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Abstract

Shot-peening and low-cycle fatigue of titanium alloys:
instrumented indentation and X-ray diffraction

Abstract

There are two problems when investigating the effects of shot-peening on fatigue process. The
first one is characterizing residual stresses (RS) and strain hardening (WH) on the sample
surface. The second one is the evolution of RS and WH during fatigue.

In order to solve the first problem, this thesis proposes a “simultaneous function method” to
measure RS and WH with nanoindentation. Accumulated plastic strain (PP) is used to represent
WH. Then, by establishing functions of normalized indentation responses through a series of
finite element method (FEM) simulations, normalized indentation responses obtained from
nanoindentation experiments can be used to extract RS and PP values, assuming that the
constitutive behavior is known. Although the simultaneous function method shows fairly high
accuracy from a pure numerical view point, experiments performed on T40 commercial pure
titanium are not completely satisfying. However, if the residual stress profile is known, the
method can be used to derive the work hardening profile.

In order to study the second problem, a series of strain-controlled fatigue tests are performed
on Ti-18 alloy. Fatigue specimens of 4 material states, including raw, shot-peened, prestrained
and prestrained & shot-peened, were tested under 3 different strain amplitudes over 100 cycles.
X-ray diffraction tests on the sample surfaces showed that the RS relaxation and the cyclic
softening increase together with the strain amplitude. I1T tests showed that shot-peening may
induce a softening of the surface of Ti-18 alloy samples.

Keywords: Shot Peening, Residual Stresses, Strain Hardening, Titanium alloys, X-rays -
Diffraction, Nanoindentation, Fatigue
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Grenaillage et fatigue oligocyclique d’alliages de titane:
indentation instrumentee et diffraction des rayons X

R&umeée

Deux problémes surviennent lorsque nous éudions les effets du grenaillage de pré&ontrainte
sur le processus de la fatigue. Le premier est la caract&isation des contraintes reésiduelles (CR)
et de I’écrouissage. Le second est I’évolution de CR et de 1’écrouissage pendant le cyclage.
Pour ré&oudre le premier probléne, cette these propose une meéhode pour mesurer les
contraintes et 1’écrouissage par nanoindentation. Ici, 1’écrouissage est représenté par la
déformation plastique cumulée (PP). A 1’aide d’une série de simulations par €léments finis
(MEF) en supposant le comportement du maté&iau connu, les réponses obtenues par
indentation permettent d’obtenir simultanément contrainte et déformation plastique. Bien que
satisfaisante d’un point vue numérique, les performances expérimentales obtenues sur un
alliage de titane temps T40 restent insuffisantes. Cependant, si le profil de contrainte est connu,
on peut toutefois obtenir le profil de d&ormation plastique. Les biais induits par la préparation
de la surface ont &é&analysés en déail.

Pour le second probléme, une sé&ie d'essais de fatigue ont &éeffectués sur un alliage Ti-18.
Quartre traitement ont &étestésur 100 cycles sous 3 amplitudes diffé&entes de déformation.
Des mesures par diffraction des rayons X ont montréque la relaxation des contraintes et
I’adoucissement cyclique augmentent avec l'amplitude de déformation. Les essais
d’indentation ont montré un adoucissement de la couche grenaillée.

Mots clés: Grenaillage de préontrainte, Contraintes Résiduelles, Ecrouissage, Titane -
Alliages, Rayons X - Diffraction, Nanoindentation, Maté&iaux - Fatigue
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General introduction

General introduction

Nearly all of the manufacturing and mechanical processes, such as rolling, deep drawing,
cutting, turning, shot-peening, etc., can simultaneously introduce residual stresses and work
hardening into components. For some of them, residual stresses and work hardening are
inevitable without much useful meaning, for instance for machining process. However, for
some other processes, the original intention is the introduction of these two factors, for example
deep-rolling and shot-peening.

After the development of the past few centuries, shot peening has already become a fairly
mature surface treating method which has been broadly used to treat many components, such
as gear parts, cams, clutch springs, turbine blades, thin-gauge skins and so on, for improving
their mechanical properties, surface hardness, erosion resistance and fatigue resistance.
Thereinto, its fatigue resistance improvement is quite effective. In shot-peening process, high
velocity shot impacts the component surface with force sufficient to create a series of
continuous layers which are locally plastically deformed. Generally, the plastic deformation
are quite severe, may even reach several tens percent in the region near the surface. The
incompatibility between those layers can produce fairly high compressive residual stresses,
even higher than the yield stress of the material, in the subsurface region of the components,
which can effectively retard the propagation of fatigue cracks. Impact of shot may also be able
to make the originally existing micro-cracks to be closed, which can obviously prevent the
initiation of macroscopic fatigue crack. The comprehensive effect of all these factors is that
the fatigue resistance performance of the shot-peened components can be improved obviously
(fatigue limit will become higher, at the same time fatigue life will become longer). For
components which will be submitted to low cycle fatigue loading, the deformation in each
cycle can reach the plastic range, shot-peening treatment is necessary, convenient, and practical.

When we would like to study the effects of shot-peening on the low cycle fatigue tests, two
major problems need to be considered. One problem is how to characterize residual stress and
work hardening which are simultaneously introduced. Although many conventional
characterization methods for residual stresses and work hardening have been developed in the
past few decades, some obvious insufficiencies limited their application on fatigue samples.
Firstly, they are not capable to accurately measure residual stresses and work hardening in
small volumes, especially considering the small dimensions of fatigue test samples and the
shallow layers created by shot-peening. Secondly, there is no effective approach to
guantitatively characterize work hardening in such a component.

Another problem is the relaxation of residual stress and the evolution of work hardening,
which always occur during low cycle fatigue process. The cyclic relaxation of surface
compressive residual stresses and the possible cyclic softening phenomenon can weaken the
efficiency of shot-peening process. Deeper investigation on these two problems can greatly
help to understand the influence of shot-peening process. Important information can be
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obtained from this to guide the modification of shot-peening to further improve the low cycle
fatigue resistance of mechanical components.

A systemic review is made in Chapter 1 on a series of critical conceptions involved in the
present thesis. Current situation and background in relative researching fields have been
investigated and illustrated in this chapter. There are two major aims of the present thesis. First,
a new characterizing method to simultaneously measure the shot-peening induced residual
stresses and work hardening in a small volume will be proposed. Second, the relaxation of
residual stress and mean stress and the evolution of work hardening on a titanium alloy under
cyclic loading will be studied.

In Chapter 2, a new approach to qualitatively characterize residual stresses and work
hardening in small volumes was firstly explored. Since both work hardening and accumulated
plastic strain are closely correlated to the movement and pile-up of dislocations, the latter was
used to represent to the former in this study. Considering that instrumented indentation test is
a localized testing technique, which is sensitive to both residual stresses and work hardening,
it has become our ideal candidate. In order to save time, money and material, the preliminary
exploration was firstly performed with the finite element method (FEM) simulations. Firstly,
a FEM model was built by checking its mesh convergence and adequacy. After that, several
influencing factors (such as friction coefficient, material properties, etc.) and indentation
responses (including maximum indentation load, contact stiffness, contact hardness and pile-
up values) were investigated for finding out some factors which can possibly be used as
quantitative indicators of residual stresses and accumulated plastic strain. After several
attempts, a “simultaneous function method” was finally proposed. Simulations with two
arbitrary combinations of residual stresses and accumulated plastic strain showed fairly high
accuracy of this method from a purely numerical point of view.

In Chapter 3, the accuracy and adaptability of the simultaneous function method were
investigated together with instrumented indentation tests, both experiments and simulations,
on two shot peened T40 specimens which are respectively prepared with mechanical polishing
(sample No.3) and electrolytic polishing (reference). However, a significant gap between
experimental results and simulated data was obtained. In order to reduce this gap, an inverse
method with multi-objective optimization was used. But, when residual stresses and
accumulated plastic strain were considered, the simultaneous function method with the
optimized parameters still did not work. A limited method can be used to extract the profile of
accumulated plastic strain if the residual stresses are known by X-ray diffraction, however, the
derived values are generally higher than experimental data. Even if sample disturbance induced
by the mechanical polishing process of the sample No.3 was taken into account, the results still
had not been obviously improved. Finally, in order to bypass the difference between
electrolytic-polishing sample and the mechanical-polishing sample, the reference was set in
another way. A position far away enough from the shot-peened surface (900 «m) on sample
No.3, which is supposed to be without the influence of shot-peening induced residual stresses
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and work hardening, was set as the new “reference”. After this kind of operation, the accuracy
of the limited method was greatly improved.

Then, the relaxation of residual stress and the evolution of work hardening during low cycle
fatigue process were studied in Chapter 4. A recently developed high-strength near f titanium
alloy, Ti-18, was used as the target material, because of its excellent mechanical properties,
such as high specific strength, good ductility, etc. Low cycle fatigue tests on twelve fatigue
samples of four material states (including raw, shot-peened, prestrained and prestrained &
shot-peened) were conducted under three different strain amplitudes (0.7%, 1.0% and 1.4%).
Results of fatigue tests and X-ray diffraction tests showed that the relaxations of mean stress
and surface residual stresses increase along with the increase of strain amplitude. Shot-peening
has little influence on the relaxation behavior of both mean stress and surface residual stresses.
However, a proper tensile prestrain procedure can effectively retard the relaxation of both
mean stress and residual stresses. Furthermore, results of instrumented indentation tests
showed that shot-peening did not introduce work hardening but softening into the surface of
the Ti-18 samples, which is in contrast to the results on T40.

At last, in Chapter 5, we conclude the whole thesis and give several perspectives for the
relative researches in the future.
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Chapter 1

Background and research status

In the study of the effects of shot-peening on the low cycle fatigue (LCF) resistance of
components, two major problems need to be considered. One problem is how to measure
conveniently and quickly residual stress profile in the depth of peened surfaces and how to
evaluate quantitatively the work-hardening profiles. One of the aims of the present work is to
propose a method to achieve both objectives simultaneously through instrumented indentation.
The second problem is the simultaneous evolutions of residual stresses and the applied mean
stress during the application of a cyclic strain loading. The respective role of work hardening
and residual stresses in the fatigue performance of a shot-peened layer needs to be clarified as
well.

Since being able to induce compressive residual stress layer into the surface of sample,
shot-peening was proved to be capable to obviously improve fatigue properties of components
[1]. However, dimensions and shape of the fatigue test samples caused a stubborn situation
when we trying to characterize residual stresses and work hardening induced by shot peening
process. Firstly, for economic reason and for saving material, in the dimension range suggested
by fatigue test standard (such as ASTM E466-07 [2]), people always tend to use samples as
small as possible. Precise measurement of residual stresses, especially in small dimensions, is
always troublesome for researchers. Second, until now, there is no effective way to
quantitatively characterize accumulated plastic strain in such a sample either. Owning to the
reasons mentioned above, an objective problem was presented in front of us: find out a new
method which is much more suitable for charactering residual stresses and accumulated plastic
strain in shot peened fatigue test samples.

Characterization of residual stresses was investigated by many researchers [3], and a series
of characterizing methods were built and developed [4] in the past few decades. No one can
deny the merits of these methods, however, their shortcomings cannot be ignored as well,
especially when considering the difficulties mentioned above.

Since being sensitive to both residual stresses and work hardening (which is closely
correlated with hardness) in a local range [5, 6], instrumented indentation test (11T) is a possible
and interesting way to separate and characterize them along the gradient direction in depth of
the layer affected by shot-peening process. However, how to realize it still needs to be
discussed in detail. Even if characterizing residual stresses and work hardening through T
could be realized, accuracy of the results has also to be compared with traditional methods.

In this thesis, we also would like to investigate the influence of shot-peening process on
the LCF resistance of titanium alloys, especially the relaxation of residual stresses, the
evolution of work hardening and the effects of prestrain process. In the literature, some
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researchers proposed that the behavior of residual stresses under fatigue loading is quite similar
as mean stress [7]. Thus, the relaxation behavior of mean stress will be one of the concerns in
the present work as well. Furthermore, work hardening has direct relationship with
accumulated plastic strain, because both of them are considered to be closely correlated with
the movement and the piling up of dislocations [8]. Seeing this, accumulated plastic strain will
be used in characterizing work hardening and studying the cyclic evolution of work hardening.
In the present work, the high-strength near S-phase titanium alloy Ti-18 is chosen because of
its remarkable mechanical properties and its potential use in aerospace applications.
Considering all the problems mentioned above, several aspects of background information and
research status should be introduced at first.

1.1 Basic concepts concerned

1.1.1 Shot-peening

Shot-peening is a cold working process used to produce a compressive residual stress layer
and modify mechanical properties of metals. In this process, high velocity shot (round metallic,
glass, or ceramic particles) impact the surface with a force sufficient to create a local plastic
deformation. The process is widely accepted in extending fatigue life and retarding stress
corrosion cracking as well as forming or shaping aerodynamic curvatures of aircraft wing skins

[9].

Shot Peening
®

Fig. 1-1. The scheme of shot-peening process.

During the shot-peening process, each piece of shot that strikes the material acts as a tiny
peening hammer, imparting to the surface a small dimple. Because of the occurrence of the
dimple, the surface of the material yields in tension. However, below the surface, the material
tries to restore its original shape, thereby producing below the dimple, a hemisphere of cold-
worked material highly stressed in compression. After being peened with many shots for many
times, the whole surface was full of dimples uniformly distributed. This will produce a surface
layer containing compressive residual stress, whereas a core region containing tensile residual
stress for equilibrium. Simultaneously, accumulated plastic strain is induced into the surface
of components as well. Since many kinds of component failures (such as fatigue failures,
corrosion fatigue, stress corrosion cracking, hydrogen assisted cracking, fretting, galling and
erosion caused by cavitation, etc.) originated at the surface, the considerable compressive
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residual stress in the surface layer can significantly prolong the lifetime and increase the load-
carrying ability of components.

Shot-peening is used as a remedy if fatigue problems can be anticipated, for instance in
stress concentration areas. As a result of the shot-peening process, compressive residual
stresses exist in a thin surface layer. Because residual stresses do not affect cyclic stresses,
cyclic slips may still occur. The cyclic slips can even lead to small microcracks, but these
cracks cannot easily grow. The compressive residual stresses reduce or prevent crack opening
of the microcracks. As a result, the stress concentration at crack tip is much lower and crack
growth will be more difficult. It may even be stopped completely. The residual stress zone
serves as a barrier for microcrack growth [10].

1.1.2 Residual stress

Generally speaking, residual stresses refer to the self-equilibrating internal stresses existing
in a free component or structure without any external load applied. It is well known that no
material, component or structure in application exists which is free of residual stresses.
According to the scale of the inhomogeneity, residual stresses are mainly divided into three
classifications, called residual stresses of the 1%, 2" and 3" kind [11].

-Residual stresses of the 1 kind are almost homogeneous in a relatively large range of the
materials (about several grains). Internal forces related to residual stresses of 1 kind are in an
equilibrium with view to any cross-sectional plane throughout the complete body. In addition,
the internal moments related to the residual stresses with reference to each axis disappear.
When interfering with the equilibrium of force and moments of a volume containing 1% kind
residual stresses, macroscopic dimension changes will be aroused.

-Residual stresses of the 2" kind are nearly homogenous across microscopic areas of the
materials (one grain or parts of a grain). Internal forces and torques related to residual stresses
of the 2" kind are equilibrated across a sufficient number of grains. Macroscopic dimension
changes of a volume comprising 2" kind of residual stresses may only be observed if distinct
disturbance of this equilibrium happens.

-Residual stresses of the 3" kind are inhomogeneous across submicroscopic areas of the
materials (about several atomic distances within a grain and the equilibrium is only confined
in small parts of a grain). No macroscopic dimension changes will happen if this equilibrium
is disturbed.

It can be seen that these definitions are sufficient to describe all residual stress state existing
in a component if mechanical effects or non-mechanical influence are absent [11]. Usually, the
total residual stresses acting at a particular point of component are determined by a
superposition of the 1%, 2" and 3" kind of residual stresses. Fig. 1-2 illustrate schematically a
possible local superposition of the three different kinds of residual stresses.
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Fig. 1-2. Total residual stress distribution along several grains of a polycrystal (schematically) and their separation in
1%t, 2nd and 39 kind of residual stresses [11].

The classification of residual stresses discussed corresponds with the commonly used
subdivision of residual stresses into macroscopic residual stresses and microscopic residual
stresses. Macroscopic residual stresses usually refer to the 1% kind of residual stresses. In most
situations, only this type of residual stresses will be considered if problems and effects related
to residual stresses are discussed in engineering disciplines. Microscopic residual stresses, on
the other hand, are very often regarded as a combination of residual stresses of the 2" and 3"
kind.

Generally, macroscopic residual stresses can be induced due to several reasons [12]:

-Nonhomogeneous plastic flow under the action of external treatment (shot-peening, auto-
fretting, roller burnishing, hammer peening, shock laser treatment)

-Nonhomogeneous plastic deformation during non-uniform heating or cooling (ordinary
quenching, molding of plastics)

-Structural deformation from metalworking (heat treatment)

-Heterogeneity of a chemical or crystallographic order (nitriding or case hardening)

-Various surface treatments (enameling, nickel plating, chrome plating, PVD and CVD
coating)

-Differences in expansion coefficients and mechanical incompatibility of the different
components of composites (composites with a metallic and organic matrix, ceramic coatings)

In fact, the essentially formative mechanism of residual stresses is the inhomogeneous
elastic or plastic deformations existing in a component. In such a permanent manner that
incompatibilities of the state of deformation occur [13]. Consequently, any process (such as
rolling, bending, shot-peening, etc.) that can induce nonhomogeneous plastic deformation into
component will produce residual stresses. This is the reason why residual stresses are always
accompanied with non-uniformly distributed plastic strain after the treatment of these
processes.
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Tensile residual stresses and compressive residual stresses always occur together. Without
any external load, residual tensile stresses must be balanced by residual compressive stresses.
Take the 1% kind residual stresses as an example, as shown in Fig 1-3, their distribution must
satisfy the equilibrium equation:

Ly \___‘;_ I
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Fig. 1-3. The distribution of 1%t kind of residual stress is an equilibrium distribution [10].
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The significance of residual stresses for fatigue is important in various practical problems.
Unintentional tensile residual stress can have an adverse effect on the fatigue resistance, while
compressive residual stress can significantly improve the fatigue behavior [10].

1.1.3 Work hardening

Work hardening, also known as strain hardening or cold working, is the phenomenon

whereby a ductile metal becomes harder and stronger as it is plastically deformed [14].
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Fig. 1-4. Loading Jnd unloading cycles in a tensile te‘st demonstrating work hardening.
Considering a true-stress vs true-strain curve obtained from a uniaxial tensile test with
several loading and unloading cycles, as shown in Fig. 1-4. The tensile test begin at (0) and
then go upwards, elastically, to (1), the stress level corresponding to the apparent elastic limit
(01). Keep loading to (2) (yielding occurs) and unloading to (3), plastic strain gy is left. Then
load again, elastic behavior (the path of which will be slightly different from the unloading
path) is observed again. However, this time the elastic part does not end with the initial elastic
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limit o1, but a new elastic limit o2 which is higher. This means that, after a loading-unloading
cycle, in order to yield the material again, a higher stress need to be applied. Keep doing this
kind of loading-unloading cycles, the elastic limit of each new loading part will keep increasing.
This kind of strengthening and hardening performance, when being plastically deformed, of
metal material is call work hardening, for it usually happen in the forming process of metal at
room temperature.

The forming mechanism of work hardening is closely related to the dislocations. In the
metals, plastic deformation occurs through dislocation movement. When dislocations move,
they are more likely to encounter and interact with other dislocations or crystalline defects,
thereby producing resistance to further motion. In addition, the number of dislocations in a
metal during deformation drastically increases (usually by several orders of magnitude), which
further enhances the probability of interaction. The more dislocations within a metal, the more
they will interact and become pinned or tangled. This will result in a decrease in the mobility
of the dislocations and a strengthening of the metal [15]. As the dislocation density increases
there is an increase in the flow stress of the material. However, the ductility (rate of elongation
or reduction of area) will decrease at the same time as shown in Fig.1-5. Work hardening is
usually called cold working because the plastic deformation must occur at a temperature low
enough that atoms cannot rearrange themselves.

Stress

e pe"'e
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Fig. 1-5. The influence of cold work on the stress-strain behavior for a low-carbon steel [15].

Strain

1.1.4 Fatigue failure in metallic materials

Fatigue or fatigue failure is related to the changes of material properties due to the
application of stress or strain cycles, this repeated loading can lead to cracking or fracture [16].
Fatigue failure were already observed and firstly investigated in the 19" century. Inchoate
engineering research performed by August Whler showed that a single load application, far
below the static strength of a structure, did not do any damage to the structure. However, if the
same load was repeated many times, it could induce a complete failure.
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In a typical fatigue process, there are several critical parameters that affect the lifetime to
crack initiation. They can provide lots of important information about fatigue process, which
can directly help us to analyze fatigue properties of the target material. These parameters,
including maximum stress (omax), minimum stress (omin), Mean stress (omean), Stress amplitude
(0a), stress range (Ao=203), strain range (Ae), plastic strain range (Aep) and elastic strain range
(Aee), are sketched in Fig. 4-6. In practice, strain amplitude (A¢/2) and plastic strain amplitude
(Ae&pl2) are used more frequently than strain ranges.

The ratio between the minimum load and the maximum load is usually called load ratio
(R). According to the variations of load ratio and number of cycles, fatigue tests could be
classified into several kinds, such as fully reversed low-cycle fatigue, repeated high-cycle
fatigue, etc. Fatigue tests can also be classified into stress-fatigue and strain-fatigue according
to the types of load controlling the tests. Fatigue failure mainly depends on the number of
cycles and less on their frequency, except the cases when environmental and visco-plasticity
effects at high temperatures are involved [16]. Fatigue failures occur in many different forms
which are usually split into crack initiation stage (in which fatigue is a material surface
phenomenon), crack propagation stage (in which fatigue resistance become a bulk property,
but not a surface one) and the final failure stage (in the last cycle of the fatigue life, material is
broken suddenly). Differentiating between the two periods is of great importance because
several surface conditions (such as surface roughness) do affect the initiation stage, but have a
negligible influence on the crack propagation stage [10]. In the present thesis, our attention is
focused on the cyclic relaxation behavior of residual stress induced by shot-peening which
mainly occurs at the very beginning part (hundreds of cycles) of the crack initiation stage.

1.2 The influence of RS and WH on fatigue process

1.2.1 The influence of residual stress

The practically most important area in which residual stresses influence the service
behavior of materials/components/structures is the field of fatigue. Several investigations have
confirmed that the presence of compressive (tensile) residual stresses at the surface of
cyclically loaded materials/components/structures is beneficial (detrimental) to improve
fatigue life [12]. Consequently, to components, which are expected to have a large resistance

10
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against fatigue failure, many designers apply engineering techniques to generate compressive
residual stresses at the surface. Frequently used procedures are shot-peening, surface-rolling,
induction-hardening, case-hardening, nitriding and suitable combination of these treatments.
Actually, all methods mentioned improve the high cycle fatigue (HCF) performance of various
metallic materials. The observed increase of the endurance level depends on the process
variables and can always be contributed to a certain amount of surface compressive residual
stresses. In recent years, remarkable progress was obtained in predicting quantitatively the
effects of residual stresses on the fatigue behavior of surface treated steel parts. Nowadays, at
least objective concepts can be presented to use residual stresses in optimizing the design of
various technical components which are fatigue loaded. A typical result [17] to what extent the
bending fatigue strength of a low-alloy steel can be increased by case hardening and
subsequent shot-peening is shown in Fig. 1-7. The chemo-thermical treatment yields a fatigue
strength which is about 4 times greater than that of the normalized steel. By shot-peening a
further increase of 6% is realized.

1200, T

stress amplitude [N/mm?]

Zmﬂ)’

number of cycles

Fig. 1-7. Woehler-curves of a case hardening steel 16 MoCr5 (1) normalized state, (2) blind hardened state, (3) case
hardened state, (4) case hardened and shot-peened state [17].

1.2.2 The influences of work hardening

Experiments also showed that softened and hardened steels represent different residual
stress sensitivities. The beneficial influence of compressive residual stresses on bending
fatigue strength can increase up to a certain extent with the increasing hardness of the materials
[18]. This observation is due to the fact that metals with different hardness have different
stability of the initial residual stress state during bending fatigue loading. In higher hardness
material state, residual surface stresses are more stable. While in the normalized state,
machining induced residual stresses almost completely relax during the fatigue process, they
remain stable in the hardness state thus acting as mean stresses during the whole fatigue
lifetime [19]. Plain carbon steels with hardness values < 400 HV are unsensitive to residual
stresses of the 1% kind, which relax nearly completely in course of fatigue loading. In this
particular case, however, residual micro stresses enhance the fatigue behavior. This was

11
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demonstrated for some milled normalized steel specimens [18]. In the work hardened area
dislocations have formed and become tangled, increasing the strength and hardness of material.
This is profitable for kellng the original pre-induced compressive residual stresses and
improving the fatigue resistance of metal. Moreover, pre-induced work hardening (normally
through applying a proper over load) can produce a plastic zone around the front of the fatigue
micro cracks, which can further retard their growth, as shown in Fig. 1-8.
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Fig. 1-8. Plastic zone size parameters used in crack growth retardation models [20].

1.3 Evolution of RS and WH during fatigue process

1.3.1 Cyclic relaxation of residual stress

Many researchers have concerned with the variations of residual stresses during the process
of fatigue failure. In low cycle fatigue of a rolled HSLA steel, Quesnel et al. [21] found that
residual stresses changed sign each half cycle, being opposite in sign to the sign of the applied
load before load release. Noyan & Cohen summarized investigations on plain carbon steels in
high-cycle fatigue [22]. A clear pattern emerges. Below the fatigue limit with annealed
specimens, compressive stresses form and saturate. In one study [23] these stresses were found
to occur only in deformation markings. Above fatigue limit, these residual stresses develop
and then decrease until fracture. For specimens that are shot-peened, relaxation occurs at all
stress level and is most rapid in the early stages of fatigue. In tension-tension fatigue of a shot-
peened specimen, the stress can even reverse sign and become tensile. Much more work need
to be done with various loading histories, because most of the previous work concentrates on
bending or torsion. Noyan & Cohen [22] believe that the fading of residual stressrd during
fatigue process is often attributed to microcrack formation, although there is as yet little
evidence. Another interpretation by Taira’s group [24, 25] is that the residual stresses form in
annealed specimens due to elongation of the near surface region from excess vacancies formed
during cycling. This continues until work hardening saturates, at which time the maximum
compressive stress occurs. Additional cycles produce deformation of deeper layer, resulting in
relaxation. Thus relaxation of residual stress should only occur in tensile cycles. However, no
relaxation is observed in their case. James [26] suggests that stresses can relax owing to
microplasticity in the near-surface region. As the surface is initially in compression, the relief
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would occur only in a compressive half cycle. However, peened specimens do show stress
relief in tensile cycling. Noyan & Cohen [22] proposed that the dominant process causing the
compressive stress is micro-plastic elongation occurs in the near-surface region meanwhile the
bulk is stretched elastically. A maximum residual stress may occur because the surface can
only sustain a certain level of plasticity without void formation, or because of local work
hardening. After shot-peening, the observation that relaxation occurs in tensile cycling leads
us to believe that the bulk is elongating plastically more than the hardened surface. One thing
interesting is that residual stresses could be examined after each half cycle of fatigue, to see
when formation and relaxation actually occurs. Residual stresses should be measured in the
axial and transverse direction, and in a direction normal to the surface. Such results might lead
to an understanding of why in some cases the sign of residual stresses is not important in fading
[27], whereas in other cases it is clear that the algebraic sum of applied and residual stress is
controlling [28]

1.3.2 Cyclic relaxation of mean stress

For mechanical components subjected to asymmetric cyclic loading leading to plastic strain,
most materials exhibit the phenomenon of either mean stress relaxation or strain ratchetting,
or a combination of the two, depending on the applied load and structure geometry. If the
maximum and minimum strains are fixed, then stress relaxation will occur. The initially non-
zero mean stress will progressively shift towards zero as cyclic loading is applied, as sketched
in Fig. 1-11. Mean stress relaxation, whereby the mean stress in a fatigue specimen subjected
to strain-controlled fatigue (with a nonzero mean stress) tends toward zero with the progression
of cyclic deformation. This is quite similar to the stress relaxation under monotonic loading
with fixed strain, except it is induced by the cyclic loading rather than the elapsed time.

Literature showed that strain amplitude has strong influence on the cyclic relaxation
behavior of mean stress [29]. For instance, several studies were conducted on N18 superalloy
(which is used for turbine discs applications) for investigating the relaxation behaviors of mean
stresses and residual stress, as shown in Fig. 1-9 [29]. Classic nonlinear kinematic hardening
(NLK) model was modified by Jung & Chaboche [30] by introducing a threshold in the
dynamic recovery term. Comparing with the experimental data obtained by Bussac &
Lautridou [31], the modified NLK model with threshold can describe the relaxation behavior
of the shot-peening induced residual stress in N18 superalloy very well.
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Fig. 1-9. Evolution of stabilized mean stress for N18 superalloy fatigue samples (at 650°C) under repeated strain load
(Re=0) [29].

By observing the curve predicted by the modified NLK model (the dash line in Fig. 1-10),
a brief understanding about the relationship between mean stress relaxation and strain
amplitude can be obtained. Actually, along with the increase of strain amplitude, mean stress
will firstly increase to a certain value and then begin to decrease. While, the increasing stage
is also divided into two parts: a linear increasing part (0<A&/2<0.0015) followed by a nonlinear
increasing part (0.0015<A¢/2<0.0031). The linear increasing part is caused by the fact that
elastic cyclic deformation occurs in the whole sample (even if some localized plastic
deformation may exist). Beyond the elastic limit, the material will yield. The very beginning
part of plastic deformation will caused the increase of mean stress as well, which is the
nonlinear increase part. However, the strain amplitude range and the increasing magnitude
highly depend on the cyclic hardening/softening behavior of the material. In this nonlinear part,
the strain amplitude still remains elastic, even if slight plastification may occur in the first
tensile half cycle. Beyond the plastification at the first tensile half cycle, there will be three
different situations. First, if cyclic strain amplitude is still below the fatigue limit, no relaxation
of mean stress can be observed. Second, if cyclic strain amplitude is slightly above the fatigue
limit (limited plastification), only limited relaxation will occur. However, after several
numbers of cycles, a stable state can be reached which will leave a non-fully relaxed mean
stress. Third, if cyclic strain amplitude is highly above the fatigue limit (high plastification),
fully relaxation will occur and the mean stress will become zero.

Two things need to be further explained. First, the mean stress relaxation behavior shown
in Fig. 1-9 can be observed under the loading condition that R.#-1, while, the relaxation of
shot-peening induced residuals stress can happen under nearly any cyclic loading condition.
The investigations under the loading condition R¢=0, which can show the relaxation of both
mean stress and surface residual stress, will be quite interesting. It can help us to better
understand the similarity and the divergence between the relaxation behavior of mean stress
and that of the surface residual stress introduced through shot-peening. Second, all the mean
stress levels shown in Fig. 1-10 are obtained from stabilized cycle. Actually, mean stress
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relaxation along with the increase of number of cycles exists as well. Literature showed that
this kind of relaxation tend to be stable after certain number of cycles.

If supposing that surface residual stress will act similar as mean stress, Fig. 1-10 can be
used to under strand the role and the relaxation of residual stresses. If there is no mean stress
relaxation in a cyclic softened material, flow stress imposed by the strain load will act as the
black curve in Fig. 1-10. When compressive residual stress exists in the material, the black
curve will uniformly shift downward as the blue curve. If the cyclic softening behavior exhibits
in the material, flow stress at imposed strain level C is expected to be lower than that at A. The
tendency for this kind of softening behavior in compression is not as significant as in tension.
Consequently, the shape of the hysteresis loop for the portion C and D will roughly keep the
same as that for A and B. A progressive reduction in the combination of mean stress and
residual stress with increasing strain cycles will occur, as the red curve shown in Fig. 1-10.
The decreasing rate progressively diminishes as the stress level of the combination approaches
zero.
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Fig. 1-10. Relaxation of mean stress and residual stress in a cyclically softening material subjected to strain-controlled
fatigue.

