite surfaces of the central cross-section. The size of those
gauge is Imm x 0.64mm and there are oriented along the specimen length. These gauge
can measure strain level of 107%. Gauge are put in a full wheatstone bridge circuit.
Two additional gauge are glued on a second (dummy) not loaded specimen of the same
material to fully compensate for any change in room temperature A Kyowa™ (CDV-
900A) signal conditioner is used to power the bridge and to amplify the output voltage.
The experimental configuration is presented in Figure .17}

18. Strain gauge are themselves thermally compensated to account for the self-heating of the speci-
men, i.e. their gain remains constant when their temperature changes, up to 100 °C.
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FIGURE 2.17 — Schematic representation of the experimental configuration for the
measurement of the total strain.

The acquisitions of the values of the wheatstone bridge signal output are conduc-
ted over time. The time resolution achieved in the estimation of the strain evolution
under a fatigue loading is dependent on the signal conditioner characteristics and on
the sampling frequency of the acquisition board (used to acquire strain gauge values).
The characteristics of the signal conditioner were determined through the construction
of a Bode diagram. Both gain and phase evolutions with respect to the frequency are
given in Figure .18 It is seen that when the signal conditioner is used with an input
signal at a frequency of 20 kHz, the output signal is not attenuated ; the bandwidth at
—3dB is at 500 kHz. However, a phase shift of the output signal compared to the input
signal is measured to be approximately 10.03 + 0.5°, corresponding to a time shift (that
is a constant offset) of 1392+69ns when brought back to the period of the fatigue loading.
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FIGURE 2.18 — Bode diagram of the signal conditioner : a) gain and b) phase vs.
frequency of the signal read by the conditioner.

2.4.2 Estimation of the stress

The stress applied to the specimen during ultrasonic fatigue tests is estimated by
using X-ray diffraction (XRD).

2.4.2.1 Principle of X-ray diffraction

Metallic materials are defined by their lattice structure, which is intrinsic to a mate-
rial. Such structure is characterized by the organization and position of the constitutive
atoms. Besides, metallic materials are composed of several thousands of grains. In a
grain, the lattice structure is generally oriented (in a polycrystalline material, grains
are randomly oriented). This orientation defines the identification of specific crystallo-
graphic planes that are defined by their Miller indexes (hkl). In an unstressed state,
the inter-reticular spacing between (hkl) planes is noted dpy;. According to Bragg’s law
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(equation (2.2))), the X-rays diffracted by crystallographic planes having Miller indexes
(hkl) and distant of dpy are aligned with a half-apex angle of § with respect to the

incident beam :
A= 2dhkl sin(@hkl). (22)

Figure schematizes the Bragg’s law in the case of a perfect crystallite in diffraction
condition. Each grain with (hkl) planes has its corresponding diffraction cone at a unique
20 angle.

Khi

Incident beam A Diffracted beam

FIGURE 2.19 — Diffraction principle on a perfect crystallite in Bragg’s condition (i.e.
in diffraction condition). The crystallographic planes of the perfect crystal have their
normal (Kpy) that is oriented along the [hkl] direction.

FIGURE 2.20 — Bragg’s law and experimental configuration with respect to a
specimen. Case of crystallographic planes that are in diffraction condition and their
respective orientation with the coordinates system of the specimen.

The diffraction configuration to study a fatigue specimen by using XRD is depicted
in Figure The vector Kpy is the normal vector to the represented (hkl) crystal-
lographic planes. The two angles ¢ and ¢g4,, are defined to determine the position of
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Ky with respect to the specimen orientations, whose main directions are x, y and z.
In the setting of this Ph.D., the grains which are observed have their crystallographic
planes lying almost parallel to the surface exposed to X-rays. In such configuration,
V¥ = ¢grr = 0°. This symmetrical configuration is called 8 — 26. In fact, the incident
beam makes an incident angle with the surface of the specimen which is equal to 6 and
the angle between the incident beam and the diffracted beam is equal to 26. This confi-
guration is depicted in Figure and guarantees a compromise between the intensity
of the diffracted beam and its spatial resolution.

A single grain that is in diffraction configuration contributes to one single diffracted
spot. If several grains (with the same (hkl) orientation) are considered, their contribu-
tion corresponds to several diffracted spots. Figure shows an example in the case
of two grains in diffraction conditions. In the figure, the green contribution is associated
with planes that are parallel to the specimen surface whereas the purple contribution is
associated with planes that have a 1) angle that is not null. In a sufficiently large dif-
fraction volume, the contributions of numerous grains is observed. All the contributions
are aligned along a diffraction cone. A continuous diffraction cone represents the contri-
bution of all grains (with the same (hkl) orientation) that are in diffraction condition,
i.e. that have their diffraction vector Ky oriented with a specific 20 angle with respect
to the X-ray beam.

FI1GURE 2.21 — Bragg’s law and experimental configuration with respect to a
specimen. Examples of two diffracting dots corresponding to the contribution of two
crystallites’ orientations.
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Figure shows an example of a diffraction pattern from a copper single crystal
captured by a 2D detector. This diffraction pattern is not exactly a circular spot be-
cause of the slight misorientations present in the crystal that contributes to increasing
the azimuthal size of the spot. Figure shows an example of a continuous diffrac-
tion cone from C70 polycrystalline steel whose portion was captured by a 2D detector.
The crystallites, contributing to this ring portion exposed, have the normal of their
crystallographic planes oriented such that ¢4, = 90° and —2° <) <2°, i.e. the crystal-
lographic planes that are parallel or almost to the surface of the specimen. The size of
the diffracting Volumelﬂ should be sufficient to account for numerous grains and obtain
a diffraction cone that is statistically representative of numerous crystallites.
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FIGURE 2.22 — XRD pattern characteristic : a) pure copper single crystal diffraction
"spot” and b) polycrystalline C70 steel continuous diffraction ring.

19. The size of the diffraction volume depends on the X-ray beam size, the beam divergence, its
spectral width and its penetration depth (the penetration depth in turn depends on the material and
the beam energy).
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Green: unloaded state

/YLoad

FIGURE 2.23 — Bragg’s law and experimental configuration with respect to a
specimen. Only a portion of the diffraction cone is captured by the detector which
represents the grains oriented parallel (or almost) to the surface of the specimen.

Under a macroscopic elastic strain, the inter-reticular distance djy; of the crystallo-
graphic planes of crystallites is modified [Brenner et al., 2009] [Lebensohn et al., 2011}
[Gu et al., 2017]. This variation is noted Adpy. The elastic strain underwent by the
grains is referred to as lattice strainlﬂ and is expressed by the relative variation of dpy,,
as shown in equation :

Adpg — A20
dhk:l 2 tan(@hkl) '

Enkl — (23)
Through Bragg’s law, it is possible to link the variation of dy; and the variation of
the diffraction cone angle 6,y (called a shift). 0 corresponds to the position of the
diffraction cone when the material is not loaded. Figure [2.23] shows an example of the
positive variation of the angular position 6y, of the diffraction cone when a specimen is
subjected to a macroscopic longitudinal compression load.

20. The elastic strain is heterogeneous at the grain scale owing to the anisotropic elastic behavior of
the crystal.
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2.4.2.2 Treatment of XRD patterns

To estimate the lattice strain, the observed diffraction cone is intercepted with the
2D detector which only sees one ring (see Figures . The acquired XRD image (see
Fig.[2.24h) is replotted in a new coordinates system, 26 vs. ¢, in which the ring portion
appears to be straight (see Fig. [2.24p). This operation is conducted by an azimuthal re-
groupment performed using pyFAIEl [Kieffer and Karkoulis, 2013]. This hkl diffraction
ring is then integrated along its length and is represented as a 1D hkl diffraction peak in

an 'intensity versus 26 position’ plot (see Fig. [2.24k). For further details, the complete

procedure is reported in |[Ors et al., 2019].

The azimuthal integration along the ring length provides a diffraction peak that is repre-
sentative of the average behavior of numerous grains, which contributed to the studied
portion of the diffraction cone.

To exploit the information contained in the experimental diffraction rings, the in-
tegrated diffraction peaks must be fitted. The fitting of the peaks is done with an
asymmetrical Pearson VII distribution. The formula of the Pearson VII function used
is given by equation ([2.4]).

A

1 _ 2
(14 4(2m — 1) 2]

Pr(20) = =+ B. (2.4)

where 26}, is the position of the maximum of the peak, W the full-width at half maxi-
mum (FWHM) of the peak, A is the area under the peak, B is the baseline of the peak
and m is its shape factor. This Pearson VII distribution is used in two halves, one for

each side of the peak to account for the peak asymmetry [Howard and Preston, 1989].

A Heaviside function is implemented such that :

The fitting procedure finds the best fit relying on the least-squares method.
The fitting parameters are identified from Figure , in the case of steel. They are
reported in Table

21. pyFAI is a Python library with which diffraction data treatment is commonly conducted.
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FIGURE 2.24 — Organigram of the methodology to obtain a diffraction peak from a
diffraction pattern. Case of C70 steel ; XPAD S140 total exposure time of 1s; energy
of the beam : 18 keV.

TABLE 2.9 — Example of parameters of the Pearson VII asymmetrical fit function for
the peak showed in Figure 2.24] Two widths and two shape factors are considered to fit
both sides of the peak. The area and peak position is the same for both sides. - Case of
C70 steel, Energy = 18 keV.

Parameter (hkl)

20 (°)

A

Wiest (°)

Wright (o)

Mieft

Myight

B

Value

19.46

2.27 x 10°

4.1 x 1072

4.9 x 1072

1.78

1.63

1.28 x 10°
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The elastic lattice strain that takes place in the grains can be estimated from
the shift of the diffraction peak. Besides, the peak broadening can as well be stu-
died [Berkum et al., 1996] [Ungar, 2004} [Vashista and Paul, 2012]. The diffraction peak
width, referred to as Full-Width at Half Maximum (FWHM) is representative of the
stress heterogeneity[?] the dislocation structures and the material microstructural state
[Berkum et al., 1996]. The contributions to the broadening of a diffraction peak are the

grain boundaries, the dislocation density and the mosaicityEl of the crystallites of the
material as well as the elastic anisotropy. In addition, the FHWM of diffraction peaks
(and their evolution under a loading or a heat treatment for instance) has even been

used to estimate dislocation densities in metals [Ungar, 2001} |[Groma and Szekely, 2000].

The function in equation (2.5)) allows one to correctly fit the peaks that are them-
selves asymmetrical, which is the case of diffraction peaks of numerous materials. The

asymmetry of a diffraction peak can arise from the experimental and optical setup that
is used but also from the material’s microstructural state. In fact, the asymmetry ari-
sing from the material state generally depends on material defects such as dislocations,

stacking faults, twins faults, boundaries, impurities, etc. [Krivoglaz, 1996¢]. For the steel,

the stronger the difference between the width and shape factor of each side of the peak,
the stronger the asymmetry.

2.4.2.3 Uncertainties on the treatment of XRD patterns

Uncertainties are estimated on the estimation of the diffraction peak angular po-
sitions 20 and FWHMs. These uncertainties account for the noise observed on XRD
images and the fitting procedure on the determination of the parameters of the peak.
To compute the uncertainties experimentally, 50 XRD images of the same diffraction
peak were successively recorded (with the same time aperture) while the specimen was
not loaded. The acquired peaks are thus supposed to have the exact same position and
width. A standard deviation was measured on the overall 20 positions and FWHMs
of the 50 peaks. This standard deviation will act as the random error for the position
(and width) of a single peak. This uncertainty depends strongly on the quality of the
images, i.e. on the signal-to-noise ratio (SNR) of the images. The SNR of an image is
calculated as defined in equation and the principle is exposed in Figure (for a
time aperture of the detector of 25s) :

SNR = —mar (2.6)

Inoise,mean

22. The stress heterogeneity arises from the fact that each dislocation induces a heterogeneous stress
state in the crystal.
23. The mosaicity widens the diffraction peak in the azimuthal direction but not in the 26 direction.
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with Ijze, the maximum intensity of the peak and Ipisemean 15 the background noise
which is estimated as the range of fluctuation of the diffraction baseline measured a
few degrees apart from the peak on the 'Intensity versus 26’ profile. The deterministic
quantity of the SNR is the maximum intensity. In the case of a 1 second exposure of
the XPAD S140 detector, 4, is about 110000 (resp. 2300000) counts for steel (resp.
copper single crystal) with respect to a baseline that is around 6300 (resp. 2000) counts
for steel (resp. copper single crystal).

Imax « 110 DIffraction peak

200000

Inoise,mean

150000

100000

Intensity (count)

50000

19.4 19.6 19.8 20.0
2theta (°)

FIGURE 2.25 — Determination of the SNR from the study of a diffraction peak - case
of ferrite 110 diffraction peak of C70 steel with an time exposure of 2 seconds; energy
of the beam : 18 keV.

The abovementioned statistical study was conducted in the case of the diffraction
ring 110 of the ferrite phase of C70 steel and diffraction spot 226 of copper. The evolution
of the SNR with the exposure time of an XRD image is plotted in Figure [2.26p. The
SNR increases (in a squareroot evolution) with the exposure time of the XRD images;
the higher the time exposure, the higher the number of photons to hit the surface of the
detector. The SNR is twice higher for copper owing to its single crystal structure that
increases the intensity of the diffraction spot compared to the background of the XRD
image. In addition, Figure [2.26p shows the evolution of the random error measured on
the estimation of the peak position and width with respect to the exposure time. These
errors take into account the effect of the noise on the XRD images and the bias introduced
by the fitting procedure. The respective errors of both quantities are decreasing with
the time exposure in an inverse exponential trend. Errors are smaller for copper, owing
to the better SNR of its diffraction pattern.

Copper diffraction peaks usually show an angular displacement higher than 1072°
for stress amplitudes higher than 50 MPa whereas steel peaks show displacement in the
order of 4 x 1073° for stress amplitudes above 100 MPa (and under an X-ray beam
settled at an energy of 18keV). Thus, to reduce the influence of the random error on
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FIGURE 2.26 — a) Evolution of the Signal-to-Noise ratio with the time exposure and
b) Random error on the estimation of 26 positions and FWHM with the time exposure
(estimated through the fitting of 50 diffraction peaks).

the amplitude of displacement of the peaks (to be lower than 5% for instance), the SNR
should be higher than 200 for copper and steel. This corresponds to a time exposure of
X-ray diffraction images of 0.1s for copper and 2s for steel.

2.4.2.4 Determination of the stress

The objective is to link the lattice strain, measured by XRD from the diffraction peak
shifting, with the equivalent macroscopic stress that is applied to the specimen. This link
is established through scale transition models. Such a model requires the identification
of a parameter called X-ray elastic constant (XEC) to be computed. Specimens are
oriented such that the external stress is applied along direction x and the lattice strain
is measured along direction ZEI Thus, the macroscopic longitudinal stress is calculated

24. This direction is parallel to the [hkl] direction of the observed crystallites.
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from the lattice strain and is expressed as :

Enkl

(2.7)

Oz = :
Sxxzz,hkl
where s, is the XEC that relates the lattice strain (estimated in grains with (hkl)
crystallographic planes diffracting) and the equivalent macroscopic stress applied along
the longitudinal direction of the specimen. Each grain with (hkl) orientation has a cor-
responding XEC value. The estimation of XECs depends on the material microstructure
and its elastic properties.

In the case of a copper single crystal oriented along the [110] direction, the estimation
of the XEC is straightforward and consists in a calculation based on the elastic constants
of the material. The compliance constants are estimated from the elastic constants ex-
posed in Table[2.2 as :

Ci1 + Cha 1
S = = 0.01499G Pa". 2.8
H (C11 — Ch2)(Chy +2C2) (28)
Sip = — Gz = —0.00628GPa"". (2.9)
(C11 — Ch2)(C11 + 2C19)
1
Sy = —— = 0.01326GPa". (2.10)
Cua

Then, accounting for an elastic cubic behavior at the scale of the grain and by
considering that the loading is applied in the [110] direction (also corresponding to
direction x of the specimen) one can link the stress and strain through the involvement
of the deformation tensor such as :

1 %(511 + S12) 5544 0 1
[6} = 5 %5(44 %(Sn + Slg) 0 X 0_7 (211)
0 0 2519 m

This strain is projected along the direction of the measurement (i.e. the direction of the
diffraction vector Kjy;) such that :

Kl [h]  [h* hk hi
K @ K = | k| ® |k| = |kh k2 K. (2.12)
l l h 1k 2

Then, the calculation of an XEC (expressed in MPa™") can be formulated as follows
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from the multiplication of both matrixes from equations (2.11]) and (2.12) :

k% + h? hk

+ l2> + 544> . (2.13)

k% + h?
Sll

1
Seese (M) = g ( ;

Tables provides the XEC of the pure copper single crystal specimens in their
two orientations.

TABLE 2.10 — XEC of the two diffraction peaks studied for the pure copper single
crystal.

Diffraction peak (hkl) 226 555
Sazzx (MPa™t) —4.966 x 107 | —1.403 x 1076

However, in the case of the polycrystalline steel, the estimation of the XECs requires
the use of modelisation. The XECs are estimated similarly to what was exposed pre-
viously in the case of a single crystal; that is according to a cubic elastic behavior at
the grain scale. However, because the set of crystallites under diffraction condition (i.e.
in "the diffraction volume”) is only part of the whole specimen, scale transition mo-
dels, which bridge the grain deformation with the macroscopic strain are necessary to
express the relationship between e,y and 0,,. A micro-macro Self-Consistent (SC) mo-
del [Hershey, 1954] [Kroner, 197§] is used to estimate the XECs for the studied material
[Vermeulen, 2001] [Faurie et al., 2009} [Vermeulen et al., 2019]. It relies on an homogenei-

sation scheme consisting in the simulation of randomly mixed crystallites with random
orientations in an equivalent representative volume element (RVE). The model consi-
ders the elastic properties of each phase (ferrite and cementite) of the modeled material
as well as the average grain size (and shape) and the specimen microstructure. Tables
provides the XEC of the studied crystallites from both phases of the C70 steel,
computed from a SC model.

TABLE 2.11 — XEC of the three diffraction peaks studied for the C70 pearlitic steel.

Diffraction peak (hkl) Fe 110 Fe 220 FesC 102
Spaze (MPa™") —1.32x 1075 [ —1.32x 107° | —1.29 x 10°°

2.4.2.5 Uncertainties on the estimation of the XEC

For copper, the uncertainties on the estimation of the XEC are estimated from the un-
certainties on the elastic properties of the materials. These uncertainties are in the order
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of 1% of the value of the XEC for 113 and 111 crystallites [Cedbetter and Naimon, 1974].

For steel, the uncertainties on the estimation of the XEC are considered as extre-
mum variations from the consideration of extreme limits determined with Voigt and
Reus models. From such estimation, the XEC of ferrite and cementite phases were both
varying from -8% to +12% of the estimated values. The uncertainties observed for steel
are bigger than those of copper. In fact, it is considered that the homogenization scheme
can introduce bias in the estimation.

2.4.2.6 Experimental setup

The experimental developments were conducted at the DiffAbs beamline at SOLEIL
Synchrotron in France. The use of a synchrotron X-ray source is required to acquire
diffraction images that show a sufficient SNR (see the previous sections). The characte-

ristics and capacities of the DiffAbs beamline are presented in [Thiaudiere et al., 2012].

This review is ten years old but is still mostly up to date. The work of [Gallard, 2019

gives an update of the beamline characteristics up to the current time of this Ph.D.
work. The most important parameters of the beamline are recalled here after :
e Energy span of the beamline : 3.5 to 23 keV. The beam was settled at 18 keV here.
e Energy resolution of % = 10~* with a monochromatic beam.
e The beam size at the specimen level is about 180 x 240 ym? (FWHM, Vertical
x Horizontal) in all our experiments.
e The photon flux on the specimen is 10'? to 10'® photons/s.

To conduct XRD measurements during a fatigue loading, the ultrasonic fatigue ma-
chine was settled on the 6-circles diffractometer at the DiffAbs beamline. The experi-
mental setup is showed in Figure 2.27] The specimen is positioned such that its central
part is in the direct beam. The fatigue machine loads the specimen in its first longitu-
dinal mode of free vibration (the loading ratio being R=-1). The vibration induces a
strong stress and strain state in its center but no displacement. Therefore, the conti-
nuous observation of this zone at the surface of the specimen is possible with XRD and
enables one to assess the stress state of the specimen during its loading, i.e. in situ. A
2D detector is used to acquire XRD images. Such a detector is mounted on an inde-
pendent arm that can be rotated horizontally and vertically to observe all the diffraction
rings of crystalline materials. The six circles diffractometer, and especially its connector
board on which the machine is mounted, could be moved and tilted to induce an incident
angle of the specimen. This allows one to always conduct XRD measurements in a § — 26
symmetrical configuration for all diffraction rings to be studied.
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FIGURE 2.27 — Picture of the experimental setup that was installed on the
diffractometer at the DiffAbs beamline, SOLEIL Synchrotron.

The DiffAbs beamline is equipped with hybrid pixel detectors, which are adapted to
conduct fast X-ray analysis [Boudet et al., 2003 [Basolo et al., 2008 [Le Bourlot et al., 2012].
This type of detector is composed of multiple chips, which are small plates on which

80 x 120 pixels (each have a 130 x 130um size) are fixed and bumped to high-speed
reading electronics. This detector is called a single photon detector because every pixel
is independently connected to an electronics reading element and can count each photon
that hits the pixel. Also, the reading time of such a detector is very short : about a
few milliseconds. The electronic shutter used in such a detector allow for very small
detector opening, as small as 100 ns [Berar et al., 2009| [Buton et al., 2014]. The XPAD
S140 hybrid pixel detector available at the DiffAbs beamine was used to conduct the
XRD measurements. It is composed of two modules constituted of seven chips each,

accounting for a total surface of 134400 pixels [Dawiec et al., 2016]. The pixels of the
XPAD detector have a counter depth that is of 12-bit dynamics but can be extended up
to 16 or 32-bit through the use of an overflow bit (see [Dawiec et al., 2016¢]).
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2.4.2.7 Accuracy of the measurements

To study X-ray diffraction and to precisely follow a diffraction cone during short
acquisitions, such a detector must exhibit a very fine angular resolution. The angular
resolution of the diffraction peakEl integrated from XRD images depends on the experi-
mental configuration. It is expressed in degree per pixel and depends on the size of the
pixels and on the distance between the detector and the specimen which diffracts. For
instance, the XPAD S140 detector was commonly placed at a distance of 640 to 720 mm
of the specimen, which corresponds to a resolution of the XRD images ranging between
0.0116 and 0.0103°/pixel.