Mean stress relaxation can also occur in cyclically hardening materials [32], although, the
mechanisms are not so clear. Cyclic hardening reduces the plastic strain range and increase the
stress range for a fixed total strain amplitude. With reference to Fig. 1-10, the material develops
a higher flow stress at C than at A. However, with a tensile mean stress, the material yields
more in tension than in compression. This preferential plastic straining alters the shape of the
hysteresis loops in such a way that the stress at point D is lower that at B, although C is at a
higher stress level that at A. The net result is that a relaxation of mean stress occurs in a
cyclically hardening material as well.
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1.3.3 Cyclic evolution of work hardening

Fatigue tests can be done at constant stress amplitude or at constant strain (or plastic strain)
amplitude. Schematic diagrams of stress vs accumulated plastic strain for these two cases are
shown in Fig 1-11 and Fig 1-12. The stress necessary to maintain a constant plastic strain
amplitude increases as the number of cycles increases until it reaches a saturation value, as
shown in Fig 1-11, which is called “fatigue hardening”.
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Fig. 1-11. “Fatigue hardening” (schematic): at
constant prescribed plastic strain amplitude, the
observed shear stress amplitude increase with
increasing number of cycles (solid line). The flow
stress as measured in an interposed tensile test
may rise even more (dashed line), (T=tension,
C=comperssion).
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Fig. 1-12. “Cyclic hardening” (schematic): at
constant prescribed shear stress amplitude, the
observed plastic strain amplitude decrease with
increasing number of cycles (solid line). The flow
stress as measured in an interposed tensile test
may rise above the applied stress amplitude
(dashed line).

Conversely, in a test done at constant stress amplitude, the plastic strain per half-cycle
decrease as the number of cycles increase until it reaches an approximately constant value, as
shown in Fig 1-12. In saturation stage, both strain and stress amplitude are constant, no matter
which is prescribed. During the initial hardening period, however, there are substantial
differences in the material behavior for the two cases, and these differences may have a
profound effect on whether or not fatigue failure eventually occurs.

Even in a test under constant applied stress amplitude, hardening still happens in the initial
fatigue period. If a tensile test is interposed after a given number of cycles, the flow stress still
can become larger than the previously applied stress amplitude. By the way, the larger the
number of previous stress cycles the larger the flow stress values until a saturation value is
reached. The ratio between the flow stress and the previously applied stress amplitude may be
identified as a quantitative measure of “cyclic hardening” which should be carefully
distinguished from the “fatigue hardening” shown above. Literature mentioned that is may be
reasonable to assume that the dislocation interactions underlying cyclic hardening are similar
to those determining work hardening in a tensile test at the same stress level, and thus there
should be a correlation between the ratio and the work hardening rate in the material [33].
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1.4 Characterization of residual stress

The “locked-in” character of residual stresses makes it very challenging to evaluate with
high accuracy, no matter which kind of measurement technique is used. However, the various
residual stress measurement methods are now quite mature and the accuracy gap is often not
very large [4]. In the past few decades, many methods were developed for characterizing
residual stresses.

1.4.1 Relaxation measurement methods

Many experiments and cases showed that structural deformations that accompany the stress
redistribution that occurs when residual stresses are released by cutting or material removal. A
linear relationship between the deformation and the released residual stresses is accepted,
because that the “release” mentioned above is typically elastic. This provides the basis of the
“relaxation” methods for characterizing residual stresses [34-36]. Since all of these methods
need to cut or remove the material, they are normally called “destructive” methods. In nearly
all cases, the deformation/stress relationship is made complicated, because that the stress is
removed from one region of the specimen while the measurement are made on a different
region where only partial stress relief occurs. For some simple geometries the
deformation/stress relationship can be determined analytically, otherwise, finite element
calibrations will be needed.

The hole-drilling method [37] is probably the most widely used relaxation method for the
measurement of residual stresses. It involves drilling a small hole in the surface of the specimen.
The relief of stress distorts the region around the hole and the stress is obtained from
measurement of this distortion with strain gauges or full-field optical techniques. Fig 1-14(a)
illustrates this process. This method becomes popular because it can give reliable and rapid
results with many specimen types, and creates relatively localized and often tolerable damage.
The hole-drilling method is well developed and now standardized as ASTM E837-08 [37]. In
this procedure, the drilling speed and angle have strong influences on the value of induced
drilling stresses and the accuracy of test. Also, the hole itself is a stress concentrator, which
can lead to unwanted local plastic deformation, contributing to the distortion.

An “inside-out” variant of hole-drilling method is the ring-core method, where the “hole”
is around the outside and the measurement on the inside, as shown in Fig 1-13. This method
has the advantage over the hole-drilling method that it provides much larger surface strains
and can identify larger residual stresses. However, it creates much greater specimen damage
and it is more difficult to implement in practice.
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Fig. 1-13. Hole-drilling method: (a) conventional hole-drilling method, (b) ring-core method [4].

There are lots of other kinds of relaxation methods as well. Such as the splitting method
[38], the sectioning method [39], the layer removal method [40], the deep-hole method [41,
42], the slitting method [43, 44], the contour method [45], and so on. The various relaxation
techniques differ greatly in their characteristics, for example their applicable specimen
geometry, their cutting procedure, measurement procedure, residual stress components
identified, spatial resolution, and so on.

Different relaxation methods have various limits. For instance, hole drilling method is not
suitable for the cases that stresses are highly non-uniform or noisy data is strong, layer removal
is highly time-consuming and subject to measurement drift, etc.. Normally, volume affected
by destructive methods varies from several mm?® (hole drilling method) to few cm? (layer
removal method). This makes them not suitable for our case, because the radius of the fatigue
sample is quite small and the layer affected by the shot-peening is fairly thin.

1.4.2 Diffraction methods

The diffraction methods provide the possibility of a “non-destructive” procedure to
measure residual stresses. There are several diffraction methods, such as X-ray diffraction [46],
synchrotron X-ray diffraction [47] and neutron diffraction [48, 49], and so on. These methods
mainly concern with the measurement of distance between atomic planes in crystalline or
polycrystalline materials using the electromagnetic radiation, typically X-rays and neutrons.
The radiation is absorbed and then reradiated with the same frequency such that strong
emissions occur at certain orientations and minimal emissions at some other orientations,
which flows the Bragg’s law [4]:

nA=2dsiné (1-1)
where n is integer, 4 is the wavelength of the electromagnetic radiation, d is the distance
between the diffracting planes (inter-atomic lattice spacing) and & is the Bragg angle, as shown
in Fig 1-14.
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Fig. 1-14. Radiation diffraction within a crystal structure [4].

In this study, many X-ray diffraction tests will be performed in order to characterizing
residual stresses and work hardening. Thus, here, our attention will be mainly paid to the X-
ray diffraction tests. Considering the 4-circle Seifert PTS-3000 X-ray diffractometer used in
this thesis, before talking about the measurement of residual stress with X-ray diffraction, the
geometrical definition of a common X-ray diffraction system need to be introduced at first.

1.4.2.1 Geometrical definition of X-ray diffraction system

The key for describing a diffraction system consistently is to split the useful angles, a set
of eight angles usually found in the literature, into three groups corresponding to three different
aspects of physical acquisitions. The first group is the ‘sample angles’, denoted @, ¥, 5, which
are used to probe the mechanical state of the material at a given depth. The second group is the
‘goniometric angles’, denoted ¢, y, @, which are used to describe the rotation of the goniometer
system. The third group is called the ‘diffractometric angles’, denoted & and y, which are used
to define the direction of the diffracted beam [50], as shown in Fig. 1-15. Similarly, three
orthonormal reference systems need to be defined as well. The first is ‘the specimen (S)
reference system’, denoted (S1, S2, S3), as shown in Fig. 1-16. Sz is normal to the specimen
surface and directed towards outside. S; and S» stay in the plane of the surface and are freely
chosen to make the system to be direct. The second reference system called ‘the goniometer
(G) reference system’, denoted (G1, Gz, Gga) is represented in Fig. 1-16 as well. Gy is the
propagation direction of the incident X-ray beam. G2 is the axial direction of the goniometer.
Gs is chosen so that the system (G1, G2, Gga) is direct. The third reference system is called ‘the
laboratory (L) reference system’, denoted (L1, L2, L3) as shown in Fig. 1-15(a). Ls is normal to
the diffracting plane {hkl} Directeur de thése. Lo is the intersection line of the diffracting plane
{hkl} and the diffraction plane defined by the incident and diffracted beams. L3 is chosen so
that the system (L1, L2, Ls) is direct. One thing needs to be noticed is that the acquisition modes
using a zero- (punctual) or a one-dimensional (position-sensitive) detector can be described by
taking y=0, which means that everything takes place in the equatorial plane of the
diffractometer [50].
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Fig. 1-15. (a) Definition of the specimen reference system (Si, Sz, S3), of the laboratory reference system (L, L2, L3) and
of the sample angles @, ¥, n; (b) Definition of the goniometer reference system (Gi, Gz, Gs) and of the diffractrometric
angles @ and y [50].

1.4.2.2 Standard sin?¥ method

Regarding the residual stress measurement with X-ray diffraction, there is a standard
method broadly used, named standard sin?¥ method. The reference position for defining the
origin of the angles is shown in Fig. 1-16. In order to determine the residual stresses in the
material through X-ray diffraction, the specimen should have two kinds of rotations. One
rotation is characterized by the tilt angle ¥ between Sz and Ls. This kind of tilt can be
accomplished by a rotation about S1 (y-mode) or Sz (w-mode) respectively, or by the combined
rotation of Syand Sz (combined tilt mode (mixed mode)). The other rotation is characterized
by the azimuth angle @ and is executed by rotating around the specimen normal Ss.

© rotation
[

detector

G:=8S;
Fig. 1-16. Reference position (p=y=w=0), for which the axes S1 and G, Sz and Gz, Sz and Gs are superposed pair wisely
[50].

The residual or applied strain gow ({hkl},z) can be determined from a change in the
interplanar spacing dow of the diffracting planes {hkl} as follows:
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Eow ({NKI}, 7) = In(

d(m,{hkl}) ~ dg{hkI}—d, (1-2)
d, d,
where do is the interplanar spacing of the unstrained material and 6o is the corresponding Bragg
angle.z is the average penetration depth. Strains calculated from X-ray diffraction data acquired
at crystallographic scale ¢ow ({hkl},z) can be correlated to the components of macrostress
tensor aij(z) in the sample volume by:

Eouw {NKI}, 7) = F,0, (2) (1-3)
where the Fj; are the Generalized X-ray Elasticity Constants (GXEC). When the material is
macroscopically isotropic, the Fj; depend on the two X-ray Elasticity Constants (XEC)
1/2S>{hkl} and Si{hkl}. They depend on the elasticity constants of the single crystal and the
set of planes {hkl} for a given crystal structure.

F, = % S, {hki}cos® ®sin® ¥ + S {hki}
E, =%Sz{hkl}sin2 ®sin? ¥ + S {hkl}

F, = % s, {hki}cos? & + S {hkl}
1 (1-4)
F,=F,= > S, {hkl}sin 2dsin* ¥

F,=F,; :%Sz{hkl}cosd)sin 2¥

F.=F, :%SZ{hkl}sin dsin2¥Y

In the above equations, one strain value (the shift of 26) is considered at each sample
orientation (®, ). This is suitable for stress measurement with the positon-sensitive detectors
which will be used in this thesis. By performing X-ray diffraction tests with various & angles
and ¥ angles (which means that varying the goniometer angles ¢ and y as shown in Fig 1-16),
all the six independent components of the stress tensor could be obtained by linear least squares
regression on the eow ({hkl},7) vs sin?¥ plot, as shown in Fig 1-17 [51]. If shear stress
components are neglect (supposed to be 0), the eow ({hkI},7) vs sin®¥ plot will be a linear
equation, as shown in Fig. 1-17(a). In this case, normal stress components can be calculated
with the slop m and the constants Fi;. If shear stress components are taken into account, the eow
({hkI},7) vs sin?¥ plot will be Fig. 1-17(b). In this case, normal stress components can be
calculated can be calculated as before. As for the shear stress components, they can be
calculated with the slop b of the Asow ({hkl},7) vs sin?¥ plot, as shown in Fig. 1-17(c), and the
constants Fij. The oy ({hkl},7) vs sin?® plot may deviate from a straight line or a parabola-
like curve when something, for instance strong texture, stress gradient, composition gradient,
etc. exist in the material.
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Fig. 1-17. Stress measurement from the gow ({hkl},7) vs sin?¥ plot: (a) linear when 74=0; (b) ¥-split due to 7##0; (c)plot
of Acow ({hkl},7) vs sin®¥; (d) curved due to texture, stress gradient, or composition gradient [51].

Two major problems limited the application of X-ray diffraction for our case. Firstly, the
beam size of X-ray diffraction, normally several mm?, is too large comparing with the radius
of the fatigue samples. Secondly, using X-ray diffraction on small cylindrical component is
always troublesome, because that the sample surface curvature can severely decrease the
quality of the diffraction patterns. This can directly affect the accuracy of the stress values
extracted.

1.4.3 Instrumented indentation methods

The destructive or semi-destructive nature of the relaxation methods limits their application
in the cases that the completeness of the sample need to be highly kept As for diffraction
methods, it is always difficult to separate intrinsic microstructural effects on the physical
parameters from the effects of a residual stress, and hence the methods require the preparation
of stress-free reference sample for comparison purposes. Additionally, the physical methods,
such as magnetic [52] and ultrasonic [53] methods, cannot be directly applied to
amorphous/glass materials that do not have a long-range ordered atomic structures [6]. In the
past two decades, one more technique has been added into the list of residual stress
measurement methods. It is the instrumented indentation test.

Instrumented indentation test (IIT), also known as depth-sensing indentation or
nanoindentation, allows the application of a specified force or displacement which could be
controlled and measured simultaneously and continuously over a complete loading cycle.
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Many material properties, such as Young’s modulus [53, 54], hardness [53, 54], yield strength
[55, 56], work-hardening exponent [57], fracture toughness [58], small-scale mechanical
behavior (for instance, indentation size effect, pressure-induced phase transformation of
semiconductors, inhomogeneous deformation of amorphous alloys) [6], and so on, can be
derived from this test. Recently, much attention has been paid to instrumented indentation as
a new way for characterizing residual stresses, because it may overcome the limitations of
conventional methods.

After applying uniaxial or biaxial stresses into component, variation of hardness was
observed through conventional Vickers [59] and Rockwell [60] hardness tests, which became
the original motivation of measuring residual stress with instrumented indentation technique.
Results showed that tensile stress tends to decrease the apparent hardness and compressive
stresses increase it [60]. Based on this phenomenon, several empirical relationships were built
for trying to extract residual stresses value from hardness tests.

Original surface
o

(a) (b) h

Fig. 1-18. Scheme of equivalent conical indenter and the P-h curve derived from it [61].

Since its commercialization in the middle of 1980s, instrumented indentation has become
a powerful tool for measuring small-scale mechanical properties of materials. Considering a
conical indenter equivalent to a Berkovich indenter as shown in Fig. 1(a), for which the semi
apex angle o is equal to 70.3°, the evolution of the indentation load (P) regarding the
penetration depth (h) (called P-h curve) is shown in Fig. 1-18(b). Different from conventional
hardness tests, mechanical properties can be obtained only through analyzing the P-h curve
during the whole loading and unloading sequence.

In a typical instrumented indentation process, contact stiffness (S), contact hardness (H)
and projected contact area (Ac) are respectively defined as:

S= Luid =2E"a (1-5)
dh h max

H = Prnax (1-6)
A

A =ra? (1-7)

where a is the projected contact radius, dp/dh|mmax is the initial slope of the unloading curve as
shown in Fig. 1-18(b), Pmax is the maximum load and E* is the reduced modulus which is
expressed as:

1 _@a—v) d-v? (1-8)
E” E E'
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E and v are the Young’s modulus and the Poisson’s ratio of the tested material and E” and v’
are the Young’s modulus and the Poisson’s ratio of the indenter, respectively. One thing needs
to be noticed is that the projected contact area can also be expressed as a function of the actual
contact depth h¢, because the shape of the indenter tips is usually a regular geometry (such as
cone, triangular pyramid, sphere, etc.). For example, Ac=24.5h¢? for an ideal Berkovich tip.
According to the most popular method proposed by Oliver and Pharr [54], the actual contact
depth can be given by:

P
h=h_ - max 1-9
o=g (1-9)

C max

Based on the IIT processes, several theoretical models were built for correlating the
residual stresses and the instrumented indentation responses and then to try to realize the
measurement of residual stresses. Some of them tried to build the relationship between contact
hardness and residual stresses, like the model of LaFontaine et al. [62]. Some other models
tried to connect residual stress with the projected contact area, such as the model proposed by
Suresh and Giannakopoulos [63], the model by Lee et al. [64, 65] and the model by Carlsson
& Larsson [66, 67]. Some other models also need the assistance of some material properties,
like yield strength, Young’s modulus, such as the model of Swadener et al. [68].

Besides the theoretical models mentioned above, numerical simulation techniques have
also been used to establish the influences of residual stresses on instrumented indentation
responses. Finite element simulations of sharp tip indentation were performed by Chen et al.
[69] to analyze both the ratio of the in-plane residual stress to the yield strength (or/ov) and the
reciprocal yield strain (E/ov) on the contact hardness (H), the contact stiffness (S) and the work

of plastic deformation (W, = IO““* Pdh). Based on the results, Chen et al. [69] proposed a method

of reverse analysis to extract or, ov and E from only the P-h curve. Based on the numerical
simulation results, Xu & Li [70] proposed a coupled instrumented indentation simulation on
bending test for determining the residual stress in a mechanically polished fused quartz beam.

Some more explanation need to be made on Eq.(1-5). Since the indenter tip (normally is
diamond) is always much harder than the tested materials, thus, the mathematical foundations
of indentation problem began from the contact analysis between a rigid punch and an elastic
half-space [71]. Love firstly succeeded in finding a solution for conical [72] and cylindrical
indenter [73]. Later on, Harding and Sneddon established an analytical procedure for deriving
loading-displacement relations for an indenter of arbitrary axisymmetric shape [74]. And, this
solution procedure was further simplified by Sneddon with the method of Hankel transforms
[75].

Based on Sneddon’s solution, a modification of Eq.(1-5) was obtained as:

=M 2 -
R (1-10)

In this formula, there is a correction factor § which is correlated with the geometric shape of
the indenter. The value of £ is taken to be 1 for axisymmetric indenters (e.g. conical and
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spherical indenters). This is the reason why we cannot see £ in the Eq.(1-5). As for Berkovich
indenter, the value of £ was recommended to be 1.304 [76].

actual shape of
deformed surface

Fig. 1-20. (a) Geometry used by Sneddon to describe indentation of an elastic half-space by a right circular cone. (b)
Schematic representation of the actual shape of the deformed surface predicted by Sneddon’s analysis when the
radial displacements are taken into account [71].

Another study performed by Hay et al. [71] showed that there should be another correction
factor y in the Eq.(1-5), which is not negligible. Hay et al. [71] pointed out that one subtlety of
Sneddon’s solution was overlooked. Indeed, in Sneddon’s solution for indentation of elastic
half-space by a rigid cone, radial inward displacements of surface points inside the circle of
contact are present and must be taken into account. The schema of radial inward displacements
of surface points inside the circle of contact is shown in Fig. 1-19.

An important thing is that the correction factor y is suitable only for rigid indenters, which
is meaningful for our later simulations (with rigid conical indenter). Hay et al. [71] suggested
that for conical indenter, the value of correction factor y can be approximately calculated with:
1-2v)
41-v)
(1—2‘/))2
41-v

The results of Hay et al. [71] were further proved by Troyon et al. [77]. And, Troyon et al.
[77] showed that in a general case, both g and y should be taken into account, and the general
form of Eq.(1-5) should be like this:

:ETﬁ (2-12)

7 14+0.15483073cotg
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1.5 Characterization of Work Hardening

The characterization of work hardening is not easy. Several methods have been proposed
based on different influences and mechanisms of work hardening. The mechanism of work
hardening always accompany with microstructure evolutions in materials, such as dislocation
movements, the tangle and pile-up of dislocations, missorientation of grains, the formation of
microtwins, and so on. The testing techniques sensible to these microstructure evolutions could
provide several ways for characterizing work hardening indirectly.

1.5.1 Hardness indentation

For a perfectly plastic-rigid solid the theory of hardness indentation is relatively simple.
An important conclusion of the theory is that the hardness (the average pressure under the
indenter), is a constant factor of the yield stress [78, 79] When Knoop or Vickers diamond
indenter is used, this factor, known as the Tabor relation, is very close to three. However,
several researches showed strong deviation of this factor [80]. Gerk [81] pointed out that the
deviation of the behavior of the material from the Tabor relation is the result of the appreciable
work-hardening which occurs during the initial stages of plastic deformation under the indenter.

The fact that the work-hardening influences the measured hardness value of a well annealed
high purity of fcc metal was suggested by many researchers, such as Gilman [79]. Tests on
nickel-free austenitic stainless steel made by Mirza and Khamdi [82] showed that the degree
of deformation variation applied in cold-rolling process for the amount of 15%, 30%, 45% and
54%, is able to change the grain structure and increase the material hardness significantly
without changing the phases. Similar hardness variation was observed on AISI 304 stainless
steel as well by Milad et al. [83], however martensitic phase transformation occurred during
the cold-rolling process.

Numerical simulation has also been used for calibrating the relationship between hardness
and work hardening. Fazil & Ahmet [84] established an analytical relation between hardness
and effective strain induced in a metal during cold working. The aim of the work of Fazil &
Ahmet [84] is to determine hardness value from numerically obtained plastic strain without
producing samples and making measurements, however their results showed a way for
characterizing work hardening quantitatively by using their method reversely.

Hardness indentation test is simple and easy to perform. In most situations, residual stresses
will normally be induced together with work hardening. However, hardness was proved to be
sensitive to both of them, which severally limited applying hardness for measuring work
hardening.

1.5.2 Electron backscatter diffraction (EBSD)

Mechanical twinning was proved to improve work hardening. This so called twinning
induced plasticity (TWP) effect is considered to be resulted from a dynamical Hall-Petch effect
[85-87]. Allain et al. [87] suggested that the high strain hardening of Fe-Mn-C TWIP steels is
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mainly due to mechanical twinning. Bouaziz et al. [88] also proved the strong contribution of
kinematical hardening to the mechanical behavior, which is closely linked to the TWIP effect.
Electron backscatter diffraction (EBSD) analysis gives new possibilities for characterizing the
microstructure evolution during plastic deformation [89].

Surface

(a) (b) (c)

Color Coded Map Type: Grain Orlentabon Spread
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Fig. 1-21. Maps of grain orientation spread (colour) and image quality (greyscale) for five shot peen intensities: (a) 4-
6 A; (b) 5-7 A; (c) 6-8 A; (d) 7-9 A; (e) 8-10 A, applied to nickel-based alloy 720Li, showing the effects of surface
deformation at the exposed sample edge (top) [92].

Wilkinson et al. [90] go further in quantifying strain, using cross-correlation measurements
of small shifts in EBSD patterns with a sensitivity of 10*. Deformation assessments have been
achieved as well by measuring an image quality parameter. Image quality describes the quality
of an EBSD pattern by measuring the integrity of the crystal lattice in the diffracting volume.
More strained microstructures are prone to increase dislocation interference resulting in
reduced image quality during data collection. This phenomenon also provides a reasonable
estimation of microstructural strain as shown by Yoda et al. [91], although it is dependent on
the material type, absolute grain orientation and sample preparation procedure of the
diffracting volume. Yoda et al. [91] also proposed an improved way to measure strain
differences between grains using a parameter called average misorientation per grain which
measures orientation within a grain on a kernel-by kernel basis, averaging the mismatch
between adjacent kernels and assigning this as the average misorientation for that grain. Based
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on this kind of feature, EBSD was used by Child et al. [92] to characterize the effect of shot-
peening on work hardening at various shot-peening intensities.

The EBSD technique discussed above provide a more reliable method (high resolution) of
assessing grain orientation due to induced strain hardening, comparing with hardness, which
includes the contribution of residual stresses [93]. However, it can only give a qualitative
characterization of work hardening, such as comparing the hardened zone and level with
different conditions. It cannot provide a quantitative measurement of the amount of the work
hardening.

1.5.3 X-ray diffraction

X-ray diffraction peak broadening analysis is proved to be a quite convenient approach to
study the microstructural evolution of crystalline material. The peak broadening increases as
the crystalline size is reduced and microstrain increases during the work hardening process
[94].

The method of quantifying the level of work hardening in components by correlating the
X-ray diffraction peak broadening to the equivalent true plastic strain has been studied and
discussed in literature [95-97]. An example is shown in Fig. 1-22. If the level of work
hardening is correlated to the amount of the equivalent true plastic strain, then it is
accumulative and independent of the mode of deformation [96]. The peak width increases as
the crystallite size is reduced and microstrain increases with the accumulated work hardening.
As a metal is work hardened, the dislocation density increases which directly reduces the size
of the perfectly crystalline regions or crystallites (coherent diffracting domains) and increases
the average (standard deviation) microstrain in the crystal lattice. The reduced crystallite size
and increased microstrain both produce broadening of diffraction peaks which can be
conveniently measured as a mean of quantifying the degree to which the material has been cold
worked [96].

The close relationship between the dislocation density in material and the peak broadening
in X-ray diffraction had been discussed by several researchers. Wilkens [98, 99] first developed
the theory about symmetrical X-ray diffraction lines broadened by dislocation, which was
successfully verified by the experimental study of tensile deformed Cu-single crystals oriented
for single slip [100]. The first theory for the diffraction peak broadening was proposed by
Warren & Averbach [101]. They assumed that the broadening is caused by the size effect and
strain effect. Groma & Ungar [102, 103] have discussed how the peak broadening in X-ray
diffraction is closely related to the dislocation density in metallic materials. They built an
effective model to correlate statistically stored dislocation (SSDs) density with local plastic
strain. The plastic zone size and plastic strain distribution are determined quantitatively by
Yang et al. [104] through measuring the full width at half the maximum (FWHM) of the peak
in the magnitude of the discrete Fourier fransform (DFT) of backscattered electron (BSE)
images of the microstructure around a fatigue crack tip in a commercially pure titanium (Ti)
specimen. According to the results of a calibration made from images collected during an in
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stiu tensile test, the peak width has a close relationship with strain for images of multi-grain
patches. On the basis of this calibration, a plastic strain distribution map around the crack tip
has been produced [105].
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Fig. 1-22 Dependence of (220) peak breadth on “work hardening” expressed as true plastic strain. Samples were
prepared in compression with multiple measurements shown (the Kal peak breadth corresponding to 10% work
hardening is indicated) [94].
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The observed diffraction peak width is actually the convolution of broadening due to the
work hardening present in the specimen and instrumental broadening. These two components
may be separated using Stokes’method [96], however, this approach requires extensive data
collection to completely define the diffraction peak profile and a reference specimen without
work hardening [96]. With conventional X-ray diffractometer, as configured in Section 1.4.2,
the beam size (normally can reach several mm?) and the sample edge effect will make it
impossible to characterize work hardening in a relatively small sample.

1.6 Titanium and its alloys

Titanium was named after the powerful sons of the earth—Titans, for representing its hard
to extract ore. Many attempts were made to isolate the metal from the titanium ore using
titanium tetrachloride (TiCls) as an intermittent step. The production of ductile, high purity
titanium still proved to be difficult, because of the strong tendency of titanium to react with
oxygen and nitrogen [106]. This is also the main reason why the cost of titanium and its alloy
cannot be reduced remarkably and cannot be extensively used as substitute for steel.

1.6.1 Crystal structure

Like many other metals, titanium can crystalize in various crystal structures. Pure titanium
as well as the majority of titanium alloys, crystallizes at low temperatures in a modified ideally
hexagonal close packed structure, called « titanium. At high temperatures, however, the body-
centered cubic structure is stable and is referred to as g titanium. The phase transformation
temperature is 882°C. The atomic unit cells of the hexagonal close packed (hcp) a titanium
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and the body-centered cubic (bcc) g titanium are schematically shown in Fig. 1-23 with their
most densely packed planes and directions highlighted.

0.468 nm

0.295nm %\
a,

Fig. 1-23. Crystal structure of hcp « and bcc g phase [107].

The existence of the two different crystal structures and the corresponding allotropic
transformation temperature is of central importance since they are the basis for the large variety
of properties achieved by titanium alloys.

Both plastic deformation and diffusion rate are closely connected with the respective
crystal structure. In addition, the hexagonal crystal lattice causes a distinctive anisotropy of the
mechanical behavior for the « titanium. The elastic anisotropy is particularly pronounced. The
Young’s modulus of titanium single crystal consistently varies between 145 GPa for a load
vertical to the basal plane whereas it is only 100 GPa parallel to this plane.

1.6.2 Classification of titanium alloys

Commercial titanium alloys are classified conventionally into three different categories (a,
a+p, and g alloys) according to their position in a pseudo-binary section through a g
isomorphous phase diagram, schematically shown in Fig. 1-24 [106]. The group of « alloys
consists various grades of CP titanium and « alloys, which upon annealing while below the S
transus, contain only small amounts of § phase (2~5 vol%) stabilized by iron.

The group of a+p alloys has a range in the phase diagram (Fig. 1-24) from the a/o+f phase
boundary up to the intersection of the MS-line (martensite start line) with room temperature,
thus a+f alloys transform martensitically upon fast cooling from the £ phase field to room
temperature.
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Fig. 1-24. Pseudo-binary section through a g isomorphous phase diagram (schematically) [107].

The o alloys generally have creep resistance superior to f alloys, and are preferred for high-
temperature applications. The absence of a ductile-to-brittle transition, a feature of g alloys,
makes « alloys suitable for cryogenic applications. Unlike g alloys, « alloys cannot be
strengthened by heat treatment. They are most often used in the annealed or recrystallized
condition to eliminate residual stresses caused by working [108].

1.6.3 Application of titanium and its alloys

In recent years, titanium and its alloys have been broadly used in lots of fields, such as
satellites, rockets, power generating plants, offshore installations, deep drilling, automotive
industry, and so on. However, the initial application field of titanium alloys, aerospace, still is
the largest and most important one.

Operating empty weight, kg x 10°
0 50 100 150
1 T ] 1
New models < 40

7a75p |5 70
MD-11/DC-10 o747 | %

8

~4
o

50 L-10112

767 (& A33Q/A340 -2

A300/A310

757 ¢ |
|~ DC-9” GA320 =10

L 727 Early models
0 707 , 0
0 100 200 300 400

Weight of mill products per plane, Ib x 10°
Weight of mill products per plane, kg x 10°

Operating empty weight, Ib x 10°

Fig. 1-25. Increase of titanium consumption on commercial aircraft for both airframe and engine applications [109].

High-strength-to-density ratio, good resistance and creep life, and good fracture toughness
are characteristics that make titanium a preferred metal for aerospace application. The earliest
production of titanium started in 1952, for the nacelles and firewalls of the Douglas DC-7
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airliner. Since that time, titanium and its alloys have been used for structural components on
aircraft ranging from the Boeing 707, to the supersonic SR-71. Titanium fan disks, turbine
blades and vanes are commonly used in aircraft turbine engines. Researches concern with
titanium is an important aspect which drives the increase of aerospace engine efficiencies [108].
Titanium-base intermetallic compounds are another class of materials which can increase the
thrust-to-weight ratios of engines. Using precision titanium castings in jet engines, such as inlet
cases or compressor frames, is a rising application [108].

Another major application of titanium is corrosion resistance. Although titanium alloys are
still vital to the aerospace industry for their distinguished mechanical properties, recognition
of the excellent resistance of titanium to many highly corrosive environments, particularly
oxidizing and chloride-containing process streams, has led to widespread on aerospace
(industrial) applications [108]. The excellent corrosion resistance of titanium alloys results
from the formation of very stable, continuous, highly adherent, and protective oxide films on
metal surfaces. Because titanium metal itself is highly reactive and has an extremely high
affinity for oxygen, these beneficial surface oxide films form spontaneously and instantly when
fresh metal surface are exposed to air and or moisture. Commercially pure titanium is more
commonly used than titanium alloys for corrosion applications, especially when high-strength
is not a requirement.

1.6.4 Our target materials

In this study, there will be two kinds of target materials: T40-CP grade2 and Ti-18 alloy.
From alloying elements, fabrication processes, mechanical properties to applications, they are
quite different from each other. However, fatigue property is quite important for both of them.

1.6.4.1 T40 grade 2 commercial pure titanium

Commercial pure titanium (CPT) has minimum titanium contents ranging from about
98.635 to 99.5 wt%. According to ASTM B 348-06 and ASTM B 265, grade 2 commercial
pure titanium should fulfill the chemical requirements shown in Table 1-1. And, its tensile
properties need to fulfill the requirements shown in Table 1-2.

Table. 1-1 Chemical requirements of grade 2 CPT [110, 111]

Elements C Fe N (0] H Ti
Wit% <0.08 <0.20 <0.03 <0.18 <0.015 Bal

Table. 1-2 Tensile requirements of grade 2 CPT [110, 111]

Tensile strength Yield strength, 0.2% offset Elongation in 50 mm Bend test (Radius of Mandrel)
min min max min Under 1.8 mm 1.8 -4.75 mm
MPa MPa MPa % in thickness in thickness
345 275 450 20 2T 2.5T

At room temperature, commercial pure titanium is typically a 100% « crystal structure. As
amounts of impurity elements increase (primarily iron), small but increasing amount of S phase
are observed metallographically, usually at a grain boundaries. Annealed unalloyed titanium
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may have an equiaxed or acicular a microstructure. The former can only be produced through
recrystallization of material that has been extensively worked in the a phase, which occurs
during p-to-a transformation during cooling through the transformation temperature range
[112].

Commercial pure titanium has excellent resistance to corrosion, high-strength to weight
ratio and good ductility as temperature decrease [113]. It is used at temperature below 350 °C
(below 500°C if there are no mechanical stresses). If serving at temperatures above these values,
it will be under the risk to get severe surface oxidation. Higher temperatures are possible only
under protective atmosphere or under vacuum. At low temperatures, tensile and yield strength
of CPT goes up. However, contrary to what happens with steels, T40-CP grade 2 does not
show any fragile rupture at very low temperatures.

T40 is a standard material in chemical engineering where it is placed in contact with
numerous corrosive media (nitric acids, chloride and hypochlorite solutions, humid chlorine,
organic acids) [107]. It has also been used frequently for heat exchangers in power stations,
reacting containers in various chemical plants [113] and implant components [113]. In such
aggressive environments, materials and components normally will undergo cyclical plastic
deformation. Thus, stress corrosion and corrosion fatigue, which can be considered as
environment sensitive nucleation and growth of subcritical cracks [114], will be their major
failure formats. Since shot-peening has primarily an influence on the surface of materials and
components, it could be one impede to stress corrosion and corrosion fatigue failure. It is
important to know that shot-peening neither is a panacea for all stress corrosion and corrosion
fatigue problems, nor is useless in most cases [115]. So, investigating the influences of shot-
peening process on commercial pure titanium has its own importance in practical uses.

1.6.4.2 Ti-18 high-strength near-# titanium alloy

Along with the development of aerospace introductory, high-strength titanium alloys have
been used more and more broadly to replace conventional structural materials, such as high-
strength steels for reaching some special requirements, such as reducing weight, avoiding
problematic coatings, lowering maintenance requirements, and so on. High-strength near-$
titanium alloys are mainly used for the landing gear, of which the serving condition is complex
and the requirement of mechanical performance is high.

Inchoate high-strength near-g titanium alloy is Ti-10-2-3 (Ti-10V-2Al-3Fe) who had the
forging applications on the Boeing 777 main landing gear. However, later on, Ti555 has
evolved into the baseline alloy for numerous high-strength applications. Comparing with Ti-
10-2-3 alloy, Ti555 has many advantages, such as less prone to segregation (because of the
content of Fe is lower), less sensitive to forging and heat treatment parameters (because that it
is processed further below the £ phase transformation temperature), air-hardenable in large
sections which avoids the need for water-quenching.

The TIMETAL 18 (here after called Ti-18) has been recently designed as a new bimodal
titanium alloy, aiming at providing both an improved combination of ductility and mechanical
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resistance in heavy sections, a superior quench capability and less sensitivity to heat treatment
parameters when compared with the Ti-555 system [116]. By investigating the periodic table
of the elements, the component of the alloying elements of Ti-18 were set as: Ti-5.5Al-5Mo-
5V-2.3Cr-0.8Fe-0.150 (wt%). The Mo equivalent has been set at about 14.2 and ranges from
about 12.8 to 15.2, and the beta stabilizer ratio has been set at about 1.4, according to the
equilibrium conditions shown in Eq.(1-13) and Eq.(1-14). The kinetics are affected by the
relative amounts of Seur [116].

V. Cr Fe
Mo, =Mo+ Y+ CF , Fe 113
O =0T 157065 035 (49
M0+V
Prso _ 15 (1-14)
Pewr  CT , FE
065 0.35

Direct comparison of tensile properties of Ti-18 and Ti555 were shown in Fig 1-26. For
now, the evaluation of production-scale material is still continuing. However, Ti-18 has already

shown the dawn of the incremental property improvements over current near-beat alloys.
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Fig. 1-26. Comparison of Ti18 and Ti555 L strength-ductility combinations for 250mm diameter billet solution treated
at Tp-44C, 2hrs, air cooled, then aged at 621C for 8hrs, air cooled [117].

1.7 The Aim of This Thesis

During the last decades, the conventional residual stress characterizing methods have
already become quite mature. However, the existence of practical difficulties in some special
situations still has not been eliminated.

-First, the affected area of conventional residual stress characterizing methods is quite large.
For diffraction methods, the beam size normally stays in the range of several square millimeters.
As for destructive methods, the affected area can be even larger. This kind of limitation makes
it nearly impossible to apply these methods on a relatively small component.

-Second, although some methods have been promoted for characterizing work hardening.
However, some of them are quite trivial in practice, and some others can only be used
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qualitatively. There is no method which can be easily and conveniently used to realize the
quantitative characterization of work hardening.

Third, shot-peening will simultaneously induce residual stresses and work hardening into
component. Sometimes, their influences are mixed together, which will be quite troublesome
when trying to measure them respectively.

In order to overcome these limitations, developing a new method to quantitatively
characterize shot-peening induced residual stresses and work hardening through instrumented
indentation techniques will be the first aim of this thesis. The most ideal situation is that we
will figure out a pure experimental way which can simultaneously obtain both residual stresses
and work hardening levels easily and conveniently. If pure experimental way cannot be
reached, a semi-experimental method, which might be assisted by numerical simulations, will
be attempted. However, insensitive to both constitutive model and error range of the
experimental data will be the expectant properties of the semi-experimental method. How to
construct the new approach will firstly be studied with the assistance of finite element method
(FEM). From the view point of saving time and materials, FEM simulation is a good choice
for exploring new mechanical experimental methods. Once the new method is successfully
built, its accuracy and stability will then be tested with FEM simulations as well. This part of
work will be discussed in Chapter 2 in detail.

When the new characterizing approach has been proved to be reliable from a pure
numerical point of view, it will be used in real experiments to characterize shot-peening
induced residual stresses and work hardening in T40. The obtained results will be compared
with the results extracted from conventional methods (probably X-ray diffraction). The
possible problems that might be met during the application will be solved as well for improving
the performance of the new method. This will be the major content of Chapter 3.

As a new branch of high-strength near $-phase titanium alloys, Ti-18 has great potential to
be used in aerospace industry in the future. Thus, investigating its fatigue property will be
meaningful. Furthermore, as one of the most broadly utilized surface-treating and
manufacturing procedure of aerospace materials, shot-peening process can surely benefit the
fatigue resistance of Ti-18 alloy with both imposed compressive residuals stresses and work
hardening. Therefore, exploring the relaxation of residual stresses and the evolution of work
hardening during low cycle fatigue process is significant for Ti-18 alloy. This will be second
aim of this thesis which will be mainly investigated in Chapter 4. This part of work can finally
guide the optimization of shot-peening parameters for improving the performance of Ti-18.
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Chapter 2
Characterization of RS and PP with FEM simulations of HIT

As introduced in Chapter 1, since characterizing residual stresses and accumulated plastic
strain in small round bar (such as fatigue test samples) is not easy with conventional methods,
we would like to attempt to use instrumented indentation test to solve this problem because of
its advantages in local material properties characterization.

Finite element method (FEM) is a convenient and low-cost way for simulating
experimental process, which is especially useful in exploring the possibility and demonstrating
the feasibility of a new experiment method at the very beginning stage. Thus, in this chapter,
FEM will be applied for probing a new method that is suitable to characterize residual stresses
and work hardening with instrumented indentation technique.

In Chapter 1, we explained that work hardening can hardly be measured directly.
Considering the close relationship between work hardening and accumulated plastic strain, the
later will be used as a parameter to represent the former in this study. Both residual stresses
and accumulated plastic strain will be manually induced into a FEM model simulating the
instrumented indentation test (1IT). Then, the indentation responses will be explored for
building a method to obtain, as accurate as possible, the values of the residual stresses and
accumulated plastic strain initially induced.

2.1 FEM model

Normally, shot-peening process will generate a continuous gradient distribution of RS and
PP along the depth. In order to simplify the problem, discretization of the original continuous
gradient was conducted. Results of some literatures showed that during 11T simulation process
with residual stresses, parameters which will significantly influence the result is the hydrostatic
stress in the region beneath the indenter tip, but not each individual component of residual
stress [63]. Considering the two points mentioned above, we take a cylindrical representative
volume element (RVE) under the shot-peened surface for our investigation, assuming that the
values of RS and PP in such a volume are homogeneous. By applying an initial stress or
hardening field, an equi-biaxial pre-stress or pre-strain field could be added into the RVE, as
shown in Fig. 2-1. Many studies showed that because Berkovich indenter tip is geometric self-
similar, it could be represented by a conical indenter with an apex angle which is equal to 70.3°,
which gives the same projected contact area as Berkovich indenter tip at the same depth [118].

36



Chapter 2: Characterization of RS and PP induced by shot-peening process through FEM

. + 1T
Initial

. hardening
field
e
Surface Subsurface
Initial
Shot Peening ‘!
/ L

stress
field

Initial
stress
field

Initial
hardening
field

Fig. 2-1. Schema of the RVE and the way for inducing PP and RS into the model.

Considering that the whole problem is axisymmetric, an axisymmetric two-dimensional
RVE model was built. Compared with a three-dimensional model, the total number of variables
in an axisymmetric two-dimensional model will be considerably reduced for the same accuracy.
Poon et al. [119] showed that loading/unloading curves may be obtained accurately if the RVE

size satisfies the following convergence condition:

Lo NS00 (2-1)
h h

where rs and hs are the radius and height of the cylindrical RVE, which are equal to 50 x¢m
respectively in this study. These values are assumed to be large enough to approximately
represent a semi-infinite body and to acquire the load vs displacement (P-h) curves accurately
without the influences of the boundary effect, considering with the maximum penetration depth
(hmax) equals to 0.5 pm along with the condition given by Eq.(2-1). Besides, considering the
distributions of stress and strain fields in both depth and width direction, and the hmax value,
the mesh in the zone beneath the indenter (5 pm>& pm) was refined to guarantee the precision
of the model. The mesh near the contact area is specially refined, which will be discussed later
on.

All the numerical simulations in the study were performed with commercial FEM
framework ABAQUS®6.11.2. In ABAQUS®, initial stress and hardening field could be
conveniently added into model by using the keyword *INITIAL CONDITIION [120].
However, as for initial stress, a step without any external load should be needed to let the stress
field in the whole model reach self-equilibrium. This means that if without a proper boundary
condition, the pre-stress induced by using the initial stress field will be released during this
step. Considering the feature of the whole problem, boundary conditions as shown in Fig. 2-2
were used. This kind of boundary condition can both represent the real state of the RVE (all

S max
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the edges are surrounded by the rest of the material except the top edge) and keep the initial
stress field.
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Fig. 2-2. The axisymmetric model used in this study.

Seeing the large difference between the Young’s modulus of target material and that of the
indenter material (normally in diamond), the indenter was represented by an analytical rigid
surface. In view of the strong nonlinear stiffness in contact problems, linear quadrilateral
elements are used to get convergent results [121]. Considering a metallic material could be
assumed as an incompressible material, a four-node bilinear axisymmetric quadrilateral,
reduced integration, hybrid element (CAX4RH) in ABAQUS® was used. Since a very small
change in displacement for incompressible material produces extremely large changes in
pressure, a purely displacement-based solution is too sensitive to be useful numerically.
ABAQUS® removes this singular behavior in the system by using hybrid elements, which are
mixed formulation elements, using a mixture of displacement and stress variables with an
augmented variational principle to approximate the equilibrium equations and compatibility
conditions. The hybrid elements also remedy the problem of volume strain locking [121]. The
geometry and boundary condition of the whole model with a conical indenter tip is shown in
Fig. 2-3. Concerning the feature of the numerical treatment of contact problem, the master
surface should make contact with and penetrate the slave surface [120]. So, the indenter tip is
defined as the master surface while the target material is defined as the slave surface. Literature
showed that the friction coefficient between diamond and metal material is normally in the
state between 0.1 and 0.15 [122]. Thus, the interaction between the indenter tip and the target
material is assumed to be finite-sliding, surface-to-surface with a friction coefficient of 0.15.
The normal contact behavior is defined as “HARD” pressure-overclosure relationship. In this
case, the formulation of the normal contact is used as a constraint for non-penetration which
treats the normal contact as a unilateral constraint problem. The normal contact pressure cannot
be calculated from a contact constitutive equation, but is then obtained as a reaction force in
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penetration direction (RF2 in ABAQUS®) in the contact area and, hence, can be deduced from
the constraint equations with the Penalty method [120]. Displacement-controlled load was
applied on the indenter tip to reach the maximum penetration depth, because it always shows
better convergence property than force-controlled load [120]. All the simulations were
performed with ABAQUS®/Standard.

As for the constitutive model, a Ludwick type isotropic hardening behavior is used to
describe the plastic true-stress/true-strain response of the target material, which is written as

follows:
_ n
o =0, +K(PP) (2-2)
where oy is the initial yield strength of the material, PP is the accumulated plastic strain, K is
the hardening coefficient and n is the hardening exponent. All the parameters in the constitutive

model and their values are shown in Table 2-1. And, all the corresponding tensile true stress
vs true plastic strain curves are shown in Fig. 2-3.

Table 2-1 Material properties considered in the numerical simulation.

Copper [123] A B C
Young’s modulus E (GPa) 122 122 122 122
Poisson’s ratio v 0.33 0.33 0.33 0.33
Yield strength oy (MPa) 240 800 240 800
Hardening coefficient K (MPa) 340 340 340 340
Hardenig exponent n 0.57 0.1 0.1 0.57
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Fig. 2-3. The tensile true stress vs true plastic strain curves for all the four materials.

Ludwick hardening behavior was obtained by an adequate choice of parameters in the Johnson-
Cook behavior already implemented in ABAQUS®.

2.2 Mesh convergence investigation

The first thing that needs to be done with a FEM model is to investigate the convergence
of the mesh. In FEM modeling, a finer mesh typically results in a solution with higher accuracy.
However, as a mesh is refined, more computing resources (e.g. physical memory, disk space
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and CPU time) will be needed to accomplish the simulation. In order to get a mesh that can
satisfy the balance between accuracy and computing costs, mesh convergence study has to be
done.

In theory, for each successive level of mesh refinement in the convergence study, all
elements in the model should be split in all direction. In fact, it is not necessary to carry this
out on the whole model. According to St Venant’s Principle, local stresses in one region of a
structure do not affect the stresses far away enough. From a physical point of view, it should
be possible to test convergence of a model by only refining the mesh in the regions of interest,
and retain the unrefined (and probably unconverged) mesh elsewhere. In order to avoid abrupt
change of mesh, transition regions are needed between the coarse mesh zone and the fine mesh
zone.

Table 2-2 Model information of different mesh strategies.

Total number of Smallest Total number of  Total CPU Total number of
elements element size nodes time variables in the model
- nm - S -

Coarse4 1512 1875.0 1456 42.7 4657

Coarse3 1884 937.5 1817 73.9 5822

Coarse2 2350 468.8 2270 133.7 7283
Coarse 3519 234.4 3622 292.8 11216
Middle 4583 117.2 4720 680.2 14728
Fine 6618 58.6 6817 1813.1 21433
Super_fine 10572 29.3 10890 5622.6 34465
Super_fine2 18387 14.6 18937 9681.2 60210
Local_super_fine3 11702 7.3 11360 4986 37061

In the mesh convergence study, models with 9 different mesh sizes in the interesting region
were built. Model information about different mesh strategies are listed in Table 2-2. For the
first 8 strategies, elements in the whole contact area were gradually refined until 14.6 nm for
the smallest element. For the 9" strategy, most elements in the contact area kept the same size
as in the Coarse strategy. Only two parts of elements were specially refined. The first part is
the elements in the upper left corner, which kept the same size as in the Fine strategy. It is
because that this part will make contact with the peak point of the indenter tip and generate
very high field gradient, especially at the beginning of the contact. The second part concerns
the elements near the boundary of the contact zone between the indenter and the material,
which kept the half size as in the Super_fine2 strategy. One important parameter we would like
to get from the IIT simulation is the contact hardness (H), which is directly decided by the
projected contact area (Ac). During the IIT process, pile-up/sinking-in phenomenon often
occurs, which will significantly affect the value of Ac. In order to take pile-up/sinking-in
phenomenon into account for obtaining the value of Ac precisely enough, without increasing
too much computing costs, we designed the 9" meshing strategy. Elements in the interesting
region of different mesh strategies are shown in Fig. 2-4.
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Fig. 2-4. Elements in the interesting region of different mesh strategies: (a)Coarse4; (b)Coarse3; (c) Coarse2; (d) Coarse;
(e)Middle; (f)Fine; (g)Super_fine; (h)Super_fine2; (i)Local_super_fine3.

With the constitutive behavior of material A, the mesh convergence of different mesh
strategies were studied. In the simulations of IIT, there are three key parameters which are
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mostly cared about: maximum penetration force (Pmax), contact hardness (H) and contact
stiffness (S). And, H is directly derived from Pmax and Ac. So, in this study, the convergence of
mesh will be evaluated on these four parameters. The values of each parameter vs the numbers
of element are respectively shown in Fig. 2-5. We could see that after several fluctuations, all
the parameters tend to converge. One thing needs to be noticed is that for the
Local_super_fine3 strategy, we can reach nearly the same mesh convergence trend as the
Super_fine2 strategy for all the four parameters, however with much fewer elements and much
less CPU time. This is quite profitable for our study which means that by using this kind of
mesh, we can get high accuracy without so much computing costs.
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Fig. 2-5. Mesh convergence investigation for different parameters: (a) maximum load Pmax; (b) projected contact area
Ac; (c) contact hardness H; (d) contact stiffness S (The red star in each figure represents the meshing strategy
Local_super_fine3.).

2.3 Model adequacy investigation

After several fluctuations, the mesh convergence is obtained for the Local super_fine3
mesh strategy, when considering around 12000 elements (as shown in Fig. 2-5). However,
before using the FEM model, its adequacy still needs to be checked.

According to classic elastic contact mechanics, the elastic solution of the contact problem
between a sharp cone and a semi-infinite body was obtained by Sneddon [75]. This solution is
the so called Sneddon’s solution. Considering the geometry and stiffness of the indenter tip,
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modification coefficients need to be added in Sneddon’s solution, as shown in Eq.(1-12). In
order to verify the adequacy of the discretization scheme adopted in the FEM model,
indentation simulations on a pure-elastic material with E = 122 GPa and v = 0.33 were
performed, for which the values of the correction factor £ and y should be 1 and 1.059
respectively. Comparison between the load vs depth (P-h) curve obtained from the pure-elastic
simulation and that obtained from the theoretical elastic solutions was made. The results were
listed in Fig. 2-6, from which we could see that the simulation result fits quite well with the
modified Sneddon’s solution, which shows the adequacy of the FEM model in the elastic range.

2500

—— Elastic FEM
Sneddon's solution
Modified Sneddon's solution

20004

1500

1000

500+

Indentation load (mN)

0

T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Indentation depth (nm)

Fig. 2-6. Comparison among the P-h curve obtained from the FEM simulations on a pure-elastic material with a rigid
conical indenter and those obtained from theoretical elastic solutions.

2.4 Attempting to measure RS with 11T

Before trying to characterize RS and PP induced by shot-peening process simultaneously,
we first attempted to only measure the RS with IIT. As mentioned in Chapter 1, several
strategies have been built for characterizing RS with 1T technique during the last few decades.
There are many problems with them, however, if some of them can work well, even if through
some modifications, RS values could be obtained. Furthermore, if PP could be measured with
some further modifications of the same method or using some other ways, half of our problem
will be solved.

It has long been recognized that there are some correlations between the hardness of a
metallic material measured by conventional hardness techniques and the stress state of the
material [124]. This was firstly demonstrated by Kokubo et al. [59] when studying the
influence of applied bending stress on Vickers hardness measurement in a wide variety of
commercial metals and alloys. Then, the further investigation of Sines & Carlson [60] showed
that tensile and compressive residual stresses influence the Rockwell B hardness of high carbon
steel in different way, as shown in Fig. 2-7.
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Fig. 2-7. Changes in Rockwell B hardness produced by uniaxial stresses in a high carbon steel bend bar [60].

Enlightened by the results of Sines & Carlson, the work of Tsui et al. [124] and Bolshakov
et al. [76] demonstrated that the shape of the indentation curve and the ‘apparent’ hardness are
indeed affected by a residual stress in a manner that might be useful in characterizing the stress.
This led Suresh & Giannakopoulos [63] to propose a simple methodology for estimating
residual stress through instrumented indentation with a sharp indenter. Their model is based
on two assumptions: first, the elastic equi-biaxial residual stress at the surface is uniform over
the depth of influence of the indenter; second, an equi-biaxial residual stress state at the
indented surface would be equivalent to a hydrostatic stress plus a uniaxial stress component
that can induce a differential indentation force. Then, they considered the influence of a
residual stress on the shape of indentation curve and thus estimated the residual stress by taking
the variation in the projected contact area into account. In the case of a tensile residual stress,
they suggested the following equation:

A _a-RS (2-3)
A\:(RS) H
As for compressive residual stress, they suggested another equation:
A _ - RSsin y) (2-4)
Ac(RS) H

where v is the inclination of a sharp indenter to the surface, which is 19.7° for the equivalent
conical indenter of a Berkovich indenter, H is the contact hardness, Ac is the projected contact
area in the case without any residual stress, Acrs) IS the projected contact area in the case with
certain level of residual stress. In FEM simulation, contact area can be directly obtained. Then,
by using contact area and maximum load, both projected contact area and contact hardness can
be conveniently obtained.

One requirement of Eg. (2-3) and Eq. (2-4) is that the indentation hardness H is kept
constant as mentioned in some other studies [1]. However, our study showed that H varies.
Both RS and PP could impact it, which will be discussed in detail in Section 2.6. Another
problem is that the term RSsiny is the component force of RS normal to the surface of conical
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indenter, but not the component force normal to the projected contact area. The component

force normal to the contact area should be RSsinycosy, as shown in Fig. 2-8.
P

R

Projected contact area (A.xs)

— | -
RS siny
RS —» -— «— RS
—> -

Elastoplastically deforming region

Fig. 2-8. Schematic of the role of compressive residual stress at the indented surface and the associated nomenclature
[63].

Considering these two problems, we propose to modify the two equations into this form:

A (]rﬁ) (2-5)
A(PPIRS) H(PP/RS)

A _ - RSsin yCOSy) (2-6)
A:(PP/RS) H(PP/RS)

where Hppirs) IS the hardness taking into account residual stresses and plastic deformation. The
study on material A with equivalent conical indenter for different levels of RS and PP was
made. Both the formulas of Suresh and our modification were examined and the results were

shown in Fig. 2-9.
—m— Suresh (RS=-200 MPa)
0 —®— Suresh (RS=-400 MPa)
Suresh (RS=-600 MPa)
—W— Suresh (RS=-800 MPa)
Suresh (RS=-1000 MPa)
—0O— Cosy modification (RS=-200 MPa)
—O— Cosymodification (RS=-400 MPa)
Cosy modification (RS=-600 MPa)
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Fig. 2-9. RS values calculated with both Suresh method and different modifications.
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From Fig. 2-9 we could see that, when RS=-200 MPa, all the methods give nearly the same
accurate results. When RS=-400 MPa and RS=-600 MPa, results obtained with cosy
modification and hardness modification are still quite good, except the first point (PP=0%).
Suresh method underestimated a little bit the RS value and cosy & hardness modification
overestimated a little bit. For the point PP=0%, all methods underestimated the RS level.
However, the results are still acceptable. As for RS=-800 MPa and RS=-1000 MPa, all the
methods give much lower results than the actual RS value. For the case RS=-1000 MPa, the
calculated values of original Suresh method were even lower than -800 MPa. However, our
modification still worked much better than original Suresh method.

Results in From Fig. 2-9 showed that, for the virtual material A, our modification on the
original Suresh method works correctly when the absolute value of RS<600 MPa. Furthermore,
the curves also showed that the existence of PP will directly influence the deduced results. And,
along with the increase of RS level, this kind of influence becomes larger.

2.5 Separating RS and PP with the shape of the P-h Curve

During an IIT process, a continuous load (force or displacement controlled) will be applied
on the indenter tip to penetrate into the surface of the target material. Meanwhile, the
displacement of the tip will be continuously reported as well. This means that by identifying
the contact point properly, the penetration depth can be recorded consecutively. Based on this
kind of feature, load vs depth (P-h) curves become the data which can be most directly and
conveniently obtained from IIT. In the present work, we are interested in the local mechanical
state (RS and PP) induced by the shot-peening process. The goal is thus to use P-h curve to

characterize RS and PP versus depth.
a b

A Prmax A

-RS +RS

+RS

'
> -
L -

Fig. 2-10. Shift of P-h curve caused by positive or negative RS: (a) force controlled 11T, (b) displacement controlled
HT.

Literature showed that surface RS in the target material, tensile or compressive, will cause
shifts of the P-h curve [63, 125]. If the IIT process is force controlled to reach a given
maximum force, compressive RS will make the P-h curve shift to the left direction towards
more shallow penetrations, and tensile RS will produce the opposite. If the IIT process is
displacement controlled in order to reach a given maximum penetration depth, compressive
RS will make the P-h curve shift upwards to higher penetration forces, and tensile RS will
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induce the opposite behavior. This phenomenon is shown schematically in Fig. 2-10. If the
shift caused by the work-hardening associated to PP is different from that caused by RS, the
shape of P-h curve may have some kind difference which might make it possible to separate
RS and PP.

Based on the idea above, a series of displacement-controlled 11T simulations were made on
copper (as shown in Table 2-1) to check its feasibility. It should be noted that, although the
present research work is devoted to the shot-peening of titanium alloys, copper was chosen
here to allow comparisons with previous indentation work performed in LASMIS laboratory
on this material.

First, an accumulated plastic pre-strain (PP) of 2% was induced into the model and the
indentation response was simulated. Then a compressive (equi-biaxial) residual stress (RS)
was applied on the raw material and its value was varied until the same maximum force (Pmax)
as for the case of PP= 2% was obtained. The same Pmax value was obtained for a stress of -100
MPa. IIT simulations with other situations (raw material, RS=+100 MPa, the combination of
PP=2% and RS=-100 MPa and the combination of PP=2% and RS=+100 MPa) were conducted
as well. P-h curves obtained from these simulations are shown in Fig. 2-11 [126].

. TAW Material .

89 - - -ep=2% A N
;| —— RS=-100MPa 1\ |

-~ RS =+100 MPa SN
6d - &=2% &RS=-100 MPa

gp=2% & RS =+100 MPa

Indentation Load (mN)

0 = T T T T
0 100 200 300 400 500

Indentation depth (nm)
Fig.2-11. P-h curves for various combinations of RS and PP on copper [126].

In Fig. 2-11, the shift of P-h curves mentioned in the literature, were observed. However, the
P-h curve for the case PP=2% and that for RS=-100 MPa are almost entirely superposed. This
important result, which was confirmed by simulations on materials A, B and C, means that RS
and PP cannot be separated only from the shape of P-h curves. To our knowledge, this result
was never mentioned in the literature.

Although P-h curves are superposed, one interesting thing was observed from the process.
It is that the pile-up values (both at maximum loading and after unloading) for the case PP=2%
and those for the case RS=-100 MPa are different, even if their P-h curves are completely
superposed, as shown in Table 2-3 and Fig. 2-12.

Table 2-3 Pile-up values of different simulations on copper.

Pile-up value at Pile-up value after
maximum load unloading

A1" (nm) A2" (nm)
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(nm) (nm)
PP =2% 36.4 51.1
RS =-100 MPa 43.4 .0 58.0 6.9

* Al is the difference in pile-up values between PP and the corresponding RS after loading, A2 is the difference in pile-up
values between PP and the corresponding RS after unloading.
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Fig. 2-12. Indentation dimple profiles of cooper with PP=2% and RS=-100 MPa.

The difference of pile-up values would give us another possibility to separate RS and PP.
However, considering that hmax=500 nm, the difference value (7.0 nm at maximum load and
6.9 nm after unloading) is quite small, which will be quite difficult to measure experimentally,
especially that, with a Berkovitch indenter, the pile-up is not distributed evenly around the
triangular dimple produced. In order to fully understand the factors that affect the pile-up
values, a series of further simulations were made.

2.6 Investigating the influencing factors for 11T simulation

As mentioned above, it is not possible to separate RS and PP based on the shape of P-h
curves alone, however it was found that RS and PP may have a different influence on pile-up
values. In present section, the shape of P-h curve, maximum load (Pmax), contact hardness (H),
contact stiffness (S) and the pile-up value are investigated. S and H were studied because they
are closely linked to the projected contact area (Ac), which, in turn, depends on the pile-up
value. These aspects will be discussed in Section 2.7.

Several correlated parameters were studied: constitutive behavior, friction coefficient (f),
PP and RS. The aim of this part of study is to find out two or more parameters which might be
used to separate RS and PP.

2.6.1 Constitutive behavior of the tested material

First, the effects of the constitutive behavior of the material were studied. The two
controlling parameters are the yield stress and the hardening exponent. All the four materials
listed in Table 2-1 were studied and the corresponding P-h curves for a given penetration depth
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of 500 nm are shown in Fig. 2-13. As expected, for materials with lower yield stress (copper
and material B), the Pmax values are much lower than those of materials with higher yield stress
(material A and C). On the opposite, the trends of the unloading curve are inverse, which can
be seen more clearly from contact stiffness S in Table 2-4. For copper and material B, the
contact stiffness values (considered to be the initial unloading slope) are obviously higher than
those of material A and C. As the Young’s modulus of the 4 materials is the same, the observed
differences can only be attributed to the contact surface and thus to the pile-up phenomenon.
As for the amount of pile-up, a similar trend could be observed as well which shows that lower
yield stress will cause a higher pile-up value. Hardness values indicated that higher yield stress
and lower hardening exponent will produce a higher hardness. This shows that the constitutive
behavior of the studied material will significantly affect all the indentation responses that we

would like to investigate and should thus be known accurately.
20

] copper
18 A
16 B

—_C
14 1
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Indentation load (mN)
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Indentation depth (nm)
Fig.2-13. P-h curves for various constitutive behaviors.

Table 2-4 Values of indentation responses for simulations with different constitutive behaviors.

Copper A B C
Contact hardness H (GPa) 1.03 3.14 1.54 2.66
Contact stiffness S (mN/nm) 0.440 0.406 0.438 0.412
Maximum load Pmax (mN) 7.15 18.99 10.64 16.59
Pile-up value (nm) 325 -5.7 30.7 24

2.6.2 Friction coefficient

The effects of friction coefficient (f) were investigated as well. Friction coefficient values
respectively equal to O (frictionless), 0.05, 0.1, 0.2, 0.3 and 0.45 were chosen. P-h curves for
different materials with various f values are shown in Fig. 2-14. For all the four materials,
variation of friction coefficient values will cause a shift of the P-h curves. However, this kind
of shift is a little more pronounced for material A and C who have higher yield strength.
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Fig. 2-14. P-h curves for different constitutive behaviors with various friction coefficients: (a) Copper; (b) Material A;
(c) Material B; (d) Material C.