For instance, for a loading of 100 MPa applied to a steel specimen (under an X-ray
beam settled at an energy of 18 keV), the shift of the angular position of the diffraction
cone of the 110 ferrite crystallites is about 2 x 1073°. Thus, a sub-pixel resolution is
required. Such resolution is achieved by fitting the diffraction peak with the procedure
detailed above. It is to be noted that the diffraction peak FWHM (in the case of steel)
is four times higher than the abovementioned resolution (see Table [2.9).

During the measurements carried out on the beamline, the X-ray beam was seen to
driftP%} The beam drifts influence the results of the diffraction measurements. Indeed,
a change in the incident beam position corresponds to a change of the position of the
diffracted beam as wellf"} This effect is schematically represented in Figure 2.28 Thus,
a shift of the angular position of a diffraction cone could be seen by the detector whe-
reas it is not related to a change in the material stress state, in the case of prolonged
acquisitions.

The drifts of the beam have been characterized during this work and were measured
with a cameralP¥ that is fixed to the diffractometer of the beamline in front of the direct
beam. The position of the beam was continuously assessed during several hours and a
drift could be seen in its horizontal position but more importantly in its vertical position.
Typically, the beam drifts vertically of 50 pm/h. A drift of 50 pm of the vertical beam

25. The angular resolution of a diffraction peak corresponds to the space between two points on the
integrated peak (see Fig. .

26. The X-ray beam can drift for various reasons. It might come from a temperature change in the
monochromator where it is focused, from a slight change in the bunches of electrons in the storage
ring of the synchrotron or from any change in the optical alignment that conditions the beam until its
projection towards the specimen. The true reason is still unknown and the reasons mentioned above
are only considered and not verified.

27. The drift might also influence the FWHM of the diffraction peak, but this correlation has not
been evidenced by the experimental results.

28. The Basler camera square pixels are 16 pm wide. Its fine resolution allows one to measure a change
in the beam position of at least two microns when interpolating the image it acquires.
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FI1GURE 2.28 — Influence of the vertical beam drift on the measured position of the
diffracted beam with the XPAD S140 detector.

position will induce a drift of the diffracted beam of —2.5 x 107%° on the XPAD detector.
For copper (res. steel) subjected to a stress of 50 MPa (resp. 100 MPa), its diffraction
peaks show angular displacement higher than 1072° (resp. 2 x 1073°). Thus, during a
one hour assessment of the position of diffraction peaks of copper (resp. steel), the beam
drift would correspond to 2.5% (resp. 12.5%) of the nominal peak angular displacement.
C70 steel is thus more subjected to the influence of the beam drift.

Camera
Beam drift Beam initial position
Beam position after
vertical drift
Specimen

cross-section

FIGURE 2.29 — Assessment of the vertical beam drift with the use of a Basler camera
settled in front of the X-ray beam. The specimen is taken down to allow a direct
exposure of the camera to the direct beam.

The beam position can be corrected manually. Yet, this correction only helps to put
the beam back in its initial position and does not guarantee that it will not drift further.
Genuinely, the drifts can only be assessed to confirm that a continuous change in a
diffraction ring angular position is due to the drifts and not to a change in the stress
(or thermal) state of the material.
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2.4.3 Development of an experimental time-resolved methodology

2.4.3.1 Time-resolved measurements - Pump-probe methodology

Historically, pump-probe methods represent the rudiments for time-resolved XRD
experiments. In short, a pump applies an external load to a material. To be fast enough,

pumps are generally optical such as laser pulses [[nogamov et al., 2010} [Zhu et al., 2017].

The probe, which is generally composed of a (pulsed) light source and a detector, ac-
quires data to study the material state evolution during the application of the load
INeutze and Hajdu, 1997 [Rehn et al., 1990} [Elzinga et al., 1987]. The pump-probe pro-
cess is iterated and allows one to follow a material evolution under an external repeated

load. Figure [2.30] shows the principle for the pump and the probe activation with signals
represented versus time. The pump (a laser for instance) is triggered at a given time
and triggers a pulse which is shot at the material and makes its state change locally.
The trigger signal of the probe (an optical or XRD detector for example) happens after
a certain time delay to observe the material state. The most important characteristic
of this methodology is to be able to finely tune the delay between the pump and the
probe to be able to observe the desired state of the material. Considering the temporal
domain, a pump-probe technique can measure deterministic processes with a time reso-
lution determined by the pulse duration of the light source or the detector time opening
observed in typical multiframe imaging. Thus, a pump-probe method can show a time
resolution as fine as a few femtoseconds [French, 1996].

Pump pulse
, : > Time
l |
I |
| |
I |
Probe pulse : A
I .
T > Time
| |
Delay time At

F1GURE 2.30 — Principle of data acquisition based on a pump-probe approach.
Adapted from [Wang et al., 2013].

Several intrinsic ultrafast processes were developed by applying very fast measu-
rements using optical, x-ray and electron or photon pulses [Neutze and Hajdu, 1997]
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[Bargheer et al., 2006] [Berera et al., 2009 [Yang et al., 2010} |Graber et al., 2011f. Ne-
vertheless, the basic developments of pump-probe methods used large X-ray beams and

were not able to reach a very fine spatial resolution to study the dynamics of hetero-
geneity which concerns many fundamentally important and currently relevant pheno-
mena. Synchrotron facilities have the advantage to provide a highly brilliant X-ray beam

that can be tuned in a small beam and keep a very high intensity [Ludwig et al., 2010}
[Rossle et al., 2022].

During this Ph.D., a pump-probe multiframe methodology was developed in which
the fatigue machine is the pump and the X-ray source combined with the XPAD detec-
tor constitues the probe [Ors et al., 2019} [Jacquemain et al., 2021]. This methodology,

based on in situ time-resolved XRD measurements, has been applied to two SOLEIL
Synchrotron modes : uniform and single-bunch modes. Figure 2.31] shows the represen-
tation of the beam intensity with respect to time for each mode. The uniform mode
exhibits an X-ray source considered continuous. It corresponds to the contribution of
416 electrons bunches that are revolving in the storage ring of the synchrotron, with
a revolution period of 1.1812ps. The single-bunch mode corresponds to a pulsed X-ray
source, for which only one bunch revolves in the storage ring with the same revolution

period.
Uniform mode Single-bunch mode
p e ~,___— Storagering —
................... v S
X-ray X-ray
intensity 0.1-1 ps intensity 0.1-1ps
2D detector aperture 2D detector aperture
1812 91ps
I
Time Time
416 electrons bunches per revolution 1 electron bunch per revolution
(Beam intensity of 500mA) (Beam intensity of 16mA)

FIGURE 2.31 — Main difference in achievable time resolution between the two
synchrotron modes of interest.
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2.4.3.2 Principle of data acquisition for uniform and pulsed modes

The principle of measurement of stress and strain, conducted in situ during ultrasonic
fatigue tests, is addressed in this section.

The longitudinal stress is computed from the measurement of the evolution of the
diffraction peak position through the treatment of XRD images whereas the total strain
is measured by using strain gauge. During the fatigue loading, the longitudinal stress and
the total strain evolve cyclically. The loading frequency being 20 kHz, the measurements
must be conducted at a high sampling frequency by using a stroboscopic approach.
The measurement of stress and strain signals is then referred to as reconstruction. The
principle of signal reconstruction is depicted in Figure 2.32]and can be defined as follows
in the case of total strain :

1. First, a reference time position is chosen on the cyclic loading evolution, i.e. when

it crosses zero in an increasing slope for instance.

2. One value of total strain is acquired every cycle during several thousands of cycles
in a stroboscopic approach, i.e. at a fixed delay compared to the chosen time
position. The average value over the thousands of acquired values corresponds to
one point on the signal reconstruction, plotted with respect to the time delay.
The accumulation of strain gauge values allows to improve the statistics of the
measurement and improve the quality of the strain gauge signal reconstruction.

3. The XRD and strain gauge data are then stored.

4. Then, a different time delay is applied and different values of total strain are
acquired during several thousands of cycles as well. This provides a second point
on the signal reconstruction

5. The process is repeated with a time delay that evolves to sweep the entire cyclic
evolution and acquire different values. This leads to the reconstruction of one
sampled cycle as shown in the bottom part of Figure [2.32

6. Once one cycle is reconstructed, the delay generator resets the time delay at zero
and a second cycle is reconstructed following the same procedure.

During the strain gauge values acquisitions, XRD frames are acquired as well by the
XPAD detector. The accumulation of XRD frames over thousands of cycles provides a
final XRD image with a sufficient SNR (see Section 2.4.2.3). From the final XRD image
obtained at each time delay, the estimation of the stress is conducted from the determi-
nation of the diffraction peak position. It allows one to reconstruct the sampled cyclic
evolution of stress in the same manner as what was exposed for total strain.

122



2.4. TIME-RESOLVED METHODOLOGY TO ESTIMATE THE
MECHANICAL WORK

: Reset time delay
i at Ous

Strain values accumulation
over thousands of cycles fes ( udef)

€ (udef) Acquisitions o

) >
R ERVEVESVL
L>)~ delay (us)
| -
v .
S Increase time delay
c
Strain values accumulation
B over thousands of cycles € (“ deﬂ
(@) A °
3 € (pdef)
)
8 1ps 1ps /\;ps .
o >
O fro ] -
(] t; t, time
| -
delay (us)
o
4
-
i Increase time delay
8 to sweep the whole
(a4 | cycle
! € (pdef)
1
: A .
Y Reconstruction of |
a complete cycle
[ ]
P .50
0 * ® time
delay (Ms)
o

FIGURE 2.32 — Principle of reconstruction of the sampled cyclic evolution of the total
strain from acquired strain gauge values.

Each Synchrotron mode requires a specific experimental setup to enable the acqui-
sition of strain gauge values and XRD images.
In uniform mode, the fatigue machine works in its standard mode. The acquisitions are
triggered from a threshold value on the input voltage signal of the ultrasonic fatigue
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machine. The trigger sets the initial time position on the cyclic evolution (associated
with the reconstruction of the first point at a time delay At = 0).

In single-bunch mode, the fatigue machine is synchronized in frequency and phase with
the Synchrotron through the use of a master clock board (called "TimBel”). The fre-
quency at which the machine vibrates is that of the electron bunch revolution (in the
storage ring) divided by 42, i.e. 20 158 Hz. This specific frequency was chosen to obtain
a loading period that is close to that of the machine in its standard mode of functio-
ning. Data acquisitions are triggered by the TimBel board and are synchronized with
the X-ray pulses.

The methodology adapted to the uniform mode was already developed and reliable
before the start of the Ph.D [Ors et al., 2019]. However, during the course of this Ph.D.,
this methodology was diverted to be applied to copper single crystal specimens and the

methodology adapted to the single bunch mode was completely developed.

2.4.3.3 Experimental setup - uniform mode

The acquisition of data is conducted with an experimental setup constituted of se-
veral apparatus, as shown in Figure [2.33p. This setup is constituted of :

e The ultrasonic fatigue machine and its standard power supply to load the speci-
men. The frequency of vibration is controlled by a PLL (see Section .

o A delay generator (namely a T5609 digital delay generator) is used to trigger
the data acquisitions. It imposes a delay on the output trigger signal to perform
acquisitions at different time positions along the cyclic evolutions. It allows one
to acquire many points to reconstruct cycles.

e The X-ray detector XPAD S140 to acquire XRD images. The aperture time ope-
ning of the detector is controlled by the width of the pulse signal that is imposed
upstream by a low-frequency generator (LFG). The LFG is synchronized with
the trigger signal coming from the delay generator.

e The strain gauge, whose output signal is read and amplified by a signal conditio-
ner.

e A data acquisition board (namely, an SAI-DAQ acquisition card with a sampling
frequency of 2 MS/s) is used to acquire the values of the strain gauge signal.
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FIGURE 2.33 — a) Experimental setup (acquisition loop) developed to acquire strain
and stress evolutions during fatigue loadings at 20kH z and b) principle of data
acquisition triggered by a threshold on the voltage signal - example of the acquisition
of one value of the strain gauge signal.

In uniform mode, the acquisitions are triggered by a threshold on the input voltage
of the fatigue machine (see Figure ) Each time the threshold is exceeded by the
voltage signal, one value of total strain and one XRD frame are acquired. The process
is repeated over 2000 up to 20000 times for one fixed delay. The delay is evolving by
steps of 1 s to sweep the complete period. Thus, the number of points to reconstruct
one cycle is settled at 50.

In addition, the time resolution of the methodology is directly correlated to the detec-

tor aperture time in uniform mode [Ors et al., 2019} [Jacquemain et al., 2021]. Typically,

the integration time of the hybrid pixel detector was set at 1us. A detector aperture
time of 1ys corresponds to a compromise between the small variation of the diffraction
peak angular position when XRD images are acquired and a sufficient amount of photons
hitting the detector during the exposure.

2.4.3.4 Experimental setup - single-bunch mode

In single-bunch mode, the beamline only lights the studied material for a duration
of 91 ps during regular pulses. This duration becomes predominant compared to the
detector aperture opening and thus corresponds to the achievable time resolution in this
approach. In addition, XRD frames must now be acquired at the exact time of the X-ray
pulses occurrence. To ensure this synchronization, the 2D detector is generally opened
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during a few hundreds of nanoseconds (generally 300 ns) with a window centered around
the time position of the X-ray pulse to easily capture the short pulse. This is possible
by using the TimBel synchronization board that generates a signal that is synchronized

with the revolution of the single electron bunch in the storage ring [Ricaud et al., 2011].

An experimental setup adapted to the single-bunch mode of SOLEIL Synchrotron
was developed and is represented in Figure 2.34h. It is composed of :

e The TimBel board is used to synchronize the vibration of the fatigue machine with
a multiple of the frequency of the synchrotron (i.e. at a frequency of 20 158 Hz).
It also triggers the acquisitions of data at the same frequency.

o A T560© delay generator is still used to trigger the data acquisitions. It imposes
a delay on the output trigger signal of the TimeBel board.

e The developed power supply that takes the output square signal of the TimBel
board as an input and generates a synchronized sinusoidal signal to power the
piezoelectric converter of the ultrasonic fatigue machine.

e The XPAD S140 detector is used to acquire XRD frames. Its aperture time is
tuned by the width of the pulse sent by a low-frequency generator.

e The strain gauge, whose output signal is read and amplified by a signal conditio-
ner.

e The acquisition board used to acquire the values of the strain gauge signal is a
RedPitaya STEMlab 125-14 board with a sampling frequency of 125 MS/s.

The stroboscopic principle is obviously applied in single-bunch mode as well. The
acquisition of one XRD frame is triggered every 42 bunches, i.e. once per loading cycle,
by the TimBel board. The delay is evolving by steps of 1.1812 s to sweep the complete
period and conduct XRD frame acquisitions at the times when the X-ray pulses light
the specimen. In parallel, values of the strain gauge signal are acquired as well following
the same process. Finally, the number of points to reconstruct one cycle is limited to 42.

The methodology was adapted to the single-bunch mode to cope with the strong
influence of noise on the XRD measurements conducted on steel. The diffraction peaks
that are studied for steel are showing low angular displacement under loading, compared
to that of a copper diffraction peak. In addition, the intensity captured in one detector
opening in single-bunch mode is smaller than that of the uniform mode. In fact, the
duration of the detector exposure was brought from 1yus to 91 ps and the intensity of
the X-ray beam from 500 to 16 mA. Thus, the number of frames to accumulate is more
important in single-bunch mode to reach a sufficient SNR on the final XRD images. It
is typically larger than 800000. The number of strain gauge values accumulated is about
1500 and is limited by the RedPitaya board. This leads to cycle reconstructions that
are longer, i.e. more subjected to beam drift influence. However, the low time resolution
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FIGURE 2.34 — a) Schematic representation of the acquisition loop used to acquire
data which was adapted to the pulsed (single-bunch) mode at SOLEIL Synchrotron
and b) principle of data acquisition triggered by the TimBel signal - acquisition of one
value of total strain.

achieved in single-bunch mode improves the time accuracy of the reconstructions and
reduces the influence of the image noise on the cycle reconstructions.

2.4.3.5 Periodic evolutions of diffraction peaks

The abovementioned measurements were conducted in uniform mode on a copper
single crystal and the focus was made on diffraction peak 226 that shows an SNR
of 500. XRD images were acquired in situ during the fatigue loading and were then
post-treated. From the fitting of the diffraction patterns observed on these images, the
periodic evolutions of the peak shifting and peak broadening are reconstructed. These
evolutions, are respectively plotted in Figures and for stress amplitudes of 30
and 80 MPa.

The plots contain at least two cyclic evolutions of 26 positions and FWHM. Both
reconstructed cycles were acquired successively and for each, the corresponding delay
applied to conduct the measurements point by point was ranging from 0 to 50 ps. Ho-
wever, for sake of clarity, the reconstructed periodic evolutions are plotted one after the
other with respect to an equivalent time delay.

The variation on the 26 position of the diffraction peak shows a sinusoidal evolution
with time. The evolution of the FWHM is sinusoidal for stress amplitudes in the range
of 30 MPa. For higher stress amplitudes, in the order of 80 MPa, the FWHM shows a
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more complex evolution. Similar evolutions of the diffraction peak FWHM are generally
encountered in polycrystalline materials. These evolutions can be modelled by a function
like A + B x sin(wt) + C x sin(wt)?” where parameters A, B and C are related to the
stress heterogeneity between grains of the matter and to residual stress.
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FIGURE 2.35 — Peak position evolution reconstructed from the fitting of the integrated
226 diffraction peak - case of copper single crystal for stress amplitudes of respectively
a) 30 MPa and b) 80 MPa.
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FIGURE 2.36 - FWHM evolution reconstructed from the fitting of the integrated 226
diffraction peak - case of copper single crystal for stress amplitudes of respectively a)
30 MPa and b) 80 MPa.

The uncertainties, arising from the fitting procedure of the peaks and the noise on
XRD images, are estimated following the method presented in Section[2.4.2.3] The error
bars made on the estimation of both quantities are smaller than the dot size in both
Figures.

From the statistical study of the 226 diffraction peak positions, the noise is estimated
at 8 x 107*° which corresponds to 5% (resp. 1%) of the amplitude of evolution of the
20 position for a stress amplitude of 30 MPa (resp. 80 MPa). Thus, the lower the peak
displacement, the stronger the influence of the random error on the reconstructed signals.

The amplitude of variation of the peak position and of the peak width (between two
reconstructed points on the evolutions) are smaller than the angular resolution of the
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experimental configuration (that is estimated to be in the order of 0.011 °/pixel). These
results underline the requirement of the fitting procedure to be able to track such small
variations of the parameters of diffraction peaks during the fatigue loading.

2.4.3.6 Estimation of stress and strain evolutions

From the evolution of the peak shifting and from the strain gauge values acquired
to reconstruct one cyclic evolution, the stress and strain signals can be determined. The
stress and strain evolutions are plotted as two discrete signals of 50 points per cycle, in
the same time basis, as shown in Figure The stress and strain are found to have
an evolution with time that is sinusoidal. Concerning the error bars of the stress signal,
the corresponding uncertainty, arising from the peak fitting and the noise of the XRD
images, was quantified to be close to 3 MPa. The uncertainty on the strain measured
by the strain gauge is estimated at 1% (see [Jacquemain et al., 2021]). A time shift ¢ is
observed between both signals.
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FIGURE 2.37 — Stress and strain signal reconstructed through the stroboscopic
principle. Both signals are acquired with the same time basis which allows one to
estimate a time shift between the two signals - case of the copper single crystal at a
loading amplitude of 80 MPa ; These cycles were reconstructed in uniform mode.

The cyclic evolution of stress with respect to strain is plotted as a hysteresis loop in

Figure [2.38] The evolution shows a hysteresis loop that is elliptic with a clear opening.
The opening is proportional to the time shift between stress and strain.
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FIGURE 2.38 — Reconstructed hysteresis loop showing the evolution of stress with
respect to strain - case of the copper single crystal at a loading amplitude of 80 MPa.

2.4.3.7 Estimation of the mechanical work

From the estimation of stress and strain, it is possible to compute the mechanical

work from equation :
Ween = | ozdt. (2.14)

cycle

From the reconstructions of the cyclic evolutions of stress and strain evidenced in
Figure their evolution is considered sinusoidal such that :

o = Ao sin(wt). (2.15)

e = Aesin(wt + ¢). (2.16)

A time shift between stress and strain is considered. It is associated with the opening of
the hysteresis loop, as shown in Figure [2.38] Thus, the mechanical work that is brought
to the material can be estimated by the following equation :

Ao A
Wineen = / oedt = —1=2 2% sin(9). (2.17)
cycle 2 2

From this formula, it is only required to accurately estimate the stress and strain am-
plitudes as well as the time shift between both signals. The stress and strain amplitudes
are prone to uncertainties that were discussed in the previous section.

The time shift between stress and strain is generally small. An error committed in the
determination of its value has important consequences on the estimation of the mecha-
nical work. Consequently, the uncertainties made when estimating the time shift are
particularly important to measure.
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2.4.3.8 Influence of the experimental setup on the estimation of the time shift

The time shift ¢ between stress and strain is measured as the difference between the
respective time shifts of the stress and strain reconstructed signals, as shown in Figure
In this particular case, i.e. for copper single crystal loaded at 80 MPa, the time
shift between stress and strain is estimated at ¢ =1753 ns. This time shift contains the
contribution of the experimental setuplﬂ (induced by the apparatus and cables employed
to acquire the data) and of dissipative effects associated with the viscoelastic/plastic
behavior of the material.