The others analyzed quantities are shown in Fig. 2-15. An increase of the friction
coefficient will cause a slight decrease of the maximum load, which is consistent with the
observation from P-h curves. In contrast, contact hardness values increase. Both contact
stiffness and pile-up decreased obviously. It can be seen that their trends are quite similar. This
could be explained with Eq.(1-5) which shows the relationship between contact stiffness S and
projected contact area Ac. And, considering the geometric relation of indentation tip, there is a
direct relation between pile-up values and projected contact area Ac. The most interesting thing
is that for all the materials and all parameters, a saturation phenomenon will occur when f
values reach a threshold of about 0.2.

In the literature, some researchers indicate that f has no influence on indentation responses
(usually only P-h curves and Pmax were considered), and so their FEM models are logically
supposed to be frictionless [123, 127]. However, some other researchers showed that the
effects of f depend on material properties [128], indentation depth [129] and so on. And, they
could influence the P-h curve and the contact hardness [130] as well. Our study showed that
the value of f can affect all the indentation responses investigated, which is nearly independent
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on material properties. Although the influences on H and Pmax Of copper are not so obvious,
the influences on S and pile-up are still not negligible. From Fig. 2-15 it could also be seen that
the black line will cross the green line in for both S and pile-up. This means that the influence
of f on contact stiffness and pile-up values is not independent. It is mixed with the influence of

other factors.
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Fig. 2-15. The influences of friction coefficient on different indentation responses: (a) Contact hardness; (b) Contact
stiffness; (c) Maximum load; (d) Pile-up values.

2.6.3 RS and PP

For the purpose of finding out the influences of PP and RS, for each material, four different
levels of PP were chosen to be introduced into the model. The corresponding RS levels were
determined by the way mentioned in Section 2.5, in order to reach exactly the same Pmax values.

P-h curves of all the situations are shown in Fig. 2-16, from which we could see that, for
each given level of PP, a corresponding level of RS which gives exactly the same P-h curve
can always be found. This means that the exploitation of P-h curves cannot give a unique
solution as shown before. However, the regularities of distribution of the P-h curves for each
material are not the same. The PP levels for all the four materials are chosen uniformly.
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However, Fig. 2-16 showed that for all the four materials, the gap between the P-h curve of
each PP level become smaller and smaller along with the uniform increase of PP levels.
20
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Fig. 2-16. P-h curves of different materials with various levels of PP and the corresponding levels of RS: (a) copper; (b)
material A; (c) material B; (d) material C.

Contact hardness (H), contact stiffness (S) and maximum load (Pmax) values for all the
situations are listed in Table 2-5, Table 2-6, Table 2-7 and Table 2-8. Some studies showed
that the hardness obtained from indentations on a certain material (with or without residual
stress) shows a kind of invariance [131]. Our results showed that contact hardness values
increase when both PP and RS levels are increased, especially for material A and C who has a
higher yield stress. As for copper and material B, the increase of H values is quite small, which
is similar as the invariance phenomenon mentioned in literature. However, the increment of H
values for certain PP level is lower than that for the corresponding RS level, especially for
material A and C. This means that the influences of both PP and RS, on contact hardness H,
are not the same. The contact stiffness S also increases along with the increase of both PP and
RS levels. And, the influence (on S) of PP level is smaller than that of the corresponding RS
level as well. However, copper and material B showed larger difference this time. Results
indicated that compressive RS has more influences than PP on all the three
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subjects investigated. As for contact hardness H, higher yield stress makes the difference

between the impact of PP and that of RS become larger. However, for contact stiffness S, the
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difference is smaller. It is quite possible that PP and RS mixed together could be separated by
getting and analyzing H, S values.

Pile-up values at maximum load and after unloading for all the situations are listed in Table
2-9, Table 2-10, Table 2-11 and Table 2-12. The difference between pile-up value of certain
PP level and that of the corresponding RS level, as mentioned above, could be observed
likewise for all the materials. Along with the increase of the RS and PP levels, this kind of
difference became larger and larger. The increase of the difference is distinct among the four
materials. For material A and material B, the difference of pile-up values are obviously smaller
than those for copper and material C. It might because that the hardening exponent n for
material A and B (n = 0.1) is much lower than that for copper and material B (n = 0.57). The
influence of yield stress is not obvious on the materials with lower n values (material A and
material B), however much more obvious on the materials with higher n values (copper and
material C). Especially, on material C which has both high yield stress and high hardening
exponent, the difference of pile-up values are nearly two times larger than those on material A
and material B. This proved that the higher yield stress and hardening exponent, the larger the
difference between the pile-up value obtained from certain PP level and that obtained from the
corresponding RS level.

100 100
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Fig. 2-17. Indentation dimple profiles of material C: (a) PP= 5%, RS=-85 MPa; (b) PP= 20%, RS=-240 MPa.

From Table 2-9 to Table 2-12 we can also notice that the pile-up values of different PP
levels do not present much difference for all the four materials. This means that PP nearly
cannot affect pile-up values. The only exception is that for materials with lower yield stress
(copper and material B), along with the increase of PP level, pile-up values will increase a little
bit. While, for materials with higher yield stress (material A and material C), the increase of
PP will cause a little bit decrease of the pile-up value. On the contrary, RS level shows notable
influences into the pile-up value. This can be observed directly and clearly from the indentation
dimple profiles of material C, as shown in Fig. 2-17. This kind of phenomenon indicated that
pile-up value might be a good parameter for separating RS and PP, because it is quite sensitive
to RS but relatively insensitive to PP. This kind of feature could be utilized for characterizing
RS and PP simultaneously induced by shot-peening process.
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2.7 Characterizing RS and PP with simultaneous functions method

2.7.1 Principles of the simultaneous functions method

The study above showed that the introduction of a given level of PP or a corresponding
level of RS in copper leads to P-h curves almost superposed during the loading stage, however,
the amount of pile-up is different. However it has been shown that pile-up value is quite
sensitive to RS, but insensitive to PP, which could help to separate RS and PP. During this
process, some other parameters were investigated as well. Results indicated that maximum
load (Pmax), contact hardness (H) and contact stiffness (S) could be affected by RS and PP as
well. The unknowns are RS and PP and the values that can be measured are Pmax, H, S and the
pile-up. At least two of these values must be measured to obtain RS and PP.

Before discussing in detail the method, several remarks can be done. First, the four
parameters which could be used as an input can also be influenced by factors other than RS
and PP, like material properties, friction coefficient and so on. Second, although pile-up is the
main differentiating factor, its amount is quite low and will be difficult to measure practically.
Third, from the definition of H given in Eq.(1-6), it can be seen that H cannot be directly
obtained from experiment. To tackle these three problems, several things need to be done.

First, considering that we cannot get rid of the influences of factors like material properties
and friction coefficient, for now the only thing we need to do is just chose a set of values for
these factors and keep them constant for investigating other parameters.

Second, when loading P-h curves are superposed, the amount of pile-up will vary which
means that the projected contact area (Ac) will change as well. Considering indentation tip
geometry, the variations of Ac could be larger than that of pile-up, as shown in Fig. 2-18.

Fig.2-18. Comparison between pile-up variance and projected contact area variance.

However, a direct determination of A, for instance using an Atomic Force Microscope (AFM),
is inconvenient in practice as well. In order to overcome this inconvenience, an alternative was
considered. The idea proposed is to use contact stiffness S which depends on reduced modulus
(E*) and Acas shown in Eq.(1-5). If shot-peening does not modify the Young’s modulus of the
specimen, then E* will be a constant and the variations of S are directly related to the variations
of Ac. Thus, the value of A could be indirectly obtained through S, the initial unloading slope
of P-h curve. Furthermore, according to Eg.(1-10), we can get two equations:

etV S 2-7)
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golr S (2-8)

where So and Ao are respectively the contact stiffness and the projected contact area for the raw
(without shot-peening) material, and S and A are the contact stiffness and the projected contact
area for the material with some levels of PP and RS. Combining Eq.(2-7) and Eq.(2-8), we can
get:
A _ (3)2 (2-9)
A\:O SO
Eq.(2-9) means that, supposing that RS or PP induced by shot-peening cannot affect E, if
a raw material could be prepared, a normalized projected contact area (A/Ao) will be obtained
very easily and conveniently from the normalized contact stiffness (S/So).
A similar remark can be made for contact hardness H. Considering the definition of contact
hardness in Eq.(1-6), if H is normalized by the Ho of the raw material, and taking Eq.(2-9) into
account the, following equation can be obtained:

H P, (E)Z (2-10)
H, P S,

Three normalized parameters: Pmax/Pmaxo, H/Ho and S/Sg can thus be defined and obtained
conveniently from experiment. Then we need to find a way to use them to separate RS and PP.
Although both RS and PP can affect these three normalized parameters, the way and the extent
affected for each parameter may not be the same. So, it is possible to obtain three individual
mathematic functions, such as Pmax/Pmaxo=f(RS, PP), S/So=g(RS, PP) and H/Ho=k(RS, PP), to
build a continuous correlation between each normalized parameter and the set of RS and PP
variables. In order to build these functions, the space of variables will be discretized on a grid
of N1>N2 points, where N1 is the number of PP levels and the N2 is the number of RS levels.
Then, the value of the normalized parameters at each of these discretized points will be
obtained from a FEM simulation which contents certain level of PP and RS. Then, by using
least squares method, we can use the N1>N2 discretized points to extract the explicit
formulation of each function. Seeing that there are two unknowns (RS and PP) for each IIT
test, at least two individual functions are needed to extract the two unknowns.

Furthermore, if we plot all the three functions in 3D space, three different spatial quadratic
polynomials should be obtained. Projecting the quadratic polynomials onto the plane of the
combinations of RS and PP, three different contour plot maps will be built. Any possible
combination of RS and PP, will give us a certain value for each normalized parameter, which
should correspond to an iso-line on each contour plot map. Based on the difference among the
quadric surfaces, the trend of each iso-line will probably be various. Thus, any two iso-lines
should generate a cross point, the coordinate of which will directly show the value of RS and
PP. If the whole procedure is self-consistent, all the three iso-lines should give only one cross
point. The schema about getting the cross point with two quadratic polynomials are shown in
Fig.2-17.
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Fig.2-17. Getting PP and RS values from quadratic polynomials of two normalized parameters vs various combinations
of PP and RS.

Since the basic idea of this separating strategy is to use two functions simultaneously to
obtain the RS and PP value which corresponding to the common solution of these two functions,
we decided to call this method “the simultaneous function method”.

2.7.2 Separating RS and PP with simultaneous functions method

Since the principle of the simultaneous function method has already been illustrated, in this
part of work, one target material will be studied to testify the feasibility of this method. Material
A was chosen as the target material, because in former study pile-up values of material A
showed the least sensibility to both RS and PP. If the simultaneous function method works
well on material A, it should work well for the other three materials as well. Furthermore,
because that the yield stress of material A is relatively high, it enables to explore high levels
of residual stresses as observed in shot-peening for practical applications. A series of elastic-
plastic 11T simulations on material A with different levels of RS and PP were carried out. The
levels of PP are respectively 0%, 1%, 5%, 10%, 15% and 20%. The corresponding levels of
RS are 0 MPa, -200 MPa, -400 MPa, -600 MPa, -800 MPa -1000 MPa and -ay, where oy is the
yield stress reached for each imposed PP level which is calculated according to Eq.(2-2).
Indentation simulation was performed for each possible combination of RS and PP.

Since H/Ho values are obtained indirectly with S/Sg values and Pmax/Pmaxo Values which can
be directly obtain from P-h curves, the key is to focus on how to obtain S/Sp values. One way
mostly used in the literature for getting the contact stiffness was firstly mentioned by Oliver &
Pharr [54]. Experiments [5] showed that during an 11T process, unloading curves are distinctly
curved and usually well approximated by the power law relation:

P=a(hy, —h)" (2-11)
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where a, m and hr are power law best fitting parameters. Then, the elastic unloading stiffness
S =(dP/dh)max could be obtained for the following equation:

S=am(h_ —h)™* (2-12)
This method is convenient to use, however, it is purely phenomenological without physics
meaning of the unloading process in the indentation test.

Another way for obtaining contact stiffness is more straightforward. Some studies [132,
133] showed that the beginning of the unloading curve presents a quite good linearity, which
means that linear fitting of this part can give an approximate value of contact stiffness as well.

Both of these two methods were investigated and the results were compared with the S
values calculated according to Eq.(1-5), in which the projected contact area was obtained
directly, geometrically, from the FEM model at the end of the loading stage. By analyzing
different situations, it has been observed that linearity of the first 5% of the unloading curve is
quite good. So, all the linear fittings are conducted on the first 5% of the unload curves. The
normalized contact stiffness values, obtained with all the three methods, correspond to each
combination of PP and RS were listed in Fig. 2-18. For most of the situations, the normalized
contact stiffness values obtained with the linear fitting method showed a much better
performance than Oliver-Pharr model. Even if when PP level become high, the results obtained
with linear-fitting is always lower than the calculated values, they are still correct.
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Fig. 2-18. Comparison between normalized contact stiffness obtained from Oliver-Pharr model and linear fitting.

From Fig. 2-18 we can see that without RS (no matter with which level of PP), Oliver-
Pharr model actually works quite well, even better than linear-fitting at high PP level. However,
along with the increase of RS level, the quality of the results obtained with Oliver-Pharr model
decrease drastically. As for linear-fitting, it can always obtain exactly the same trend with the
calculated S values, only with some shift along with the increase of PP level. Although it has
not been carefully studied, we still have the reason to believe that, with some modifications
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correlated with PP level, linear-fitting should be able to get the contact stiffness value
accurately. Based on the comparison above, we decided to use linear fitting method for getting
contact stiffness from the initial unloading part of P-h curve.

Contour plots of functions f(RS, PP), g(RS, PP) and h(RS, PP) are respectively shown in
Fig. 2-19. Several features can be observed from these plots:

- The maximum load Pmax is the most sensitive parameter because it varies by about 30%
between the raw material and the material with the highest RS and PP levels. Corresponding
variations for the contact stiffness S and the contact hardness H are only about 10%
respectively.

- After 1% of plastic pre-strain, Pmax and S are mildly influenced by plastic strain PP,
however, severely affected by residual stresses RS.

- Contact hardness H is affected by both RS and PP. However, for residual stress levels
above 600 MPa (in absolute value), contact hardness H is almost unaffected by RS but
obviously impacted by PP.

Pmax/Pmaxa‘} S/Sﬂ H/H(l
0 1.000 0 1.000 0 1.000
200 I 1.038 200 I 1.011 200 I 1.012
= 1075 = '_ 1.023 2 1.025
g -400 1113 g -400 ~ 1.035 & 400 1.037
2. -600 L1512, -600 ~ 1.046 2 -600 1.050
1.188 1.058 1.062
v _800 N 800
= 800 1.226 &4 1.070 & 1.075
-1000 1.263 1000 1081 -10007 % 1.087
1200+ — s -1200+ i 1.093 00— W00
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Fig. 2-19. Contour plots of f(RS, PP), g(RS, PP) and h(RS, PP). (The area in white corresponds to domain beyond-ay,
which is impossible to reach elastically.)

As the responses, in terms of the two quantities RS and PP, of all the three normalized
parameters Pmax, S and H are significantly different from we expected before, an inverse
method can be proposed: the knowledge of two of the three indentation parameters, for instance
S and H, may give enough information to obtain the residual stress and the accumulated plastic
strain values.

In order to illustrate the method from a purely numerical point of view, simulations of two
combinations of RS and PP are performed. Combination 1 (C1) is PP=11.5% and RS=-830
MPa, and combination 2 (C>) is PP=16.5% and RS=-450 MPa. C; is chosen in the region where
contact hardness is almost independent of residual stress. Both C; and C; are taken in a range
where Pmax and S exhibit a weak dependence to plastic strain. All the normalized indentation
responses, Pmax/Pmaxo, S/So and H/Ho, obtained from the simulations of these two combinations
are listed in Table 2-13 [61].

Table 2-13 Values of parameters obtained from FE simulations of two sets of RS and PP [61]

Combinations of PP RS Prmax/Pmaxo S/So H/Ho
PP and RS % MPa - - -

C1 115 -830 1.264 1.082 1.080

C2 16.5 -450 1.189 1.047 1.085
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The values of RS and PP derived from the proposed method are listed in Table 2-14. It
shows that for both C1 and C,, the derived values of RS and PP from the knowledge of the
indentation quantities (Pmax/Pmaxo, S/So or H/Ho ) are a little bit higher than the values imposed
in the FEM model (less than or about 1%). Fig. 2-20 shows graphically the solution for the
three different couples of input values that can be used to determine PP and RS.

Table 2-14 RS and PP values derived from the simultaneous functions method

C1 (PP=11.5%, RS=-830MPa) C2 (PP=16.5%, RS=-450MPa)
Pmax/PmaxO Pmax/PmaxO S/SO Pmax/PmaxO Pmax/PmaxO S/SO
-S/So -H/Ho -H/Ho -S/So -H/Ho -H/Ho
RS (MPa) -837.9 -838.3 -837.6 -453.4 -453.1 -453.8
PP (%) 11.62 11.61 11.61 16.51 16.60 16.59
Pumax/Pmaxo- S/50 0 Pmax/Pmaxo - H/Ho 0 S/80- H/Ho
- =200 -
£ -400 = g
R/ — g
@ 8001 0
4 800 =
-1000 -
1200, ’ 10 15 20
PP (%) PP (%)
Pmax/Pmaxf ~— ———————— Pmax/Pmax0
e sis0 ———-— C: S0 ———
H/Ho —_———— H/Ho —_————

Fig. 2-20. Identification of RS and PP values through the cross point of isolines of C: and C2 on the pair-wise
superposition of the contour plot of different parameters.

In order to investigate the stability of the method versus a noise on the input values, a #0.5%
fluctuation was added into each indentation parameter Pmax/Pmaxo, H/Ho and S/Se listed in Table
2-14. The isolines of different pairs of parameters are shown in Fig. 2-21. With different pairs
of parameters, the dispersion range on the RS value for C; goes from 150 MPa to 200 MPa,
while for C; it goes from 70 MPa to 150 MPa. Concerning the PP, the dispersion range for Cs
goes from 5% to 10%, while for C, it goes from 5% to 15%. For both Cyand C,, the smallest
dispersion could be obtained when considering Pmax/Pmaxo @and H/Ho as input values. On the
contrary a strong dispersion can be observed when the pair Pmax and S is chosen. This latter
case can be explained by the fact that the isovalue lines cross with an acute angle which means
that one of the two functions has a weak gradient versus one parameter (PP). When S and H
are used, the isovalue lines cross with an angle close to 90<but the gradients of the two
functions are weak so the sensitivity is decreased.
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Fig. 2-21. Dispersion for the three different couples of parameters.

When all the three parameters are superposed together, PP and RS levels for the two
combinations can be obtained as well. The results (both PP and RS) should stay within two
small triangles in the superposed contour plot maps. The coordinate of each vertex should be
each pair of PP and the corresponding RS values listed in Table 2-14. The triply superposed
contour plot and its dispersion figure are shown in Fig. 2-22. Actually, results obtained with
this method will not vary much from the results listed in Table 2-14. However, its dispersion
will be minimized. Fig. 2-20 also proved that, from a purely numerical point of view, the three

normalized parameters should be self-consistent for identifying PP and RS values.
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Fig. 2-22. Identification of RS and PP values through the cross point of isolines of C1 and Cz on the triple superposition
of the contour plot of different parameters.

These two examples show that the sensitivity of the method varies significantly with the
region in the (PP-RS) space explored and with the pair of functions (Pmax and S, or Pmax and H,
or S and H) chosen. This means that, according to the constitutive behavior of the material and
the expected magnitude of the residual stress and plastic strain, the functions used in this
method must be carefully chosen.

2.8 Conclusion

The study in this chapter was performed to investigate the influence of residual stress (RS)
and work hardening (PP) on instrumented indentation test (1IT) through a series of numerical
simulations, and to figure out an effective way to separate them when they are present
simultaneously. The constitutive behaviors of the target materials, copper and three virtual
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materials, were described by a Ludwick-type isotropic hardening equation. 2-D axisymmetric
finite element simulations with a conical indenter were performed.

In order to satisfy the requirements of both high accuracy and low computing resources, a
local refined FEM model was developed. Mesh convergence and model adequacy
investigations showed that this model is quite good.

Suresh method and the method of differences between shapes of load vs depth (P-h) curves
were then studied for trying to measure the RS value and separate it with PP. However, both
of them failed. For Suresh method, the influence of RS on the hardness is mixed with that of
PP which makes it not suitable for extract RS with the combination of PP. As for the method
of differences between shapes of P-h curves, simulations showed that exactly the same change
in P-h curves can be obtained with RS or PP. This makes it impossible to separate them only
by analyzing the shapes of the loading P-h curves.

However, analysis of the topography of the dimple showed that, even when the P-h curves
are completely superposed, the pile-up values are different when certain level of PP or the
corresponding level of RS is applied. Moreover, this difference increases when PP or RS
magnitude increases. This may give a way to estimate residual stresses and work hardening
simultaneously, providing that the measurement accuracy is sufficient.

Guided by the former work, a new method based on FE simulation was proposed for
characterizing the RS and PP simultaneously induced by shot-peening. Through a series of
simulations of instrumented indentation, it was found that, although the loading indentation
curves can be affected in the same way by the two quantities, the combination of 2 indentation
parameters, obtained from loading/unloading curves can be used to estimate them. These two
parameters could be chosen among three: the normalized maximum load (Pmax/Pmaxo), the
normalized contact stiffness (S/So) and the normalized contact hardness (H/Ho). The
normalization is performed with respect to the values obtained on the untreated material (raw
material).

Purely numerical tests were performed and it was found that the smallest dispersion could
be obtained for the pair (Pmax/Pmaxo-H/Ho). It was also observed that the sensitivity of the
method decreases for high residual stress values, close to the compressive yield stress, and that
this decrease affects the 3 parameters Pmax, H and S.

In the presented study, an equi-biaxial residual stress state was investigated, but according
to study of Giannakopoulos [ ], indentation is mostly sensitive to the hydrostatic component
of the stress tensor, thus the results can be easily transposed to other stress states. Furthermore,
the method presented here requires an accurate knowledge of the constitutive behavior of the
initial material and does not take into account the effect of kinematic hardening.

In order to verify the practical feasibility of this method, a series of experiments will be
conducted. Instrumented indentation tests with Berkovich indenter will be performed on shot-
peened samples to test the practicability of this method. X-ray diffraction tests will be
performed as well as comparison to check its reliability and precision. Uniaxial tensile test of
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samples, with a raw material state, will also be performed as an assistance of X-ray diffraction
tests.
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Chapter 3
Simultaneous characterization of RS and PP induced by shot-

peening in practice

In the previous chapter, the possibility of measuring residual stress (RS) and accumulated
plastic strain (PP) simultaneously through instrumented indentation test (11T) was studied from
a purely numerical point of view. The method to induce residual stress and accumulated plastic
strain was illustrated. Then, mesh convergence and adequacy of the model was checked. The
first strategy of separating RS and PP from the shape of load curves failed, because a given
level of RS and a corresponding level of PP may show exactly the same loading curve.
However, the difference between the pile-up/sinking-in values leads us into proposing a second
strategy. By performing a series of simulations on a virtual material (material A), the three
functions Pmax/Pmaxo=f(RS, PP), S/So=g(RS, PP) and H/Ho=h(RS, PP) could be obtained, where
Pmax, S and H are respectively the maximum load, the contact stiffness and the contact hardness
of material with arbitrary RS and PP, while Pmaxo, So and Ho are respectively the maximum
load, the contact hardness and the contact stiffness of reference sample which is supposed to

measured

be raw without any RS and PP. From two measured quantities, for instance p,"¢@sured|p meas

and §measured g meaured tha vialue of RS and PP could be obtained by solving a system of two
equations with two unknowns:
f(R S, PP): P measured /P measured

max max0

g(RS, PP)= § measured g meaured
This method was examined by randomly applying two combinations of RS and PP into the
model. Results showed a fairly good accuracy of the RS and PP values.

Since numerical simulations showed a good feasibility and quality of the simultaneous-
function method for separating RS and PP, the next step is to apply this method in real
experiments. In the present chapter, we will put emphasis on investigating how to characterize
RS and PP simultaneously induced through shot-peening process in practice.

3.1 Material state

A bar (&=50 mm) of T40 alloy, a commercially pure titanium (grade 2 CPT) which
contains only a phase, was supplied by CEZUS, a subsidiary of the AREVA group (Ugine,
FR). The composition of the material is listed in Table 3-1. The bar was treated through rolling
and annealing (650°C, 90 minutes under high vacuum) processes in order to obtain
homogeneous micro and macro structures. Ultrasonic inspection showed that the rates of void
and defect are qualified.
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Table 3-1 The chemical constituent of the T40 grade 2 CPT.

Elements C Fe N2 O2ppm H2ppm Ti Grain size
Wit% 0.010 0.035 0.005 1050 6 Balance 50 um

3.2 Shot-peening

A piece of material, with a thickness of about 12 mm, was cut off from the bar by a
metallographic cut off saw Secotem-15 (Struers International, Ballerip, DK). Then, the top
surface of the cut sample was first mechanically polished on a Vector® LC 250 automatic
lapping and polishing unit (BUEHLER An ITW International, Lake Bluff, USA), using
abrasive discs of 800 grit to remove the layer affected by the cutting process and to obtain good
flatness and roughness. Then the sample was fixed on an ultrasonic shot-peening system with
a plastic holder. A closed space, the chamber is formed by the sample (on the top), the plastic
holder, the die and the sonotrode (on the bottom). A given mass of shot (20 g) is introduced
into the chamber. When the sonotrode vibrates, the shot will bounce rapidly and peen the
surface of the sample continually until reaching the desired time. The whole process is shown
in Fig. 3-1. Several key parameters of the shot-peening process are listed in Table 3-2.

—
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Fig. 3-1. Scheme of the ultrasonic shot-peening process.

Table 3-2 Critical parameters of the shot-peening process.

Parameters Values
Diameter of shot (mm) 3

Mass of shot (g) 20
Material of shot 100Cr6
Distance between sample and the sonotrode (mm) 15
Power (%) 27
Duration (minutes) 10,

After being cut along the depth direction, the metallurgical structure of the cross-section of
the shot-peened sample can be observed. On Fig. 3-2 we can see that the grain size of the
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sample is about several tens of micrometers. In the layer near the shot-peened surface (depth
<100 um), some results of regional metamorphism, such as intersecting and staggering of the
slip systems, deformation twinning, etc., could be seen clearly in the grains. However, the
grains had not been broken into nanocrystalized structures like in surface mechanical attrition
treatment (SMAT) [134, 135]. It is a conventional shot-peening treatment.

Shot peened surface

Depth direction

Fig. 3-2. Metallurgical structure of the cross-section of the shot-peened T40 grade 2 CPT sample.

3.3 Characterizing RS and peak width with X-RD

X-ray diffraction tests were performed with a 4-circle Seifert PTS-3000 X-ray
diffractometer (now GE Inspection Technologies GmbH, HUrth, DE), equipped with a copper
anode tube (40 kV and 30 mA, Kp line is filtered by a Ni filter). Since diffraction peaks with
higher angle will be more sensitive to residual stress and lattice distortion, {302} planes of a-
phase titanium, with peak position at 260 =149.05°, was selected for this study. A Position
Sensitive Detector (PSD) which covers 11° was used to collect the diffracted signal. The
scanning range was selected from 144° to 154°. The counting time is 220 s/step and the step
size is 0.05 °26.

As introduced in Chapter 1, for characterizing residual stresses with X-ray diffraction
techniques, the sin®¥ method can be used, which means that a series of diffractions with
various ¥ angles need to be done. In this study, 13 ¥ angles (-60°, -50°, -40°, -30°, -20°, -10°,
0°, 10°, 20°, 30°, 40°, 50° and 60°) were used. For the Seifert PTS-3000 X-ray diffractometer
with a PSD, as shown in Fig. 1-15, the variation of the angles was realized through the rotation
of the inclination angles y under the goniometer (G) reference system. As shot-peening usually
produces an equibiaxial stress state, only one @ (®=0) direction was necessary.
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Fig. 3-3. The configuration of the Seifert PTS-3000 X-ray diffractometer.

The average penetration depth 7z can be calculated according to:
siné 5 pm (3-1)
2

where £ is the linear absorption coefficient which equals to 938.08 cm for titanium and CuK,
radiation. This means that X-ray diffraction performed in this study can only obtain
information in a very shallow layer at the top surface of the sample (more precisely, the average
of a physical quantity, such as stress, work-hardening, texture, etc., measured by X-rays is
taken between the depth 0 and infinity and it corresponds to the value at this penetration depth
7). Thus, in order to get the residual stress profile along the depth into the shot-peened surfaces
without introducing additional stresses or work hardening, electrolytic polishing process was
conducted on the LectroPol-5 electrolytic polishing unit (Struers International, Ballerip, DK).)
with D11 solution (70% ethanol, 20% perchloric acid and 10% Ethylene glycol monobutyl
ether). The sample was polished with a voltage of 50V and a current of 16 mA for 30 s each
time and then cleaned with cold running water. A laser distance detector, of which the
uncertainty could reach 3 um, was used for monitoring the thickness of the layer removed by
the electrolytic polishing process. All the X-ray diffraction tests were strictly controlled to be
conducted at the same place of the polished zone (the blue point in the center of the circular,
as shown in Fig. 3-5), which guaranteed the consistence of the results.

A script written with the commercial computational software Wolfram Mathematica® was
used for extracting the residual stress and peak broadening information from the X-ray
diffracting data. The profiles of the residual stress and that of the peak width along with the
depth are shown in Fig. 3-4. In this study, the peak was fitted with a Pseudo-Voigt profile
which is a linear combination of a Gaussian function G(x) and a Lorentzian function L(x):

oy () =7-G(X)+@L—17)-L(x) with 0<7<1 (3-2)

GO0 =1y exp(r- (= =2)) (33)

G
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L) =1, (3-4)

14+ 72 (X" %oy
L
where Xo is the peak position (the centroid position which corresponds to the peak maximum
for symmetrical profiles), lo is the height of the observed line profile, fc and fc are the integral
peak widths of the Gaussian function and a Lorentzian function respectively. The background
was described by a straight line fitted by least squares on a given number of points taken at
each end of the acquisition range. The standard uncertainty is computed from the residual of

the least square regression from the non-linear fitting of the peak.
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Fig. 3-4. Results of the X-ray diffraction tests: (a) residual stresses profile along depth; (b) integral width profile along
depth.

The residual stress profile showed in Fig. 3-4 is typical of a shot-peened bulk metal material.
Significant compressive residual stress (about -290 MPa) was observed in the top surface layer.
The maximum compressive residual stress value (about -350 MPa) is obtained at a depth of
about 100 um. Then, the residual stress will decrease gradually until it reaches a stable level
around -50 MPa with depth >500 um. As for the integral width, it decreased until also about
500 um where a stable peak width around 0.5° was reached. However, the decrease of integral
width began from the very top surface but not subsurface layer. The stable level of integral
width of 0.5° proved that the material deep enough is quite well crystallized.

Fig. 3-5. The sample for X-ray diffraction which went through one increment of electrolytic polishing (the white
circular disk is the polished pit and the blue spot is the where the X-ray spot is positioned).
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It should be mentioned that the peak width have not been corrected from the instrumental
broadening. . It can also be noticed that the residual stress cannot reach positive value during
the depth range investigated in this study. Part of it can be explained by the new equilibrium
reached after each layer removal (see below) and the uncertainty could cover another part.
However, these arguments are not sufficient to explain the small negative stresses measured
beyond 500 pm. It might be explained by the manufacturing process of the raw material bar:

the annealing process may not have thoroughly eliminated the influence of the rolling process.
100

W Experimental data
1 — Fitting profile of experimental data
Corrected profile of experimental data
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Fig. 3-6. Residual stress profile along the depth (the blue dots are the measured values, the thin blue line is the fitted
profile. The thick red line is the reconstructed profile taking into account the layer removal and assuming that the
whole surface of the sample was removed. The actual effect of layer removal should be smaller.