The time shifts induced from the measuring chain were quantified experimentally
(before conducting fatigue tests), for the application of the methodology in both modes
of SOLEIL Synchrotron. The time shift was measured at each step of the data acquisition
setup, especially in each branch of XRD images and strain gauge values respective
acquisitions. Figures [2.39] and 2.40] show the experimental contributions to the induced
time shift, at several stages of the measuring chain, respectively for the setup in uniform
and single-bunch modes. From these measurements, the contribution to the time shift
between stress and strain that is induced by the measuring chain is quantifiable. Table
shows the results of its quantification. The contribution of the measuring chain to
the time shift between stress and strain is in the order of 1643 ns as measurements were
conducted in uniform mode.

Induced time shift (ns)
Stress signal | Strain signal

Uniform 13334 14977 1643
Single Bunch 13100 15020 1920

Synchrotron mode Time shift offset (ns)

TABLE 2.12 — Total time shift induced on the reconstructed stress and strain signals
in both Synchrotron modes.

From Figure2.37 and in the case of copper single crystal loaded at 80 MPa, it appears
that the time shift induced by the measuring chain represents a major contribution to
the estimated time shift between stress and strain and that the material only contributes
to a time shift in the order of 110 ns.

29. The experimental setup is also referred to as measuring chain.
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FIGURE 2.39 — a) Recall of the experimental setup and b) associated time shift of the
signals at several stages of the process of data acquisition - case of uniform mode.
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In the following, the time shift between stress and strain will be estimated as a
relative evolution to only account for the contribution of the material. The time shift
induced by the material is considered to be zero for low-stress amplitudes. Thus, a re-
ference phase shift will be computed for low-stress amplitudes and considered as the
reference value only induced by the experimental setup. The relative evolution of the
phase shift will be estimated with respect to this reference value.

The types of equipment employed also introduce a jitterIﬂ on the signals at all
steps of the measuring chain; that corresponds to the uncertainties on the time shift
offsets in Figures 2.39] and .40} In our case, the jitter will act as an uncertainty on
the reconstruction of stress and strain signals and therefore on the estimation of their

respective amplitudes and time shifts.

The total jitter, as an envelope, that is introduced by the apparatus constitutive
of the measuring chain, can be computed as the sum of the envelopes of the jitters
introduced by all apparatus. For instance, the respective jitter on the acquisition of one
strain gauge value and one XRD frame in both modes is reported in Table [2.13

Introduced jitter (ns) |
Stress signal | Strain signal

Uniform 254 570
Single Bunch 110 173

Synchrotron mode

TABLE 2.13 — Total time shift and total jitter induced on the reconstructed stress and
strain signals in both Synchrotron modes.

To reduce the jitter and its influence on the measurements, the choice was made to :
e cumulate strain gauge values (at a fixed delay over several thousands of cycles)
to improve the statistics on the estimation of the total strain;
e cumulate XRD frames to obtain XRD images with a sufficient SNR and better
statistics to determine the diffraction peak position from the image ;
e fit the diffraction peak to determine its position (and width) in order to improve
the resolution with which the peak position is estimated.

30. A jitter is a deviation from true periodicity of a periodic signal, in relation to a reference clock
signal. This corresponds to a fluctuation of a signal in time. This fluctuation influences the phase of
the signal. It is random but its maximum fluctuation can be measured : the envelope of the jitter.
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2.4.4 Conclusion of the section

The estimation of the stress evolution during one cycle is achieved by conducting
in-situ time-resolved X-ray Diffraction measurements. The estimation of the strain evo-
lution is achieved by using strain gauge. Both evolutions are reconstructed as discrete

signals, acquired point by point by using an intricate experimental setup developed and
tested during the Ph.D. at the DiffAbs beamline, at Synchrotron SOLEIL.

The complete methodology enables the reconstruction of stress and strain time evo-
lutions allowing to estimate their respective amplitudes and the time shift between both
signals. With these three values, the mechanical work can be computed.

It is worth keeping in mind that the XRD measurements (as well as the strain
gauge measurements) are subjected to important uncertainties in terms of jitter. The
influence of these uncertainties is however reduced owing to the stroboscopic process
that is employed to improve the statistics of the strain and stress measurements. A
synchrotron X-ray source is also considered to improve the quality of the XRD images
acquired. In addition, the beam drifts that were observed at DiffAbs beamline are to be
kept in mind as it might act as an additional source of error on the reconstruction of
the stress signal and on the determination of the time shift between stress and strain.

2.5 Measurement of the temperature to estimate the dis-
sipated energy

2.5.1 Principle of experimental measurements

To complete the estimation of the dissipated energy, the temperature increase over

time during an ultrasonic fatigue test is measured. Fatigue tests are interrupted after 107
cycles. Several tests were conducted at increasing stress amplitudes that were applied
to the same specimen. The temperature increment was measured for each.
To do so, an experimental setup was developed. It relies on the use of an InfraRed (IR)
camera FLIR™ | along with a lens of 50 mm focal length mounted with rings between
the CCD of the camera and the lens. It is settled in front of the tested specimen, itself
fixed to the ultrasonic fatigue machine. The camera is settled at a distance of 70 mm
of the specimen which corresponds to a pixel being representative of 0.04 x 0.04 mm?.
Figure shows the experimental setup used for dissipated energy measurements.
The temperature is assessed over the whole specimen’s surface in 2D field temperature
measurements. The sampling frequency of the IR camera can reach at maximum 1kHz
but is usually settled to be close to 100 Hz (to avoid too large data files).
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FIGURE 2.41 — Experimental setup developed to measure the dissipated energy from
specimen under a fatigue loading.

A black body is added behind the specimen to improve the contrast on the recorded
temperature field and distinguish the specimens with respect to the background. Also,
a dummy specimen is placed in the field of view of the IR camera and plays the role
of the reference temperature which varies with the room temperature. To maximize the
emittance of the observed surface (i.e. to obtain an emissivity of 1) and facilitate the
measurement of the temperature, the loaded and the dummy specimens were painted
in matte black. The paint used is a special paint from Nextel® which can stand high
temperature up to 400°C.

2.5.2 Temperature measurements during ultrasonic fatigue tests

Each image acquired with the IR camera can be post-processed with the software
provided by FLIRT™™ . Two zones are plotted respectively on the center of the loaded
specimen and on the dummy, as it is shown by Figure [2.42] in the case of the C70
steel. They represent the temperature field over several hundreds of pixels. The mean
temperature is computed in these two zones to make the temperature estimation sta-
tistically accurate and representative. The difference between the mean temperature of
each zone is computed to deduce the variation in temperature of the specimen without
the influence of the variations of the room temperaturefT}

31. In practice, the temperature of the room changes by less than 0.1 °C during the 107 cycles of each
test. This is thus negligible compared to the temperature increase of the specimen.
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FIGURE 2.42 — Example of an image recorded by the IR camera during a fatigue test
conducted on a steel specimen.

The temperature increase is plotted versus time in the case of steel in Figure 2.43
for a stress amplitude of 228 MPa maintained during 107 cycles. An increase of the self-

heating is observed and a plateau is reached after at least 250s or 5 x 10° cycles and is
estimated at 0, = 8.9°C.
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FIGURE 2.43 — Self-heating (temperature increment) curve versus time during an
ultrasonic fatigue test at 228 MPa - case of the C70 steel.
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FIGURE 2.44 — Zoom on the self-heating curve of the C70 steel (Fig. [2.43).
Calculation of the speed of cooling as the slope at the end of the test.

After the plateau, i.e. after 107 cycles, the test is stopped and the temperature
decreases. The decreasing slope when the loading is stopped is calculated as shown in
Figure for the ultrasonic fatigue test conducted at 228 MPa. The slope is computed

over the first four points after the temperature starts to decrease and was estimated at
df/dt =—2.28°Cs .

2.5.3 Estimation of the dissipated energy

The model used to compute the dissipated energy from temperature measurements
at the surface of a specimen relies on the heat equation and the determination of the
heat source owing to dissipation effects d;,; (also referred to as intrinsic dissipation).

The heat equation is projected in a zero dimensionnal problem to obtain a straig-
thforward formulation as the time scale of the acquisitions is 200 times bigger than
the time period of one loading cycle [Blanche, 2012]. The formulation is expressed in

equation ([2.18) :

,00@4—&

0 =d,, .. 2.18
825 ToD ¢ + Sth ( )

where # = T — Tj is the temperature increment with 7} the initial temperature and T'
the temperature difference between the two areas shown in Figure [2.42] 09/0t is the
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variation of temperature with time. s;,. corresponds to the overall heat sources due to
thermoelastic effects. Heat losses are considered linear and are defined by a characteristic
time 19p. The characteristic time constant, in 0D, accounts for the heat losses considering
the contribution of convection and conduction.

By considering the mean temperature over one cycle, equation is rewritten such

that :
00  pC

o T
During one cycle, < sie >cyae vanishes [Boulanger, 2004] |[Chrysochoos et al., 2008].
Equation (2.19)) thus becomes :

pc 0 =< dint + Sthe >cycle . (219)

0 0
< dint >cycle: pO <a + ) . (220)

ot ToD

The calculation of the dissipated energy relies on the estimation of the mean of the
intrinsic dissipation over one loading cycle, as exposed in equation ([2.21)) :

< dint > cycle

Ediss = / dmtdt - (221)
cycle f
where f is the frequency of the loading.
To  identify  d;,;, one considers two  calculations  [Blanche, 2012]

[Jongchansitto et al., 2019] :
e First, the identification of the characteristic time 7yp is possible by considering
equation at t =ty (i.e. just after the test has stopped, when the tempe-
rature starts to drop), such that :

00 05
— = — . 2.22
8t try ToD ( )

After the test stops, the dissipative sources are inactive, and d;,; becomes zero,
allowing to identify 7op from the estimation of 00/0t and 0 at t =t .

e Then, < dins >cyae is estimated by considering equation (2.20) at t = t;_ (i.e.
just before the test is stopped, when the temperature is stabilized), such that :

+ b ) : (2.23)

ty ToD

00

<din > cycle™ C| =
t ycl p <8t

From the self-heating curve presented in Figure [2.44] one can determine that
Top = 3.9 s and thus that < dj >eyee= 8.02 x 10¢ Jm™3. The disipated energy is
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estimated at Fg,, = 398 Jm ™~ cycle ™!, as the frequency of the fatigue test was 20 160 Hz.

The results obtained in terms of dissipated energy estimation are presented for both
materials in Figure The calculation was conducted over all the applied stress am-
plitudes. The vertical error bars are estimated to be in the order of 9% of the measured
dissipated energy for both materials and arise from the accuracy of the temperature
measurement and that of the estimation of the slope of the exponential temperature
decrease.

The dissipated energy per cycle, estimated in Jm™3cycle™! increases with the
applied stress. At a similar stress amplitude, the dissipated energy is more important in
the case of copper. This is associated with the higher thermal conductivity of copper.
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FIGURE 2.45 — Dissipated energy estimated with respect to the applied stress
amplitudes to a) pure copper single crystal and b) C70 steel.

2.6 Conclusion of the chapter

In order to experimentally estimate the energy that is stored in a material during a
fatigue loading in the VHCF regime, the choice was made to establish an energy balance.
To complete this objective, a methodology was fully developed, applied and optimised
to estimate independently the dissipated energy and the mechanical work from fatigue
specimens loaded with an ultrasonic fatigue machine, working at 20 kHz.

An experimental setup, inspired by what is found in the literature was set up to estimate
the intrinsic dissipation from short interrupted fatigue tests with an InfraRed camera.
The dissipated energy can thus be calculated from this estimation.
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As well, an in situ time-resolved X-ray diffraction based methodology was developed
to permit the estimation of the mechanical work brought to a material that is loaded
cyclically at 20 kHz. This estimation was performed on two pure copper single crystal
specimens and several C70 pearlitic steel specimens. The particularity of these measu-
rements lies in the different modes that are used. For the copper specimen, the uniform
mode maximizing the energy of the X-ray beam was targeted and the setup was clearly
efficient to perform accurate XRD measurements. However, the capacity of the measu-
rements was limited when they were conducted on C70 steel in uniform mode, which
induced the adaptation of the methodology to use a pulsed X-ray source to thus reach
a finer time resolution.

Table .14 regroups the parameters that were selected to conduct XRD experiments on
C70 steel and copper single crystal in both uniform and single-bunche modes.

TABLE 2.14 — Overview of the parameters selected to conduct XRD experiments on C70
steel (case of 110 diffraction ring of the ferrite phase) and copper single crystal (case of
the 226 diffraction ring).

Uniform mode Single Bunch mode
Parameters Copper Steel Steel
Number of cycles to reconstruct one point 8.46 x 10° | 3.6 x 107 1.1 x 108
Number of points to reconstruct one cycle 50 50 42
Aperture opening of XPAD detector (seconds) 0.1 0.5 2
Max. int. of the peak (case of aperture above) | 230000 180000 220000

The results of the measurement of the dissipated energy and the computation of
the mechanical work leading ultimately to the estimation of the stored energy will be
presented and discussed in the next chapter.
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3.1. ESTIMATION OF THE STRESS AMPLITUDE FROM IN SITU
TIME-RESOLVED X-RAY DIFFRACTION

Two materials were tested during this Ph.D. A pure copper single crystal from which
one can directly determine evolutions of the dislocations structure because there is no
effect of grains boundaries to account for. A polycrystalline C70 pearlitic steel that is
a more complex material, composed of two phases, which is closer to metals that are
commonly employed for industrial applications.

For the single crystal, the uniform mode of SOLEIL Synchrotron was sufficient to
reach a time resolution in the order of a few tens of nanoseconds. This material is ideal
to conduct XRD measurements because it provides a very intense diffracted beam which
shortens the acquisition time and improves the SNR of the XRD images. This led to
small uncertainties on the estimation of the stress and strain amplitudes as well as on
the time shift between both quantities. In the case of our polycrystalline C70 steel, and
because of its polycrystalline character, the time resolution provided in uniform mode
was not sufficient to obtain XRD images with a high enough SNR. This is why the single
bunch mode was employed to improve the time resolution of the methodology and allow
an accurate reconstruction of the stress evolutions in that case.

The first section exposes and discusses the estimation of stress from in situ time-
resolved XRD for both materials. Then, the results of the estimation of the stored
energy respectively in copper and steel are reported and discussed in the second and
third sections.

3.1 Estimation of the stress amplitude from in situ time-
resolved X-ray diffraction

To link the longitudinal stress and the elastic lattice strain, the method requires
the estimation of X-ray Elastic Constants (XEC) (see Section 2.4.2.4). However, these
quantities are difficult to estimate. To retrieve experimentally the XEC, the total strain
is measured by using strain gauge and is converted into longitudinal stress by considering
an elastic behavior assumption (i.e. the plastic strain is neglected). In parallel, the elastic
lattice strain (at the grain scale) is estimated from X-ray Diffraction.

3.1.1 Estimation of the stress - case of copper

3.1.1.1 Experimental protocol of the tests - case of copper

Two copper specimens were used to estimate the stress that was applied to them
with the methodology of in situ time-resolved XRD. The loading history of the two
specimens is reported in Figure [3.1] Stress amplitudes as small as 2MPa and as high
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as 93 MPa were applied to copper specimens. Each stage of applied stress amplitude is
called a loading step. In Figure [3.1} the number that appears above each loading step
corresponds to the number of cycles that were reconstructed during the loading step. It
is to be noted that specimen "Cu2” broke at a stress amplitude of 93 MPa, after 2.5 x 107
cycles.
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F1GURE 3.1 — Loading history of specimens put in vibration with the ultrasonic
fatigue machine during XRD measurements : specimens a) "Cul” and b) "Cu2”.
Measurements were conducted by using strain gauge.

Due to a self-heating of specimens, the acquisition was started at least 5 x 10°
cycles after the machine was started to ensure that the temperature of the specimen
has stabilized. It is worth noting that the specimen was placed under a blown nitrogen
source to avoid its surface to oxidize and it also slightly reduced the influence of
self-heating.
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For both specimens, their longitudinal dimension was oriented along the crystallo-
graphic [110] direction. For specimen "Cul”; the face observed with XRD was oriented
to be perpendicular to the 113 crystallographic direction. Thus, the 226 diffraction peak
was observed. An example of the diffraction profile of this peak is shown in Figure [3.2
which has been obtained by using the procedure described in Section [2.4.2.2] For spe-
cimen "Cu2”, the face observed with XRD was oriented to be perpendicular to the 111
crystallographic direction. Hence, the 555 diffraction peak was observed. The characte-
ristics of both peaks are reported in Table 3.}

250000

29 Pearson VII fit
& e Experimental data
L]
— L]
@ 200000 |
§ ol b
£ 150000 b
>‘ L]
3 "+ FWHM
5 +—
‘£ 100000 0
- [\
» )
[} ®
50000 o Q
[/ ‘\0
K )
_// \\\\
0
78.00 78.25 78.50 78.75 79.00 79.25 79.50 79.75

2thetas positions (°)

FIGURE 3.2 — Diffraction profile (intensity versus 20) of the diffraction ring 226 of
copper - case of specimen "Cul”, not loaded.

For both specimens, measurements were conducted prior to the loading to deter-
mine the SNR of the diffraction peaks of both specimens. The uncertainties that are
committed when estimating the peak angular position 20 and width F'W HM from the
fitting procedure were determined from these measurements. Those values are reported
in Table Bl

TABLE 3.1 — Characteristic of "Cul” and "Cu2” studied diffraction peaks in uniform
mode. The uncertainties are computed as the standard deviation of 50 acquired diffrac-
tion peaks. Beam energy of 18 keV.

Reference values Standard deviations
Specimen | Peak (hkl) | SNR | 20 (°) | FWHM (°) 20 (°) FWHM (°)
Cul 226 500 78.8 0.131 8. x10™° | 1.4x10*
Cu2 555 75 111.5 0.128 1.2x107* ] 1.9 x 1073
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3.1.1.2 Experimental estimation of the XEC for copper

The application of the in situ time-resolved XRD methodology on the pure copper
single crystals allowed to reconstruct several cycles reproducing the evolution of stress
and strain during the application of a fatigue loading with the ultrasonic fatigue machine.
From the reconstructions of 3 to 6 cycles, the stress and strain amplitudes have been
determined by fitting their respective evolutions with a sinusoidal function. Figure [3.3]
shows the evolution of the lattice strain amplitude estimated from XRD with respect
to the evolution of the stress amplitude estimated from strain gauge through Hooke’s
law. Each point on this curve represents the mean value of the amplitudes estimated
on the different cycles reconstructed at each stress amplitude. The error bars on the
plotted curves are computed from the dispersions of the results computed over several
reconstructed cycles as a standard deviation. A linear trend is clearly identified between
both quantities, corresponding to an equivalent elastic behavior of the material. This
validates the hypothesis considered to estimate the longitudinal stress from total strain
measurement.

Slope = -1.447e-6 MPa~!

Slope = -4.747e-6 MPa~1
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Strain amplitude from XRD x1074(Sl)

FIGURE 3.3 — Evolution of the strain amplitude measured from lattice deformation
using XRD with respect to the stress amplitudes measured calculated from total strain
measured using strain gauge - case of copper single crystal, specimens "Cul” and "Cu2”.

From a linear regression, the experimental X-ray elastic constants XEC,,, are
estimated from both curves. For the diffraction peak 226 (i.e. specimen "Cul”),
XECos36,esy = —4.742 x 107°M Pa™" whereas X ECos4 tp0o = —4.966 x 107°M Pa™".
It corresponds to a relative difference of 4.3% between experimental and theoretical
estimations (see Section [2.4.2.4)). For the diffraction peak 555 (i.e. specimen "Cu2”),
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XECs55.00p = —1.447 x 107°M Pa~" when X ECjz5 4,0, = —1.403 X 107°M Pa™'. It cor-
responds to a relative difference of 3.1% of the experimental value with respect to the
theoretical value. Thus, the XECs estimated by using the theoretical framework of a cu-
bic symmetry and elastic behavior of copper at the crystal scale are reliable. It predicts
the elastic behavior of a single crystal with a difference lower than 4% which is accep-
table considering the 3% errors committed when estimating the total strain from strain

gauge [Jacquemain et al., 2021]. The difference between theoretical and experimental

XEC can be explained by the misorientations of the specimen longitudinal direction
with respect to the [110] direction (in the order of 1 to 3°, see Section [2.2.1]).

3.1.2 Estimation of the stress - case of steel

The XECs are estimated experimentally for steel following the same procedure as
copper. The measurements were however conducted in both phases of the C70 steel.
Thus, the XECs were estimated from several diffraction peaks measured in ferrite and
cementite phases. These measurements were conducted in uniform mode.

3.1.2.1 Experimental protocol of the tests

In the same manner as presented previously for copper, steel specimens were cycli-
cally loaded using the ultrasonic fatigue machine in its conventional mode of functioning.
The loading history applied to two steel specimens (namely "C70-A9” and "C70-P9”) is
reported in Figure [3.4 The minimum stress was about 75 MPa for both specimens whe-
reas the maximum applied stress reached 184 MPa for specimen "C70-A9” and 274 MPa
for specimen "C70-P9”.

The interest was directed towards diffraction peaks from ferrite and cementite phases.
Both 110 and 220 diffraction peaks from the ferrite phase were studied. For the 220
peak, the procedure of treatment of the diffraction peak is the same as that presented in
Section [2.4.2.2] For the 110 peak, there are diffraction peaks from the cementite phase
that are very close to it. The top part of Figure shows the C70 steel diffraction
profile presenting the ferrite 110 diffraction peak as well as several cementite peaks. The
procedure must thus be slightly modified ; it is depicted in Figure 1) First, the 110
peak is fitted in the same manner as peak 220. 2) Its fit is then subtracted from the
diffraction profile : only cementite peaks remain on the diffraction profile. 3) These peaks
are thus fitted to follow their evolution in position. Only the cementite 102 peak was
studied on the same diffraction profile as it shows the higher SNR of cementite peaks.
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FI1GURE 3.4 — Loading history of specimens put in vibration with the ultrasonic
fatigue machine during XRD measurements : specimens a) "C70-A9” and b) "C70-P9”.
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FI1GURE 3.5 — Procedure of treatment of the ferrite 110 diffraction peak allowing the
convenient study of the cementite 102 peak - case of specimen "C70-A9”, not loaded.

Table shows the estimation of the uncertainties committed on the estimation of
the peaks’ position and width from the fitting procedure. Similarly to what was done for
copper, these uncertainties were estimated experimentally prior to the loading on the
studied diffraction peaks. The SNR is very low for the cementite peak, which induces

149



3.1. ESTIMATION OF THE STRESS AMPLITUDE FROM IN SITU
TIME-RESOLVED X-RAY DIFFRACTION

important uncertainties. This is owing to the low intensity of the cementite peaks, as
the volume proportion of cementite present in the steel is low.

TABLE 3.2 — Characteristic of C70 steel diffraction peaks in uniform mode. The uncer-

tainties are computed as the standard deviation of 50 diffraction peaks. Beam energy of
18 keV.

Reference values Standard deviations
Specimen Peak (hkl) | SNR | 20 (°) | FWHM (°) 26 (°) FWHM (°)
C70-A9 + P9 110 105 | 19.6 0.0656 24x107* ] 3.2x 107
C70-P9 220 80 39.5 0.0944 5x107% | 7.2 x 1074
C70-A9 102 2.2 19.2 0.1055 1.3x1073 | 22x 1073

3.1.2.2 Estimation of the stress amplitude for steel specimens

Figure[3.6)shows the evolution of elastic lattice strain estimated by XRD with respect
to the macroscopic stress amplitude estimated from strain gauge. Results are shown for
the three hkl diffraction peaks of this study, namely ferrite 110 and 220 and cementite
102. The error bars of Figure [3.6] correspond to the dispersion of the measurements over
several reconstructed cycles computed as a standard deviation.
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FIGURE 3.6 — Evolution of the strain amplitude measured from lattice deformation
using XRD (from diffraction peaks of cementite and ferrite phases) with respect to the
stress amplitudes measured calculated from total strain measured using strain gauge -

case of C70 steel specimens "C70-19” and "C70-P9”.

150



3.1. ESTIMATION OF THE STRESS AMPLITUDE FROM IN SITU
TIME-RESOLVED X-RAY DIFFRACTION

The XEC are found with a linear regression of the data obtained from the study of
each diffraction peak. The linearity of the results is clear on the plots. For ferrite, the 110
and 220 peaks gave a X ECeyp ror = —1.38 % 107 M Pa~! which is close to the theoretical
value of X ECipeo, fer = —1.32 X 1075M Pa~*. Tt corresponds to a 4.5% difference. For
cementite, the 102 peak gave a X ECeyp fer = —1.338 x 107°M Pa~! which is close to
the theoretical value of X ECypeo fer = —1.29 X 1075M Pa~", with a relative difference of
4%. These uncertainties are acceptable compared to the uncertainties committed from

the measurements using strain gauge [Jacquemain et al., 2021] for instance.

3.1.2.3 Variability of the XEC for steel

The most studied peak was the 110 diffraction peak of the ferrite phase as it exhibits
a higher intensity per pixel. The XEC of this peak was estimated at —1.32 x 10~°MPa "
(see Section . To verify if this value is retrievable experimentally in a repeatable
way, the calculation was performed in a similar manner to what was exposed previously
but by considering experimental results obtained from in-situ time-resolved XRD mea-
surements applied to six specimens.

Table [3.3] gives the recap of all XEC values estimated experimentally from the six

specimens. The relative difference are calculated as (X ECeyp — X ECipe)/ X EChpeo. The

! with a standard

mean value of experimental XEC is estimated at —1.105 x 10-MPa~
deviation of —0.247x10-5MPa . The value estimated experimentally shows a difference

of +£19% with the theoretical XEC estimated from a SC model.

TABLE 3.3 — XEC of ferrite for 110 lattice strain, estimated from experimental results
- case of C70 steel. Theoretical value is X ECy19 = —1.32 x 1075MPa L.

Specimen XEC x1075(MPa™") | Relative difference (%)
C70-P9 -1.468 +3%
C70-A9 -1.30 -1%
C70-P5 -0.820 -38%
C70-A1 -0.880 -33%
CT70-A6 -1.049 -20%
Mean -1.105 /
Standard deviation 0.247 /

The texture of the material was not considered in the self-consistent model used to
estimate the XEC of both phases of C70 steel. The variability observed in the results
might be explained by the difference of texture from one specimen to another. This
assumption has been investigated by conducting texture measurements on several C70
steel specimens, but did not provide conclusive results.
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3.1.3 Conclusion of the results

For both copper (resp. steel), longitudinal macroscopic stress evolves linearly with
respect to the elastic lattice strain for stress amplitudes ranging from 0 to 93 MPa (resp.0
to 274 MPa). This indicates that the assumption of an elastic behavior is valid for this
range of stresses and that conventional methods used to estimate the stress are reliable.

The quantification of the XEC is conducted by estimating the linear slope between
stress and strain. Its quantification works well in the case of copper to validate the
theoretical value obtained from elastic constants of the material. On the contrary, for
steel, the XEC that is estimated shows a strong variability between specimens and with
respect to the theoretical value. The texture of the material should be duly investigated
by conducting EBSD measurements and the effect of the measured texture should thus
be taken into account to reduce the variability.

3.2 Estimation of the stored energy : case of copper single
crystal

This section is devoted to the estimation of the energy that is stored in pure copper
single crystal loaded in fatigue at 20 kHz. The results of the evolution of the stored energy
with respect to the applied stress and the number of loading cycles are discussed.

3.2.1 Estimation of the mechanical work evolution with the stress am-
plitude and number of cycles

The previous section proved the reliability of the linear elastic assumption to de-
termine the longitudinal stress amplitude from total strain measurements with strain
gauge. This allows us to free ourselves from the variability observed on the estimation
of the XEC. Thus, the mechanical work can be computed from equation solely
from the estimation of the strain amplitude and of the time shift between stress and
strain. Indeed, the estimation of the time shift still requires the reconstruction of both
stress and strain signals with the time-resolved methodology presented in the previous

chapter.

Ao A Ae?
Wineon = 47075 sin(¢) = ETg sin(¢) (3.1)

where F is the Young’s modulus of the material.
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3.2.1.1 Influence of the stress amplitude and number of cycles on the time shift

In this chapter, the estimation of the time shift between stress and strain is presented.
Figure B.7] recalls the measurement of the time shift from the reconstruction of stress

and strain cycles.
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FIGURE 3.7 — Stress and strain cycle reconstructed with respect to the time delay of
the acquisitions. The time shift is measured between stress and strain signals - case of
copper single crystal, specimen "Cul” at a stress amplitude of 80 MPa.

Figures B.§ and plot the relative time shift with respect to the stress amplitude
(estimated by using strain gauge) for specimen "Cul” and "Cu2” respectively. Each
point corresponds to a value of the time shift that was estimated from one couple of
reconstructed cycles of stress and strain. Error bars plotted in the figures are arising
from the fitting procedure of both stress and strain sinusoidal reconstructions, with a
stronger influence from the reconstruction of the stress signal. In fact, the quality of the
fitting procedure of the stress signal is dependent on the noise on the XRD images and
the beam drifts[]

In both figures and for each stress amplitude, the time shift obtained for the three first
reconstructed cycles are plotted. The reconstruction of stress and strain cyclic evolutions
relies on a stroboscopic approach, which corresponds to a considerable duration of the
reconstructions. For copper, the duration of one cycle reconstruction lasts 8.46 x 108
cycles. Thus, for a given stress amplitude, the three points plotted in Figures |3.8] and
correspond to values respectively estimated after 8.46 x 108, 1.69 x 107 and 2.54 x 107

cycles.

1. The influence of the beam drifts and the noise on XRD images is transmitted as vertical noise on
the reconstructed cycles of the stress evolution.
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F1GURE 3.8 — Evolution of the time shift between stress and strain with respect to the
applied stress amplitudes - case of copper single crystal, specimen "Cul”. For each
stress amplitude, the values measured for three reconstructed cycles are reported. For
one stress amplitude, the three points corresponds to the time shift evaluated for cycles
respectively reconstructed after 8.46 x 108, 1.69 x 107 and 2.54 x 107 loading cycles.
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FIGURE 3.9 — Evolution of the time shift between stress and strain with respect to the
applied stress amplitudes - case of copper single crystal, specimen "Cu2”. For each
stress amplitude, the values measured for three reconstructed cycles are reported. For
one stress amplitude, the three points corresponds to the time shift evaluated for cycles
respectively reconstructed after 8.46 x 10%, 1.69 x 107 and 2.54 x 107 loading cycles.
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An increase is identified with a change of approximately 100 ns (resp. 200 ns) between
20 and 80 MPa for specimen "Cul” (resp "Cu2”) with respect to stress. On the contrary,
a slight decrease is observed with the number of cycles, for a given stress amplitude.
The results obtained for specimen "Cul” show a local maximum of the time shift for
stress amplitudes between 30 and 55 MPa. It will be referred to as a hill. The time
shift decreases after the hill before exhibiting an important increase for higher stress
amplitudes. This observation is also true for specimen "Cu2” but is less marked, owing
to the strong uncertainties on the estimation of the time shift in this case.

In the case of specimen "Cul”, the order of magnitude of the uncertainties associated
with the estimation of the time shift is in the range of 5 to 30 ns for stress amplitudes
higher than 25 MPa. In the case of specimen "Cu2”, uncertainties are ranging between
20 to 75ns. The variation of the time shift in the case of specimen "Cu2” is higher
than for specimen "Cul” owing to the smaller SNR of the XRD images of the studied
diffraction peak. It is also due to the lower displacement of the studied peak of specimen
"Cu2”P] which increases the influence of the noise (of the XRD images) on the stress
signal reconstruction.

As an overall observation, the time shift is positive, corresponding to the strain that is
late compared to the stress. This is coherent with a mechanical behavior of the material
that is visco-elastic and tends to become plastic.

3.2.1.2 Influence of the stress amplitude and number of cycles on the mechanical
work

From the measurements of both stress and strain amplitudes and the estimation
of the relative time shift, the mechanical work W,,.., measured per loading cycle is
estimated from equation 3.1} The results obtained from the application of this calculation
are shown in Figures [3.10] and [3.11] for both copper specimens. One value of Ween is
plotted per reconstructed cycle, similarly to what was done for the time shift. The values
computed for the three first reconstructed cycles, at each stress amplitude, are plotted.

The mechanical work increases with the stress amplitude, from a few hundreds to
a few thousands of Jm3.cycle™! between 20 and 80 MPa, for both specimens. The
mechanical work estimated for specimen "Cu2” is higher than what is measured for
specimen "Cul”.

For specimen "Cul”, the mechanical work decreases with respect to the number of
loading cycles. It decreases after 6.48 x 108 cycles (corresponding to the first reconstruc-
ted cycle) and tends to stabilize after 1.69 x 107 cycles. For specimen "Cu2”, the decrease

2. Being located at a higher 26 position, the 555 peak should exhibit a higher displacement than the
226 peak, but its lower XEC value induces, in fact, a lower peak displacement.
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FIGURE 3.10 — Evolution of the Mechanical work with respect to the applied stress
amplitudes - case of copper single crystal, specimen "Cul”. For one stress amplitude,
the three points correspond to the mechanical work evaluated for three cycles
successively reconstructed.

is less distinct, which can be explained by the higher uncertainties on the measurements
for this specimen. The error bars plotted on the curves are essentially induced by the
uncertainty arising from the estimation of the time shift.

For specimen "Cul”, the mechanical work shows a local maximum between 30 to
55 MPa, similarly to what was observed on the time shift evolution. Above such stress
amplitude, the mechanical work seems to decrease before increasing strongly above
60 MPa. This particular evolution of the mechanical work could have been attributed to
the noise on the reconstruction or to an experimental artefact. However, the evolution
of the mechanical work of the specimen "Cu2” shows a similar trend, at stress ampli-
tudes in the same order of magnitude. This confirms that the particular evolution of the
mechanical work does not experience a simple exponential growth with stress amplitude.
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F1GURE 3.11 — Evolution of the Mechanical work with respect to the applied stress
amplitudes - case of copper single crystal, specimen "Cu2”. For one stress amplitude,
the three points correspond to the mechanical work evaluated for three cycles
successively reconstructed.

The equation used to fit the typical evolutions of the mechanical work, with respect
to the stress amplitude, are reported on the respective figures for both specimens. The
fit functions were chosen as the combination of an exponential growth with two small
positive and negative (gaussian) hills. The fits allow identifying precisely the positions
of the hills.
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3.2.2 Estimation of the dissipated energy evolution with the stress
amplitude

The energy that is dissipated by copper was measured during short interrupted tests.
This section presents the evolution of the dissipated energy with the stress amplitude.

3.2.2.1 Experimental protocol for dissipative measurements

The experimental protocol that was applied aimed at sweeping stress amplitudes in
the same order of magnitude as what was applied during the experiments conducted to
estimate the mechanical work. Figure B.12]shows the loading history for copper specimen
"Cul”. The specimen that was used for temperature measurements is the same as the
one loaded at SOLEIL Synchrotron for XRD measurements. Thus, the loading history
exposed in this section happened after the loading history of Figure |3.1
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FIGURE 3.12 — Loading history of specimens put in vibration with the ultrasonic
fatigue machine during temperature measurements - case of copper single crystal,
specimen "Cul”.

Each loading step was maintained during blocks of 107 cycles during which the
IR camera recorded the temperature at the surface of the specimen. Two increasing
ramps (in stress amplitude) were applied to the specimen with slightly different stress
amplitudes to increase the statistics of the self-heating curve. The stress amplitude that
was applied to the specimen was estimated from the measurement of the displacement
amplitude at the free end of the specimen (see Section .
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3.2.2.2 Influence of the stress amplitude on the dissipated energy

During the ultrasonic fatigue interrupted tests conducted to estimate the dissipated
energy, the temperature at the surface of the specimen was measured. This tempera-
ture increment was seen to reach a plateau after a few 10° cycles (see Section .
The temperature increment corresponding to the plateau is defined as the saturation

temperature 6. Its evolution with respect to the stress amplitude is shown in Figure
3. 151
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FIGURE 3.13 — Evolution of temperature imcrement () with respect to the applied
stress amplitudes - case of copper single crystal, specimen "Cul”.

The dissipated energy per cycle is computed by employing the 0-dimensional heat
equation (see Section from the temperature measurements. Figure shows the
evolution of the dissipated energy for the pure copper single crystal specimen that was
subjected to the abovementioned loading history. Each dissipated energy measurement
(each point on the curve) is thus associated with the energy that was dissipated by the
specimen at a fixed stress amplitude at the end of the loading block (after 107 cycles).

The results show an increase following a quasi-quadratic evolution. The fitting of the
results is reported on the figure and both evolutions show an exponent that is close to 2.
The two increasing ramps provided results that lie very close. Thus, it can be observed
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that the energy dissipated by our copper single crystal specimen is not dependent on
the loading history. The assumption could thus be made that the loading applied to
the specimen during the experiments conducted to estimate the mechanical work did
not influence the amount of energy that was dissipated by the material, in the present
measurement, at similar stress amplitudes.
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FIGURE 3.14 — Evolution of dissipated energy with respect to the applied stress
amplitudes - case of copper single crystal, specimen "Cul”.
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3.2.3 Evolution of the stored energy with the number of cycles and
the stress amplitude

The stored energy can be computed from the estimations of the mechanical work
and the dissipated energy that was conducted. This section is devoted to the analysis of
the evolution of the stored energy with respect to the number of cycles and the stress
amplitude.

3.2.3.1 Estimation of the stored energy

The dissipated energy and the mechanical work were estimated independently by
applying two different loading histories. The computation of the energy balance as the
difference between both quantities requires to use a fitting procedure. The evolutions of
dissipated energy and mechanical work (with respect to stress amplitude) are fitted and
the difference between their equivalent fit is computed to estimate the stored energy.
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FIGURE 3.15 — Evolution of the both mechanical work (for the third reconstructed
cycle) and dissipated energy with respect to the stress amplitude applied to the
specimen - case of copper single crystal, specimen "Cul”.

Both fitted evolutions are reported on the same plot, in Figure The mechanical
work that is plotted in this figure corresponds to the third cycle that was reconstructed,
i.e. when the mechanical work is considered stabilized after its initial decrease (see Sec-
tion. The envelope added to the figure corresponds to the statistical uncertainties
on the respective measurement of both quantities.
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3.2.3.2 Influence of the number of cycles on the stored energy

The temperature of the material reached a plateau during the thermographic measu-
rements that were conducted during at least 107 loading cycles. For longer fatigue lives,
the temperature remains constant. Thus, the dissipated energy should be the same for
a fatigue test conducted during 107 or 10% loading cycles. From this assumption, the
estimation of the stored energy is possible for successive cycles reconstructed at a main-
tained stress amplitude : the same value of dissipated energy is retrieved to the values
of mechanical work estimated for each reconstructed cycle.

At least eleven cycles were reconstructed at a stress amplitude that was maintained
at 80 £ 1.5MPa during 10® loading cycles. This allows one to study the evolution of
stored energy with respect to the number of loading cycles. The dissipated energy is
estimated at 630.J.m™3.cycle™! (from Fig. for a stress amplitude of 80 MPa and is
found constant during the 108 cycles of the test.
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FIGURE 3.16 — Evolution of the stored energy with respect to the number of loading
cycles applied to the specimen for a loading amplitude of 80 MPa maintained during
1.02 x 108 cycles - case of copper single crystal, specimen "Cul”.

Figure shows the evolution of the stored energy with respect to the number
of loading cycles applied to the specimen at the maintained amplitude. It is measured
at 2850J.m 3.cycle™! after 8.46 x 10° cycles, decreases down to 420J.m=3.cycle™! after
1.69 x 107 cycles and then increases up to a plateau that lies around 1100.J.m=3.cycle™
after at least 2.4 x 107 cycles. Thus, the stored energy per cycle is considered stabilized
after this number of cycles. Notwithstanding, the plateau that is reached shows a varia-
tion of the stored energy in the order of +250.J.m3.cycle™!. It is believed to be induced
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by the uncertainty on the measurement of the time shift between stress and strain.

The present results are consistent with what was reported by [Martins et al., 2020] (resp.

[Zhang et al., 2019]) who studied the amount of stored energy per cycle with respect to

the number of loading cycles in the case of steel (resp. shape memory alloys) in the LCF
domain and found a decrease with respect to the number of loading cycles.

One can correlate the amount of cumulated stored energy with respect to the total
number of loading cycles. From an integration of the curve shown in Figure [3.16] one
can estimate that after the 10% cycles applied to the specimen at a stress amplitude of
80 MPa, the cumulated stored energy of the specimen is about Est cum(79.5) = 9.88 x
1019J.m=3. This is 10000 x higher than what was estimated by [Clarebrough et al., 1957
in LCF after 10° cycles applied to a polycrystalline copper (see Section. This could
be explained by the 100x higher number of loading cycles applied to the specimen and

possibly by the very high frequency at which these tests were conducted.

3.2.3.3 Estimation of the cumulative stored energy until the fracture of a specimen

The specimen "Cu2” was loaded for higher stress amplitudes than specimen "Cul”. It
leads to a failure of the specimen "Cu2” at 93 MPa, after 2.5x 107 cycles. This corresponds
to the last loading step shown in Figure [3.1p.

The amount of energy that was stored during this loading step could be estimated.
First, we can consider the mechanical work that was estimated for the second (and
only reliable) reconstructed cycle as Wieen(93) = 11400J.m~3.cycle™ . In addition, the
dissipated energy can be extrapolated from the fitted evolution shown in Figure [3.14] for
specimen "Cul”. Both specimens have the same longitudinal orientation and are believed
to exhibit the same thermographic behavior. Thus, from the fitting function Eg. =
0.025023 one can extrapolate that Fgss(93) = 842J.m3.cycle™ . The stored energy per
cycle at this stress amplitude is thus estimated at E,(93) = 10558.J.m3.cycle™!.

The loading being applied during 2.5 x 107 cycles, the cumulated stored energy until
the fracture of the specimen is estimated at Eg cum(93) = 2.639 x 10*.J.m™3. This value
is considered to be a stored energy threshold of copper single crystal above which failure

occurs.

3.2.3.4 Influence of the stress amplitude on the stored energy

The results of stored energy are plotted with respect to the applied stress amplitude
in Figure [3.17] in the case of specimen "Cul”. Solely the results obtained from the third
reconstructed cycle are reported, as the stored energy per cycle is considered stabilized.
The envelope of the estimation is reported in the figure. It is calculated by the propaga-
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tion of uncertainties arising from the estimation of both mechanical work and dissipated
energy.

The variations of stored energy with respect to stress are observed to be rather
small, but significant compared to the envelope of the evolution. The stored energy
evolution with respect to the stress amplitude follows the evolution of the mechanical
work evidenced previously.
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FIGURE 3.17 — Evolution of the stored energy with respect to the stress amplitude
applied to the specimen - case of copper single crystal, specimen "Cul”. Results are
shown for the third reconstructed cycle, for which the stored energy is considered

stabilized.
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FIGURE 3.18 — Threshold (nominal macroscopic) stress for appearance of
microstructural mechanisms in pure copper single crystals : Peierl’s [Nabarro, 1997,
Frank-Read |[Madec et al., 2000[, slip markings [Stanzltschegg et al., 2007, PSB
[Mughrabi, 197§].