To check if the removal of successive layer has a significant influence on the measured
values, a Mathematica script written by M. Frangis (UTT, unpublished results) using the
eigenstrain theory was used. It assumes that the eigenstrain profile that created the residual
stress distribution was not perturbed by successive layer removal, i.e. there is no plasticity due
to layer removal. The eigenstrain profile is described by a polynomial of degree 5 up to a depth
of 735 pm and equal to zero beyond. The coefficients of the polynomial are fitted on the
measured stress, taking into account the successive removals. The fitted profile is represented
by the thin blue curve in Fig. 3-6. Once the coefficients of the polynomial are known, it is easy
to recalculate the complete stress profile that existed in the sample before the electrolytic
polishing removal. This calculation was performed to estimate the maximum influence of the
removal by assuming that the complete surface layer was removed. In fact, as can be seen on
Fig. 3.5, removal was performed on a limited area. This means that the actual effects of removal
are significantly smaller than what is shown on Fig. 3-6.

3.4 Characterizing WH with X-RD

As mentioned in Chapter 1, it is well known that the X-ray diffraction peak broadening
analysis is proved to be a convenient approach to study the microstructural evolution of
crystalline material. The method of quantifying the level of work hardening in components by
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correlating the X-ray diffraction peak broadening to the equivalent true plastic strain has been
studied and discussed in the literature [95-97].

In order to realize this kind of calibration on samples cut from a thick ingot, several steps
are necessary, including preparing several uniaxial tensile test samples with the raw material
state, performing uniaxial tensile tests at various true plastic strain levels and conducting X-
ray diffraction tests. The detail concerning the last procedure has already been discussed before.
Here, some explanations for the first 2 processes are offered.

3.4.1 Preparing the uniaxial tensile test samples

The dimension of the tensile test samples was designed according to the standard ASTM
E8/E8M-09 [136], as shown in Fig. 3-7. All the specimens were manufactured by wire-cutting
electric discharge machining (WEDM) directly from the bar.

When performing WEDM, the work piece in the sparking zone will go through an extreme
fast heating, melting and vaporization followed by a rapid cooling process, during which
tremendous changes in both of the surface topography and the surface metallurgy of the work
piece will happen. This directly produces a multi-layered heat affected zone, which presents
high hardness, high residual stresses, and severe metallurgical transformations at the machined
surface of the work piece. Because of the shallow penetration depth of X-rays, this is a serious

obstruction for the calibration sought in this study.
A

== 05

- 25 -

81.798 -

50 Unit: mm

Fig. 3-7. Dimensions of the uniaxial tensile test specimens.

In order to get rid of the perturbations introduced by the WEDM process, special polishing
procedures were conducted. There are three primary difficulties during the polishing procedure.
The first one is how to hold the dog-bone like tensile test samples during the polishing process.
The second one is how to keep the dimension accuracy of the specimens and remove the
affected layer simultaneously. The last problem is how to get rid of external plastic
deformations which will possibly be induced by the mechanical polishing process.
Conventional mechanical polishing can keep the dimension accuracy well if being carefully
controlled, however, the first and the third problem will become thorny. Electrolytic polishing
can overcome the first and the third difficulties easily, but, impossible to assure high
dimensional accuracy. As for the vibration polishing process, it has the greatest hope to resolve
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all the problems. However, in that case, the material removal speed will be quite low which
makes it time consuming.

Considering all of these, a special polishing procedure will be conducted. First, common
mechanical polishing process will be conducted by fixing the sample on a specially designed
holder which can cover the whole sample. At the end of the common mechanical polishing
stage, vibration polishing will be used without any holder or counter balance. If vibration
polishing process still cannot provide a surface without external plastic deformation,
electrolytic polishing will be finally performed, during which the samples will be under
particular protection for kellng the dimension accuracy.

Mechanical polishing was performed on a Vector® LC 250 automatic lapping and
polishing unit (BUEHLER An ITW International, Lake Bluff, USA) using 800-grit and 1200-
grit silicon carbide abrasive disc films, (ESCIL Ltd, Chassieu, FR) followed by 10-um
suspension diamond abrasive paste and 0.05-um silica powder (ESCIL Ltd, Chassieu, FR) on
special tissues. No abrasive discs of grit smaller than 800 was used, for reducing the possible
harmful influences during this process as much as possible.

The samples were attached to the center of a special holder which is made up of a larger
steel tensile test sample and two short cylinders. There are several reasons for using such a
holder. First, the shape of the large steel tensile test sample is dog-bone like. This kind of
geometric shape makes the whole structure much more stable than using a long rectangular
holder which can possibly tilt during the rotating polishing process. Second, two cylinders used
as the connection part between the holder and the polishing machine is much more stable than
using only one cylinder as the rotating axis. If only one cylinder is used, the frictional force
between the sample and the abrasive disc will directly make the whole structure tilt to one side,
which will severely reduce the dimensional accuracy of the polished tensile test samples.
Besides, the T40 grade 2 CPT tensile test samples are dog-bone like as well, which will
effectively protect the calibrated part (middle part). Even if the edges of the grip ends will be
rounded a little bit during the polishing process, the dimension accuracy of the calibrating part
can still be kept very well. Comparison between the two kinds of holders is shown in Fig. 3-8,
from which we can see clearly that the holder with two cylinders performed much better than
the other one with only one cylinder. Even so, there is still a little tilt that cannot be avoided.
So, the only thing we can do is to make it to be uniform on both sides by intermittently (every
5 minutes) reverse the rotating direction.
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Fig. 3-8. The polishing sample holders: (a) sample attached on the holder with one cylinder; (b) sample attached on the
holder with two cylinders; (c) severe tilt occurred when rotation polishing with the holder with one cylinder; (d) no
obvious tilt occurred when rotation polishing with the holder with two cylinders.

During the whole mechanical polishing process, nothing else than self-weights of the
sample holder were put on the sample to reduce the possible external plastic deformation. The
total weight of the sample and the sample holder is 180.5 g. The sample was characterized by
X-ray diffraction after each 20-minute of polishing in order to monitor the value of the integral
peak width. After the mechanical polishing, vibration polishing was performed as well on the
VibroMet®2 vibratory polisher (BUEHLER An ITW International, Lake Bluff, USA) with the
0.05-um silica powder (ESCIL Ltd, Chassieu, FR) on special tissues. During this process, there
was no other external load was applied on the sample but its own weight (11.2 g) for further
reducing the influences of plastic deformation induced. The sample was tested X-ray
diffraction after each 24-hour of polishing for monitoring the value of the integral peak width.
When this value reaches the stable value shown in Fig. 3-4 (b), around 0.5°, the sample was
considered as well polished.

One thing need to be mentioned is that considering the incident beam size (several mm?)
of the copper tube and the size of the calibrated part of the tensile test sample, a special mask
made of black rubber adhesive plaster was put on the middle top surface of the sample. This is
for preventing unwanted diffraction caused by the sample edges. Similarly, in order to prevent
unwanted diffraction caused by the metal sample holder, an adhesive plaster was attached on
the holder as well, as shown in Fig. 3-9.
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Fig. 3-9. Mask and substrate used for preventing unwanted diffraction.

Actually, our results showed that even if the careful vibration polishing process can only
reach the integral peak width value around 0.9°, which still cannot fulfil our request of 0.5°.
An integral peak width value larger than 0.5° means that there is still some external plastic
deformation introduced by the mechanical polishing procedure. Then two strategies were tried
to make further decrease of the integral peak width value.

The first strategy used was using annealing process to release the unwanted plastic
deformation. Some mechanical polished samples were sent to Institut Carnot de Bourgogne
(UMR CNRS 6303, Université de Bourgogne) for annealing. The procedures and key
parameters of the annealing process were listed as follows:

-(1) Argon gas was first flowed for 1hour to build the protecting environment;

-(2) Heating from room temperature to 650°C with a constant rate of 10°C/min;

-(3) Stay at 650°C for 90 min;

-(4) Cooling to the room temperature naturally;

During the whole process, Argon gas was kept flowing permanently with a speed of 8 L/h.

Although the parameters strictly followed the values in the data sheet of the T40 grade 2
CPT bar provided by the manufacturer (as shown in Appendix 5), the annealing treatment did
not succeed. The X-ray diffraction pattern of the raw material (integral peak width ~ 0.5°)
obtained by electrolytic polishing mentioned above and that of the annealed tensile test sample
are shown in Fig. 3-10. For the raw material, the quality of the diffraction pattern is quite good.
As for the pattern of the annealed tensile test sample, additional peaks occurred. As shown in
the local zoom-in of the {302} peak in Fig. 3-10(b), the profile of the noise peak is low but
quite broad. The worst thing is that the positions of these noise peaks are superposed with the
normal characteristic peaks, which severely affected the accuracy of the determination of the
integral peak width values. The reason for this kind of phenomenon might because that the
tensile test samples are oxidized during the annealing process, even if they were under the
protection of Argon gas environment. The yellow and blue color occurred on the surface of the
samples can further prove the existence of the oxidized layer.
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Fig. 3-10. The X-ray diffraction patterns for the material treated with different methods: (a) raw material
electrolytically polished; (b) annealed tensile test sample after mechanical polishing and vibration polishing

Since the annealing procedure failed, the second strategy, electrolytic polishing, was then
performed. Since this procedure is quite prone to round the edges, particular protection needs
to be applied on the sample. The black rubber adhesive tape was pasted on the whole sample
except two parts. They respectively are the calibrated part on the polished surface and the part
on the other side which will make contact with the conductive cantilever of the polishing
machine, as shown in Fig. 3-11(a). The final sample after electrolytic polishing was shown in
Fig. 3-11(b), from which we can see that the surface of the calibrating part had some little
fluctuations. However, the overall dimensions of the sample could be kept accurately enough
for making uniaxial tensile test, especially that we do not look for the constitutive behavior
(which would need the knowledge of the stress and thus a precise cross-section) but a
relationship between the peak width and the plastic strain. This one can be obtained from the
lengthening of the specimen. The main requirement is that the plastic strain is homogeneous
on the surface irradiated by the X-ray beam.

a b

e e

Fig. 3-11. Particular protected tensile test sample for electrolytic polishing: (a) the protection; (b) the final sample after
electrolytic polishing.

After the careful mechanical polishing (by 800-grit and 1200-grit silicon carbide abrasive
disc films followed by 10-um suspension diamond abrasive paste and 0.05-um silica powder
on special tissues with only the self-weight of sample and the sample holder) and vibration
polishing (by 0.05-um silica powder on special tissues with only the self-weight of the sample)
mentioned above, the electrolytic polishing procedure was conducted on LectroPol-5
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electrolytic polishing unit (Struers International, Ballerip, DK) with D11 solution (70% ethanol,
20% perchloric acid and 10% Ethylene glycol monobutyl ether). The sample was polished with
voltage of 45V and current of 15 mA for 15 s each time and then cleaned with cold running
water. After three times of electrolytic polishing, integral peak width value of the sample was
checked with X-ray diffraction.

Peak width variation during the whole polishing process (including mechanical, vibration
and electrolytic polishing procedures) are shown in Fig. 3-12, from which we could see that
mechanical polishing had obvious effect in the first 80 min. The integral peak width value
decreased quickly from 2.24° to 1.13°. Then some saturation occurs. In the next 80 min, the
integral peak width value only decreased 0.05°, among which it did not decrease a bit during
the last 60 min. This might because of the weight of the two-cylinder sample holder. Thus, the
sample was removed from the holder and put in the vibration polishing machine with only its
self-weight. However, the X-ray diffraction results for the sample after 72-h vibration
polishing did not seem good enough. The integral peak width values oscillate between 0.9°
and 0.8° without further decrease. Finally, after electrolytic polishing had been performed 15
$333 times, a layer of about 30-um thickness was removed and the integral peak width value
reached 0.54°. Considering the stable integral peak width values obtained from the former X-
ray diffraction tests, we thought that the raw material state was arrived.
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Fig. 3-12. {302} peak profiles and peak widths corresponding to successive polishing steps: (a) peak profiles; (b) peak
widths.

3.4.2 Uniaxial tensile test at various equivalent true plastic strain levels

All the tensile tests were performed on the Instron 4411 5kN electric tension compression
testing machine (Instron Ltd., Buckinghamshire, UK). Displacement load was applied with a
constant speed of 0.48 mm/min which is calculated from the dimension of the sample
according to the standard ASTM E8/E8M-09 [135]. Electronic extensometer was attached on
the sample in the middle of the calibrated part for monitoring the local elongation of the
calibrated section. The gauge length of the extensometer is 12.5 mm.
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For each strain value, the peak width was measured by X-ray diffraction and then the
specimen was stretched again. This was repeated until the necking point was reached (it is the
highest point on the engineering tensile stress vs strain curve). Our results showed that, for T40
grade 2 CPT, the necking point will be reached around 15% of equivalent true plastic strain.
As the cumulated plastic strain reach locally during shot-peening can be significantly higher
than this, the fitted curve (a power law) was extrapolated which is, of course, highly debatable.
(Since this value is small comparing with the possible PP level induced by shot-peening, the
data was extrapolated with a power law which is, of course, debatable.) The results are shown
in Fig. 3-13(a). Adjusted R squared value showed that the fitting quality is good. The fitted
value for true plastic strain equal 0 is 0.57 which is close to the value obtained on the raw

material.
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Fig. 3-13. Relationship between peak width and the equivalent true plastic strain and the profile of equivalent true
plastic strain along depth direction: (a) experimental data points and the index fitting function of peak width vs
equivalent true plastic strain; (b) profile of equivalent true plastic strain along depth direction extracted from (a).

By fitting with the power law, showed in Fig. 3-13(a), work hardening introduced by the
shot-peening process could be estimated. The profile of work hardening along the depth
direction is shown in Fig. 3-13(b), from which we can see that near the shot-peened surface,
the level of work hardening can even exceed 60%. Then, it decreases quickly and fades away
when depth = 400 xm.

So far, the values of residual stresses and equivalent true plastic strain in the shot-peened
T40 grade 2 CPT sample were obtained. From these data, an overall perception of the states of
residual stresses and work hardening can be obtained, which can be used as references for the
later parts of study about characterizing residual stresses and work hardening simultaneously
induced by shot-peening process with instrumented indentation tests. The proposed protocol
can also be used to define an initial state for fatigue studies, although fatigue tests on T40 grade
2 CPT have not been done in the present study.
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3.5 Instrumented indentation tests (11T)

In chapter 2, it was shown that characterizing residual stresses and work hardening
simultaneously by instrumented indentation test (11T) was possible with a reasonable accuracy
from a pure numerical view point. In the present section, the method is tested experimentally.

3.5.1 Sample preparation

When trying to measure material properties by IIT, the major challenge is the sample
preparation. As for our situation that trying to characterize residual stress and work hardening
with 1T, it is critical because the preparation should not introduce unwanted residual stress or
work hardening. Another challenge is to understand how the sample disturbance can affect the
results of 1IT. Although surface preparation is of great importance to IIT process, only a few
researches focused on this part of study. Furthermore, nearly all of them concentrated on the
surface roughness and topography of testing samples. Little attention was paid to the
mechanical origin of sample disturbance induced by surface preparation. So, in the following
section, the sample preparation process is investigated.

Three little pieces of material were cut off from the shot-peened sample with a
metallographic cut off saw Secotem-15 (Struers International, Ballerip, DK) with a low feeding
speed (0.01 mm/s) to minimize the influences of the cutting process. Then hot mounting
(heating at 180°C for 10 min and then water cooling for 10 min) was performed on the
LaboPress-3 hot mounting machine (Struers International, Ballerip, DK) with resin polyester
SODY 33 (ESCIL Ltd, Chassieu, FR) for making samples suitable for 1IT. Then, one sample
was attached on a steel cylinder to increase its self-weight. The self-weight of all the 3 samples
are No.1=173.2 g (the one with the steel cylinder), No.2=18.3 g and N0.3=6.2 g respectively,
as shown in Fig. 3-14.

No.2

Fig. 3-14. Three 1T samples of different self-weights.

All the samples were then polished to mirror flatness on Vector® LC 250 automatic lapping
and polishing unit (BUEHLER An ITW International, Lake Bluff, USA) using abrasive discs
of 800-grit and 1200-grit silicon carbide abrasive disc films, (ESCIL Ltd, Chassieu, FR)
followed by 10-um suspension diamond abrasive paste and 0.05-um silica powder (ESCIL Ltd,
Chassieu, FR). After that, they were polished on the VibroMet®2 vibratory polisher
(BUEHLER An ITW International, Lake Bluff, USA) with the 0.05-um silica powder (ESCIL
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Ltd, Chassieu, FR). During the whole polishing process, only self-weight of the samples was
used for applying pressure, without any other external pressure applied. This polishing
procedure bypassed the usage of the abrasive discs of other coarser grit for avoiding their
potential harm to the sample surface. Thus the material removing speed in this polishing
process is quite low which means that the polishing time was much longer than typical
polishing procedure to guarantee that the layer affected by previous polishing steps were fully
removed. The polishing time for each of the polishing steps was 2 hours (abrasive discs of 800-
grit and of 1200-grit respectively), 3 hours (10-um diamond abrasive paste), 10 hours (0.05-

um silica powder) and 96 hours (vibration polishing with 0.05-um silica powder) respectively.
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Fig. 3-15. {302} peak profiles, peak widths and residual stresses corresponding to different polishing protocols of 11T
samples.

Intensity (cps)

The polished sample was checked with X-ray diffraction by comparing with the reference
of the electrolytically polished raw material. All the testing points are at the center of the
samples. Results of the X-ray diffraction tests are shown in Fig. 3-15. It can be seen clearly
that along with the decrease of the self-weight of the samples, the polished surface state will
get closer to the reference state. One thing notable is the difference between samples No.2 and
No.3. Even if the polishing procedure and parameters are exactly the same, the sample No.2
with a little bit higher weight still cannot fulfil our request of integral peak width equals 0.5°.
In order to get close enough to the reference state, the self-weight of the sample needs to be
extremely low.

In the literature, differences between various indentation results are mentioned, even if
vibration polishing processes were used in all the tests [137-140]. Not much explanation was
given about this. Since the preparation protocol of the II'T samples was not explained in detail,
based on the results of our study, it is reasonable to supposed that differences in the self-
weights of the samples might be one of the main causes.
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3.5.2 Calibration of the Nano indenter®XP system

All the instrumented indentation tests were performed on the Nano indenter®XP (MTS
systems corporation, Eden Praire, USA), as shown in Fig. 3-16, with a Berkovich indenter.
Before performing indentation tests on the polished samples, two important calibrations need
to be done.

Fig. 3-16. Nano indenter®XP instrumented indentation system.

A number of calibration processes, most of which are performed at the factory by the
manufacturer and transparent to the user, are required in order to bring an IIT system in
operation conditions [141]. However, “frame compliance” and “tip area function” calibrations
are distinctive, because they involve making indentations on standard materials. Thus, they are
normally the last calibrations which are often conducted by the user. This part of work will be

explained in detail in Appendix 4.
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Fig. 3-17. Calibrated geometric profile of the M128 Berkovich tip on Nano indenter® XP. The blue dush line is the
perfect sharp tip and the red line is the tip shape obtained from the calibrated two-term tip area function.

In fact, the calibrated tip area function represents not only the geometry defect of the tip.
It is a comprehensive factor which contains nearly all the facts that may affect the indentation
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response in the form of the relationship between Ac and h¢, provided that they can be considered
identical in the calibration stage and during the measurement. In the present study, the
relationship between contact depth hc and the contact radius a, obtained from the two-term tip
area function according to Eq.(Appendix 4-6) and the relation shown in Eq.(1-7), is shown in
Fig. 3-17. This relationship, as a tip-shape function, will be used to build the “real tip” in FEM
mode. This will be explained in detail in the later sections.

3.5.3 Instrumented indentation tests on T40 grade 2 CPT

A series of instrumented indentation tests were performed on all the 3 samples following
the standard ASTM E 2546-07[142]. Results shown in Fig. 3-15 showed that different levels
of work hardening and residual stresses existed in the surface layer of the samples. Although
their exact distributions along the indentation depth direction are unknown, we still can have
some foresight that the indentation responses on the three samples might be quite different
from each other.

Although the results of X-ray diffraction showed the corresponding averaged situations of
true plastic strain and residual stress in the depth around 5 um, performing indentation tests
shallower than 5 um is still meaningful. Even if they cannot thoroughly get rid of the influences
of true plastic strain and residual stress in top 5-um layer, the indentation responses obtained
by them still can show something, which might be able to help us to separate residual stress
and work hardening induced by shot-peening. This is because that the plastified depth of a
indentation is equal to about 7 times of the penetration depth of the tip. From the results shown
in Fig.3-4(a) and Fig.3-13(b), we could see that shot-peening process can definitely induce
residual stress and of true plastic strain decreasing along the depth from the shot-peened
surface. Based on this, we can imagine that it is quite possible that the maximum load Pmax, the
contact stiffness S and the contact hardness H may vary along the depth as well, which is
profitable for the calibration of RS and PP.

Indentation tests were first made on the sample No.1. Maximum penetration depth hmax of
1 um was used to control the indenter tip. However, the indentation responses, including Pmax,
S and H, showed little variances along the depth from the shot-peened surface. This is quite
possible that the penetration depth of 1 um is not deep enough comparing with the depth
influenced by the polishing process. Seeing this, the hmax value was increased to 3 um.
Indentation test were then performed on the reference, sample No.2 and No.3. All the
indentation responses are shown in Fig. 3-18. The dark cyan curves are the results of the 1 um-
deep indentation tests on sample No.1 which had no obvious gradient. Especially, the H curve
is much higher than that of the reference (the black curve) which is directly caused by the work
hardening and residual stress present in the surface layer of sample No.1. As for the results of
the 3 um-deep indentation tests on sample No.2, the red curves in Fig. 3-18, for depth far from
the shot-peened surface, the H values for large depth got much closer to that of the reference.
Since Pmax and S values highly depend on the hmax value, they cannot be used to make
comparison between sample No.1 and the reference and sample No.2. However, H which is
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supposed to be independent of the hmax value can be used to compare. As for 3 um-deep
indentation tests on sample No.3, the H values for large depth got closest to the hardness of
the reference. Comparing with sample No.2, all the three indentation responses, at larger depth
from the shot-peened surface of sample, No.3 got even closer to the reference values.
Particularly, the Pmax and H values at large depth were quite close to those of the reference,
which shows that sample No.3 was best polished.
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Fig. 3-18. 11T responses along with depth from the shot-peened surface on reference and on different samples: (a)
maximum load Pmax; (b) contact stiffness S; (c) contact hardness H.

As for the S curves, two strange things happened. One thing is that as the pure simulation
results in Chapter 2 shown, along with the increases of residual stress and of accumulated
plastic strain, contact stiffness S values increased as well. However, experimental results of all
the 3 samples showed reverse trend as the numerical simulations, even if it was not so obvious
for the 1-um indentation tests on sample No.1. The other thing is that there were still large
differences between the S values of sample No.3 at larger depths and the contact stiffness value
of the reference

3.5.4 Correction of edge effects

In order to find out the reasons of the strange things happened to contact stiffness S values,
some further investigations need to be done. One possible reason should be the edge effects,
which are caused by the insufficient distance between indentation and the edge of the sample.
In fact, the problem caused by sample edge always exists, even for conventional hardness tests.
For instance in Vickers hardness test, an experimental law is that: for steel and copper,
indentations have to be spaced with at least 3 diagonal widths and away from the edge at least
2.5 diagonal widths; for lead, zinc, aluminum and tin the indent spacing has to be at least 6
diagonal widths and the edge spacing should be at least 5 diagonal widths [143]. Edge spacing
smaller than these values will induce severe edge effects into the results of the tests. Is an
indent far away from the edge (more than the above values) safe? Unfortunately, the answer is
negative.
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Elastic quarter space

Fig. 3-19. Geometry of the edge problem solved by Gerber [144] and reanalyzed by Jakes et al. [145].

Gerber [144] worked on the edge effects in elastic contact between a square, rigid punch
and an elastic quarter space, as shown in Fig. 3-19. Later on, Jakes et al. [145] analyzed
Gerber’s results in context of King’s [146] solution for indentation on an elastic half-space to
arrive at an estimate of the structural compliance Csr caused by a free edge as:

c o 020+0.1v 2(0.20+O.11v),8y. 1
str Ed \/;(1_\/2) E*d
In Eq.(3-5), E and v are the Young’s modulus and the Poisson’s ratio of the tested material, E~
is the effective Young’s modulus defined in Eq.(1-8), S and y are the two correction factors
mentioned in Eq.(1-10) and Eq.(1-11), d is the distance from the sample edge to the center of
the indent.

In order to determine mechanical properties for indents placed near the edge, the free edge
caused structural compliance Cs must be considered. Then the composite compliance C”
obtained from the indentation test, as shown in Eq.(Appendix 4-1), should become as:

C =C, +C +C, (3-6)
where Cs is the frame compliance of the indentation system and Cs is the sample compliance.
By introducing Cstr, Jakes et al. [145] corrected the influences of edge effects from projected
contact area A, effective Young’s modulus E~ and contact hardness H. [145]. The study of

Jakes et al. showed that the influences of edge effects on indentation responses are significant
and the correction of edge effects is necessary.

(3-5)
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Fig. 3-20. Comparison between original and corrected S values.

In fact, the foundation of the correction proposed by Jakes et al. [145] is to correct contract
stiffness S, because of the reciprocal relation between sample compliance Cs and contact
stiffness S:

1
S = (3-7)
Considering the edge spacing of each group of indents we made on the shot-peened T40 grade
2 CPT sample, edge effects should be one of the reasons which caused the strange trend of
contact stiffness S. Combining Eq.(3-5), Eq.(3-6) and EQq.(3-7) together, contact stiffness
values of sample No.3 was corrected. Comparison between original and corrected S values was
shown in Fig. 3-20.

3.6 FEM simulations of 11T onT40 grade 2 CPT

In Chapter 2, simulations were only performed on several virtual materials for probing the
feasibility and method of characterizing RS and PP simultaneously induced by the shot-
peening process through IT technique. In this part of work, FEM simulations using the
material property of T40 grade 2 CPT were performed and discussed.

All the configurations of the whole FEM model were explained in Section 2.2. The only
difference is that the values of the material property parameters were not virtual but extracted
from uniaxial test on T40 grade 2 CPT. Sample dimensions and concrete testing methods were
discussed in Section 3.4.1 and Section 3.4.2. Experimental results showed that necking began
around PP=10%. Thus, data points beyond this range were not used to do fitting. Experimental
true-stress vs true-plastic-strain data and best fitting with the Ludwick model were shown in
Fig. 3-21. The parameters obtained from the best fitting curve were directly used in the FEM
simulations for describing the material constitutive behavior.
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Fig. 3-21. True-stress vs true-plastic-strain data of uniaxial tensile test and the best fitting curve.

In order to make sure if the numerical model is precise enough to represent the indentation
process of T40 grade 2 CPT, comparisons between the simulated results and the experimental
results on the reference sample were made, as shown in Fig. 3-22 and Table 3-3.

Reference raw material
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Fig. 3-22. Comparison between the experimental load vs depth (P-h) curve of reference T40 sample and that of the
FEM simulation.

Table 3-3 Results of the instrumented indentation tests and simulations.

Indentation response Reference F.EM W.'th F!EM W'th.
ideal tip calibrated tip
Maximum indentation load Pmax (MN) 398.0420.3 330.7 348.4
Contact stiffness S (mN/nm) 2.54240.036 2.710 2.608
Contact hardness H (GPa) 1.6740.13 1.37 1.38

Data above showed that there are large differences in all the four indentation responses,
including load vs depth (P-h) curve, maximum indentation load Pmax, contact stiffness S and
contact hardness H, between the experiment and the simulation. This proved that the FEM
model configuration demonstrated in Section 2.2 is not suitable enough to represent the
indentation process of a real material, even if it is consistent from a pure numerical point of
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view. So, figuring out and modifying the weak points of our existing model will be the aim of
the next step of work.

Enlightened by the work of Section 3.5.2.2, the first thing we thought about is the tip defect
in real experiment, because in the FEM model, only an equivalent conical indenter with a
perfect sharp tip was taken into account. However, literature mentioned that tip defect will
strongly influence nearly all kinds of IIT responses [147-150]. Although the maximum
penetration depth hmax in this study is much deeper than that of conventional IIT tests, the
results of Section 3.5.2.2 still showed that the effect of the tip defect may not be negligible.

In order to investigate the effects of tip defect, another FEM model was built. All the
configurations of the new model are as the same as in the original one, except the shape of the
indenter tip. In the new FEM model, tip shape showed in Fig. 3-17 which was obtained through
the tip area function calibration process was used for representing a more realistic indenter.

As shown in Fig. 3-22 and Table 3-3, the obvious differences in all the three indentation
responses and the P-h curve between the experiment and simulation were decreased in different
extents by considering the tip defect, although the differences are still quite large. This
confirmed that any further modifications for improving the performance of numerical
simulations should be done with the new FEM model.

3.7 Improving the accuracy of FEM model with inverse method

Through considering the calibrated tip in the FEM model, the quality of all indentation
responses could be improved, but still not enough, which means that there must be some factors
which had not been considered properly. By checking the configurations of the model, several
possible aspects were considered.

The first possible fact is still the shape of the indenter, although tip area function calibration
performed above was supposed to be sufficient to adjust tip defect. However, the two-term tip
area function according to Eq.(Appendix 4-6) can only give us a round-tip conical indenter,
which may not be the real indenter shape in experiments. In addition, the quality of this
calibration procedure highly depends on the precision of the fitting.

Second, material parameters used in the model were extracted from uniaxial a tensile test
which may not be precise enough to represent the indentation response of T40 grade 2 CPT.
Because it is easy and convenient, uniaxial tensile test is the most basic and important test
broadly used in nearly all kinds of numerical simulations for identifying the constitutive
behavior of the material. However, for complicated situations, stress-strain results of uniaxial
tensile test may not be suitable or enough. During an IIT process, the hard indenter will
continuously penetrate the surface of the target material, which makes most of the material
beneath the tip under a multi-axial compressive loading path, but not a uniaxial tensile loading
path.

Last but not least, although it is an important parameter for contact behavior, friction
coefficient during IIT process cannot be effectively measured with an experimental method.
The friction coefficient value used in present study was chosen from reference friction values
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between diamond and metallic materials from the literature, which are usually obtained with
conventional sliding friction experiments. However, the friction behavior of the actual 11T
process might be significantly different from the reference values. This makes the friction
coefficient values used in our FEM model questionable. Although some researches proved that
friction coefficient can hardly influence the indentation response of some materials [], lots of
other researches still showed that friction coefficient plays a critical role in the IIT process on
many metals [151, 152]. In the former chapter, it had already been shown that friction
coefficient can have a significant influence on material A, the constitutive behavior of which
was supposed to be similar to a titanium alloy. Thus, we have some reasons to believe the
friction coefficient can directly affect the accuracy of IIT simulations for T40 grade 2 CPT.

In fact, many other factors, such as the choice of constitutive model, the setting of contact
model between the indenter and the material, can possibly introduce errors into the model as
well. However, they are not taken into account here. In fact, identifying which kind of
constitutive model and contact behavior is suitable for describing the indentation responses of
T40 grade 2 CPT is quite complex, which is far beyond the goal of this thesis. Since the study
in Chapter 2 has already shown the possibility and feasibility of our simultaneous function
method, even if only from a pure numerical point of view, it means that the constitutive and
contact models set in Chapter 2 should be suitable for our problem.

3.7.1 Inverse method

The so-called inverse method, a fairly mature way for identifying parameters in models, is
performed by combining computing process, such as computer aided design (CAD) or
computer aided engineer (CAE), with numerical optimization. In this method, the objective
functions are minimized with respect to the model parameters using some numerical
optimization algorithms. The parameters of the model are identified as the optimized solution
[153, 154].

In this study, commercial multi-objective optimization and design environment ESTECO
modeFRONTIER® is used, for it can be easily coupled with almost any CAD or CAE tool
(whether commercial or in-house) in a standard workflow which allows the automatic run of a
series of computations proposed by a selected optimization algorithm [153, 155]. Since
modeFRONTIER is well packaged with abundant optimization algorithms and 1/O interfaces,
even users with a relatively modest experience, like us, can easily realize optimization process.

Actually, optimization means using some search strategy to find out a set of input variables
from a large number of possible options to meet the objectives under the constraints [153, 156].
In modeFRONTIER, a standard optimization workflow is mainly combined with three parts:
input variables, the black box and the output variables, as shown in Fig 3-23. Input variables
are the free parameters that can be varied or chosen by the designer for constructing the design
space. The black box is normally a set of solvers or experiments which can solves the design
problems or produces some data. The output variables are a set of measures of the system
response or performance.
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Three major possible sources (tip shape, material properties and friction coefficient) that
may induce error into the FEM model were considered in this study. Tip shape will be firstly
optimized, because it is the basis of other optimizations. When the best tip shape was found,

The Black Box:
CAD, CFD, FEM
and others tools.