As a matter of fact, the stored energy amount that was estimated in the present study
could be compared to the values that were displayed in Section[I.3.3] To be comparable,
the amount of stored energy estimated for several materials will be compared with
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respect to a unified quantity that is the ratio /R, between the applied stress and
the ultimate tensile stress. The stored energy per cycle, that was estimated in this
study, ranges close to 7.7 x 102Jm™3.cycle™* for o/R,, = 0.38f] and is in the order of
1.5 x 102J.m3.cycle™! for o/ R,, = 0.24. The comparison can be made with the results

reported by [Hu et al., 2021] in the case of aluminum alloys as no results were found in

the literature concerning copper. Hu et al. measured the stored energy per cycle to be
about a few 10*J.m=3.cycle™ for /R, = 0.56, i.e. in the LCF regime of the material.
It is 10 to 100x higher than what we found in the case of a loading in the VHCF regime
of copper.

The local maximum that was observed on the evolution of the mechanical work is
observed as well on the evolution of the stored energy. The hill appears between 30 and
55 MPa. According to Figure|3.18] which recalls the threshold stress at which dislocation
structures form in copper, this range of stress corresponds to the appearance of slip
markings in the material. These slip markings are precursors to persistent slip bands
(PSB) with ladder-like structure, representative of the slip irreversibility in the material.
The diffraction peak width (FWHM) is correlated with the stress heterogeneity and the
dislocation density (see Section . The study of the peak width evolution during a
fatigue loading provides complementary information about the dislocation’s content and
its evolution. FWHMSs were thus measured simultaneously to the estimation of stored
energy for specimen "Cul”.

Figure shows the reconstructed cyclic evolutions of the 226 diffraction peak
FWHM for the three first reconstructed cycles, in the case of eight particular stress
amplitudesEl. The stress amplitudes at which the FWHM are presented corresponds to
stress amplitudes at which the stored energy has specific values, as reported in Figure

B.I17

3. The ultimate tensile stress of copper single crystal is taken similar to polycrystalline copper, i.e.
R,, = 210MPa.

4. Tt is worth noting that the FWHM evolution is in anti-phase with respect to the strain gauge
signal reported on the figures, owing to the XRD study that is conducted in the direction perpendicular
to the loading direction (along the specimen length). Thus, when a tensile load is measured by the
strain gauge, it corresponds to a negative lattice strain in the perpendicular direction.
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FIGURE 3.19 — Evolution of the FWHM of the 226 diffraction peak (copper single
crystal) with respect to the applied delay to acquire the data. The cyclic evolution of
the FWHM is acquired cycle per cycle. Their representation one after the other is
made for sake of simplicity. Yet, it does not mean that these reconstructed cycles are
successive as they are each reconstructed over 8.46 x 10° cycles. The strain measured
by the strain gauge provide an element of comparison to the cyclic evolution of the
FWHM. The FWHM are plotted for stress amplitudes of a) 16 MPa, b) 30 MPa, c)
48 MPa, d) 55 MPa, e¢) 61 MPa, f) 69 MPa, g) 77 MPa and h) 80 MPa.
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The FWHM evolution of the 226 diffraction peak shows similar evolutions to what
was presented in Section[2.4.3.5 A sinusoidal evolution is observed for stress amplitudes
lower than 40 MPa. Above 48 MPa, the specific evolution of the FWHM is similar to what
is observed for polycrystalline materials. Thus, we propose to fit their cyclic evolutions
by the following function :

Ay + By sin(wt) + C,, sin(wt)? (3.2)

where the signification of the three parameters A,,, B, and C,, becomes different than
typical models used for polycrystalline materials (see Section . Indeed, in the
case of a single crystal, they could be described as :
Aw : corresponds to the "average” peak width (during one cycle), which is associated
with the average dislocation density.
Bw : corresponds to the amplitude of the peak width evolution (during one cycle).
It is linked with the intensity of fluctuation of the dislocation density.
Cw : is associated with the difference of behavior of the fluctuation of dislocation
density between the tensile and compressive part of the cyclic loadingﬂ This
parameter remains difficult to interpret.

The evolution of the three parameters with respect to the stress amplitudes is repre-
sented in Figure [3.20}
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F1GURE 3.20 — Evolution of parameters A,,, B, and C,, with respect to the stress
amplitudes - case of copper single crystal, specimen "Cul”.

5. If Cy is null, it means that the fluctuation of dislocation density between the tensile and com-
pressive states of the material is equivalent, except for the sign.
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One can see that parameter A, remains constant up to 56 MPa and drops above
this stress amplitude. However, parameter B, increases continuously with the stress
amplitudes. Parameter C, increases continuously with the stress amplitudes as well but
shows a steep increase above 62 MPa.

The behavior exhibited by the evolution of the stored energy, with respect to the
applied stress amplitude seems correlated to the variation of the parameters of the
diffraction peak width evolutions. Four observations can be made :

e The increase of parameter B, is continuous, which is associated with a higher
fluctuation of the dislocation density during one loading cycle at a higher stress
amplitude. Such fluctuation is consistent with the results reported by [Erel, 2015].
Dislocations can also be considered more mobile, which is correlated to the conti-
nuous increase in dissipated energy with the increasing stress amplitude (see Fig.
519).

e The local maximum observed in the stored energy per cycle evolution corresponds
to parameter C,, starting to increase and becoming greater than parameter B,,.
It might be representative of the appearance of slip markings.

e The stress amplitude at which PSB appears, i.e. above 55 MPa (see Fig. ,
corresponds to the decrease of parameter A,. It is also correlated to the stored
energy per cycle being negative. This might be due to a decrease of dislocation
density associated with the formation of PSBs.

e The (), parameter starts to increase steeply at a stress amplitude above 62 MPa.
In parallel, the stored energy per cycle is increasing sharply as well and becomes
positive again. The increase in parameter C,, could be attributed to a stronger
difference of dislocation behavior under the tensile and compressive part of the
cyclic loading. This could thus be a representation of the irreversibility of the
dislocation movement in fatigue.

The present discussion concerning the correlation between stored energy and FWHM
is open to questionning and further investigations of the evolution of FWHM would be
required to obtain a knowledgeable answer. Such work is conducted by Doriana Vinci
(Post-doctoral for the FastMat project) and will be the subject of an upcoming article
about the evolution of the FWHM in the case of the present copper single crystal loaded
in fatigue at 20 kHz.
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3.3 Estimation of the stored energy : case of C70 pearlitic
steel

The methodology applied to the uniform mode of SOLEIL Synchrotron was not
providing a time resolution that was small enough to estimate the stored energy in C70
steel. The methodology was thus diverted to be applied in single-bunch mode to allow
an acceptable estimation of stored energy in steel.

3.3.1 Estimation of the mechanical work evolution with the stress am-
plitude and number of cycles

In this section, the objective is to present and discuss the evolution of the mechanical
work with the applied stress amplitude that was estimated in the case of our C70 steel.

3.3.1.1 Experimental protocol of the tests

The focus is made on specimen "C70-P6-SB” which was tested in single-bunch mode
with the developed setup. The loading history applied to the steel specimen is reported
in Figure|3.21] The minimum stress applied during the tests was in order of 35 MPa and
the maximum applied stress reached 253 MPa.
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F1GURE 3.21 — Loading history of specimens put in vibration with the ultrasonic
fatigue machine during XRD measurements : specimen "C70-P6-SB”. Stress
amplitudes has been estimated by using strain gauge.
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XRD measurements focused on the 110 diffraction ring of the ferrite phase as it is
the most intense. In the present case of the single-bunch mode, an SNR of 265 can be
obtained on the diffraction peak, which guarantees a low influence of the photon noise
on the reconstructed stress and strain evolution. Table B.4] shows the uncertainties on
the estimation of the diffraction peak position and the peak width. The uncertainties
reported in the present table are at least 2.5x lower than what was evidenced for the
tests conducted on the C70 steel in uniform mode (see Table [3.2)), which underlines the
improvement that the single bunch mode brought to the methodology.

TABLE 3.4 — Characteristic of ferrite 110 diffraction peak studied in single-bunch mode.

The uncertainty is computed as the standard deviation of 50 acquired diffraction peaks
- case of C70 steel, specimen "C70-P6-SB”; beam energy of 18 keV.

Reference values Standard deviations
Specimen | Peak (hkl) | SNR | 20 (°) | FWHM (°) 20 (°) FWHM (°)
C70-P6-SB 110 265 19.6 0.0656 1.7x107* | 1.7x 107*

For steel in single-bunch mode, the intensity acquired on each frame during the frame
accumulation process is small. Thus, the duration of the accumulation process is longer
than that used for copper. The reconstruction of one cycle was seen to take 1.1 x 108
cycles. In fact, one cycle is reconstructed in 1.5 hour of test. It remains acceptable in
terms of stability of the material state during the fatigue loading at stress amplitudes
below 260 MPa as the material was seen to exhibit an elastic behavior (see Section
3.1.2.2).

3.3.1.2 Influence of the stress amplitude and number of cycles on the mechanical
work

From the measurements of both stress and strain amplitudes and the estimation of
the time shift between both signals, the mechanical work W,,..;, can be estimated. The
results obtained are shown in Figure |3.22] The error bars represent roughly 40 to 70%
of the measured value. This uncertainty arises specifically from the uncertainties of the
estimation of the time shift between stress and strain, which is induced by the strong
influence of the beam drift on the reconstructed cycles of the stress evolution (see Section

pA2).

The mechanical work per cycle decreases with the number of loading cycles. The
decrease is shown to be about 66% from the first to the third reconstructed cycle, i.e.
from 1.1 x 10% to 3.3 x 108 cycles. From these results, it is difficult to conclude on the
potential stabilization of the mechanical work with respect to the number of cycles.
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F1GURE 3.22 — Evolution of the Mechanical work with respect to the applied stress
amplitudes - case of C70 steel. For each stress amplitude, the values measured for
three reconstructed cycles are reported. For one stress amplitude, the three points
corresponds to the mechanical work evaluated for cycles respectively reconstructed

after 1.1 x 108, 2.2 x 108 and 3.3 x 10® loading cycles.

The mechanical work shows an exponential increase with respect to stress ampli-
tudes. It reaches at least 10*.J.m~3.cycle™" for the first reconstructed cycle and for stress
amplitudes higher than 180 MPa. The order of magnitude estimated in the present work
is consistent with the values obtained by [Connesson et al., 2011H] for a low carbon steel
subjected to fatigue loading in HCF and VHCF domains.

3.3.2 Estimation of the dissipated energy evolution with the stress
amplitude

This section presents and discusses the results of the evolution of the dissipated
energy, with respect to the stress amplitude estimated from the C70 steel specimen.

3.3.2.1 Experimental protocol for dissipative measurements

Figure shows the loading history of the steel specimen "C70-P6-SB” during the
temperature measurements. The specimen that was used for temperature measurements
is the same as the one loaded at SOLEIL Synchrotron for XRD measurements. Thus,
the loading history exposed in this section happened after the loading history of Figure
m Each loading step was maintained during blocks of 107 cycles.

171



3.3. ESTIMATION OF THE STORED ENERGY : CASE OF C70
PEARLITIC STEEL

—— History of loading - Steel C70-P6-SB

= N N w
w o w o
o o o o

Stress amplitude (MPa)
S
o

%0 0.5 1.0 15 2.0
Number of cycles (x108)

FIGURE 3.23 — Loading history of specimens for temperature measurements during
ultrasonic fatigue tests - case of C70 steel, specimen "C70-P6-SB”.

3.3.2.2 Influence of the stress amplitude on the dissipated energy

During the ultrasonic fatigue interrupted tests conducted to estimate the dissipated
energy, the temperature at the surface of the specimen was measured. The temperature

increment corresponding to the saturation temperature is plotted with respect to the
stress amplitude in Figure [3.24]
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FIGURE 3.24 — Evolution of temperature imcrement () with respect to the applied
stress amplitudes - case of C70 steel, specimen "C70-P6-SB”.
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The dissipated energy was estimated from temperature measurements, as previously
recalled for copper. Figure [3.25]shows the evolution of the dissipated energy with respect
to the stress amplitude. The results show an increase following an almost quadratic law.
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FI1GURE 3.25 — Evolution of dissippated energy with respect to the applied stress
amplitudes - case of C70 steel, specimen "C70-P6-SB”.

The C70 steel shows a steep increase in its measured temperature increments for
stress amplitudes above 150-200 MPa. The steep increase in the dissipated energy might
indicate that dislocations are more mobile above such stress amplitude but it does not
provide any intel on the irreversible character of the dislocation movements.

3.3.3 [Estimation of the stored energy evolution with the stress ampli-
tude and number of cycles

The results obtained for the estimation of the stored energy versus the stress ampli-
tude are plotted in Figure [3.26] They show the evolution of stored energy in the case
of the first three reconstructed cycles. The envelope plotted on the curves are calcula-
ted by the propagation of uncertainties arising from the estimation of both mechanical
work and dissipated energy, with a stronger influence of the uncertainty made on the
estimation of mechanical work.

In the same manner as what was estimated in the case of copper single crystal, the
stored energy that is estimated for steel is decreasing with the number of loading cycles.
For instance, the stored energy decreased from 1.3 x 10*J.m3.cycle™! after 1.1 x 108
cycles down to 5 x 103J.m™3.cycle™! after 3.3 x 10® cycles.
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FIGURE 3.26 — Evolution of the stored energy with respect to the stress amplitude
applied to the specimen - case of C70 steel, specimen "C70-P6-SB”. Results are shown
for the a) first, b) second and c) third reconstructed cycles.
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FIGURE 3.27 — Evolution of the FWHM of the 110 diffraction peak with respect to
the applied delay to acquire the data. The cyclic evolution of the FWHM is acquired
cycle per cycle. Their representation one after the other is made for sake of simplicity.
Yet, it does not mean that these cycles are successive as they are each computed over

1.1 x 108 cycles. The strain measured by the strain gauge provides an element of
comparison to the cyclic evolution of the FWHM. The FWHM are plotted for stress
amplitudes of a) 35 MPa, b) 100 MPa, c¢) 180 MPa, d) 230 MPa and e) 253 MPa.

In addition, one can put the present results in front of the order of magnitude of the
stored energy presented in Section [1.3.3] In a bainitic steel loaded at o/R,, = 0.76, the

results reported a stored energy of 6 x 10°J.m=3.cycle™! [Martins et al., 2020]. Besides,
1

a stored energy of 3 x 10°J.m™3.cycle™" in a low carbon steel loaded at o/ R,,, = 0.88 was

evidenced by [Jirandehi and Khonsari, 2020]. In comparison to such results, the stored

energy estimated in the present study is at least 100 to 1000x smaller (in the order of
a few 103Jm3.cycle™). Tt is consistent when one considers the present fatigue loading
conducted on the C70 steel in the VHCF domain at /R, varying from 0.13 to 0.34.
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The loading was held during 3 x 10® cycles at 253 MPa on the specimen "C70-P6-SB”.
The cumulated stored energy after this loading is estimated to be close to 2.7 x 10*2.J.m 3.
This value is at least 200x higher than what was reported by [Martins et al., 2020 in
the case of a bainitic steel loaded at o/R,, = 0.76 (at low-frequency) after 10* cycles.

It is thus highly probable that more energy has been stored in the present test as the
loading was maintained during 3 x 10® cycles and the tests were carried out with an
ultrasonic fatigue machine.
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FIGURE 3.28 — Evolution of parameters A,,, B,, and C,, with respect to the stress
amplitudes - case of C70 steel, specimen "C70-P6-SB”.

A correlation between the FWHM evolutions and the evolution of the stored energy
with stress amplitude in the steel specimen can be made. Similarly to what was presented
for copper, Figure [3.28 shows the evolution of parameters A,,, B, and C,, with respect
to the stress amplitude. The following observations are reported :

e The amplitude of fluctuation of the FWHM (associated with parameter B,, men-
tioned previously) during one reconstructed cyclic evolution increases with stress
amplitude. This means that dislocations are more mobile and that dislocation
density is fluctuating largely at higher stress amplitudes. This corresponds to
more energy stored in the specimen, and also to a higher amount of dissipated
energy.

e Additionally, the average peak width (associated with parameter A,) seems to
be higher for higher stress amplitudes. This variation of the mean is associa-
ted with a substantial increase in dislocation density between 100 and 230 MPa.
Additionally, a decrease is observed at a stress amplitude of 253 MPa.

29

e The specific variation of FWHM, following the ”sin + sin“” function, observed

in the case of copper was not evidenced in the case of the steel, even at stress
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amplitude of 253 MPa. However, the lower part of the FWHM evolution seems to
be flatter than the upper part. In parallel, parameter C,, is increasing for stress
amplitudes above 180 MPa. It could be associated with the tensile portion of the
cycle that reaches a saturation of dislocation density.

3.3.4 Conclusion of the discussions

From the presented results, general tendencies can be extracted and expressed as
follows :

e The stored energy per cycle is found to lie between a few hundreds and a few
thousands of J.m™3.cycle™ for both materials. This result is consistent with what
is reported in the literature.

e For an increasing stress amplitude, the stored energy per cycle increases as well.
This was shown for both materials.

e For a maintained stress amplitude, the stored energy per cycle decreases with
the number of cycles applied to the material. It can reach a stable value after
2.5 x 107 cycles for copper.

e On the evolution of the stored energy per cycle with respect to the stress am-
plitude, a local maximum was observed between 30 and 55 MPa in the case of
copper. It is believed to be correlated to the appearance of slip markings in the
material. On the contrary, no local maximum was identified for steel.

The stored energy per cycle is estimated after the reconstruction of at least one
cycle of stress and strain evolutions. Thus, the sampling frequency at which the stored
energy is estimated during a fatigue loading is very small. In fact, one value of stored
energy can be estimated every 7 x 10° cycles for copper (i.e. every 6 minutes) and every
1.1 x 10® cycles for steel (i.e. every 92 minutes)ﬁ This rather low sampling frequency
on the estimation of the stored energy depends on the accuracy of the measurements.
For copper, the sampling frequency is higher because the SNR of the diffraction peaks
studied is high and the reconstruction of the evolution of the stress is less influenced
by the noise on the XRD images. This is not true for steel where the time required to
reconstruct one cycle must be prolonged.

To explain the difference in accuracy of the measurements of stored energy between
both materials, we must consider the noise on the XRD images but also the beam drifts.
Beam drifts were seen to influence more the reconstructed stress signals measured on
steel than on those measured on copper. This is owing to the smaller SNR of the studied

6. In the case of a loading at a lower frequency (at 10 Hz for instance), values of stored energy would
be acquired more often (i.e. separated by a smaller number of loading cycles) but it would become too
long to reach fatigue lives in the VHCF domain.
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diffraction peaks of steel compared to copper, which in turn depends on the material
to study, i.e. if it is a single crystal or a polycrystalline material. In addition, the beam
drifts were seen to be even more influencing the reconstruction of the stress signal in the
case of steel because the duration of one cycle reconstruction is at least 15x longer than
for copper. It is thus more probable than the beam would drift during the reconstruction
of one cycle in the case of steel than in the case of copper.
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CONCLUSION AND PERSPECTIVES

General conclusions

This Ph.D. aimed at the development of an experimental methodology to deter-
mine fast the fatigue properties of metals in the VHCF domain. The fatigue loading was
conducted with an ultrasonic fatigue machine, working at 20 kHz, to reduce the duration
of the tests. The focus was directed toward the experimental estimation of the energy
that is stored in metallic materials during a fatigue test. This quantity is believed to be
representative of fatigue damage and its evolution throughout the cyclic loading. This
work involved the development of a pump-probe methodology on a very large research
instrument that is SOLEIL Synchrotron. This iterative development finally brought the
methodology to reach a reliable state allowing the time-resolved methodology to be ap-
plied to two materials that are a pure copper single crystal and C70 pearlitic steel.

The major conclusions that are drawn from the developments conducted during this
work are reported hereafter :

e The in situ time-resolved X-ray diffraction methodology enables one to estimate
the longitudinal stress amplitude applied to a specimen (during an ultrasonic
fatigue test conducted in the VHCF domain) from the measurement of the lattice
strain underwent by grains, conditionally upon the correct estimation of the X-ray
elastic constants of the studied material.

e [t is possible to estimate the mechanical work during fatigue tests conducted
at an ultrasonic frequency, from the reconstruction of stress and strain cyclic
evolutions, by employing a method inspired from pump-probe techniques.

e The existing methodology of in-situ time-resolved XRD adapted to the uniform
mode (continuous beam) of SOLEIL Synchrotron, was applied to estimate the
mechanical work applied to a copper single crystal.

e A new approach was developed to be adapted to the single-bunch mode (pusled
beam) of SOLEIL Synchrotron. It consists in synchronizing the vibration of the
ultrasonic fatigue machine with the frequency of the X-ray pulses to carry out
in situ XRD measurements. It was required to estimate the mechanical work
brought to C70 steel.

e The uncertainties in the estimation of the time shift between stress and strain
(which is the most influencing quantity when estimating the mechanical work)
was estimated at 570 ns in uniform mode and 173 ns in single-bunch mode (arising
from the total jitter of the experimental setup). However, the application of the
stroboscopic approach led to statistical uncertainties that was brought to 5-30 ns
in the case of copper in uniform mode and 30-75ns in the case of steel in single-
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bunch mode.

e The energy that is dissipated by the materials loaded cyclically was estimated
from temperature measurements conducted during interrupted ultrasonic fatigue
tests.

e Consequently, the energy that is stored in the material during the loading has
been estimated from the establishment of an energy balance, after the dissipated
energy and mechanical work were independently estimated experimentally.