Input Variables:
Entities defining
the design space.

Output Varibles:
Measures from the
system.

T (Constraints

Objectives

Fig. 3-23. Schema of the concept behind modeFRONTIER [153].

other factors will then be optimized.

Actually, the inverse method is using optimization process to reduce the residual deviation
between the FEM results and the experimental data. The combination of input variables which
gives the smallest residual deviation will be the optimized solution that is supposed to be the
approximate value of the real situation. The schema of the inverse investigating process in

present study was shown in Fig. 3-24.
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3.7.2 Indenter shape optimization

For making the tip-shape optimization, the first important thing is determine a proper
objective. When performing IIT simulations, we occasionally found that the shape of the
loading part of the normalized P-h curve might be a good choice, because it seems to be only
sensitive to the variation of tip shape but relatively insensitive to other factors. For better
understand the shape of the normalized loading P-h curve, a series of 1T simulations with
different material properties and various friction coefficients were conducted with two types
of tip (one is the ideal equivalent conical tip with a 70.3° apex angle, the other is the “calibrated
tip”). All the cases and the corresponding parameters are listed in Table 3-4.

Table 3-4 Experimental and simulated cases for investigating the tip-shape affecting factor.

Copper [123] A B C T40 grade 2 CPT
Young’s modulus E (GPa) 122 122 122 122 119 119 119 119
Poisson’s ratio v 0.33 0.33 0.33 0.33 0.34 034 034 034
Yield strength oy (MPa) 240 800 240 800 280 280 280 280
FEM Hardening coefficient K (MPa) 340 340 340 340 415 415 415 415
simulations  Hardening exponent n 0.57 01 01 057 038 038 038 038
Friction coefficient f 0.15 0.15 0.5 0.15 0 0.15 025 05

Ideal equivalent conical tip (Ac=24.56hc?)

Tip Calibrated equivalent conical tip (Ac=24.3514h:?+4968.34hc)
Reference T40 grade 2 CPT sample (electrolytic polishing)
Experi Sample Common T40 grade 2 CPT IIT sample (carefully mechanical
xXperiments L
polishing)
Tip Berkovich tip

Results confirmed our former observation and showed that the normalized loading P-h
curve obtained on the T40 grade 2 CPT reference sample stay in the middle of the curve
obtained with the ideal tip and that obtained with the calibrated tip, as shown in Fig. 3-27,
which will be discussed in detail in the later section. The simplest way for making tip shape
optimization is controlling the tip shape with a function, as same as building the calibrated tip
with the calibrated tip area function. However, from Fig. 3-27 we can see that the difference
between experimental result and simulated results is not uniform on the whole curve. Thus, we
can imagine that the tip shape, which covers the middle part of loading curve, might change
much more than the tip shape in the others parts during the optimization process. Controlling
tip shape with a single function might be impossible to handle this kind of non-uniform
variation of tip shape. In fact, since the tip in the FEM model is represented by a 2D
axisymmetric analytical rigid body, it is discretized into a series of coordinate points in X-Y
space in job file (*.inp) of ABAQUS®. Thus, every single point on the tip can be optimized
individually. In present study, the tip is discretized into 36 points, except the start point which
is superposed with the ideal tip. The X coordinates of these 36 points will be respectively set
as the input variables for the optimization process, as shown in Fig. 3-25.
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Fig. 3-25. Workflow of the tip-shape optimization procedure.

One thing need to be explained is about the boundaries of the input variables. Considering
the big difference between the ideal tip and the calibrated tip, if these two tips are directly set
as the up and the low boundary, localized sever change of the tip shape may occur when
optimizing with the FMOGA 11 algorithm, as sketched in Fig. 3-26(a). This may directly lead
to misconvergence of the FEM simulations. In order to avoid this problem, multi-step
optimization will be conducted. The gap between the ideal tip and the calibrated tip will be
uniformly divided into 10 parts, as shown in Fig. 3-26(b). In step 1, the right and left boundary
of the rightmost part will be set as the up and the low boundary of the input variables. In step
2, the gap between the ideal tip and the firstly optimized tip will be divided into 10 parts as
well, and the rightmost part will also be set as the boundaries. The following steps can be done
in the same way, until the tip shape variation localizes in the middle part after a few steps.
Then, the localized tip shape optimization steps will be performed by setting the localized input
variable boundaries. This is because that we can image the points near the apex and the bottom
should reach the best solution earlier than the points in the middle of tip.
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Fig. 3-26. The strategy of setting limits of input variables: (a) if ideal tip and calibrated tip are respectively set as the
low and up limits of the input variables, sever tip distortion, which can directly cause the failure of the FEM simulation,
may occur during optimization process, because the range between the two limits is too large; (b) a step-by-step
optimization strategy can effectively avoid the former problem by dividing the whole range into 10 equal divisions.

As a rule of thumb, the initial DOE size is recommended to be 16 at least for using MOGA
Il algorithm. Considering the number of our input variables, 36 DOE designs were set. For
most engineering problems, at least 10 generations are needed to get good evolution [156].
Thus, the total design number for an overall tip-shape optimization step will be 360. Design
number in a localized tip-optimization step will depend on how many points will remain as the
input variables.

3.7.2.1 Determining the objective of indenter shape optimization

1.0
—— T40 reference sample (experiment)

0.8 — T40 common IIT sample (experiment)
el T40 calibrated tip /=0
= - - - - T40 calibrated tip £=0.15
g ------ T40 calibrated tip /~0.25
’g 0.6 —-=-= T40 calibrated tip /~0.5
= Copper calibrated tip /~0.15
o - - - -Material A calibrated tip /~0.15
£ Material B calibrated tip /=0.15
g 0.4+ —-—-= Material C calibrated tip /=0.15
= —— Copper ideal tip /~0.15
= - - - -Material A ideal tip /~0.15
E 024 -+++ Material B ideal tip /=0.15
s |\ 2z | NIl Al - Material C ideal tip f~0.15
z

0.0 — T T T

0.0 0.2 0.4 0.6 0.8

Normalized indentation depth

Fig. 3-27. Normalized P-h curves obtained from experiments and simulations.

The normalized P-h curves obtained from all the cases listed in Table 3-4 were plotted in
Fig. 3-27. From zoom-in (1) it can be seen that all the normalized loading P-h curves are clearly
divided into four groups. The loading curves obtained from the simulations have confirmed
our former occasional discovery that shape of the normalized loading P-h curve only depends
on the geometric shape of the indenter. It is quite insensitive to other factors, such as material
properties and friction coefficient. Because for all the five materials and the four friction
coefficient values which are quite different from each other, exactly the same normalized
loading P-h curve can be obtained. Thus, the shape of the normalized loading P-h can be used
as the index for optimizing the shape of the indenter.

Zoom-in (2) and (3) in Fig. 3-27 showed that near the beginning and the end of the loading
curve, experimental curves are quite close to the simulated curves obtained with the calibrated
tip, which indicated that during the optimization process, tip profile near the apex and the
bottom may reach the best tip shape earlier than the tip profile in the middle. Considering this
kind of phenomenon, localized tip optimization is quite possibly need to be done after a few
steps of overall tip shape optimization. This has been proved by our optimization results which
will be shown later.
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One interesting thing is the difference between the two normalized loading P-h curves
acquired from experiments. Based on the conclusion got from the simulations, these two curves
should be completely superposed, because the same Berkovich tip was used on the two samples.
However, experimental results did not follow our conclusion of simulations. Were we wrong
with the simulation results? The answer is negative. In fact, the sticking point comes from two
aspects: the difference between Berkovich indenter and the equivalent conical indenter, and
the difference between material model and the real material property. In simulations,
axisymmetric tips and isotropic hardening material model were used. Thus, during the whole
loading process, the contact area is always a conic section (projected contact area is a circle).
Furthermore, the variation of contact area during loading process is nearly the same, as shown
in Fig. 3-28(a), once the maximum indentation depth is controlled. However, for experiments,
the feature of Berkovich tip makes the indentation responses around the three edges quite
different from those around the three flat surfaces. Consequently, pile-up/sinking-in
phenomenon will vary between the edge and the flat surfaces as well. Moreover, anisotropic
material properties, misorientation of the neighbor grains, and some other material-correlated
factors exist in experiments. Thus, along with the increase of penetration depth, pile-
up/sinking-in phenomenon will evolve as well. For instance, as sketched in Fig. 3-28(b), when
indentation depth becomes larger, pile-up phenomenon will become much more severe as well.
Last but not least, different preparation procedures of the two samples makes their surface
properties become quite different, although they come from the same piece of T40 grade 2
CPT. Our former research showed that even very carefully performed mechanical polishing
process can still induced severe plastic deformation in the surface region (<5 xm) of the IIT
sample. However, this will not happen to the electrolytic polishing process which may even
etch the grain boundaries and the inclusions on the sample surface. Different surface material
properties of the two samples make the pile-up/sinking-in phenomenon evolve in different
ways. All these may directly cause the difference between the two experiment curves shown
in Fig. 3-27.

(a) Axisymmetric tip in simulation (b) Berkovich tip in experiments

Fig. 3-28. Normalized P-h curves obtained from experiments and simulations: (a) conical tip; (b) Berkovich tip.

Analysis above indicated that only T simulations with axisymmetric indenter and
isotropic material will show the tip-shape dependence of the shape of the normalized loading
P-h curve. IIT experiments with Berkovich indenter showed that this kind of dependence does
not exist with polycrystalline grade 2 CPT. However, this does not conflict with our tip-shape
optimization, the aim of which is to make the simulations results getting close to the
experimental data.
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Zoom-in (4) in Fig. 3-26 showed another interesting thing that indenter shape and friction
coefficient have negligible influence on the normalized unloading P-h curve. However, the
effect of material properties is much more significant. This indicates that when we try to
optimize material properties, considering contact stiffness S and the shape of the normalized
unloading P-h curve might be necessary and meaningful.

3.7.2.2 Optimizing indenter shape

The whole process of tip shape optimization contents three steps (two overall tip-shape
optimization steps and one localized tip-shape optimization step) following the strategy being
explained above. Setting of the input variables and their corresponding boundaries were listed
in Table 3-5.

Table 3-5 Input variable limits and the corresponding optimized ranges of each step.

Up boundary Low boundary Input variables

Step1 Calibratedtip  Calibrated tip—(Calibrated tip-ideal tip)*0.1 X_point_1 ~ X_point_36

Step2 No.360 tip No.360tip—(No.360 tip-ideal tip)*0.1 X_point_1 ~ X_point_36
No.714 tip X_point_1 ~ X_point_19
No.714tip—(No.714 tip-ideal tip)*0.05 X_point_20 ~ X_point_21

Step3  No.714 tip No.714tip—(No.714 tip-ideal tip)*0.1 X_point_22 ~ X_point_27
No.714tip—(No.714 tip-ideal tip)*0.05 X_point_28 ~ X_point_30
No.714 tip X_point_31 ~ X_point_36

The history chart of the tip shape optimization objective g(P) is shown in Fig. 3-29. We
can see that the objective keep decreasing along with the optimization process. There are some
severe fluctuations at the beginning part of the overall tip-shape optimization step 1 and step2
because of the random choice of DOE members in the limit range. After the whole optimization

process (3 steps and 830 designs), the best solution was obtained as design No.810.
0.15

Step 1 Step 2 Step 3

0.05 No.810

st

Tip shape optimization objective g(p)
T

0.00

0 ]lI]l] ZII)I] 3l|)0 4II]I] SlI}l} 66(] 'HI]I] BII]I}
Design ID
Fig. 3-29. History chart of tip shape optimization objective g(P).

Normalized P-h curves obtained from the best solution of each tip-shape optimization step
are listed in Fig. 3-30. Since the points near the apex and the bottom of the indenter converged
earlier without many variations, all the curves in zoom-in (2) and (3) are completely mixed
together. However, zoom-in (1) showed that during the step-by-step optimization process, the
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simulated curve was getting closer and closer to the experimental curve, until they are
completely superposed. As the same as we observed before, the variation of tip shape nearly

has no influence on the shape of the normalized unloading P-h curves.
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Fig. 3-30. History chart of tip shape optimization objective g(p).

Tip shapes for the best solution of each step are listed in Fig. 3-31. Zoom-in (2) and (3)
showed that there is no big variation of the shape near the apex and the bottom of the tip, which
confirmed the results shown in Fig. 3-30. Zoom-in (1) showed that during the optimization
process, X coordinate of the points in the middle part of the tip profile shrunk towards the ideal
tip. The maximum shrinkage, nearly 30% of the range between the ideal tip and the calibrated
tip, can be reached for design N0.810. Considering the possible experimental error of the tip

calibration process, the optimized tip shape is considered to be reasonable.
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Fig. 3-31. History chart of tip shape optimization objective g(p).

3.7.3 Material parameters and friction coefficient optimization

Once the tip shape optimization is finished, other parameters will be optimized. Parameters
correlated with the elastic properties of material are the Young’s modulus E and the Poisson’s
ratio v. As for the plastic properties of material described by Ludwick model, there are three
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key parameters: yield strength oy, hardening coefficient K and hardening exponent n. As for
the friction behavior between the indenter and the material in our FEM model, only tangent
friction coefficient f was considered. All of these six parameters will be taken into account as
initial input variables for the second optimization process. The difference of maximum load
(APmax), the difference of contact stiffness (AS) and the difference of contact hardness (AH)
between the simulated values and the experimental values will be set as the initial objectives.
Furthermore, as discussed above, the effect of material properties can significantly affect the
shape of the unloading. This indicates that when we try to optimize material properties,
considering contact stiffness S and the shape of the normalized unloading P-h curve should be
necessary and meaningful. Thus, the square distance between the simulated and the
experimental normalized unloading P-h curves (Af(P)) will be set as the fourth initial objective.
The significations of all the four objectives are shown in Table 3-6. Constrains were set on the
experimental Pmax, S and H values with an up limit and a low limit which are equal to 105%
and 95% of the average experimental values respectively.

Table 3-6 Significations of all the initial objectives.

Objective Signification
Objective 1 Af(P)
Objective 2 APmax
Objective 3 AS
Objective 4 AH

The necessity and feasibility of the initial input variables and the objectives will be checked
through a preliminary selection process. An initial range which can cover all the possible input
variable values was firstly chosen, as shown in Table 3-7. Uniform Latin Hypercube method
[157] will be used for constructing an initial DOE contenting 100 groups of input variables.
Uniform Latin Hypercube algorithm allows a regular equally-spaced sample distribution
throughout the whole possible range to attain the most information in the range with minimum
number of design evaluations.

Table 3-7 Possible ranges of the input variables.

Input variable Possible range
Young’s modulus E (GPa) 90 - 150
Poisson ratio v 0.3-05
Yield stress oy (MPa) 200 - 400
Hardening coefficient K (MPa) 200 - 500
Hardening exponent n 0.1-0.6
Friction coefficient f 0.0-05
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Fig. 3-32. Workflow of the material properties and friction coefficient optimization procedure.

The inverse investigation of the material properties and friction coefficient is much more
complex than the former optimization process of indenter shape, as shown in Fig. 3-32. All the
six input parameters, as illustrated above, are directly defined in the input file (*.inp) of
ABAQUS®. However, they are linked with some dedicated data nodes to specify their
boundaries. The input file will be sent to ABAQUS® for simulation. A Python script (*.py)
was written for extracting reaction force (RF2), vertical displacement (U2) and total contact
nodal area (CAREA) data from the result files of the simulations (*.odb and *.dat) as the
indentation load (P), the penetration depth (h) and the contact area (A) respectively. Since large
numbers of simulations need to be done to achieve the optimized solution, a Unix server with
24 CPUs and 120 GB RAM was used. A Cygwin code was set up for exchanging data between
local PC and the server. DOE and the optimization algorithm were set in the scheduler node
connected with the Cygwin node. Three result files (*.txt), which contain the loading P-h curve,
the unloading P-h curve and the contact area data respectively, will be transported to the local
PC once a simulation was finished on the server. The Pmax and S will be extracted from the
unloading curve. As for the contact area data, it needs to be converted into the projected contact
area (Ac). Two Mathematica® scripts were written for fulfilling these two tasks. All the
extracted data will be sent to a calculator code for calculating H value and constructing all the
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objectives discussed above. Constraints were set on Pmax, S and H respectively for selecting
feasible designs. In order to reach the optimal solution, all the objectives need to be minimized
as much as possible.

3.7.3.1 Preliminary selection of the input variables and the objectives

After the best tip shape had been determined, optimization of material properties and
friction coefficient was conducted. In order to determine a proper design space for the input
variables, the preliminary selection process was carried out. The Pearson Correlation
Coefficient (PCC) of each input variable group, shown in the Scatter Matrix chart was used to
evaluate the performance of the Uniform Latin Hypercube DOE algorithm. The range of the
PCC varies from -1(inverse linear relationship) to +1 (direct linear relationship) which
represents the linear dependency among the variable in each group [158]. For our DOE, the
PCC for each group of input variables was almost zero, as shown in Fig. 3-33(a), which
indicated that the input variables in the 100 groups were uniformly distributed throughout the
whole possible ranges.
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Fig. 3-33. Scatter Matrix charts of the Uniform Latin Hypercube DOE: (a) Scatter Matrix chart of all the input variable
groups; (b) Scatter Matrix chart of all the objective groups, in which objective 1 is Af(P), objective 2 is APmax, Objective
3 is AS and objective 4 is AH.

Similarly, Scatter Matrix chart for all the objectives can be plot as well for reducing
objectives number. Highly correlated two objectives (the PCC is close to 1 or -1) can be
reduced as one. From Fig. 3-33(b) we could see that for most of the groups, their PCC is close
to 0, except the group of objective 2 (difference of Pmax) and objective 4 (difference of H), for
which the PCC is 0.836. This indicated that these two objectives are highly linearly correlated.
Therefore, one of them can be neglected for reducing the complexity of the optimization
without loss of quality of results. Since H is calculated from Pmax, thus, objective 4 was
eliminated.
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Fig. 3-34. T-student charts for all the objectives, in which objective 1 is Af(P), objective 2 is APmax, 0bjective 3 is AS and
objective 4 is AH.

After the determination of objectives, sensitivity analysis was conducted with t-student
charts [159], as shown in Fig. 3-34, for analyzing the effects of input variables on outputs. We
could see that all the six input variables have significant effects on objective 1 (difference of
the shape of the unloading curve). However, only Young’s modulus (E) has strong influence
on objective 3 (difference of S). As for objective 2 and objective 4, their t-student charts are
quite similar that the impacts of friction coefficient (f), Poisson’s ratio (v) and Young’s
modulus (E) are negligible, which confirmed the result above that objective 4 can be neglected.
Considering objective 1, 2 and 3, all of the six input variables are necessary for the optimization
process.

3.7.3.2 Optimization on the optimal cluster with FMOGA 11 algorithm.

When input variables and objectives were confirmed, optimization of material properties
and friction coefficient was conducted. A new DOE contents 16 random designs was used as
the beginning design set and the FMOGA 11 were evolved for 10 generations. Since several
constrains have been set on the outputs, all the designs were mainly divided into two groups
(the feasible designs in the constraint ranges and the unfeasible designs out of the ranges).
Several tools and methods, such as Self Organizing Maps (SOM) method [160], Parallel
Coordinate chart analysis [161], Clustering chart analysis [162] and so on, were integrated in
modeFRONTIER for analyzing the feasible designs. The Pareto Frontier set analysis was
conducted here, which can give a set of optimized solutions called as the Pareto Frontier
designs [163, 164]. Pareto Frontier means there are no solutions with better values for all the
objectives. This is explained in detail in the literature [165]. All the designs listed in the space
of the three objectives are shown in Fig. 3-35.
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Fig. 3-35. 3D Scatter chart of all the designs.

The History charts of all the three objectives were listed in Fig. 3-36. Since the aim of the
present work is to minimize the differences between experimental 11T responses and simulated
ones, objectives are expected to decrease all with the process of optimization. From Fig. 3-36
we can see that all the three objectives decrease obviously after about three or four generations.
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Fig. 3-36. History charts of all the three objectives: (a) objective 1; (b) objective 2; (c) objective 3.

The Pareto frontier designs can be considered as a set of optimized solutions performing
differently on different objectives. However, for this study, only one “best solution” is needed.
How to rank the Pareto frontier designs and find out the best solution is a delicate issue. In
order to facilitate the choice of a good compromise between objectives from the Pareto frontier,
a Multi-Criteria Decision Making (MCDM) [166] technique was used. There are four kinds of
MCDM algorithms packaged in modeFRONTIER. In present study, GA-MCDM was used.
Since it was hard to define the weights of the utility function precisely, this algorithm can
provide a full ranking without specifying the function parameters, indicating the importance
of one criterion with respect to others [167]. Various weight configurations of the three
objectives were tried, however, all of them gave the same best solution (design No.113) with
the highest ranking. The ranking bar chart of the equal weight configuration (0.33 for each
objective) is shown in Fig. 3-37.
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Fig. 3-37. Scatter chart of all the designs.

The main IIT responses for different cases were listed in Fig. 3-38 and Table 3-8 for making
comparison. Fig. 3-38 showed that with the initial parameters, simulated P-h curves with both
the ideal tip and the calibrated tip are much lower than the experimental curve. Large
differences also exist in Pmax, S and H, as shown in Table 3-8. We can see that the tip calibration
procedure has improved the quality of the IIT responses a bit, however, far from enough. This
big difference is also the original reason for the optimization work in the present study. As for
the best design No.113 obtained from the optimization process, the quality of all the IIT
responses has been greatly improved, which clearly showed the efficiency of the optimization
process.

Reference sample (Experiment)

Ideal tip with initial parameters (FEM)
Calibrated tip with initial parameters (FEM)
Design No.113 from the optimization (FEM)

4004
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Indentation depth (nm)
Fig. 3-38. P-h curves obtained from IIT experiment and the FEM simulations.

Table 3-8 11T responses from experiment and the FEM simulations.

Reference I_deql Fip Cal_ibrz_ite_q tip Design No.113
Indentation response sample with initial with initial from the
P (Experirflental) parameters parameters optimization
(FEM) (FEM) (FEM)
Maximum indentation load Pmax (MPa) 398.0420.3 328.2 348.4 398.2
Contact stiffness S (mN/nm) 2.54240.036 2.710 2.608 2.541
Contact hardness H (GPa) 1.6740.13 1.37 1.38 1.63

The rationality of the optimized tip shape was discussed above. Whether the optimized
material properties and the friction coefficient are reasonable or not will be discussed
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subsequently. Comparison between the experimental and the optimized parameters were listed
in Fig 3-39 and Table 3-9. The original value of the friction coefficient f was obtained from
the literature, because there is no effective experiment to characterize the friction behavior
between the indenter tip and the target material. Considering the complexity and the possible
variation range of the friction between diamond and metal, the optimal value should be
acceptable. The original values of Young’s modulus E was obtained from uniaxial tensile test,
and the original Poisson’s ratio v was estimated from the possible range in literature [168, 169].
Seeing the uncertainty of uniaxial tensile test and the Poisson’s ratio range of grade 2 CPT in
literature, the two optimal values are reasonable as well.
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100 Best fitting curve of the experimental data
First optimal curve
0 T T T T
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True plastic strain

Fig. 3-39. Uniaxial tensile true stress vs true plastic strain curve, the corresponding best-fitting curve and the optimal
curve.

Table 3-9 Comparison between the experimental parameters and the optimal parameters.

Material parameters Original values Optimal values
Young’s modulus E (GPa) 119.0 1195
Poisson’s ratio v 0.34 0.36

Yield stress oy (MPa) 279.6 295.2
Hardening coefficient K (MPa) 4154 494.8
Hardening exponent n 0.38 0.30

Friction coefficient f 0.15 0.36

3.7.4 Checking the rationality of the optimal parameters

The biggest difference came from the plastic properties. From Fig. 3-39 we could see, the
optimized curve has an upshift about 100 MPa (about 20%) as compared with the original
curve. Uniaxial tensile test stress-strain curve has been broadly used in various simulations for
describing the constitutive behavior of metallic materials not only because it is simple and
convenient but also because of its quite good efficiency and feasibility. The difference between
the original material parameters (obtained from the best fitting curve of the uniaxial tensile
data) and our optimized parameters is significant. So, further discussion is necessary to find
out the possible sources of this kind difference and to explain if it is reasonable.
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3.7.4.1 The influence of friction coefficient f

The first possible source is friction coefficient f. In order to clarify the influence of f on the
II'T responses of T40 grade 2 CPT, indentation simulations with both the original and the
optimal parameters and two different f values (0.15 and 0.36) were performed. And all the IIT
reponses are shown in Fig. 3-40 and Table 3-10. From Fig. 3-40 we could see that, for both the
two groups of material parameters, the corresponding P-h curves obtained with different f
values are almost totally superposed. Data listed in Table 3-10 showed similar results that the
differences of all the 1T responses are less than 1%. This is far from in charge of the big
difference shown in Fig. 3-39.

— Calibrated tip with original parameters (=0.15)
400 —— Calibrated tip with original parameters (=0.36)

Calibrated tip with optimal parameters (/=0.15)
—— Calibrated tip with optimal parameters (/=0.36)

300

200

Indentation load (mN)

100 -

0 500 1000 1500 2000 2500 3000 3500
Indentation depth (nm)
Fig. 3-40. P-h curves of simulations on both the original and the optimal material parameters with different f values.

Table 3-10 IIT responses of simulations with both the original and the optimal material parameters and different f

values.
Indentation f=0.15 f=0.36 f=0.15 f=0.36
(original (original Difference (optimal (optimal Difference
response
parameters) parameters) parameters) parameters)

Pmax (MPa) 348.4 345.6 0.8% 403.4 400.5 0.7%
S (mN/nm) 2.606 2.614 0.3% 2.583 2.591 0.3%

H (GPa) 1.38 1.39 0.7% 1.63 1.64 0.6%

3.7.4.2 The influence of tip geometric shape

The second possible source should be the difference between the 3D Berkovich indenter
used in the experiment and the 2D axisymmetric equivalent conical indenter used in the
simulations. A conical indenter with a 70.3° apex angle is called the equivalent conical tip of
the Berkovich indenter because both of them are self-similar, and theoretically, they can get
the same the projected contact area at the same depth. However, indentation response is not
only a matter of projected area but also depends on the actual local plastic flow under the
indenter. Since the geometric difference between the Berkovich tip and its equivalent conical
tip, their indentation responses will vary accordingly.

Several investigations have been conducted to study the difference between these two types
of tip [118, 123, 170-172]. Some people used perfect Berkovich tip and its equivalent conical
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tip to do FEM simulation and showed that both of them fit well the experimental result [123,
170]. However, their results are questionable. First, the constitutive behaviors invested in these
studies are quite limited, which is not enough to realize a comprehensive comparison between
the two tips. Otherwise, shapes of P-h curves are normally the only factor which was used by
them to make comparison between experimental and simulated results. This is quite unilateral
as well. As shown in our former researches, even if the shapes of P-h curves are nearly the
same, the differences of other indentation responses, such as contact stiffness, contact hardness,
pile-up/sinking-in values, etc., still might be significant. By comparing these two tips through
FEM simulations and experiments, Moore et al. [172] noticed that the maximum equivalent
plastic strain value induced by the indenter is demonstrated to be 20% lower for an equivalent
conical indenter than for a Berkovich indenter. This leads that lower localized plastic strains
would result in higher resistance to indentation by the material. Their results reveal that the use
of a 70.3° conical indenter to approximate a Berkovich indenter is not valid for all materials.
However, Moore et al. [172] only mentioned this in their conclusion but didn’t make any
further study.

Systematic investigation between these two types of tips with a wide range of material
properties was conducted by Sakharova et al. [171] and Swaddiwuhipong et al. [118].
Sakharova et al. [171] not only compared the P-h curves, buy they also established the
correlation between hi/hmax (hr is the final depth after unloading) and normalized indentation
responses (such as Hconical/Heerkovich) and the geometric correction factor . However, there is
a main shortcoming of the study of Sakharova et al. [171]: they did not directly build the
relationship between material properties and indentation responses. Even if they mentioned
that the values of hi/hmax are different along with the variation of material properties.
Swaddiwuhipong et al. [118] made a big progress. Through a larger number of simulations,
they constructed the relationship between material properties (hardening exponent n and ratio
of effective Young’s modulus and yield stress E’/oy) and indentation response
(Caerkovich/Cconical Where C is the constant curvature in Kick’s law: P=Ch?), as shown in Fig. 3-
41.
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Fig. 3-41. The isolines of Cgerkovich/Cconical With different combinations of n and E*/ay constructed by Swaddiwuhipong
et al. [118]. Results obtained from other studies and our own study can be localized on these isolines as well.
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Since few researches have focused on the difference between the two indenters from
contact hardness, contact stiffness and even the shape of normalized P-h curve, a 3D FEM
model, with a Berkovich indenter, was built for making comparison with 2D axisymmetric
FEM model. The calibrated tip shape is also considered here, which means that the triangular
pyramid was built according to Ac=24.3514h.? and the same tip roundness as the 2D calibrated
indenter was corrected near the summit.

The mesh of the 3D FEM model is shown in Fig. 3-42. This model was built according to
the same principles as the original 2D model (such as size of the model, boundary conditions,
displacement-controlled load, etc.), but in 3D space. Considering the accuracy and the
convergence of the model, elements near the tip summit and the center part of the target
material were particularly refined. 100549 eight-node linear brick, reduced integration with
hourglass control, hybrid with constant pressure elements (C3D8RH) were used in the target
material and the Berkovich indenter was represented by a discrete rigid body.

Fig. 3-42. 3D FEM model with the Berkovich indenter.

Simulations with both the original and the optimal parameters were conducted on both the
two FEM models. All the corresponding IIT responses were then extracted and shown in Fig.
3-43 and Table 3-11. Fig. 25 showed that for both the two groups of parameters, P-h curve
obtained from the 3D FEM model shifted downwards a little bit compared with that obtained
from the 2D axisymmetric FEM model. According to the Kick’s law, this directly caused the
Caerkovich/Cconical Values in Table 3-11 become smaller than one. This is different from the
results derived by Swaddiwuhipong et al. [118]. However, since the research of
Swaddiwuhipong et al. [118] concerns with power-law constitutive material model, but not
Ludwick model, this kind of difference is not surprising.
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Fig. 3-43. P-h curves obtained from simulations with different FEM models with various parameters.

Table 3-11 Results of the instrumented indentation tests and the simulation with optimal parameters.

2D calibrated 3D calibrated 2D calibrated 3D calibrated

Indentation tip vylth tip Wlth Difference tip \_Nlth tip \_Nlth Difference

response original original optimal optimal

parameters parameters parameters parameters

Pmax (MPa) 348.4 341.9 1.9% 400.5 396.0 1.1%
S (mN/nm) 2.606 2.655 1.9% 2.591 2.644 2.0%

H (GPa) 1.38 1.37 0.7% 1.64 1.66 1.2%

CBerkovich/CConical 0.99325 - 0.99410 -

The differences of all the 11T responses listed in Table 3-11 show that the discrepancy
between the 3D Berkcovich indenter and the 2D equivalent conical indenter is quite limited (<
2%). This can only explain a little part of the big gap between the original and the optimal
plastic parameters, which is not sufficient.

3.7.4.3 The influence of the plastic deformation mechanisms of titanium alloys

For metals with cubic crystal structure, the basic plastic deformation mechanism is slip.
Because slip is independent of the sign of the shear stress, they can operate both forward and
backward and the tensile compressive yield stresses are equal. So, the yield functions are
symmetric about the origin in the stress space. As for metals with hexagonal close packed (hcp)
crystal structure such as T40, plastic deformation can occur through both slip and twinning.
As opposed to slip, twinning is an asymmetric shear mechanism: shear in one direction can
cause twinning, but shear in the opposite direction cannot [173]. This directly leads to the fact
that hcp crystal has different strength upon load inversion, which is normally called strength
differential (SD) effects.

The cold rolled hcp metal sheets exhibit strong basal textures (c-axis oriented
predominantly perpendicular to the thickness direction or the radial direction), a pronounced
anisotropy in yielding is observed in pure a-phase titanium [173]. It is generally agreed that
pronounced yield anisotropy is associated with the activation of twinning [174]. Twinning
plays two important roles in a-phase titanium. On one hand, this plastic deformation
mechanism is a main contributor to texture evolution by reorienting the twinned areas [174,
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175], even for the simplest monotonic loading path. On the other hand, twinning drastically
influence the strain-hardening behavior [174, 176].