Hereafter are reported the scientific contributions of this work :

e For both materials, and for a maintained fatigue loading at a given stress ampli-
tude, the energy stored per cycle was seen to decrease with the number of cycles.
After decreasing, the stored energy per cycle reaches a stabilized regime. The
stabilized regime was reached after at least 2 to 3 x 107 cycles for copper single
crystal.

e The energy stored per cycle increases with the stress amplitude for the two studied
materials. For copper, it shows a local maximum at stress amplitudes between
30 and 55 MPa, followed by a small decrease leading to a negative stored energy
per cycle. Finally, a steep increase is observed for the highest stress amplitudes
applied. The local maximum appears for stress amplitudes corresponding to the
possible appearance of early slip markings on the specimen surface and the nega-
tive stored energy per cycle is believed to be attributed to the formation of PSBs.
Through its specific evolution, stored energy is believed to be a good marker of
microstructural changes occuring during a fatigue loading. On the contrary, the
evolution of dissipated energy with respect to stress did not allow one to draw
such conclusions.

e Full width at half maximum (FWHM) of diffraction peaks are believed to be
representative of the dislocation density. From the present work, the cyclic evolu-
tion of the FWHM, with respect to the stress amplitude, was seen to be correlated
to the evolution of the stored energy and thus to the microstructural change pos-
sibly occurring in the material.
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Perspectives

The methodology is not exempt from improvements and this section intends to give
some leads to make the methodology even more efficient or to diversify its applications.

Refinement of the temporal resolution

The fluctuation observed in the estimation of the stored energy per cycle is constrai-
ned by the experimental methodology employed in this work. An additional decrease in
the time resolution on the estimation of the time shift between stress and strain would
reduce the uncertainties on the estimation of the stored energy. It could thus make the
existence of the observed local maximum clearer on the evolution of stored energy with
respect to stress (at least for copper).
Besides, investigating more levels of stress amplitude would also clarify the position of
the local maximum with respect to stress. In addition, it would be interesting to inves-
tigate several more levels of stress amplitude, between 100 and 400 MPa for C70 steel,
in order to determine if the local maximum can be observed for this material as well.
This is possible by increasing the electrical power generated by the power supply that
was developed during this work to allow the synchronisation of the ultrasonic fatigue
machine with the synchrotron.

Extend the measurements to longer fatigue lives

An improvement of the time resolution with which the time shift is estimated would
reduce the fluctuation of stored energy estimates from one cycle to another. This would
help to confirm the exactitude of the stabilized regime that was highlighted in this work.
Furthermore, the investigation of the behavior of the stored energy for higher fatigue
lives would be necessary. Indeed, knowing how the stored energy per cycle behaves for
very long fatigue lives, above several 10° cycles for instance, would provide crucial in-
formation on the corresponding occuring microstructural changes.

Reduce the influence of the beam drifts

The stability of the X-ray beam that is used to conduct such in situ time-resolved
X-ray diffraction measurements is of great importance. According to the material chosen
to conduct these measurements, the influence of the beam drifts can be either negligible
(for copper) or detrimental (for steel) on the time accuracy with which the time shift
is estimated. The influence of beam drifts is more important for complex materials that
are closer to industrial applications.
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A possibility would be to reduce the influence of the beam drifts by reducing the duration
of the cycle reconstructions, owing to an X-ray beam with more energy for instance. This
would be achievable through the employment of a X-ray source with a higher brilliance
or by using 3D detectors with which it is possible to use polychromatic beams and thus
acquire photons at several wavelengths.

Correlate stored energy evolution with dislocations activity

A scientific interest still lies in the correlation between the evolutions of stored energy
per cycle and the cyclic evolutions of FWHM. Both quantities are associated with dislo-
cations and could provide interesting information about their evolution during a fatigue
loading.

To go further, the relation between both quantities should now be modeled to confirm
the conclusions drawn in this work. This investigation could be conducted over three
main axes :

e The proposition of a plasticity model that could explain the evolutions of the
FWHM, based on the microstructural state of the material (and thus the dislo-
cation content of this material) and its evolution.

e A complementary study would also be necessary. It could correspond to the si-
mulation of disloctation systems and structures through Discrete Dislocations
Dynamics (DDD) from which an equivalent stored energy could be estimated.
The evolution of the simulated dislocations under a fatigue loading (typical of
the VHCF domain) would provide an estimate of the evolution of the stored
energy in VHCF.

e In addition, it would be interesting to try to retrieve the evolutions of the peak
width that were experimentally observed through the simulation of the cyclic loa-
ding applied to a dislocation structure with DDD. It would constitute a complex
simulation to recreate the equivalent diffraction peak of an RVE of grains that
would be characteristic of a material submitted toa certain stress heterogeneity.
Then, by applying different loading conditions to the RVE, the simulated dif-
fraction peak would evolve in accordance with the evolution of the dislocation
content and the material stress state.

If a correlation can be proven, the study of FWHM could be used on its own to
follow the evolution of microstructural changes and the initiation of damage in metallic
materials subjected to a fatigue loading. The convenience and ease with which FWHM
can be studied on metals would allow one to diversify the methodology and conduct
tests at low-frequency or with a more complex stress state. However, this requires the
investigation of the evolution of the FWHM with respect to the number of cycles, to see
if it does reach a stabilized regime, similarly to the stored energy.

183



CONCLUSION AND PERSPECTIVES

Determination of fatigue properties from stored energy measurements

To allow the use of the methodology, the evolutions of stored and dissipated energies
that were measured experimentally in this work could be retrieved through simulations
at the scale of dislocations by using DDD. From such simulations, it would thus be pos-
sible to properly compare the evolution of stored energy and the increase in dislocation
density or the formation of dislocation structures. It would thus be possible to determine
the fatigue properties of metallic materials from stored energy evolutions and establish
a fatigue design criterion.
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Vincent Jacquemain

\ Arts Fast determination of stored energy of metals HESAM )
et Métiers during fatigue tests at 20kHz by using in situ UNIVERSITE
time-resolved X-ray diffraction

Résumé : L'objectif de cette thése est de développer une méthode de détermination rapide des
propriétés des matériaux en fatigue, a partir de I’évolution de I’énergie stockée en fonction de 'amplitude
de contrainte et du nombre de cycles appliqués. Cette évolution est estimée pendant des essais de fatigue
menés a haute fréquence et pour des trés grands nombres de cycles. La compréhension du lien entre
I’évolution de I’énergie stockée et 'activation des mécanismes d’endommagement en fatigue permettrait
de renforcer la crédibilité de la méthode. L’énergie stockée est estimée en réalisant un bilan d’énergie,
qui correspond a la différence entre le travail mécanique apporté au matériau et ’énergie qu’il dissipe
sous forme de chaleur. Le travail mécanique est estimé par diffraction des rayons X in situ résolue
en temps et I'énergie dissipée par thermographie. Pour étudier le domaine des trés grands nombres
de cycles, un machine de fatigue ultrasonique fonctionnant a 20kHz est utilisée. Les résultats des
mesures montrent d’une part que ’énergie stockée décroit avec le nombre de cycles, jusqu’a atteindre
un régime stabilisé et d’autre part qu’elle augmente avec 'amplitude de contrainte. Dans le cas du
cuivre, I’évolution de I’énergie stockée en fonction de I'amplitude de contrainte semble également étre
corrélée a ’apparition de bandes de glissements, précurseurs de la formation d’endommagement en fatigue.

Mots clés : Fatigue a trés grand nombre de cycles, Machine de fatigue ultrasonique, Bilan d’énergie,
Travail mécanique, Diffraction des rayons X in situ résolue en temps, Energie dissipée, Thermographie
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Abstract : The objective of this thesis is to develop a methodology to quickly determine the fatigue
properties of materials, from the evolution of the stored energy with respect to the stress amplitude and
number of cycles applied. This evolution is estimated during fatigue tests conducted at high frequency
and for very high number of cycles. The understanding of the link between the evolution of stored
energy and the activation of fatigue damage mechanisms would help to improve the credibility of the
methodology. The stored energy is estimated by establishing an energy balance from the difference
between the mechanical work that is brought to the material and the energy that is dissipated as heat.
The mechanical work is estimated from in situ time resolved X-ray diffraction measurements and the
dissipated energy from thermographic measurements. To study the very high fatigue lives, fatigue tests
are conducted by using an ultrasonic fatigue machine working at 20 kHz. On the first hand, the results
show that the stored energy decreases with the number of cycles, down to reach a stabilized regime.
On the other hand, the stored energy increases with the stress amplitude. In the case of copper, the
evolution of the stored energy with respect to the stress amplitude is also correlated to the appearance
of slip bands, which are precursors of fatigue damage.

KeyWOI'dS ¢ Very high cycle fatigue, Ultrasonic fatigue machine, Energetic balance, Mechanical work,
In situ time-resolved X-ray diffraction, dissipated energy, Infrared thermography, Copper single crystal,
C70 pearlitic steel
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Résumeé

L’objectif de cette these est de développer une méthode de détermination rapide des
propriétés des matériaux en fatigue, a partir de 1’évolution de ’énergie stockée en fonc-
tion de 'amplitude de contrainte et du nombre de cycles appliqués. Cette évolution est
estimée pendant des essais de fatigue menés a haute fréquence et pour des tres grands
nombres de cycles. La compréhension du lien entre I'évolution de 1’énergie stockée et
I’activation des mécanismes d’endommagement en fatigue permettrait de renforcer la
crédibilité de la méthode. L’énergie stockée est estimée en réalisant un bilan d’énergie,
qui correspond a la différence entre le travail mécanique apporté au matériau et ’énergie
qu’il dissipe sous forme de chaleur. Le travail mécanique est estimé par diffraction des
rayons X in situ résolue en temps et 1’énergie dissipée par thermographie. Pour étu-
dier le domaine des tres grands nombres de cycles, un machine de fatigue ultrasonique
fonctionnant a 20kHz est utilisée. Les résultats des mesures montrent d'une part que
I’énergie stockée décroit avec le nombre de cycles, jusqu’a atteindre un régime stabilisé
et d’autre part qu’elle augmente avec 'amplitude de contrainte. Dans le cas du cuivre,
I’évolution de 1'énergie stockée en fonction de I'amplitude de contrainte semble égale-
ment étre corrélée a I'apparition de bandes de glissements, précurseurs de la formation
d’endommagement en fatigue.

Mots-clés : Fatigue a tres grand nombre de cycles, Machine de fatigue ultrasonique, Bilan
d’énergie, travail mécanique, Diffraction des rayons X in situ résolue en temps, Energie
dissipée, Thermographie infrarouge, Cuivre monocristallin, Acier C70 perlitique.
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Introduction

Motivation de I’étude

La fatigue des matériaux est un phénomene qui préoccupe toujours de nombreux in-
dustriels dans les domaines des transports et de la production d’énergie. Ce phénomene
correspond a l'action d’'un chargement cyclique qui fragilise la matiere du fait de sa
répétition et conduit a sa rupture. Un exemple récent d’incident ayant eu lieu a cause
de ce phénomene s’est produit en 2021. Le moteur d’'un Boeing 777 a pris feu suite a
la rupture d'une aube de turbine, du fait d’'un chargement cyclique apres pres de deux
milliards de cycles.

Le développement des structures vise a ce qu’elle soit a la fois plus résistantes dans le
temps mais aussi a ce que leur suivi en maintenance soit efficace. Les structures at-
teignent donc de plus en plus communément des durées de vies supérieures & 107 cycles,
i.e. correspondant au domaine de la fatigue a trés grand nombre de cycles (VHCF). Pour
garantir la sécurité de ces structures, il est nécessaire de bien controler la durée de vie
des structures soumises a des charges cycliques. Pour ce faire, il est indispensable de bien
connaitre les propriétés en fatigue des matériaux qui sont employés. Le comportement
des matériaux en fatigue peut étre déterminé par des essais mécaniques. Cependant,
pour caractériser les matériaux en fatigue pendant de tres grandes durées de vie, les
moyens conventionnels utilisés pour faire des essais de fatigue sont limités.

Différentes méthodes furent développées et ont chacune leur avantage. L’objectif ac-
tuel est de réduire les temps de caractérisation des matériaux sous chargement cyclique
pour étre en mesure de maitriser rapidement leur comportement en fatigue et mieux
prévoir le cycle de vie des structures. Des méthodes récentes proposent de réaliser des
mesures énergétiques pendant le chargement en fatigue des matériaux. Cela semble pro-
metteur, mais les quantités estimées ne sont pas toujours faciles a interpréter. Depuis
plusieurs décennies, le focus est fait sur I’énergie dissipée par la matériau pendant un
chargement cyclique. Cette quantité, facile a mesurer, est cependant difficile a interpré-
ter en terme de changements microstructuraux et donc en terme d’endommagement en
fatigue. L’énergie stockée quant a elle, est directement associée aux changements micro-
structuraux conduisant a I’endommagement de la matiere. Cette quantité mérite donc
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qu’on s’y intéresse.

Objectifs de la these
L’objectif de cette these est triple :
1. Déterminer rapidement les propriétés en fatigue des matériaux métalliques dans
le domaine VHCEF a partir de I’évolution de I’énergie stockée.
2. Estimer les évolutions d’énergie stockée en fonction de 'amplitude de contrainte
et du nombre de cycles.
3. Comprendre le lien entre les évolutions d’énergie stockée et les changements mi-
crostructuraux, précurseur d’endommagement en fatigue.
Le travail conduit pendant cette these a été effectué dans le cadre du projet ERC
H2020 FastMat ("Fast determination of fatigue properties of Materials beyond one bil-
lion cycles”) financé par le Comité Européen de Recherche (grant agreement No 725142).

Approche scientifique

Le travail réalisé durant cette these s’est concentré sur le développement de la méthodo-
logie d’estimation de I’énergie stockée. Cette derniere repose sur le calcul de la différence
entre le travail mécanique apporté au matériau et ’énergie qu’il dissipe sous forme de
chaleur. L’énergie dissipée est estimée par mesure de température a la surface du maté-
riau. Le travail mécanique est quant a lui estimé a ’aide d’une méthode de diffraction
des rayons X résolue en temps, appliquée in situ. Cette méthode, développée de ma-
niere itérative pendant de multiples campagnes d’essais tout au long de la these, est
conduite sur un synchrotron. En l'occurrence, les travaux de cette these ont été réalisés
en collaboration avec la ligne DiffAbs du synchrotron SOLEIL. Les essais sont conduits
a l’aide d'une machine de fatigue ultrasonique qui permet d’atteindre le domaine VHCF
rapidement.

Les deux méthodologies sont appliquées a deux matériaux : un cuivre monocristallin
et un acier perlitique polycristallin C70.

Organisation du manuscrit
Ce manuscrit est divisé en trois chapitres :

e Le premier chapitre correspond a l’état de 'art en termes de dimensionnement
en fatigue et reprend principalement les méthodes de dimensionnement basées
sur des essais conduits jusqu’a rupture, et sur des essais courts interrompus avec
mesure énergétique complémentaire. Il pose également les bases de I'endomma-
gement en fatigue et de sa formation.

e Le deuxieme chapitre présente la méthodologie expérimentale ainsi que le dispo-
sitif qui ont été tous deux développés pour permettre d’atteindre I'objectif de la
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these, a savoir estimer I’énergie stockée dans un matériau pendant une sollicita-
tion cyclique conduite dans le domaine VHCEF, i.e. sur une machine ultrasonique
fonctionnant a 20kHz. Ce chapitre discute en détail les estimations de travail
mécanique et d’énergie dissipée indispensable a la détermination de 1’énergie sto-
ckée.

e Finalement, le troisieme chapitre présente et discute les résultats obtenus en
termes de mesures énergétiques (énergie dissipée, travail mécanique et énergie
stockée) pour les deux matériaux de ’étude.
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Chapitre 1

Etat de l’art - dimensionnement en
fatigue

Il existe différentes méthodologies pour dimensionner une structure en fatigue :

e Tests de structures a ’échelle 1 :1 : ces tests permettent de reproduire le char-
gement en conditions réelle d'une structure jusqu’a sa rupture pour déterminer
sa durée de vie. Ce type de test est cependant couteux et tres spécifique a une
structure pour un cas de chargement.

e Tests a petite échelle : des tests peuvent étre réalisés sur un échantillon de matiere
qui serait représentatif du matériau employé dans une structure pour déterminer
les propriétés en fatigue de ce matériau. Cette méthode est probabiliste et néces-
site de réaliser de nombreux tests (conduits jusqu’a rupture) pour s’assurer de
la fiabilité des résultats. A partir de ces résultats, une simulation numérique de
la réponse de la structure a une sollicitation de fatigue peut étre calculée pour
valider sa résistance.

e Tests interrompus a petite échelle : pour accélérer le dimensionnement en fa-
tigue, une méthode permet de déterminer les propriétés en fatigue des métaux
en réalisant des essais courts interrompus pendant lesquels la température de
I’échantillon est mesurée. A partir de ces estimations, différentes approches ont
été réalisées et différentes et modélisations employées pour lier I'augmentation de
la température et le nombre de cycles a rupture.

1.1 Tests a petite échelle - Courbes SN

La seconde méthode basées sur des tests de fatigue, conduits a petite échelles, jus-
qu’a rupture est détaillée ici. Les courbes SN sont un outil permettant de visualiser les
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1.1. TESTS A PETITE ECHELLE - COURBES SN

propriétés en fatigue des matériaux en mettant en regard la contrainte appliquée en
fonction du nombre de cycles a rupture. Cet outil est construit a partir de nombreux
tests conduits jusqu’a rupture sur des éprouvettes d'un matériau donné.

Sur ce genre de courbes, plusieurs domaines peuvent étre identifiés :

e LCF = fatigue a faible nombre de cycles caractérisé par des durées de vie infé-
rieures a 10* cycles et des contraintes appliquées élevées.

e HCF = fatigue a grand nombre de cycles caractérisé par des durées de vie com-
prises entre 10* et 107 cycles.

e VHCF = fatigue a tres grands nombre de cycles caractérisé par des durées de vie
supérieures & 107 cycles.

Les courbes SN sont tracées en suivant des normes qui permettent de déterminer
une limite de fatigue, correspondant a une horizontalité de la courbe SN observée sur
les résultats expérimentaux, pour de nombreux matériaux, aux alentours de 107 cycles.
C’est ainsi que furent dimensionnées de nombreuses pieces mécaniques, en se basant sur
cette limite. La norme considere qu’a une contrainte inférieure a la limite en fatigue,
la durée de vie du matériau est infinie. Cette considération de la norme est d’une part
biaisée par le fait que de nombreuses applications considéraient 107 cycles comme une
durée de vie infinie. D’autre part, les machines conventionnelles permettant de réaliser
des essais de fatigue, qui furent utilisées a I’époque, sont limitées en terme de fréquence
a plusieurs dizaines de hertz en général. De ce fait, I’étude expérimentale des durées
de vie supérieures & 107 cycles par ces moyens est limitée. Depuis plusieurs décennies,
les machines de fatigues ultrasonique fonctionnant a 20kHz ont été développées. Ces
machines permettent de solliciter un matériau pendant un milliard de cycle en 14 heures
seulement, ce qui autorise une étude du domaine VHCF dans des durées d’essais raison-
nables. Les essais menés dans le domaine VHCF ont permit d’étudier le comportement
des matériaux pour des tres grandes durées de vie. Il a été observé que pour certains
matériaux, la limite en fatigue se prolonge du domaine HCF au domaine VHCEF. Ce-
pendant, pour de nombreux matériaux, leur comportement diverge du comportement
montrant une limite. En effet, certains matériaux présentent une croissance continue de
la durée de vie pour une contrainte décroissante tandis que d’autres peuvent rompre
pour des contraintes inférieures & limite de fatigue (identifiée a 107 cycles) et pour des
durées de vie bien supérieures & 107 cycles.

En conséquence, la courbe SN est un outil puissant permettant de déterminer expéri-
mentalement les propriétés en fatigue des matériaux métalliques. Cependant, la construc-
tion des courbes SN pour des durées de vie tres importantes (de ordre de 10'1 cycles
par exemple) est limitée par les moyens expérimentaux permettant de conduire des es-
sais de fatigue, méme dans le cas de 'emploi des machines de fatigue ultrasonique.
Cependant, il est nécessaire de déterminer les propriétés des matériaux en fatigue de
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1.2. MESURES ENERGETIQUES PENDANT DES TESTS DE FATIGUE
INTERROMPUS

maniere expérimentale, soit pour des durées de vie tres importantes, soit en accélérant
la caractérisation des matériaux & 10 cycles. De ce fait, d’autres méthodes doivent étre
envisagées.

1.2 Mesures énergétiques pendant des tests de fatigue in-
terrompus

La troisieme méthode exposée plus haut est a son tour détaillée dans cette section.
Elle constitue une alternative intéressante pour déterminer les propriétés en fatigue des
matériaux métalliques rapidement en conduisant des essais courts interrompus !

1.2.1 Estimation de I’énergie dissipée pour déterminer la limite de
fatigue

En mesurant I’échauffement de la matiere lorsqu’elle est sollicitée cycliquement pen-
dant un nombre de cycle donnéEl, on peut construire une courbe d’auto-échauffement en
fonction de la contrainte. A partir de cette courbe, on peut déterminer une limite en fa-
tigue du matériau. Il s’agit du niveau de contrainte a partir duquel ’auto-échauffement
s’'intensifie clairement. Dans certains cas, cette limite en fatigue a celle identifiée sur
la courbe SN du matériau. Dans d’autres cas, les évolutions de température, parfois
particulieres, ne permettent pas d’analyser aisément la courbe d’auto-échauffement. La
température n’est en effet pas une grandeur intrinseque du matériau, et son suivi ne
permet pas de prendre en compte les changements microstructuraux ayant lieu dans la
matiere.

Pour mieux interpréter les résultats de ’échauffement du matériau (en étant indé-
pendant de l'influence de l'environnement), il fut proposé de caractériser les sources
thermiques a l'origine de 'augmentation de température dans le matériau sollicité. Ces
mesures s’appuient sur la mesure de la température mais utilisent une équation de la
chaleur pour déterminer 1’énergie qui est dissipée par le matériau. Ces mesures sont tres
adaptées aux essais de fatigue conduits dans les domaines LCF et HCF. Cependant,
pour des essais dans le domaine VHCF, les niveaux de contraintes faibles entrainent une
tres légere dissipation qui n’est pas toujours mesurable facilement expérimentalement.
Pour améliorer ces mesures, les machines de fatigue ultrasonique peuvent étre employées
pour faire croitre 'augmentation de température par unité de temps lors de ’essai.

1. On consideére des essais interrompus durant entre 10* et 107 cycles en général, pendant lesquels
la température a la surface de I’éprouvette sollicitée est mesurée en continu.
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1.3. MECANISMES D’ENDOMMAGEMENT EN FATIGUE

L’aspect tres intéressant de ce type de méthodes est associé au gain de temps qu’elles
proposent. De plus, cela permet d’obtenir une estimation d’une limite de fatigue en
quelques essais réalisés sur tres peu d’échantillons. Cependant, ce type de méthode ne
permet par une interprétation aisée des résultats. En effet, le lien entre I’énergie qui est
dissipée au cours du chargement et les mécanismes microstructuraux a l’ccuvre dans la
matiere (i.e. les mouvements, multiplications et arrangement des dislocations) n’est pas
bien compris.

1.2.2 L’énergie stockée, un marqueur de l’irréversibilité du glissement
cyclique ?

L’énergie stockée correspond a I’énergie qui est accumulée dans la matiere lorsqu’elle
se déforme de maniere irréversible. Elle est représentative des mécanismes microstructu-
raux qui se développent au sein du matériau. Ainsi, il est plus aisé d’interpréter une évo-
lution d’énergie stockée qu’une évolution d’énergie dissipée en fonction de la contrainte
appliquée. Il est possible d’associer 1’énergie stockée aux mouvements non recouvrables
des dislocations (appelé "irréversibilité du glissement”). De ce fait, cette énergie peut
faire office de marqueur des changements microstructuraux ayant lieu dans la matiere,
qui est a l'origine de la formation de fissure et donc de 'endommagement en fatigue.

Des estimations expérimentales d’énergie stockée ont été réalisées par plusieurs groupes
de recherche. Cependant, tres peu de résultats sont reportés dans la littérature dans le
cas d’essais de fatigue et les résultats reportés sont relativement discordants. De plus,
aucune étude n’a été réalisé sur des essais de fatigue dans le domaine VHCEF.
Cependant, plusieurs consensus sont observés dans la littérature. D’une part, I’éner-
gie stockée augmente avec la contrainte appliquée. Cela vient du fait que pour une
contrainte suffisamment importante, les niveaux de plasticité sont suffisant pour per-
mettre aux dislocations de se multiplier et de s’arranger sous le forme de structures.
D’autre part, 1’énergie stockée diminue avec le nombre de cycles appliqués lorsque 'on
maintient un chargement cyclique a une amplitude donnée. Cela peut venir du fait que
lirréversibilité du glissement atteint un stade de saturation et qu’il faut augmenter la
contrainte pour la faire s’accroitre encore.

1.3 Mécanismes d’endommagement en fatigue

Les fissures de fatigue dans les matériaux cristallins s’initient a partir de l'activité
non recouvrable des dislocations a 'intérieur de la matiere. Cette non recouvrabilité est
associée a une évolution microstructurale pouvant elle-méme étre irréversible. L’accu-
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1.3. MECANISMES D’ENDOMMAGEMENT EN FATIGUE

mulation d’irréversibilités méme de faible ampleur conduit a la formation d’un endom-
magement. En effet, les mécanismes associés a la fissuration de fatigue dans les domaines
HCF et VHCF sont tous deux associés a l'irréversibilité du glissement cyclique.

1.3.1 Meécanismes d’endommagement en HCF

L’irréversibilité du mouvement des dislocations est associée a l'activité plastique
ayant lieu a I'intérieur de la matiere. Diverses structures de dislocations se forment pour
différents niveaux de déformations plastiques. La structure de dislocations responsable
de l'initiation de fissures dans le domaine HCF est associée aux bandes de glissement
permanentes (appelées PSB) et se forment pour un niveau de déformation plastique
conséquent. Ces bandes ont une structure dite “en échelle” dans laquelle les disloca-
tions se regroupent sous la forme de murs. Ces structures sont stables et accommodent
facilement la déformation plastique. Les dislocations sont trés mobiles dans les PSBs.
Lorsque ces bandes rencontrent la surface, elles laissent une marche irréversible appe-
lée une marque de glissement. L’accumulation de la déformation plastique irréversible
conduit a une rugosité de surface qui s’accroit. Cette rugosité est caractérisée par la for-
mation d’extrusions et d’intrusions qui favorisent la formation d’une fissure de fatigue.
Ainsi, la rupture dans le domaine HCF est tres majoritairement due a ’action des PSBs.
La limite de fatigue communément identifiée sur les courbes SN est environ deux fois
supérieure au seuil d’apparition des PSBs. Dans le cuivre, ce seuil a été déterminé a
56 MPa.

1.3.2 Meécanismes d’endommagement en VHCF

En VHCF, les mécanismes a l'origine de la formation des fissures sont eux aussi
dépendant du caractere irréversible du glissement. Cependant, la rupture se produit
pour des niveaux de contrainte qui sont inférieurs au seuil d’apparition des PSB.

Il est possible de considérer deux types de matériaux dans ce domaine. Ceux qui
présentent une initiation de fissure en surface et ceux présentant une initiation interne.
On peut distinguer deux types de matériaux, pour lesquels les modes d’initiation de
fissures sont différents :

e type I : matériaux homogenes, constitués d'une phase cristalline et sans défauts
interne. Le cuivre en est un exemple.

e type Il : matériaux non homogenes, constitués potentiellement de plusieurs phases
et contenant des défauts microstructuraux de type inclusions non métalliques,
pores ou précipités.

Pour les matériaux de type I, c’est la formation tardives de bandes de glissements
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(n’étant pas des PSB) qui est a l'origine de la fissuration en surface, méme dans le
domaine VHCEF. Lorsqu’'un matériau est soumis a une contrainte plus faible que la
limite en fatigue & 107 cycles, ce dernier voit une partie de la déformation plastique qui
lui est appliquée étre irréversible. Cependant, cette déformation plastique n’est pas assez
importante pour former des PSBs directement. En effet, les structures de dislocations
qui se forment dans le domaine VHCF (en veines ou en patchs) évoluent avec le nombre
de cycles pour former des bandes de glissement primaires (qui n’ont pas la structure
en échelle des PSBs) en surface. Ces bandes de glissements induisent une déformation
plastique en surface qui conduit a une rugosité croissante de la surface. Cette rugosité
de surface entraine ensuite une concentration de contrainte localement qui conduit a la
formation de PSBs. Celles-ci, avec 'accumulation de la déformation plastique, méme
de faible amplitude, pendant les trés nombreux cycles appliqués au matériau, peuvent
conduire a la formation de fissures. Ces mécanismes ont été observés expérimentalement.
On observe la présence de bandes de glissement (sans la structure en échelle) pour des
amplitudes de contrainte a peine supérieure a 30 MPa dans le cas du cuivre par exemple.

Les matériaux de type II quant a eux, rompent apres la formation de fissure internes,
pour des durées de vies caractéristiques du domaine VHCEF. Ces dernieres se forment
généralement au niveau des défauts microstructuraux autour desquels la déformation
plastique se concentre. Suite a cette plasticité tres localisée, des micro-fissures peuvent
apparaitre et lentement se propager au cours du chargement cyclique.
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Chapitre 2

Contribution expérimentale -
établissement d’un bilan énergétique
pendant des essais de fatigue a 20kHz

2.1 Objectifs de la these

L’objectif de cette these est de permettre 'estimation de 1’énergie stockée dans les
métaux sollicités en fatigue dans le domaine VHCF. Pour estimer cette quantité, on
propose d’établir un bilan d’énergie tel que l'on estime la différence entre le travail
mécanique apporté au matériau lors de sa sollicitation et 1’énergie dissipée sous forme
de chaleur.

L’énergie dissipée est estimée par cycle, a partir de la variation de dissipation in-
trinseque. Pour estimer cette derniere, on utilise sur une équation de la chaleur et en
mesurant la variation de température de la surface de I’éprouvette, pendant sa sollicita-
tion, avec une caméra InfraRouge. L’énergie dissipée est mesurée indépendamment du
travail mécanique lors d’essais indépendants.

Le travail mécanique, apporté par cycle, est estimé a partir de la détermination des
évolutions respective de la contrainte et du taux de déformation du matériau pendant
un cycle de chargement. Cela correspond a estimer le travail mécanique comme ['air
sous la courbe d’hystérésis contrainte-déformation. La déformation totale peut étre es-
timée directement par des jauges de déformation. Pour estimer le contrainte, on utilise
une loi de Hooke qui requiert la mesure de la déformation élastique. Une méthode qui
permet de mesurer expérimentalement la déformation élastique est la diffraction des
rayons X (DRX). La DRX permet de s’affranchir de 'hypothese d'un comportement du
matériau élastique macroscopique et autorise ainsi I'estimation d'un décalage temporel

17



2.2. MATERIAUX

entre contrainte et déformation. Ce décalage temporel est associé au temps caractéris-
tiques de 'amortissement visqueux des matériaux et est estimé a quelques dizaines de
nanosecondes pour les métaux.

Pour estimer I’évolution cyclique de la déformation totale, la mesure des jauges suffit.
Cependant, estimer 1’évolution dans le temps de la contrainte et du décalage temporel
entre contrainte et déformation, pendant un essai de fatigue a 20kHz, est la princi-
pale difficulté dans ’estimation du travail mécanique. Il est nécessaire d’employer une
méthode résolue en temps pour laquelle plusieurs conditions doivent étre réunies :

e Le nombre de valeurs de contrainte acquises doit étre suffisant pour reconstruire
une évolution cyclique correcte;;

e Le positionnement temporel des points doit étre tres précis;

e [’acquisition d’une valeur doit durer peu de temps pour limiter la variation du si-
gnal de contrainte pendant son acquisition. On considere des durées d’acquisitions
de 'ordre de 1ps jusqu’a 0.1ns;

e Le niveau de bruit doit étre limité par rapport a 'amplitude de variation du
signal de contrainte.

Pour remplir ces conditions, cela revient a maximiser le ratio signal-sur-bruit des
images de DRX (& partir desquelles la contrainte est estimée). Pour ce faire, il est né-
cessaire d’utiliser une source de rayons X a tres haute brillance telle que celle d'un
Synchrotron par exemple. Cela n’étant en réalité pas suffisant, une approche strobosco-
pique a également été envisagée pour améliorer la qualité des clichés de diffraction qui
sont traités.

2.2 Matériaux

Deux matériaux ont été choisis pour conduire ces travaux de these :

e un cuivre monocristallin, qui permet d’étudier la réponse d’un matériau a I’échelle
d’un grain, en se concentrant sur les structures de dislocations et leurs évolutions
en fatigue en s’affranchissant de 'effet des joints de grains.

e un acier perlitique C70. ce matériau biphasé est plus complexe que le cuivre
monocristallin et est plus proche des matériaux employés dans 'industrie. Pour
cet acier, une caractérisation a été effectuée pendant la these pour déterminer
sa limite de fatigue par le tracé d’une courbe SN. Une limite de fatigue a été
déterminée a 400 MPa pour des durées de vie allant de 107 & 1010 cycles.
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2.3. ESSAIS DE FATIGUE ULTRASONIQUE

2.3 Essais de fatigue ultrasonique

Durant cette these, c’est une machine de fatigue ultrasonique qui est utilisée pour
solliciter cycliquement des éprouvettes. Son fonctionnement peut étre divisé en deux
modes :

e le mode standard, pour lequel la fréquence de vibration de la machine est asser-
vie en continu pour garantir un fonctionnement en consommation minimale de
puissance ;

e le mode synchronisé, pour lequel la machine fonctionne a une fréquence fixe im-
posée par une source extérieure (telle que I’horloge d’un synchrotron).

2.3.1 fonctionnement de la machine en mode standard

Le fonctionnement standard des machines de fatigue ultrasonique a été largement
étudié et reporté dans la littérature. Elles reposent sur ’action d’un convertisseur piézo-
électrique qui convertit une tension électrique alternative en vibration a une fréquence
qui est en général de l'ordre de 20 kHz. Pour ce type de machine, le dimensionnement des
éléments constitutifs du systeme vibrant est nécessaire pour assurer leur vibration a une
fréquence particuliere. Il s’agit de la fréquence d’anti-résonance du systeme. Cette der-
niere dépend des propriétés mécaniques et des dimensions des éléments constitutifs du
systeme vibrant. Ainsi, dans son fonctionnement standard, la machine régle en continu
la fréquence a laquelle elle vibre pour matcher la fréquence d’anti-résonance du sys-
teme mécanique en vibration. Cela lui permet ainsi de consommer le moins de puissance
électrique possible.

Pour solliciter un matériau, il faut dimensionner une éprouvette pour que la fréquence
de son premier mode propre longitudinal de vibration libre soit similaire a la fréquence
d’anti-résonance de la machine. Ainsi, la machine fonctionnera dans son régime nominal
de vibration en sollicitant I’éprouvette dans son mode propre. Cela permet de découpler
la vibration de la machine et celle de I'éprouvette et garanti une contrainte nulle a la
jonction des deux. Les éprouvettes sont dimensionnées dans une forme de type Hourglass,
et présentent ainsi une répartition de contrainte en gaussienne le long de I’éprouvette.
Pour conduire le dimensionnement, on considére un modele 3D en éléments-finis (type
Abaqus?™) de I’éprouvette pour lequel on conduit un calcul modal. On impose les pro-
priétés matériaux déterminées préalablement et on fait varier la longueur des futs de
I’éprouvette. Les autres dimensions sont fixées. On détermine ensuite la longueur pour
laquelle le mode propre de I’éprouvette est a une fréquence qui correspond a la fréquence
d’anti-résonance de la machine.
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2.3. ESSAIS DE FATIGUE ULTRASONIQUE

L’estimation des contraintes appliquées lors d’essais en fatigue ultrasonique est une
étape complexe de I'utilisation de ces machines. Deux méthodes conventionnelles sont
utilisées dans la littérature, et s’appuient toutes les deux sur I’hypothese du comporte-
ment élastique macroscopique du matériau :

e la premiere repose sur la mesure de la déformation totale par des jauges de dé-
formation ;

e la seconde requiert I'utilisation d’un vibrometre laser avec lequel on estime I’am-
plitude de déplacement a 'extrémité libre de I’éprouvette. Ensuite, on reprend
le modele 3D de I'éprouvette sous la forme d’un calcul harmonique, avec lequel
on peut prédire 'amplitude de contrainte dans ’éprouvette pour une amplitude
de déplacement donnée (appliquée a l'extrémité de I’éprouvette qui est fixée a la
machine).

Avec la seconde méthode, on peut estimer I’hétérogénéité de contrainte dans la section
de I'éprouvette et le long de cette derniere. Il est observé que le maximum de contrainte
est situé au centre de 1’éprouvette, dans les coins de sa section centrale.

L’un des objectifs du dimensionnement est de déterminer le coefficient reliant I’ampli-
tude de déplacement et 'amplitude de contrainte, noté k. Ce coefficient a été déterminé
a partir des mesures conduites avec le vibrometre laser et des calculs éléments finis. A no-
ter que les calculs éléments finis ont bien pris en compte 1’anisotropie du comportement
du monocristal dans le cas du dimensionnement des éprouvettes de cuivre.

2.3.2 fonctionnement de la machine en mode synchronisé

En mode synchronisé, la machine fonctionne a une fréquence imposée par une source
externe. La machine utilise une alimentation électrique qui lit un signal d’entrée, et
génere un signal électrique sinusoidal. Le signal généré est initialement synchronisé en
fréquence avec le signal externe et il est ensuite synchronisé en phase puis enfin amplifié
pour fournir une tension suffisamment importante afin d’alimenter le convertisseur pié-
zoélectrique de la machine de fatigue. Ce fonctionnement spécifique de la machine a été
possible grace au développement d’'un générateur de tension permettant la génération
d’un signal sinusoidal et sa synchronisation avec une source externe. Le signal externe
est I’horloge du synchrotron dans notre cas. Dans ce mode de fonctionnement, la ma-
chine vibre a une fréquence fixe imposée. Pour qu’elle consomme une quantité limitée
de courant (donc de puissance), la machine doit étre adaptée pour que son systéeme vi-
brant ait une fréquence d’anti-résonance qui soit similaire a la fréquence externe qui est
imposée. Pour ce faire, un systeme vibrant et des éprouvettes particulieres doivent étre
dimensionnées spécifiquement pour vibrer a la bonne fréquence.
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2.4. MESURES DU TRAVAIL MECANIQUE

2.4 Mesures du travail mécanique

Pour mesurer le travail mécanique, il est nécessaire d’estimer les évolutions tem-
porelles de la déformation et de la contrainte au cours d’un cycle. L’estimation du
travail mécanique peut méme étre réalisée a partir de seulement 3 quantités en consi-
dérant les évolutions de contrainte et déformation comme sinusoidales : les amplitudes
de contrainte et de déformation ainsi que le décalage temporel entre contrainte et défor-
mation. La déformation totale est mesurée par les jauges de déformations. Cette mesure
étant relativement répandue, nous ne la détaillerons pas d’avantage. Quant a la mesure
des contraintes cependant, celle-ci va etre détaillée dans le suite puisqu’elle repose sur
le développement d'une méthode originale de diffraction des rayons X résolue en temps,
n-situ.

Le développement de la méthodologie pendant les travaux de these a été tres itératif.
Il a nécessité la préparation et la réalisation de pas moins de 10 campagnes d’essais
sur la ligne DiffAbs du synchrotron SOLEIL! Cela a finalement permis la maitrise du
processus d’acquisition des données ainsi que ’estimation du travail mécanique pour les
deux matériaux étudiés.

2.4.1 Principe de diffraction des rayons X

Le principe de diffraction des rayons X repose sur la loi de Bragg. Cette loi donne la

relation entre la distance inter-réticulaire entre les plans de la maille cristalline et I’angle
qui doit exister entre le rayon X incident et les plans inter-réticulaires du cristal pour
que la diffraction ait lieu.
Lorsque 'on soumet un matériau a un chargement externe, il se déforme. La maille de
chacun des grains qui constitue ce matériau se déforme donc de méme. La déformation
locale est appelée la déformation élastique de maille. Cette déformation induit un rap-
prochement ou un éloignement des plans de la maille selon son caractere de tension ou
de compression. Par la loi de Bragg, on sait que I'angle avec lequel le rayon X diffracte
évolue en fonction de la distance entre les plans (donc de la déformation élastique de
maille). Dans le cas d’'un chargement cyclique, le faisceau diffracté évolue de maniere
cyclique et synchrone par rapport a I’écartement entre les plans de la maille.

Pour estimer la variation des plans et donc la déformation de la maille, il est possible
de suivre I’évolution de la position angulaire du rayon diffracté a ’aide d’un détecteur 2D.
Ce dernier l'intercepte et capture une portion du cone de diffraction appelée anneau. En
étudiant les évolutions des positions de I'anneau, sur I'image capturée par le détecteur,
on peut retrouver la déformation de maille.

Le suivi de la position de 'anneau de diffraction se fait pas traitement des images de

21



2.4. MESURES DU TRAVAIL MECANIQUE

diffraction pour tracer un pic de diffraction. Les mouvements du pic sont facilement
mesurable puisque la détermination de la position du pic se fait par un fit, qui utilise
une fonction de Pearson VII asymétrique. Le principe de fit d’'un pic permet d’obtenir a
la fois sa position angulaire mais aussi sa largeur. Cette largeur donne une information
sur I'hétérogénéité de contrainte présente dans le matériau.

Pour estimer la contrainte macroscopique par DRX, il reste une étape a réaliser :
la conversion de la déformation élastique de maille en contrainte macroscopique. Pour
ce faire, il est nécessaire d’employer des modeles de considérer les constantes radio-
cristallographiques (CRC). Ces grandeurs permettent de relier, par des lois de compor-
tement élastique, la déformation de maille a la contrainte macroscopique, dans plusieurs
directions. Elles sont estimées pour les deux matériaux tel que :

e Pour le monocristal de cuivre, ses CRC sont estimées a partir de lois de comporte-
ments élastiques (pour une symétrie cubique) et de projections de la déformation
et de la contrainte selon la méme direction, i.e. la direction du chargement longi-
tudinal macroscopique. Ces CRC dépendent de 'orientation du cristal.

e Dans le cas de l'acier C70, le matériau étant polycristallin, ce type de loi de
comportement n’est représentative que du comportement d’un grain isolé. Or, la
DRX est en général appliquée a un volume diffractant qui comprend de nombreux
grains. De ce fait, des modeles auto-cohérents permettent de simuler un ensemble
aléatoire de gains pas une technique d’homogénéisation numérique.

A Taide de ces modeles et des lois de comportement élastique de chaque matériau a
I’échelle du grain, on peut estimer les CRC des différentes orientations de grains pour
les diverses mailles étudiées par diffraction sur les deux matériaux.

2.4.2 Méthodologie développée pour l’estimation des évolutions de
contrainte et de déformation cycliques

Pour conduire une mesure de la contrainte avec une précision temporelle suffisam-
ment fine, il est nécessaire d’utiliser un rayonnement X provenant d’une source synchro-
tron. Cela garanti une meilleure qualité des images DRX acquises de maniere ponctuelle
au cours d'un cycle de chargement (qui ne dure que 50 ps dans le cas d’essais conduits
a 20kHz). Durant cette these, le rayonnement synchrotron qui a été choisit est celui
de la ligne DiffAbs sur le Synchrotron SOLEIL[] 11 est important de noter que, sur la
ligne DiffAbs, il a été constaté pendant les campagnes d’essais que le fasiceau dérive

1. En pratique, la machine de fatigue ultrasonique est montée sur le diffractometre de la ligne
DiffAbs. Le faisceau X illumine la zone centrale de I’éprouvette qui est sollicitée, 1a ol les contraintes
sont maximales et considérées homogenes. Un détecteur 2D & pixels hybrides (XPAD s140) intercepte
les cones de diffractions pour acquérir des images DRX.
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verticalement, ce qui induit une variation de la position du pic de diffraction acquis par
DRX dont les mesures sont tributaires.