The comprehensive effects caused by twinning (together with slip) is that both SD effects
and the anisotropy will occur during the plastic deformation process of a-phase titanium [173,
177]. In order to develop accurate and realistic model to describe these behavior of a-phase
titanium, several studies have been made by different researchers [174, 178-181]. Among these
studies, the work of Nixon et al. [174] can be distinguished. By doing quasi-static uniaxial
tensile and compressive tests on a cross-rolled high purity polycrystalline o titanium disk, the
SD effects and the anisotropy were investigated in detail in all the three typical directions of
the material. Comparisons between the compression and tension responses in all the three

directions are respectively shown in Fig. 3-44.

600

600 600
(a) (b) (©
- _ TTD, comp
500 -~ RD, comp 500 /,. TD, comp 500 //
—_— —_— s —_— g
& 400 / & a0} L & 400 ///
= = ~ = -
RD, t TTD, tens
7 300F ens S0 o TD, tens = 300 / ’
w w w i
W W W
= 200} = K = 200
& 200 & 200 &
100 L 100 F 100
0 . X . . . 0 . . X . . 0 . . . . .
0 01 02 03 04 05 06 0 01 02 03 04 05 06 0 01 02 03 04 05 06
Strain Strain Strain

Fig. 3-44. Comparisons between the compression and tension responses in all the three directions: (a) rolling direction
(RD); (b) transverse direction (TD); (c) through-thickness direction (TT) [174].

Fig. 3-44(a) showed the comparison between tensile and compressive stress-strain curve
along rolling direction. We can see that although initially there is no significant difference in
yielding behavior, a very pronounced tension-compression asymmetry is observed after 10%
strain. The hardening evolutions are quite different. As for tension, the material hardened
gradually until the onset of necking at about 30% strain. However, in compression, strongly
non-linear work hardening with a very high hardening rate occurs. Comparison in transverse
direction is shown in Fig. 3-44(b). The highly nonlinear work hardening behavior shown in the
rolling direction does not exist. The hardening rate in both tension and compression seems to
be constants, which may be indicative of minimal deformation twinning. Fig. 3-44(c) showed
the comparison in the through-thickness direction. A strong tension-compression asymmetry
in initial yielding can be observed whereas the asymmetry in hardening evolution is less
pronounced. The difference among the tensile (or compressive) stress-strain curves in all the
three directions are attributed to anisotropy of rolling process. While, the tension-compression
difference in the same direction is believed due to twinning.

Study of Nixon et al. conclude that the mechanical response of cold rolled highly pure
polycrystalline o titanium disk is non-symmetric (tension-compression asymmetry).
Specifically, the hardening rate is strongly dependent on the loading direction and the sense of
the applied load. Similar results are confirmed by the study of Nemat-nasser et al. [182]
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performed on extruded grade 2 CPT rod and the work of Ahn et al. [183] conducted on the
extruded TB340H grade 2 CPT bar.

Since it can be obtained easily and conveniently, the stress-strain relation from uniaxial
tensile test is broadly used to simulate many mechanical processes. Thus, it also becomes the
first choice for identifying material constitutive behavior in the simulation of instrumented
indentation process as well [123, 184-186]. However, during indentation test, target material
beneath the indenter will go through a process which is much more complex than uniaxial
tension. Some researchers are prone to use uniaxial compressive responses to describe the
material behavior in indentation simulations [182, 183, 187, 188]. Seeing the strong tension-
compression asymmetry and SD effects exist in pure titanium, the consideration of uniaxial
compression test seems to be much more reasonable.

The results of Nixon et al. [174], Nemat-nasser et al. [182] and Ahn et al. [183], showed
that in the first 10% plastic strain range, the tension-compression asymmetry is about 20 MPa.
Although it is still far away from the difference in this study (about 100 MPa), it showed an
important and possible direction to explain the difference. Moreover, indentation test is still
not as same as uniaxial compression. The material behavior in the former process is much more
complex. This might be one part of the difference as well. However, further investigations need
to be performed to explore which kind of constitutive behavior identification process is suitable
for indentation simulations. This is still an open question which is beyond the scope of this
study.

Finally, we cannot thoroughly explain the difference between the original material
parameters and the optimal parameters. However, we found out some possible explanations
which at least showed some possibilities. So, we decided to continue with the optimal
parameters in following studies.

3.8 Extracting RS and PP with the firstly optimized FEM model

In Section 3.5.7, the large gap between the simulated result and the experimental result on
the T40 grade 2 CPT reference specimen was successfully reduced to an acceptable range.
Thus, we suppose that our model with the new optimal parameters is now suitable for
describing indentation process. So, in this section we will use our new FEM model to perform
a series of simulations, with various levels of PP and RS, to build the functions of all the three
normalized key indentation responses (Pmax/Pmaxo S/S and H/H). Then, by combining the
functions with the normalized experimental indentation results, we will try to characterize RS
and PP simultaneously induced by the shot-peening process.

The strategy for separating RS and PP used here is as the same as proposed in Section 2.7.
However, considering the true plastic strain profiles along with depth extracted in Section 3.4.2,
the PP levels were extended until 70% (0%, 1%, 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%
and 70%) for covering the whole possible true plastic range. The corresponding RS levels were
started from 0 MPa with an interval of -100 MPa until reaching the yield stress of each PP
level. Pmax, S and H values at each discrete point were derived from the P-h curve and projected
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contact area Ac which were extracted from all the simulation results. The Pmax/Pmaxo, S/So and
H/Ho values at all the discrete points were used to build the functions. Then, contour plots of
all the three functions were then obtained by projecting each of them onto the plane of RS and
PP, as shown in Fig. 3-45.
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Fig. 3-45. Contour plots of normalized parameters (vs RS and PP) obtained with the first optimized FEM model of

T40: (a)Pmax/Pmaxo; (b)H/Ho; (c)S/So.
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The trends of the contour plots shown in Fig. 3-45 are favorable for extracting RS and PP
values, for the isolines of the plots are obviously different from each other. Especially for S/So
and H/Ho, the isolines of one are nearly perpendicular to each other.

Table 3-12. Results obtained on the sample No.3 by instrumented indentation and X-ray diffraction tests.

Depth Prmax S H Pmax/Pmaxo ~ S/So H/Ho RS* PP*
£m mN mN/nm GPa - - - MPa %

20 617.39  2.155 2.69  1.5502 085 161 -303.9 0.6288
50 599.56  2.035 2.63  1.5054 0.80 157 -331.0 0.5417
80 575.03 1.961 2.49 1.4438 0.77 149 -345.2 0.413
140 542.62  2.198 232 1.3625 086 1.39 -296.0 0.1821
200 508.07 2.154 2.26 1.2757 0.85 1.35 -226.5 0.0675
280 489.87 2.179 2.09 1.2300 0.86 125 -156.5 0.0213
360 453.27 2.061 1.97 1.1381 0.81 1.18 -109.4 0.0041
440 459.17 2.238 2.03 1.1529 0.88 121 -67.3 0.0002
520 478.49 2.169 2.10 1.2014 0.85 1.26 -92.2 0

600 457.12 2.128 2.05 1.1478 0.84 1.23 -39.7 0

700 486.48 2.287 2.16 1.2215 0.90 1.29 -44.4 0

900 436.37 2.243 1.87 1.0957 0.88 112 - -
Reference 398.26 2.542 1.67 1.0000 1 1 -46.5 0

* The RS and PP values are obtained from the interpolation of X-ray diffraction results shown in Fig. 3-4.

Unfortunately, three severe problems were encountered. First, from Fig. 3-18(b) we could
see that the contact stiffness value obtained from the reference is higher than that obtained
from that of any other sample, which means that the results of the normalization should be less
than 1. However, the simulation results are on the contrary all the S/So values are larger than 1.
Second, Fig. 3-18(b) also showed that along with the decrease of RS and PP (we can roughly
suppose that RS and PP will decrease with increasing depth), contact stiffness was increasing.
However, simulation results nearly showed an opposite phenomenon, as shown in Fig. 3-45(c).
It means that the contour plot map of S/Sp is not suitable. Third, by comparing the information
in Table 3-12 with Fig. 3-45(b) we could notice that the H/Ho values (1~1.61) obtained from
experiments has extended the range set by the simulation contour plot map (1~1.542). However,
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the combination of RS and PP, set in the model, should have already covered all the possible
range.

The three problems mentioned above severely obstructed the application of the
simultaneous function method from real experiments. But, there still is one thing not so bad.
The contour plot map of Pmax/Pmaxo covered all the possible experimental data range.
Furthermore, a more limited, exploitation of the results might be to use the contour plot map
of Pmax/Pmaxo and the RS profile obtained with X-RD to obtain the PP profile. If this method
works, it can save time by avoiding the calibration of integral peak width vs PP and also to
allow measurements beyond the range achievable by a tensile test. PP profiles obtained with
this limited method and X-ray diffraction are shown in Fig. 3-46, from which it can be seen
that there is an obvious discrepancy between the two curves. The PP values extracted from the
limited method are generally 10% higher than the corresponding values obtained with X-ray
diffraction. Since the limited method is based on the contour plot map of Pmax/Pmaxo, thus, this
kind of discrepancy means that a PP level, which is higher than the X-ray diffraction extracted
PP value, is need to obtained the same Pmax/Pmaxo Value as what is obtained from experiments.
It is quite possibly that the present FEM model has underestimated the work hardening
behavior of T40 grade 2 CPT from some aspects, even if inverse method investigation has been

performed.
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Fig. 3-46. Comparison between the PP profile obtained from experiments and that obtained with the limited method.

A not perfect PP profile was obtained with a limited method based on the contour plot map
of Pmax/Pmaxo. However, this is not our original intention. Thus, in order to characterizing RS
and PP simultaneously, some further efforts need to be made.

3.9 Disturbance induced by the polishing process

Results in Section 3.5.6 showed that combining the simultaneous function method with
experimental data cannot provide the correct RS and PP profiles along the depth. However,
results in Section 3.5.5 indicated that the FEM model fits quite well with the experimental data
after the modification with inverse method. The experimental data for the inverse method came
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from the indentation tests on the reference which was prepared through an electrolytic
polishing process. However, the tests for characterizing RS and PP were conducted on the
sample (No.3) which was prepared with a careful mechanical polishing process. The X-ray
diffraction data (with standard sin®¥ configuration), in Fig. 3-15, showed that the RS and PP
level of the mechanical polished sample is quite close to the reference, however, indentation
results in Fig. 3-18 proved that there still are some differences between the two samples.
According to Eq.(3-1), the average penetration depth of X ray on pure titanium is about 5 um,
which means that the X-ray diffraction data shown in Fig. 3-15 can only approximately reflect
the RS and PP states around the depth of 5 um. As for the layer shallower than this value,
sample disturbances induced by the polishing process are probably quite severe, especially for
the material in the very top layer. Furthermore, comparing with the hmax of 3 um for our
indentation tests, the impact of the disturbances induced by the polishing process in the top 5-
wm layer cannot be ignored.

Recently, much attention has been paid on the characterization of residual stress and
accumulated plastic strain by IIT. One big challenge which occurs during this process is the
preparation of a test surface that minimizes both sample disturbance (such as unwanted extra
residual stresses and plastic deformation gradients) and surface roughness. Another challenge
is to understand how this disturbance can affect the results of I1T. Although surface preparation
is of great importance to IIT process, only a few researches focused on this part of study.
Furthermore, nearly all of them concentrated on the surface roughness and topography of
testing samples. Little attention was paid to the mechanical origin of sample disturbance
induced by surface preparation.

Considering this fact, indentation sample disturbance that might be introduced by the
polishing process will be studied in detail, with grazing incidence X-ray diffractions, in this
part of work, to further improve the feasibility and accuracy of our model.

3.9.1 The grazing incidence X-ray diffraction method

The grazing incidence X-ray diffraction (GIXRD) [189, 190] is a modification of the
symmetrical Bragg-Brentano geometry for the standard sin?¥ method, introduced in Section
1.4.2.2, by reducing the penetration depth of the X-rays into the surface of the material. The
investigation of the stress gradients by changing the incidence angle can be obtained on a 4-
circle goniometer set up in low-incidence mode. The idea is to set w at a fixed angle of « (the
angle between the incident beam and S; direction) typically 2°-5°, and the y and ¢ rotations
are used to vary the measurement direction as shown in Fig. 3-47.
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Fig. 3-47. Scheme of the geometric configuration of the low-incidence mode (combined tilt mode (mixed mode)) [50].

Considering a conventional y-mode tilting, for a plane specimen with infinite thickness, the
average penetration depth z is given as a function of the goniometric and diffractometric angles:
cos ysin(20 — a)sina
o Zfsinécos(e)—a) (3-9)
where w is the linear absorption coefficient. Eq.(3-9) shows that each « angle yields a particular
value of the average penetration depth ¢ that is defined as the depth from which the diffracted
intensity has a value of 1/u of the incident intensity [34]. This means that the usage of a low «
angle allows the penetration depth to remain small (near the surface), even for y=0.
In the classical sin®¥ method, the ¥ and @ angles that occur in Eq.(1-4) are obtained
through one of the two acquisition modes: the y-mode, where W=y and ®=¢p+x/2, or the w-
mode, where W=w-6 and ®=¢. In grazing incidence, the ¥ and ® angles are given by:

cos ¥ = cos y cos(w-0) (3-10)
D=p+Agp (3-11)
tan A =sin y / tan(w - 6) (3-12)

Where a=w. As was shown in [191], when « angle is lower than 10< the penetration depth ¢
given by Eq.(3-9) is almost constant versus ¥ angle, for a given value of a. This means that
the depth at which the surface is analyzed can be easily controlled through the choice of «.

By kellng @ angle constant (which means varying the goniometer angle ¢ through Eq.(3-
10) the stress components o11 and o13 can be obtained with:

Eqw {DKI}, 7) = F, {hKI}, 7)o + F; ({hkI}, 7)o (3-13)

3.9.2 The grazing incidence X-ray diffraction tests

As mentioned in Section 3.4, X-ray diffraction peak broadening can be used to characterize
true plastic strain by combining with a series of uniaxial tensile test. Here, the same principle
was used with grazing incidence X-ray diffraction. Nearly all of the testing situations are the
same as we used in Section 3.3, but with only a few variations. Considering the features of the
grazing incidence X-ray diffraction, a scintillation counter was used with 0.4< Soller slits
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mounted in front of it to limit unwanted peak broadening due to instrumental effects. The
counting time is 55 s/step and the step size is 0.02 °26.

1.0
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Fig. 3-48. Peak width value for each incidence angle (‘on a standard silicon powder.

In order to investigate the instrumental broadening under the configuration of low-
incidence mode, acquisitions on a standard stress-free silicon powder were conducted with
different incidence angles a: 0.5°, 1°, 2°, 3°, 5°, 10°, 20° and 70°. The {444} diffracting plane
was used and the scanning range was from 132° to 141°. All the integral peak width values
stayed in range 0.75°#).12°, as shown in Fig. 3-48, which shows that the instrumental
broadening caused by the decrease of the incidence angle (‘is acceptable, at least until «a=0.5°.
X-ray diffraction acquisitions on both the polished and the reference samples, were conducted
with different angles « (0.5°, 1°, 2°, 3°, 5°, 10°, 20° 40°, 50°, 60° and 70°) and angles y (-60°,
-40°, -20°, 20°, 40° and 60°). After removal of a linear background, peak positions and width
were obtained by fitting a pseudo-Voigt function on the diffraction patterns, taking into
account the K,1-Kq2 doublet through Rachinger’s assumptions.

In Section 3.4.2, the relationship between integral peak width and the true plastic strain
was calibrated, and the results were shown in Fig. 3-13. Since the peak width obtained with
PSD and the scintillation counter are quite close to each other, the plastic strain vs depth
relathionship in this part of study will be obtained with the same calibrated results in Section
3.4.2. All the results obtained with X-ray diffraction tests were listed in Table 3-13. One thing
need to be explained is the reason why only residual stresses for low incidence angles were
obtained (0.5°-5°). Under the configuration of grazing incidence X-ray diffraction, as shown
in Fig.3-47, the angles «, y and w are correlated. Seeing that 90° and -90° are the up limit and
low limit of the angle w. High incidence angle « (larger than 5° in this study) will make the @
angles beyond these limits, which is impossible in reality.

Table 3-13 Material properties considered in the numerical simulation

Incidence Penetration Residual Peak Plastic
angle o depth) stress width strain
) (zm) (MPa) (°20) %

0.5 0.093 -81.1 #39.9 2.45 69.755
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Carefully 1 0.184 8.4 456.7 2.26 53.194
polished 2 0.357 -45.8 462.2 2.06 39.464
specimen 3 0.521 -69.1 46.2 1.70 20.080
5 0.827 13.6 4378 1.45 11.103
10 1.497 ; 1.47 11.844
20 2.590 . 137 8.840
40 4.169 - 112 3.848
50 4.698 - 0.83 0.732
60 5.050 - 0.78 0.485
70 5.220 - 0.54 0.003
Reference 72-77 5.238 4654177 0.50 0
sample*

*The reference sample was characterized with standard Sin?¥ method.

Table 3-13 shows that in the surface layer, the residual stress levels are low (several tens
MPa), even if the error range is quite large as compared with the mean value. This means that
the careful polishing procedure mentioned above can effectively reduce the influence of
residual stresses induced during polishing process. As for the plastic strain levels, the situation
is totally different. Even if the quantitative relation shown in Fig. 3-13 is debatable, there is no
doubt that a significant plastic strain obviously exists in the surface layer. Especially in the top
layer (the thickness is about 350 nm), the plastic strain levels are considerably high. It can even
reach more than 60% at the extreme surface. And, the influence of plastic strain will only fade
away when the depth reaches about 5 xm which is even deeper than maximum penetration
depth (3 um) of the instrumented indentation test.

3.9.3 IIT simulations with surface plastic strain

In fact, an influencing depth of 5um cannot be neglected even for micro indentation tests,
let along conventional nanoindentation test. The influence can be seen clearly from the results
of the instrumented indentation tests. Instrumented indentation tests were conducted on both
the reference raw material specimen and the carefully polished specimen for comparison. 10
tests were made on each specimen and the results were averaged. The most important three
parameters for both instrumented tests and FEM simulations were listed in Table 3-14. Table
3-14 showed that the influences of the polishing process, even if it is carefully conducted,
obviously increased the maximum indentation load (Pmax) and the contact hardness (H), and,
on the opposite, decreased the contact stiffness (S). The same trend was observed for Pmax and
H with FEM simulations (described below).

Table 3-14. Results of 11T experiment and simulations.

Indentation Reference Carefully polished FEM FEM with surface
response sample specimen plastic strain
Pmax (MPa) 398.0420.3 435.8451.8 398.1 406.3
S (mN/nm) 2.54240.036 2.28040.031 2.556 2.545
H (GPa) 1.6740.13 1.8740.32 1.63 1.73

Through FEM simulations, similar results were obtained as well. By using the keywords *
INITIAL CONDITIONS in ABAQUS® to different sets of elements in the top surface, plastic
strain were introduced into the finite element model, as shown in Fig. 3-49. Plastic strain was
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assumed to be linear in each layer. Residual stresses could be induced in the same way.

However, they were not considered in this model, for their amplitudes are not so high.
0.8

(a) (b)
/ 072 —m— FEM with surface plastic strain
T —O— Carefully polished specimen
0.6
= 0.54
‘w®
=
> 0.4
15} @]
E 0.3
o5
0.2
0.1
CREsa o
0.0 - r » : Dot m
0 1000 2000 3000 4000 5000 6000

Depth from the polished surface (nm)

Fig. 3-49. Plastic indentation imposed in the FEM model: (a) equivalent plastic strain (PEEQ) contour plot, (b) plastic
strain gradient from both the experiment and induced in the numerical simulation.

The way we used for imposing residual stress and plastic strain fields into our FEM model
and the configuration of the corresponding boundary condition were introduced in Section 2.1.
Actually, this kind of configuration can be used not only to introduce uniform plastic strain
and residual stress fields into the FEM model, but also to introduce plastic strain and residual
stress gradients as well. Similar as the instrumented indentation tests, indentation simulations
were performed on both models with and without the high plastic strain in the surface region
for comparison. Load vs depth (P-h) curves of both the experiment and the simulation were
listed in Fig. 3-50. The P-h curve of the experiment is a mean curve averaged from the P-h
curves of all the 10 tests. The uncertainty on the experimental loading curve equals to the
standard deviation observed on all the 10 tests. It goes from almost zero at low loads to about
50 mN at Pmax. The P-h curve of the FEM model without high plastic strain in the surface
region (the green curve) fitted well with that of the reference specimen (the black curve), which
proved that the numerical model was reliable. When high plastic strain in the surface region
was induced into the FEM model, there is an upward shift of the P-h curve, which is consistent
with the experimental results. This kind of shift, caused by the existence of plastic strain, was
observed in our former research as well [8, 9]. The upward shift in this study is not so obvious
in the range of 3 xm, however, if we enlarge the first 1-zm range, the shift caused by the high
plastic strain in the surface region becomes much more obvious. In the zoom-up of Fig. 10, the
green and the black curves are still superposed and stay in a lower position, which proves that
our original model is still reliable in the first 1-um range. While, the blue and the red curves
are superposed as well and stay in a higher position, which confirms that the FEM model with
surface plastic strain can represent the upward shift of the carefully polished sample very well
in the first 1- zm range. The coincidence between experiment and simulation in the 1-zm depth
range is much better than that in 3-zm depth range might because that 3-xzm maximum
indentation depth is too large to capture the effects of the high plastic strain in the surface
region.
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Fig. 3-50. P-h curves for the experimental comparison group and the numerical comparison group.

The influences of the plastic strain induced by the polishing process could be seen clearly
in both experiments and simulations, especially in the first 1-zm range. However, considering
the average P-h curve of the carefully polished specimen and the corresponding uncertainty,
the simulation result with 3-zm indentation depth is still on the lower side. There are several
possible reasons for this.

First, using an equivalent conical indenter to represent a Berkovich indenter was shown to
be accurate in common situations. When high plastic strain in the surface region is taken into
account, it may not be suitable any more. Literature showed that the plastic depths, plastic
volumes and plastic strain levels influenced by a Berkovich indenter and an equivalent conical
indenter are not the same [171].

Second, the non-homogeneity among the neighbor grains could be reinforced by the
mechanical polishing process and be weakened by the electrolytic polishing process, because
the former will increase the density of dislocations or produce intergranular stresses due to
deformation incompatibilities, while the later will etch defects (such as grain boundaries, sub
grain boundaries, dislocations, etc) in the material and thus induce a mechanical relaxation.

Third, by observing the indentation dimples on the carefully polished specimen, a slight
sample tilt was found, as shown in Fig. 3-51. The nominal contact area (pile-up/sinking-in are
not taken into account) corresponding to a hmax value of 3 um was represented by a blue dashed
triangle. Normally, pile-up/sinking-in phenomenon occurs on the surface of the indenter. Since
the sharpness of the indenter edges, pile-up/sinking-in phenomena on the edges are negligible.
By supposing that there is no pile-up/sinking-in on the indenter edges, the three edges of the
contact dimple could be used to approximately calculate the actual nominal contact area of the
experiment, as shown with the red solid triangle in Fig. 3-51. It could be seen that there is an
obvious difference between the two triangles. One contact edge of the red triangle is longer
and the other two are shorter than the corresponding edges of the blue triangle. This kind of
difference is normally caused by the fact that the axis of the indenter tip was not perfectly
perpendicular to the sample surface. However, discrepancy of material or mechanical
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properties of the neighbor grains can lead to this kind of difference as well. But another
phenomenon shows the existence of sample tilt. As shown in the enlarged view of Fig. 3-51,
there was a declination between the contact edge of the red triangle and that of the blue triangle,
however, the other two pair of contact edges are all superposed. The inhomogeneity due to the
neighboring grains cannot cause this kind of deflection. Literature showed that sample tilt will
make the P-h curve shift upwards for all of the studied materials to different extents
considerably. For metal materials, this kind of effect is even more obvious than for fused silica.
[192-194]. Kashani et al. [193] also showed that the influence of sample tilt is more severe
with Berkovich indenter than with equivalent conical indenter.

Fig. 3-51. The evidence of the existence of sample tilt.

Fianlly, in this part of simulation, the role of residual stresses is neglected. As, in the
average, they are compressive, it would increase slightly the load values. Rough simulation
showed that a residual stress of -50 MPa will probably increase the Pmax value about 1.5%.
And, the influence of residual stress may vary along with the increase of indentation depth.

3.9.4 Extracting RS and PP with FEM model considering surface plastic strain

In above sections, disturbance induced by sample preparation process which may affect the
results of the 11T process were investigated. Thus, in present part of work, high plastic strain
induced by the polishing process will be considered in our FEM model for modifying the
simultaneous method.

The way for introducing high plastic strain in the surface region, as shown in Section 3.8.3,
will be used for all the FEM models with various combinations of PP and RS. The thing need
to be explained is that we suppose that the shot-peening induced plastic strain and the sample
preparation induced plastic strain will accumulated together. By performing series of
simulations, the normalized contour plot map obtain from the functions were listed in Fig. 3-
52. The reference of the normalization is still the data from the FEM model optimized with the
inverse method in Section 3.6.3.
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Fig. 3-52. Contour plot maps of normalized parameters (vs RS and PP) obtained with the FEM model of T40
considering the high plastic strain in the surface region: (a) Pmax/Pmaxo; (b) H/Ho; (c) S/So.

Comparing with Fig. 3-45, contour plot maps shown in Fig. 3-52 do not change a lot, no
matter from the trend of the isolines or from the range of the color scales. Especially, the
problem of the contour plot maps of S/So and H/Ho obtained with the optimized FEM model,
as mentioned in Section 3.7, still exist. So, we do not expect that considering the high plastic
strain in the surface region can significantly improve the quality of the FEM model. This can
be confirmed by the results of the limited method, as shown in Fig. 3-53. This might be
reasonable if the discrepancy does come from the under estimation of the work hardening
behavior of T40 grade 2 CPT, because considering the surface high plastic strain cannot solve

problems caused by this kind of undervaluation.
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Fig. 3-53. Comparison between the PP profile obtained from experiments and those obtained with the limited
method.

3.10 Further modification of the FEM model

3.10.1 Second optimization

In Section 3.8, the possible disturbances which may be introduced by the carful mechanical
polishing process have been studied. Results showed that even very carefully performed
mechanical polishing procedure still can induce sever plastic strain into the surface region of
the 11T sample. By taking this kind of surface high plastic strain into consideration, the
optimized FEM model was modified again. However, results of the simulation of 3-uzm 1T

117



Chapter 3: Simultaneous characterization of RS and PP induced by shot-peening in practice

process showed that the improvement of this kind of modification is limited. The gap between
the experimental P-h curve and the simulated one is still quite large. Thus, the performance of
the limited method has not been obviously promoted. The reason must be that the modification
we made on the optimized FEM model is not sufficient to represent the real situation. This
kind of insufficiency particularly appeared when applicate the simultaneous function method
and the limited method.

All the things we did before are based on the precondition that considering the electrolytic-
polished sample as reference, which gave us a big problem that we need to figure out the
difference between the electrolytic-polished sample and the careful mechanically polished
sample. In fact, our optimization of the FEM model can bypass this problem by directly using
the part (on the careful mechanically polished sample) which is far away enough from the shot-
peened surface as the reference. This is reasonable, because that effect of the shot-peening
process at such a large distance from the surface should be negligible. In this way, the
electrolytic-polished sample does not need to be considered any more.
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Fig. 3-54. Comparison among the true stress vs true plastic strain curves obtained from various situations.

Table 3-15 Comparison between the experimental parameters and the optimal parameters.

Material parameters Original values Optimal values
Young’s modulus E (GPa) 119.0 108.7
Poisson’s ratio v 0.34 0.34

Yield stress oy (MPa) 279.6 3195
Hardening coefficient K (MPa) 4154 495.5
Hardening exponent n 0.38 0.23

Friction coefficient f 0.15 0.21

Following this way, a second optimization process was performed. Fig. 3-30 showed that
the normalized loading P-h curve obtained from the carefully mechanically polished sample is
different from the one obtained from the electrolytic-polished sample. Thus, the first procedure
of the second optimization process is still the indenter shape optimization. This part of work
has been conducted similarly as the procedure discussed in Section 3.7.2.2. After the optimal
tip shape had been determined through a multi-step tip shape optimization process, the material
parameters and the friction coefficient were then optimized with FMOGA 11 algorithm, similar
as what had been done in Section 3.7.3. The best solution was obtained from the design No.124.
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The optimal parameters of the second optimization process were listed in Fig. 3-54 and Table
3-15. From Table 3-14 we can see that the Young’s modulus value obtained from the second
optimization process becomes 10 GPa lower than the original value. Nothing strange has
happened to the Poisson’s ratio and the friction coefficient. The biggest difference still comes
from the plastic parameters, which can be seen clearly from Fig. 3-54. The stress-strain curve
obtained from the second optimization process is higher than the one obtained from the first
optimization.

Here, we do not want to get to the bottom of the difference between the original parameters
and the optimal ones any more. The aim of this part of work is just to try to testify that if our
thinking of changing the reference sample can improve our simultaneous function method or
at least the limited method. After all, one final goal of this thesis is to explore a new way to
characterize shot-peening induced residual stress and work hardening. As for the influences of
various sample preparation methods and the reasons behind them are far beyond the scope of
this thesis, and they can be investigated and discussed in the future work.

Carefully mechanically polished sample (Experiment)
Ideal tip with initial parameters (FEM)

Calibrated tip with initial parameters (FEM)

Design No.124 from the optimization (FEM)

400 -
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Fig. 3-55. P-h curves obtained from experiment and simulations with various FEM models.

Table 3-16 11T responses obtained from experiment and simulation with optimized parameters.
Carefully mechanically Design No.124 from the

Indentation responses

polished sample (900 xm) second optimization
Pmax (MPa) 435.8451.8 435.4
S (mN/nm) 2.28040.031 2.252
H (GPa) 1.8740.32 1.83

The indentation responses obtained with the optimal parameters were listed in Fig. 3-55
and Table 3-16, which showed that the quality of the second optimization process is fairly
good. Thus, a series of simulations with various RS and PP levels were performed, similar as
what bad been done in Section 3.8 and Section 3.9.4, by using the optimal parameters from the
second optimization. Contour plot map of all the normalized indentation responses were shown
in Fig. 3-56.
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Fig. 3-56. Contour plot maps of normalized parameters (vs RS and PP) obtained with the FEM model considering the
high plastic strain in the surface region: (a) Pmax/Pmaxo; (b) S/So; (c) H/Ho.

Simultaneous function method was tried to be constructed once more. The problems
mentioned in Section 3.8 have been relieved, which showed the effects of the second
optimization process. However, this kind of relief is still not enough for the application of
simultaneous function methods, because no function pair can be consistent with experimental
results. Thus, the limited method was used again. The extracted PP profile was shown in Fig.
3-57. Comparing the profiles obtained before, the PP profile obtained from the second
optimized FEM model got much closer to the experiment calibrated profile, especially for

depths larger than 100 zm.
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Fig. 3-57. Accumulated plastic strain (PP) profile obtained from experiments and various FEM models.

3.6 Conclusion

In Chapter 2, it was found that the simultaneous function method worked quite well from
a pure numerical point of view. In the present chapter we tried to verify its accuracy and
adaptability with experiments.

A piece of T40 grade 2 CPT was shot-peened. Metallographic observation on the cross
section of the shot-peened sample showed that there is no grain refining on the treated surface,
which indicated that the treatment process is conventional shot-peening.

Both the residual stress and the accumulated plastic strain profiles along the depth were
extracted from X-ray diffraction (X-RD) measurements. The residual stresses were obtained
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from diffraction peak displacement while the plastic strain was obtained from peak broadening.
The calibration of the peak widths versus the plastic strain was performed with uniaxial tensile
tests. Results showed that the maximum value of the compressive residual stress can reach -
340 MPa, and the depth influenced can reach about 450 «m. Shot-peening process can induce
a high plastic strains in a significant depth. At the extreme surface, the plastic strain level can
reach even more than 70%.