Pour acquérir ponctuellement 1’état de contrainte d’'un matériau pendant un essai de
fatigue a 20kHz, les images de diffraction présentent donc une exposition de 1'ordre de
quelques microsecondes seulement. Il s’avere que méme en employant un rayonnement
synchrotron, les clichés de diffraction ne sont pas assez résolu en intensité. De ce fait,
il est nécessaire de développer une stratégie pour améliorer la résolution des clichés de
diffraction.

Une méthodologie de diffraction des rayons X résolue en temps appliquée in situ pen-
dant des essais de fatigue ultrasoniques a été développée. Celle-ci s’inspire des techniques
pompe-sonde. Ces dernieres reposent sur un principe de synchronisation temporelle entre
I'application d’un chargement (par un pompe : souvent un laser) et ’observation de la
réponse du matériau (par la sonde : également un laser ou faisceau X) déclenché avec un
tres court délai par rapport a la pompe. Ce type de méthodologie permet de reconstruire
la réponse d’un matériau a un phénomene physique et/ou chimique, considéré répétable,
avec une résolution temporelle qui peut atteindre la femtoseconde.

De ce fait, nous nous sommes inspiré de ces méthodes pompe-sonde pour développer une
méthode originale de reconstruction des signaux d’évolution cyclique de la contrainte (et
de la déformation) : on utilise la machine de fatigue ultrasonique comme pompe pour
appliquer une sollicitation cyclique continue a un matériau. Pendant cette sollicitation,
on vient observer ponctuellement 1’état de contrainte pendant une durée tres courte avec
une sonde : a savoir un détecteur 2D pendant que le matériau est irradié par un rayon X.
On acquiert alors une image DRX correspondant a un état de contrainte du matériau, a
une position temporelle donnée sur le cycle de chargement. Puis, en appliquant un délai
tres précis sur les acquisitions, on va pouvoir obtenir une reconstruction échantillonnée,
point par point, du signal de contrainte. On considerera des reconstructions avec un
cinquantaine de points par cycle. Une approche stroboscopique est également employée
pour accumuler les clichés de DRX sur plusieurs milliers de cycles afin de maximiser le
rapport signal sur bruit des images DRX qui seront traitées. Pour reconstruire les évo-
lutions de la déformation, on réalise des acquisitions de valeurs de jauges en paralleles
des acquisitions d’images DRX, pour les mémes positions temporelles sur les cycles de
chargement.

Cette technique de reconstruction peut s’appuyer sur I'utilisation de deux modes du
synchrotron soleil :
e le mode uniforme pour lequel le faisceau est considéré continu. Il correspond a
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416 paquets d’électrons en révolution dans I’anneau de stockage.
e le mode single-bunch du synchrotron pour lequel le faisceau est considéré pulsé.
Dans ce mode la, un seul paquet d’électron gravite dans 'anneau de stockage.
Avec un faisceau continu, la résolution temporelle est déterminée par la durée d’ou-
verture du détecteur 2D pour 'acquisition des images DRX. Ces images sont acquises
pendant 1ps, ce qui correspond a la précision temporelle de la mesure. Cette courte
durée assure la faible variation de la contrainte pendant les acquisitions ainsi que la
possibilité de reconstruire 50 points par cycles (du fait de la période de chargement qui
est de 50pus). Cette méthode est particulierement adaptée au matériaux simples, tels
que le cuivre monocristallin étudié.
Cependant, il a été constaté que cette méthode, et sa résolution temporelle, n’étaient
pas assez performante pour permettre la reconstruction précise des évolutions cycliques
de contrainte dans le cas de matériaux complexes comme 'acier C70. Pour palier a cette
limitation, la méthodologie de DRX résolue en temps a été adaptée au mode single-
bunch du Synchrotron SOLEIL. Cela permet ainsi de réduire la résolution temporelle a
91 ps, ce qui correspond a la durée d’un pulse du rayon X. Cette durée est prédominante
sur 'ouverture du détecteur et correspond a la précision temporelle de la méthodologie
en mode pulsé.

Le déclenchement des acquisitions est différent en fonction du mode Synchrotron
employé :

e dans le cas du mode uniforme, les acquisitions sont déclenchées lorsque le signal
de tension qui alimente le convertisseur piézo-électrique dépasse un seuil (réglé
manuellement). A cet instant, une capture DRX et une acquisition de valeur
de jauge sont déclenchés. Les acquisitions (accumulées) sont réalisées successive-
ment 50 fois a différents délais par rapport au déclenchement de référence pour
reconstruire les évolutions de la déformation et de la contrainte au cours d’un
cycle.

e Dans le cas du mode single-bunch, le déclenchement des acquisitions est controlé
par une carte électronique de synchronisation qui agit comme une horloge maitre
au sein de la ligne DiffAbs. C’est cette carte qui synchronise le déclenchement des
acquisitions des images DRX avec l'instant ou le paquet d’électron passe devant
la ligne DiffAbs et provoque l'illumination de I’échantillon par le rayon X. L’ap-
plication de la méthodologie dans ce mode de fonctionnement du synchrotron
requiert que la machine fonctionne dans son mode synchronisé. Cette synchroni-
sation est réalisée a partir du signal de la carte électronique de synchronisation
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de la ligne DiffAbs. La machine vibre ainsi a une fréquence qui est un multiple de
la période de révolution du paquet d’électron dans 1’anneauﬂ En définitive, une
acquisition est donc déclenchée tous les 42 pulses. Ces acquisitions permettent
donc de reconstruire un couple de cycles d’évolution de contrainte et de déforma-
tion qui sont définis par 42 points.

Le déclenchement de ’acquisition d’une image DRX par le détecteur XPAD et d’une
valeur de jauges sont influencés par les appareils électroniques qui constituent la chaine
de mesure. Ces derniers induisent un offset et une incertitude (due a la jigue des si-
gnaux électroniques et aux dérives du faisceauE[) sur les données acquises. Ces quantités
ont été quantifiées expérimentalement et leur influence est bien prise en compte dans le
traitement des données. On peut ainsi reconstruire les évolutions de contrainte et défor-
mation dont on peut estimer les amplitudes et le décalage temporel entre contrainte et
déformation dont la contribution est purement associée a 1’évolution du comportement
du matériau.

2.5 Mesures de I’énergie dissipée

L’énergie dissipée est calculée a partir de la variation de dissipation intrinseque pen-
dant un cycle. Cette derniere peut étre estimée a partir d’'une équation de la chaleur en
mesurant continuellement I’évolution de température du matériau sollicité de maniere
cyclique. Les essais sont conduits pendant 107 cycles puis interrompus. La mesure est
réalisée pour une multitude de niveaux de contraintes pendant des essais de fatigue ul-
trasonique. Cela permet de caractériser 1’évolution de 1’énergie dissipée en fonction du
niveau de chargement, méme pour des amplitudes de contraintes tres faibles, caractéris-
tiques du domaine VHCF.

2. Pour étre exact, la période de la sollicitation cyclique sera de 42 fois la période de révolution du
paquet d’électron.

3. Les dérives du faisceau déforment la reconstruction des évolutions cycliques de contrainte par la
méthodologie développée, ce qui influence le décalage temporel estimé entre les signaux reconstruits de
contrainte et de déformation.
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Chapitre 3

Résultats et discussions

3.1 Résultats Cuivre - uniforme

La méthodologie développée pour le mode continu du Synchrotron SOLEIL est par-
faitement adaptée au cuivre monocristallin. En effet, ce matériau diffracte sous la forme
d’un spot tres intense du fait qu’un seul grain contribue au faisceau diffracté. De ce fait,
il est a la fois possible d’accumuler peu d’images (et donc réduire la durée des acquisi-
tions). De plus, avec une grande intensité observée sur le pic de diffraction étudié, il est
possible de considérer des pics situés a des grands angles 26, en obtenant une qualité
d’image suffisante! En étudiant ce type de pic, cela permet d’obtenir une évolution de
la position angulaire du pic tres ample et ainsi réduire I'effet du bruit sur les images
DRX ainsi que l'influence des dérives faisceau. L’influence des dérives faisceau étant
plus ou moins continue mais tres aléatoire dans le temps, la courte durée d’acquisition
des images, dans le cas du cuivre, aide a moins exposer les résultats a ces dérives. Les
estimations des amplitudes et du décalage temporel entre contrainte est déformation a
donc pu étre réalisé dans de bonnes conditions.

3.1.1 Estimation de I’évolution d’énergie stockée en fonction de la
contrainte

Dans un premier temps, concentrons nous sur le cas du cuivre monocristallin. L’ap-
plication de la méthodologie a permis I'estimation du travail mécanique en fonction de
I’amplitude de contrainte appliquée. En reconstruisant 1’évolution de la contrainte et de
la déformation en fonction du temps, on peut estimer sur ces signaux leur amplitude
respective et le décalage temporel entre les deux signaux. Pour chaque cycle reconstruit,
on obtient donc une valeur de travail mécanique. A chaque amplitude, plusieurs cycles
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ont été reconstruits. En ce qui concerne les résultats, on note une évolution particuliere
qui présente une premiere croissance légere, suivie d’une baisse légere puis enfin d’une
augmentation franche du travail mécanique en fonction de 'amplitude de contrainte.
Cette évolution est retrouvée pour les deux éprouvette testées, ce qui signifie qu’elle est
associée au comportement du matériau et non a un artefact de mesure.

Dans un second temps, on estime 1’énergie dissipée en appliquant une rampe d’aug-
mentation de contrainte a I'une des éprouvettes. L’augmentation d’énergie dissipée avec
la contrainte suit une loi quadratique. On observe que I’augmentation de 1’énergie dissi-
pée par cycle se fait plus marquée au dela de 30 MPa.

A partir de ces deux estimations indépendantes, on peut calculer I’énergie stockée
en réalisant un bilan d’énergie. Par souci de correspondance, on considerera les résultats
d’estimation de 'énergie stockée sur I'une des deux éprouvettes uniquement (car les me-
sures d’énergie dissipée et de travail mécanique furent réalisées sur la méme éprouvette,
mais pas en méme temps). Cela permet de tracer la courbe d’évolution de ’énergie
stockée en fonction de 'amplitude de contrainte. On retrouve la premiere légere aug-
mentation suivie d’une baisse puis d’une augmentation plus marquée. Les évolutions
d’énergies stockées sont corrélées aux évolutions de microstructure du matériau pou-
vant avoir lieu pour des contraintes similaires : le maximum local observé sur la courbe
(entre 35 et 55 MPa) peut correspondre a I’apparition de bande de glissement primaire
tandis que le minimum local de la courbe (entre 55 et 70 MPa), pour lequel ’énergie
stockée par cycle est négative, est associé a I’apparition de bandes de PSB présentant
une structure en échelle. Ces corrélations n’ont pas encore été validées par observations
microscopiques.

En parallele de 'estimation des contraintes par le suivi de la position d'un pic de
diffraction, on peut suivre 1’évolution des largeurs du pic de diffraction étudié. cette der-
nicre est représentative de 1’hétérogénéité de contrainte du matériau. Dans le cas d'un
monocristal, I'hétérogénéité n’est possiblement affectée que par la densité de disloca-
tion du matériau. On remarque une évolution des largeurs qui est sinusoidale pour de
faibles amplitudes de contrainte (i.e. inférieure a 35 MPa) et finit par avoir une évolution
asymétrique au dela. Cette évolution cyclique de la largeur du pic de diffraction étant
proche des évolutions observées pour un matériau polycristallin, on se propose de la
fitter par une fonction du type : A + B x sin(wt) + C' x sin(wt)?” o les parametres A,
B et C du modele sont associés a I’évolution des dislocations.

On remarque alors une corrélation des évolutions des largeurs de pics et des évolutions
d’énergie stockée en fonction de la contrainte :
e Pour des contraintes inférieures a 30 MPa, 1’énergie stockée par cycle est nulle et
I’évolution de la largeur évolue tres peu et de maniere réversible.

28



3.1. RESULTATS CUIVRE - UNIFORME

e Au dela de 35MPa, I'évolution de la largeur du pic semble augmenter en am-
plitude et cela correspond a une augmentation de I'énergie stockée par cycle.
Cela peut étre associé a une augmentation de l'irréversibilité du déplacement des
dislocations et potentiellement a la formation de bandes de glissement primaires.

e Pour des amplitudes de contraintes de 1'ordre de 55 a 70 MPa, 1’énergie stockée
est négative : le matériau ne stocke pas d’énergie. La valeur moyenne de 1’évolu-
tion de la largeur de pic quant a elle semble décroitre pour ces amplitudes. La
décroissance est plus marquée pour une contrainte plus importante. Cette dimi-
nution de la valeur moyenne de I’évolution de la largeur est accompagnée par
une augmentation marquée de 'asymétrie des évolutions cyclique de largeur de
pic. Ces deux variations semblent indiquer que la densité de dislocations dimi-
nue, surement a cause de la formation de PSBs pour lesquelles, de nombreuses
dislocations s’annihilent. Ce type de structure se forme pour minimiser I’énergie
du systeme, ce qui justifierait que I’énergie stockée par cycle soit négative lors de
leur formation.

e Pour des amplitudes de contrainte plus importante, de 'ordre de 70 a 80 MPa,
I’énergie stockée est de nouveau positive et augmente beaucoup avec la contrainte.
L’évolution de la largeur du pic semble augmenter en amplitude de variation par
cycle, ce qui est surement associée a la plasticité qui se développe dans ’éprou-
vette a de telles amplitudes, qui sont proche de la limite en fatigue identifiée
pour ce matériau & 93 MPa, apres 10® cycles. De plus, la valeur moyenne de cette
variation poursuit sa décroissance, pouvant étre associée a la formation conti-
nue de PSBs et a leur développement qui induit une réduction de la densité de
dislocations dans le matériau.

Cette corrélation qui a été identifiée dans ce travail n’est pas encore parfaitement
comprise, et mérite d’étre plus approfondie, notamment par le développement d'un mo-
dele basé sur les évolutions des densités de dislocations.

3.1.2 Estimation de I’évolution d’énergie stockée en fonction du nombre
de cycles

Dans un second temps, on peut considérer 1’évolution de I’énergie stockée en fonc-
tion du nombre de cycles appliqués. Par exemple, I'énergie stockée a été mesurée pour
une contrainte de 80 MPa maintenue pendant 10% cycles. Cette contrainte maintenue a
permis d’estimer 11 valeurs d’énergie stockée. On observe une premiere valeur tres im-
portante suivie d'une forte décroissance. Puis ’énergie stockée augmente pour atteindre
un plateau. Ce qui souligne le fait qu’elle finit par saturer apres un certain du nombre
de cycles mais de I’énergie est toujours stockée pendant chaque cycle.
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3.2 Résultats Acier - Single-Bunch

Cependant, la méthodologie destinée au mode continu n’est pas adaptée a ’acier

C70. En effet, ce matériau est polycristallin, et présente donc des anneaux de diffraction
continus mais peu intenses. De ce fait, il est préférable de se concentrer sur I’étude des
pics situés aux faibles angles 26, qui sont les plus intenses. Cependant, méme avec leur
intensité plus importante que les autres pics, il est nécessaire de cumuler de nombreuses
images pour obtenir une qualité d’image suffisante. De plus, les pics situés aux faibles
260 se déplacent moins que les autres, ce qui rend les évolutions cycliques plus sensibles
aux dérives faisceau mais aussi au bruit. En effet, cela induit donc une plus grande
incertitude de mesure des amplitudes des évolutions et du décalage temporel entre les
signaux.
Pour palier a la mauvaise prédisposition de l'acier pour ce type de mesures, il a été
nécessaire d’adapter la méthode au mode single-bunch du Synchrotron SOLEIL. Le
mode pulsé permet d’atteindre une résolution de ’ordre de 0.1 ns sur les acquisitions en
DRX, ce qui autorise ainsi des reconstructions des évolutions cycliques de contrainte qui
sont bien plus précises d'un point de vue position temporelle des points constituants les
signaux. Cette amélioration de la méthode a permis son application a notre acier et a
donné des résultats qui sont présentés dans cette section. Ces derniers ne sont pas aussi
concluants que pour le cuivre mais sont tres encourageants.

3.2.1 Estimation de I’évolution d’énergie stockée en fonction de la
contrainte

En appliquant la méthodologie a l’acier, cette fois avec un faisceau de rayons X
pulsé, on peut estimer le travail mécanique apporté a l’éprouvette testée. On obtient
une évolution du travail mécanique par cycle en fonction de 'amplitude de contrainte
qui présente une croissance exponentielle.

En appliquant la méme méthodologie que pour le cuivre, on peut également estimer
I’énergie dissipée par cycle. La croissance de cette énergie ne fonction de la contrainte
est quadratique.

A partir de ces deux mesures, on estime ’énergie stockée dans le matériau a chaque
cycle. Les résultats obtenus pour I'acier présentent des larges barres d’erreurs qui rendent
difficile I’établissement d’observations claires. On ne peut qu’observer une augmentation
de I'énergie stockée avec I'amplitude de contrainte. De plus, aucune variation spécifique
d’énergie stockée n’est observée pour l'acier, ce qui peut étre expliqué d'une part par
les importantes incertitudes de mesure et d’autre part a cause des faibles amplitudes
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de contraintes atteintes pendant les essais expérimentauxEl. Une corrélation avec les
évolutions cycliques des largeurs de pics de diffraction est assez difficile dans le cas de
I’acier, d'une part car ces évolutions ne permettent pas de tirer de conclusion claires et
d’autre par car le matériau étant polycristallin, I'interprétation des largeurs de pics est
plus délicate.

1. Les niveaux de contraintes appliquées sont limités par la puissance de l’alimentation électrique
développée pour synchroniser le fonctionnement de la machine de fatigue avec le synchrotron, dans le
cas de l'utilisation du mode single-bunch. Cette alimentation n’était encore qu’au stade de prototype a
I’époque
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Principales conclusions
Les conclusions a tirer de ce travail de these sont associées a deux aspects. Le premier
aspect concerne les développements réalisés pendant la these :

e La méthodologie de diffraction des rayons X résolue en temps in situ permet
I’estimation des évolutions de contraintes avec une résolution temporelle suffi-
samment fine pour permettre I’estimation du travail mécanique et d’observer ses
variations en fonction de la contrainte et du nombre de cycles.

e Le développement de la méthode a permis son application a deux modes de
fonctionnement du synchrotron soleil pour permettre 'estimation du travail mé-
canique pour les deux matériaux étudiés.

e Les incertitudes de mesures observées dans le cas de 'application de la méthodo-
logie dépend du mode du synchrotron utilisé et du matériau étudié. On observe
une différence conséquente des incertitudes de mesures entre le cuivre et I'acier :
le cuivre monocristallin permettant des mesures dont la précision temporelle est
bien meilleure.

e L’énergie stockée dans le matériau pendant un essai de fatigue conduit dans le
domaine VHCF a été estimée et ce de maniere suffisament précise pour dégager
des conclusions scientifiques intéressantes.

Le second aspect est associé aux mesures et résultats obtenus d’un point de vue
avancées scientifique :

e Pour les deux matériaux, et pour une amplitude de contrainte donnée, 1’énergie
stockée décroit avec le nombre de cycle. Dans le cas du cuivre, I’énergie stockée
par cycle atteint un régime stabilisé apres 2 & 3 x 107 cycles.

e L’énergie stockée par cycle semble également augmenter avec I'amplitude de
contraintes pour les deux matériaux. Dans le cas du cuivre, on observe des va-
riations spécifiques de 1’énergie stockées, qui sont associées a la formation de
structure de dislocations précurseurs de 'endommagement en fatigue. L’énergie
stockée est donc un marqueur qui semble pertinent pour étudier les propriétés
des matériaux en fatigue, dans le domaine VHCF.
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e Les évolutions cycliques de la largeur de pic semblent étre corrélées aux évolutions
d’énergie stockée, directement liées aux évolutions de densité de dislocations dans
le cas du cuivre monocristallin. Cela renforce donc l'intérét que 'on peut por-
ter a cette énergie pour suivre les changements microstructuraux de la matiere.
Cependant, une corrélation basée sur un modele physique manque encore pour
vérifier cette corrélation.

Principales perspectives
Le travail réalisé met également en avant certains points d’améliorations :

e Nous avons constaté que les dérives faisceau sont un réel probleme pour 1'estima-
tion du déphasage entre contrainte et déformation dans le cas de 'acier. Du fait
que ces dérives sont tres aléatoires et difficiles a suivre précisément, nous pou-
vons seulement réduire la durée de la reconstruction des cycles en augmentant
I'intensité du faisceau. Cela requiert d’employer un faisceau dont la brillance est
bien plus importante ou d’employer un détecteur 3D qui permet 1'utilisation d’un
faisceau polychromatique.

e Aussi, les niveaux de contraintes appliquées a l’acier n’ont pas pu étre aussi
importants que souhaités parce que 'alimentation électrique de la machine de
fatigue développée pendant ma these pour utiliser le mode single bunch était
encore au stade de prototype. Les tensions et ampérages que nous avons pu
atteindre sont de l'ordre de 150V et 0.5 A. L’alimentation électrique doit alors
étre améliorée pour atteindre des tensions et ampérages de 'ordre de +300V et
1A.

e Pour établir un lien concret entre les évolutions cycliques des largeurs de pics et la
formation de structures de dislocation dans le cas du cuivre, il faut développer des
simulations numériques a 1’échelle des dislocations. A partir de ces simulations,
nous envisageons de recalculer un cliché de diffraction équivalent pour recouper
¢a avec les évolutions expérimentales constatées.

e Pour aller plus loin, on souhaite également développer des modeles de simula-
tion numérique basés sur des simulations de dynamique des dislocations pour
retrouver les évolutions de 1'énergie dissipée et de I’énergie stockée a I'échelle des
dislocations. Cela pourrait permettre le développement d’un critere de détermi-
nation des propriétés en fatigue des matériaux a partir des mesures d’énergie
stockée.
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