Instrumented indentation tests were conducted on three mechanically polished samples
(with different conditions) and on an electrolytic polished reference sample which is supposed
to be free from the influence of shot-peening. Results showed that even if a very careful
mechanical polishing process is applied, there were still some polishing-induced factors which
will influence the indentation responses on the sample. Results of the instrumented indentation
tests on the carefully polished sample also showed a decrease of contact stiffness along with
depth from the shot-peened surface, which is on the opposite of our former simulated results
in Chapter 2. One possible reason of this phenomenon is the free-edge effect. By inducing the
correction of free-edge effect, the contact stiffness values tend to be a constant along with
depth.

By using the Ludwick type isotropic hardening constitutive model to describe the uniaxial
tensile stress-strain relationship of T40 grade 2 CPT, numerical simulations of the instrumented
indentation process were conducted. However, significant difference existed between the
experimental results and the simulated results. Considering that several factors can affect the
accuracy of IIT simulations, an inverse method was used to optimize the indenter shape,
material parameters and the friction coefficient for improving the quality of our initial FEM
model. Results showed that the indentation responses obtained from the optimized model fit
fairly well with those from the experiments. When performing the indenter shape optimization,
we also found out that the shape of the normalized loading P-h curve obtained from the
simulations with the 2D axisymmetric FEM model only depends on the shape of the indenter.
This may supply a new way for calibrating the indenter shape and tip area.

However, when using the simultaneous function method with the modified model, new
problems occurred: the contour plot maps of S/Sp and H/Ho cannot cover the actual range of
experimental data. Even so, a limited method was proposed to obtain the plastic strain profile
along the depth. The results are overall higher than experimental profile.

With grazing incidence X-ray diffraction (GIXRD) technique, residual stress and plastic
strain gradient induced by the polishing process were examined. Results showed that residual
stresses (supposed to be constant in each layer) in the polished specimen did not show much
variation comparing with the residual stresses in the reference sample. This proved that this
polishing process can effectively reduce the levels of residual stresses induced by the
mechanical polishing process.

However, the GIXRD technique showed that the plastic strain levels in the surface region
are significant. Through the combination of GIXRD and uniaxial tensile tests the relationship
between the peak width and plastic strain was characterized. Results showed that plastic strain
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caused by the polishing process can affect the depth until 5 um, which is even deeper than the
hmax (3 um ) value of the indentation tests. In the near surface layer (in the range of depth about
350 nm), the plastic strain levels are fairly high. In the layer closest to the surface, the plastic
strain can reach more than 60%. Considering both the sample disturbance induced by the
mechanical polishing process, our FEM model was modified again. However, the results
showed that there is no obvious improvement.

Several kinds of influencing factors were checked, and the corresponding modifications
were performed as well. However, the simultaneous function method still cannot be used with
experimental data. Since this method works very well from a pure numerical point of view,
there must be some other factors that should be incorporated in our model to better describe
the experimental indentation responses. For instance, the constitutive model used is too simple
(kinematic hardening was not taken into account), the equivalent conical indenter cannot fully
represent the real Berkovich indenter (especially considering the existence of residual stress),
the residual stress state cannot simply be substituted by a biaxial stress state which has the
same hydrostatic stress state, and so on. Considering all of these possible problems, a 3D FEM
model which takes the possible components of residual stress tensor and a more realistic and
suitable constitutive model into account need to be built in the near future. If possible,
comprehensive constitutive model and friction model both correlated with stress state need be
developed for a better description of the indentation responses of material.
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Chapter 4
The evolution of shot-peening induced RS and WH during

low cycle fatigue process

Many studies showed that residual stresses and work hardening induced through the shot
peeing process can significantly influence the fatigue performance of materials and
components. Besides, both residual stresses and work hardening will change continuously
during the whole fatigue process. Especially for low cycle fatigue (LCF), the cyclic
deformation can always reach the plastic range. Thus, investigating the evolution of residual
stresses and work hardening during low cyclic fatigue process becomes quite meaningful in
the study on the application of shot-peening process for improving fatigue resistance
performance of materials.

As a new member of high-strength near $-phase titanium alloy, Ti-18 alloy was developed
aiming at the replacement and improvement of Ti-5553 alloy which is mainly used for the
fabrication of the landing gear of jumbo jets, like Boeing 777. Low cycle fatigue property is
of great importance to it.

In Chapter 2 and Chapter 3, from both a pure numerical point of view and a combination
with experimental data, a semi-experimental method has been proposed for simultaneously
characterizing residual stresses and work hardening induced by the shot-peening process with
instrumented indentation test. Although, the accuracy on the two quantities may not be
sufficient in practice when they are determined simultaneously, the limited method still can
help us to obtain the profile of the accumulated plastic strain which can be directly correlated
with work hardening.

In this chapter, a series of strain-controlled low cycle fatigue tests will be performed on
several Ti-18 specimens treated with different procedures, including shot-peening, prestrain,
and prestrain & shot-peening. Both instrumented indentation and X-ray diffraction techniques
will be used to characterize the residual stresses and work hardening imposed in the specimens.
Finally, the evolution of residual stresses and work hardening during low cycle fatigue process
will be investigated.

4.1 Material characterization

4.1.1 Preparation of the material

A quarter of an ingot (& = 250 mm) of high-strength near $-phase Ti-18 alloy was supplied
by TIMET (Valley Creek Blvd, USA). Vacuum arc remelting (“VVAR”) was used to prepare
the ingot [195]. The chemical composition of it is listed in Table 4-1.
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Table. 4-1 The chemical composition ofTi-18 alloy.

Elements Al Mo V Cr Fe (0] C N Ni M0eq Ti
Wi% 5.5 5.0 5.0 2.3 08 015 <0.1 <0.1 <0.1 13.6 Balance

Final forging and rolling of the ingot specimen was performed below the beta
transformation temperature (beta transus). The ingot specimen was then solution heat treated
at a subtransus temperature (816 °C) for 2 hours and air cooled. Then, it was precipitation
hardened at 621 °C for 8 hours and air cooled as well.

4.1.2 Uniaxial tensile test

Uniaxial tensile tests were firstly carried out to investigate the basic mechanical properties
of the ingot specimens. Millet [196] had already made uniaxial tensile tests on the Ti-18
specimens from different part of the ingot and the results are listed in Table 4-2. The uniaxial
tensile test results are quite consistent which shows that the ingot is homogeneous. The
standard deviation for the yield stress is 4.8 MPa and for the ultimate tensile stress, it is 8.8
MPa. For obtaining more details on the tensile properties of the Ti-18, a uniaxial tensile test
on a specimen was performed as well. The dimension of the specimen and test situation are as
the same as used in Section 3.4.1. The true stress vs true strain curve until necking point were
plot in Fig. 4-1. Considering the difference between engineering stress (used by Millet) and
true stress, our results are consistent with Millet’s results.

Table. 4-2 Uniaxial tensile properties of Ti-18 specimen from different parts of the ingot [196]
Position UTS (MPa) TYS (MPa) Elongation (%) RA (%)

Outer 1338 1277 8.7 20
Mid-Radius 1340 1285 7.2 17
Center 1345 1274 9.6 21
Center 1356 1276 9.3 18
Mid-Radius 1335 1274 8.9 18
Outer 1331 1271 8.6 21
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Fig. 4-1. Uniaxial tensile true stress vs true strain curve of Ti-18.

Comparing with conventional near s-phase high-strength titanium alloys, this Ti-18 alloy
exhibits superior tensile strength and similar ductility. This is due to the unique combination
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of elements in the preferred weight percentages. This produces a yield strength (co.2) of 1407
MPa (Fig. 4-1). The curve in Fig. 4-1 indicates a small capacity for strain hardening in this
material and a possibility for early microcrack formation upon loading to plastic deformation
regime including cycling deformation [197].

4.1.3 Microstructure

Two small pieces of materials were cut off from the ingot. They were respectively polished
on transverse section and longitudinal section on a Vector® LC 250 automatic lapping and
polishing unit (BUEHLER An ITW International, Lake Bluff, USA) using 800-grit and 1200-
grit silicon carbide abrasive disc films, (ESCIL, Ltd., Chassieu, FR) followed by 10-um
suspension diamond abrasive paste and 0.05-um silica powder (ESCIL, Ltd., Chassieu, FR) on
special tissues. After being polished to a mirror-like surface, they were respectively etched
with a mixed solution (5% perchloric acid, 3% nitric acid and 92% distilled water) for 10 s and
then washed with running cold water. After polishing and etching, microstructures of Ti-18
alloy were observed and tested under the SU 8030 ultra-high resolution cold field emission
scanning electrical microscope (FE-SEM) (HITACHI, Ltd., Tokyo, JP). In order to identify
and distinguish the a phase and the S phase, Energy-dispersive X-ray spectroscopy (EDXS)
was used for checking the chemical components in different parts of one piece of specimen.
Results of EDXS, as shown in Fig. 4-2, show that the particles are o phase and the matrix is g
phase, because that the peaks of Mo and Cr (two typical and important  phase stabilizing alloy
elements) are only present at point 2.

18(5) VRS o

60000
4952I]e3908 e

Image Name: ti18(5) 40000

Image Resolution: 1024 by 768

Image Pixel Size: ~ 0.06 pm e || Vxa

Acc. Voltage: 15.0kV Mm - 13- A1

Magnification: 2000

10 um -

m - 13- Al keV

Fig. 4-2. EDXS results of Ti-18 alloy.

Fig. 4-3 and Fig. 4-4 show the SEM images of Ti-18 on both the transverse and the
longitudinal sections. It can be seen that the heat treatment process generated a typical bimodal
microstructure of titanium alloys: many discrete globular primary a, phase grains
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LNIO 15 0kV 8 9mm%2.00k SE(U) 4/25/2015 LNIO 15.0kV 8.8
Fig. 4-3. SEM images of the microstructure of Ti-18 alloy (transverse section): (a) A low-magnification image, showing a typical bimodal microstructure with uniformly
distributed globular ap particles embedded in the transformed g matrix; (b) A higher magnification image showing that the lenticular as precipitates formed inside the
retained # during precipitation hardening.

1\

mm x10.0k SE(U) 4/25/2015'

LNIO 15 0kV-9.0mm %2.00k SE(U) 4/25/2016
Fig. 4-4. SEM images of the microstructure of Ti-18 alloy (longitudinal section): (a) A low-magnification image; (b) A higher magnification image.
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are surrounded by the transformed g matrix which includes the retained S phase and the
precipitated as phase. The grain size and volume fraction of globular primary ap phase were
estimated by using image processing technique, and the results are listed in Table 4-3. Note
that there is no apparent aspect ratio of the grains and texture structure can be seen on the
transverse section [197].

Table. 4-3 The microstructure morphology of the heat-treated Ti-18 alloy.

Texture Average size of ap (um) Average size of retained f Lenticular os in transformed S
(section) (range) vol% (um) (range) (um)
Transverse 2.4 (1.5-4.5) 17.8% 8.0 (3.0-14) Width. 0.05-0.2 Length 0.2-3.5
Longitudinal 3.5 (2.0-5.5) 17.8% 9.5 (3.0-16) Width. 0.02-0.1 Length 0.2-2.5

4.2 Preparation of fatigue specimens

4.2.1 Manufacture of specimens

In order to perform series of fatigue tests, several fatigue specimens were prepared.
According to the standard ASTM E466-07 [2], the smallest dimensions of specimen, as shown
in Fig. 4-5(d), were chosen for saving as much material as possible. One piece of material was
cut off from the center of the ingo. Then, 18 cylinders were cut off from it by wire-cutting
electric discharge machining (WEDM). These cylinders were finally treated with fine turning
for reaching the desired dimensions. The whole process is shown in Fig. 4-5.

Unit: mm
R 48.0
[+12.00~
T ax
10,00 m
@ 6.00- \/
94.00

Fig. 4-5. The whole process for preparing the fatigue specimens.
4.2.2 Surface roughness test

Fatigue facture of metallic materials is normally a surface-sensitive damage form. So,
checking the surface roughness of specimens before performing fatigue test is important. In
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this study, it was analyzed with Taylor-Hobson Surtronic 3+ Roughness gage (Taylor Hobson
Ltd., Leicester, UK) which is a 1D testing system. Considering the length of the calibration
part of the fatigue specimens and the difficulty of surface roughness measurement with 1D
equipment, Ac=0.8 mm and Ln»=4.0 mm were chosen. The results were listed in Table 4-4 and
an expecimen roughness profile was shown in Fig. 4-6.

Table 4-4 Surface roughness of the Ti-18 fatigue specimens.

Ra (um) Rp (um) Rv (um) Rt (um)
Mean value 0.946 2.485 1.973 5.351
Standard deviation 0.067 0.262 0.320 1.021

Longueur=4 mm Pt=5.39 pm Echelle =10 pm

=
3
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Fig. 4-6. Surface roughness profile of the Ti-18 fatigue specimen (No.2).

UTT-LASMIS | Lens 220:X200 |8 17/03/2015 [50.00um |

Fig. 4-7. Surface observation of the Ti-18 fatigue specimen (No.2) under numerical microscope.

Under numerical microscope, surface topography of the fatigue specimens was observed,
as shown in Fig. 4-7. The tread-like texture caused by the fine turning process can be seen very
clearly, which is consistent with the surface roughness results. One thing need to be mentioned
is that the standard ASTM E466-07 [2] recommends that removing the final 0.025 mm on the
top surface by polishing longitudinally to impart a maximum surface roughness of 0.2-m Ra
in the longitudinal direction. However, considering that there is no very proper way to polish
the specimen longitudinally and maintain the dimensional accuracy of the specimen, we did
not make any further surface treatment on the raw fatigue specimens.
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4.3 Pretreatment of fatigue specimens

In order to study the influences of both residual stress and work hardening on low cycle
fatigue responses, a simple Design Of Experiment (DOE) was conducted. Twelve specimens,
with four different mechanical states were considered:

A) Raw specimens from turning (Raw);

B) Raw specimens + tensile plastic prestrain (Prestrain);

C) Raw specimens + shot-peening (SP);

D) Raw specimens + tensile plastic prestrain +shot-peening (Prestrain & SP).

Specimens in C) and D) will exhibit significant compressive residual stress gradient in the
surface region due to shot-peening. Specimens of state A may have some residual stresses
owing to turning. However, residual stresses induced by turning process in specimens of state
B should be fully eliminated. The comparison between C and A, and between D and B, can
show the effects of both residual stress and work hardening due to peening. The contrast
between B and A, and between D and C, can indicate the influences of a homogeneous plastic
strain. The comparison between D and A, and between C and B can reveal interaction between
shot peeing and prestraining.

Another ideal state would have been to generate compressive residual stresses without
work hardening, but, this is not feasible in practice. One possible substitute would be using
laser shock peening to introduce compressive residual stresses accompanied with a relatively
low accumulated plastic strain. However, this was not available for the present study.

For each of these 4 mechanical states, tensile cyclic tests, in strain control mode will be
performed with 3 total strain amplitudes: 0.7%, 1.0% and 1.4% (Ae/2) with a loading ratio
R¢=0, in order to follow the relaxation of the applied mean stress and of the residual stress

4.3.1 Prestraining

In order to investigate the effects of homogeneous plastic strain during fatigue tests, six
specimens need to be prestrained. An ideal situation would be to achieve an accumulated
plastic strain of the same magnitude as obtained during shot-peening process. However, during
atensile test, the specimen will break long before reaching the desired strain level. Furthermore,
the cyclic test will also introduce an accumulated plastic strain. In order to guarantee that the
fatigue specimens can reach a number of cycles high enough to induce a significant relaxation
of residual stresses and applied mean stress, a total strain of 3.2% (plastic strain 1.8%) was
chosen as the loading condition for the pre-strain procedure. Comparing with the possible
plastic strain level that can be induced by the shot-peening process, this amount of prestain
value is not so much. However, shot-peening induced high plastic strain only distributes in the
surface region, while prestrain induced plastic strain uniformly distributes on the whole cross
section. Considering this, the impacts of 1.8% prestrain might be comparable with the effects
of shot-peening process.
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Fig. 4-8. Denison Mayes Group (DMG) 100 kN hydraulic fatigue frame.

The tensile pre-strain process was conducted on a Denison Mayes Group (DMG) 100 kN
hydraulic fatigue frame (Denison Mayes Group Ltd., Beeston, UK), as shown in Fig.4-8, under
monotonic loading module.

The tensile true stress vs true strain curves of all the prestrained specimens are listed in Fig.
4-9. All the 6 specimens came from the center part of the ingot and prestrained under exactly
the same condition, however, their tensile responses are not exactly the same. From the up-
right zoom-up of Fig. 4-9 it could be seen clearly that the strengths are divided into 3 groups.
The strength of No.8 and No.11 are highest, the strength of No.5 and No.10 are lowest, and
the strength of No.6 and No.9 stay in the middle. The same sequence can also be observed in
the elastic range, as shown in the down-left zoom-up of Fig. 4-9. Even if all the specimens
were taken from the ingot center, a slight heterogeneity may still be present. This is one way
to explain the difference among these curves. However, the exact reason is hard to say. In order
to figure this out, further investigations on Ti-18 alloy need to be conducted in the future.
However, it is still worthy to pay attention to this kind of difference in is study, because this
kind of difference can directly affect the cyclic behavior of the specimens which will be shown
later on.
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Fig. 4-9. True stress-true strain curve of the tensile pre-strain process.

4.3.2 Shot-peening
4.3.2.1 Determination of treating parameters

For the purpose of comparing the shot-peening process on cylindrical specimens of Ti-18
with what had been done on the flat specimen of T40, some simulations were made for
determining proper treatment parameters which can approximately give the same impact
density for the two cases.

These simulations are based on a model developed by Badreddine et al. [198]. Fig.4-10
presents the geometric model for the simulation on both the flat and the cylindrical specimens.
Cylindrical chambers are modelled according to the actual dimension of the equipments. The
sonotrode is positioned at the bottom of the chamber and its vibration is modeled with a
triangular signal characterized with a frequency F and amplitude A. A number N of rigid
spheres of diameter D represents the spheres that compose the shot. The total mass of the shot
is 20 g. The flat specimen is fixed on the top of the chamber, whereas the cylindrical specimen
is positioned in the center of the chamber.

The aim of these simulations is to find out the power and the time which give approximately
the same impact density for cylindrical specimens as the parameters in Table 3-2 had given on
the flat specimen. Two things need to be explained. The first thing is that for the flat specimen,
the impact density is calculated from the whole shot-peened surface. However, the impact
density of the cylindrical fatigue specimen is calculated only from the surface of the calibrated
part (the red cylinder shown in the zoom-up of Fig 4-10(b)), because that only this part is
meaningful and important for fatigue tests. The second thing is that the flat specimen is fixed
on the top of the chamber during shot-peening process, while the cylindrical specimen is
rotated with a constant speed (0.5 rotation per second) in the center part of the chamber in order
to make sure that all the calibrated part is treated uniformly. The shot-peening parameters for
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the cylindrical specimens determined by simulations are listed in Table 4-5 for making
comparison with the parameter in Table 3-2.

Fig. 4-10. Geometric model used in the shot-peening simulations.

Table 4-5 comparison between the shot-peening parameters of the flat specimen and the cylindrical specimen

Parameters Flat specimen Cylindrical specimen
Diameter of shot (mm) 3 3

Mass of shot (g) 20 20

Material of shot 100Cr6 100Cr6

Distance between specimen and sonotrode

(mm) 15 15

Power (%) 27 37%

Duration (min) 10 22

Impact numbers 747074 94334.4

Impact densities (impacts/mm?) 421.8 417.3
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4.3.2.2 Shot-peening treatment

\
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Fig. 4-11. Set-up of the shot-peening equipment for Ti-18 fatigue specimens.

After the treating parameters were determined through simulations, shot-peening is
performed on Ti-18 specimens. The set-up of the shot-peening equipment is shown in Fig.4-
11. One end of the fatigue specimen is fixed on one side of a Hooke’s joint. The other end of
the Hooke’s joint is fixed on a motor for rotating the specimen during shot-peening. Then, the
two grip ends of the fatigue specimen are held by two plastic holders to help the rotation of the
specimen and the closeness of the chamber. After putting the shots into the lower half of the
chamber, the two parts of the chamber are screwed together tightly to form a closed space,
together with the plastic holders and the sonotrode. After launching the motor and sonotrode,
the specimens are shot-peened with the power of 37% for 22 minutes.

Eight specimens were shot-peened. Four of them are raw specimens and the other four are
prestrained specimens. Shot-peening can severely affect the surface roughness of specimens.
Thus, the surface roughness values of the shot-peened specimens are checked as well. The
results are listed in Table 4-6 and an example of roughness profile is shown in Fig. 4-12. The
observation of the shot-peened surface was performed under numerical microscope, as shown
in Fig. 4-13.

Table 4-6 Surface roughness of the shot-peened Ti-18 fatigue samples.

Ra (um) Rp (um) Rv (um) Rt (um)
Mean value 0.547 1.601 1.537 3.750
Standard deviation 0.041 0.173 0.122 0.295
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Fig. 4-12. Surface roughness profile of the Ti-18 fatigue specimen after shot-peening (No.2).
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Fig. 4-13. Surface observation of the shot-peened Ti-18 fatigue specimen (No.2) under numerical microscope.

From Fig. 4-13 we can see that the shot-peening process has erased most of the screw-like
texture on the surface of the fatigue specimen. This could be one factor which can improve the
fatigue performance of the specimens. Both Table 4-6 and Fig. 4-12 supported the microscope
observation results that surface roughness has been obviously improved by shot-peening.

4.4 Fatigue tests

4.4.1 Determination of experimental condition

In this study, we mainly focus on the evolutions of the surface residual stress and plastic
strain induced by shot-peening process during low cycle fatigue tests. As mentioned in Chapter
1, in order to understand the similarity and the difference between the relaxation behavior of
the mean stress and that of the surface residuals stress, strain controlled alternative fatigue tests
(R<=0) will be performed and discussed in this chapter.

As shown in Fig. 1-9, along with the increase of strain amplitude, the relaxation behavior
of mean stress (probably even of the surface residuals stress) will vary. In order to observe this
kind of variation clearly, LCF test under several typical strain amplitudes need to be performed.
However, since only 18 specimens were manufactured, it is impossible to choose proper
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loading conditions by attempting with several specimens with various conditions. In order to
overcome the shortcoming of specimen numbers, a special procedure was used for the selection
of loading conditions.
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Fig. 4-14. Schema of the simplification of the residual stress profiles in the shot-peened cylindrical fatigue samples.

Research in Chapter 3 showed that shot-peening process with the parameters listed in Table
3-2 can produce a maximum compressive stress the absolute value of which is even higher
than the yield stress of T40 grade 2 CPT. In fact, this is quite normal considering the work
hardening behavior of T40 grade 2 CPT. Seeing this and the uniaxial tensile property of Ti-18
alloy, we can make a simplified assumption that shot-peening will respectively induce a
uniform compressive residual stress and a uniform tensile residual stress , which are balanced
over the cross section of a Ti-18 fatigue specimen. The compressive residual stress value is
supposed to be -1000 MPa in the surface 250-um layer. Considering the stress equilibrium
inside the calibrated part of the fatigue specimen, the uniform tensile residual stress value can
be calculated to be +190.1 MPa, as sketched in Fig 4-14.
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Fig. 4-15. Choosing various loading condition from the pure structural point of view: (a) 0.8% tensile strain (stress in
the surface region will become zero); (b) 1.4% tensile strain (only the core and the overall specimen is plastified a bit
but the surface region is still in elastic range); (c) 2.0% tensile strain (the surface region is plastified a little bit, while
the core and the overall specimen are highly plastified); (d) 2.8% tensile strain (all parts of the whole specimen are
highly plastified). As is the difference between the stress in the core and in the shot-peened layer after the first half of
loading cycle.

With the simplification and assumption above, we can approximately extract some key
information with the uniaxial tensile stress-strain curve of Ti-18 from a pure structural point
of view (the possible effects of material properties are not taken into account), which can help
us to decide the load conditions. When the specimen goes through the tensile stage of a fatigue
cycle, the deformation should be uniform (if the cross sections remain plane), which means
that all the points on the radial cross section of the calibration part should have the same strain
value. If we set the strain in the surface layer (with compressive residual stress) as A¢’, the
strain in the core region (with tensile residual stress) as Ae’’ and the averaged strain on the
whole cross section as Ae, then we should have Ae’=Ae=A¢”’. Taking the residual stress values
we estimated before into the uniaxial tensile curve of Til8, with various tensile loads, stress
levels in different parts of the specimen can be estimated as shown in Fig. 4-15.
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Considering the results shown in Fig. 4-15, three different strain amplitudes (0.7%, 1.0%
and 1.4%) were determined as our loading conditions. In order to understand this determination
well, we firstly need to know that how residual stress relaxation happens during low cycle
fatigue test. There are mainly two kinds of relaxation mechanisms. First, there is a structural
relaxation linked to the global equilibrium of the cross section. Plastification in the core region
will reduce the incompatibility between the shot-peened layer and the core. Sequentially,
compressive residual stresses induced by shot-peening will relax even if the surface region has
remained purely elastic. Only one cycle of loading is necessary for this process. Second, there
is a relaxation linked to a local plasticity in the surface region which diminishes the
incompatibility among different layers progressively. This process will require several cycles
to accumulate enough microplasticity to show its effect at the global scale.

In our case, Ae/2=0.7% is expected to exhibit the smallest relaxation of residual stress
because only a bit of plastic deformation in the core, but the surface region is still in the elastic
range. Since the surface region with compressive residual stresses will be plastified a bit with
Ael2=1.0%, it is expected to exhibit moderate relaxation at this loading level. As for Ae/2=1.4%,
owing to the relatively large plastic deformations that will occur in all parts of the specimen,
the relaxation of residual stress should be the most severe one. By choosing these various strain
amplitudes, we expect to be able to observe and study the relationship between strain amplitude
and the relaxation of residual stress. The amount of relaxation can be represented by the
quantity Ao, as shown in Fig. 4-15, which is the stress difference between the core and the
surface region after the first half of loading cycle. If the unloading

Seeing the possible specimen states and loading conditions, all the fatigue test situations
are summarized in Table 4-7.

Table 4-7 All the fatigue test situations determined with possible sample states and loading conditions.

Ael?2
0.0% 0.7% 1.0% 1.4%
Raw - No.15 No.1 No.18
SP* No.14 No.2 No.4 No.3
Prestrain - No.8 No.6 No.5
Prestrain & SP No. No.11 No.10 No.9

4.4.2 Fatigue tests

Fatigue tests were performed on the same DMG hydraulic fatigue framework as shown in
Fig. 4-8. An extensometer with a 10-mm gauge length was used for controlling the fatigue tests
under controlled stain amplitudes. A triangular waveform (with R=0) was used to apply the
load with a constant strain rate of 103, Since we are mainly interested in the relaxation of
residual stress, which can be approximately represented by the relaxation of mean stress (omean),
the specimens do not have to be broken. Once the relaxation of omean is stabilized, the test will
be terminated. Observation showed that for 0.7% and 1.4% strain amplitudes conditions will
be stopped at 100 cycles. As for Ae/2=0.7%, number of cycles will be
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Fig. 4-16. Cyclic stress-strain curves of raw Til8 specimens:
No0.15 (A&/2=0.7%), No.1 (A&/2=1.0%) and No.18 (A&/2=1.4%).
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Fig. 4-18. Cyclic stress-strain curves of pre-strained Til8 specimens:

No.8 (A&/2=0.7%), N0.6 (A&/2=1.0%) and No.5 (A&/2=1.4%).
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Fig. 4-17. Cyclic stress-strain curves of shot-peened Til8 specimens:
No.2 (A&/2=0.7%), No.4 (A&/2=1.0%) and No.3 (A&/2=1.4%).
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Fig. 4-19. Cyclic stress-strain curves of pre-strained and shot-peened Til8
specimens: No.11 (A&/2=0.7%), N0.10 (A&/2=1.0%) and No.9 (A&/2=1.4%).
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increased to 140 cycles, because the stabilization is a bit more difficult to decide.
4.4.2.1 Cyclic true stress vs true strain curves

Cyclic true stress vs true strain curves of all the fatigue tests were listed in Fig. 4-16, Fig.
4-17, Fig. 4-18 and Fig. 4-19. For all the four material states, along with the increase of
imposed strain amplitudes, the opening of the hysteresis loops (cyclic plastic strain values)
increases as well.

Theoretically, for each material state with different strain amplitudes, the tensile part of the
first cycles should be superposed, because all the specimens are of the same material state.
However, slight heterogeneity exists in the response of some specimens, such specimen No.15
in Fig. 4-16, specimens No.8, No.6 and No.5 in Fig. 4-18 and specimen No.10 in Fig. 4-19.
The reason of this kind of difference is probably the variance of material properties among
specimens as well, which will directly affect the values of several key fatigue responses, such
as maximum stress (omax), minimum stress (omin) and so on. Furthermore, comparison between
Fig. 4-16 and Fig. 4-18 showed that the introduction of prestrain decreases the stress amplitude
obviously. No obvious cyclic hardening or softening can be directly observed from these cyclic
true stress vs true strain curves. To obtain cyclic hardening or softening information, some
further treatments of the data need to be done, which will be discussed latter.
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Fig. 4-20. Tensile part of the 1% cycle of all the fatigued specimens.

As for the tensile part of the first cycles, observation of Fig. 4-16, Fig. 4-17, Fig. 4-18 and
Fig. 4-19 can only show the variance in each material state. In order to analyze it better, the
tensile part of the first cycle of all the specimens were picked up and divided into three groups
according to their strain amplitude, as shown in Fig. 4-20. A global feature of the first half-
cycle of loading is that the treatment influences the hardening/softening behavior of the
specimens.

- The raw specimen hardens weakly (~100 MPa) and is saturated at 2.5% total strain around
1500 MPa.
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- The prestrained specimen begins softening almost immediately after the onset of
plastification.

- The shot-peened specimen is work-hardened significantly (~250 MPa) and is also
saturated at 2.5% total strain, around 1500 MPa.

- The prestrained & shot-peened specimen has a rather “flat” response, as if it had an
intermediate behavior between the shot-peened and prestrained specimens. This behavior can
be interpreted in the following way. The shot-peening did not really affect the “true” yield
stress (~1250 MPa) but produced a longer elastoplastic transition as the different zones of the
cross section plastify one after another (starting with the core exhibiting a tensile residual stress
and followed by the surface region with compressive residual stress). Once the whole cross
section is plastified, the two responses meet (for a plastic strain above 1% as can be seen in
Fig. 4.15(c)).

After a prestrain of 1.8% of plastic strain, the material has almost reached its maximum
hardening and starts to soften. For the prestrained & shot-peened specimen, this softening
cannot occur before the elastoplastic transition is finished, which leads to the observed “flat”
behavior.

The group of Ae/2=0.7% showed clearly that the introduction of prestrain can obviously
increase the yield stresses (elastic limit). This is because of the work hardening behavior
exhibited by Ti-18, although it is not so high. On the opposite, shot-peening treatment will
decrease the yield stresses a little bit (several tens of MPa). This is reasonable as well.
Considering a simplified situation as shown in Fig. 4-14, when tensile load applied, the whole
calibration part should stretch uniformly. Along with the elongation, because of the existence
of tensile residual stress, the core will yield first. Similarly, compressive residual stress makes
the surface region yield later than the core. The direct result of this kind of successive yielding
makes the overall yield stress of the specimen decrease. As for the exact amount of the decrease,
it highly depends on the magnitude and the distribution of residual stresses induced by shot-
peening.

Similar phenomenon can be observed from the group Ae/2=1.0% and A&/2=1.4% as well,
however, with some difference. The curves of specimens No.6 and No.5 in Fig. 4-21 showed
that slight necking (the decrease of plastic flow stress) has emerged after the prestrain process.
However, the vyield-decreasing phenomenon caused by shot-peening weakened the
performance of necking, as shown by the curves of specimens No.10 and No.9. Furthermore,
the curves of specimens No.5 and No.10 are a little bit abnormal: the former is mixed with the
curve of specimen No0.9 and the latter is mixed with the curve of specimen No.1. In order to
know what happened, we have to look back to Fig. 4-9 which showed that the strengths of
specimens No.5 and No.10 are about 20 MPa lower than the average strength. Thus, low
strengths of specimens No.5 and No.10 should be the main reason of their abnormality shown
in Fig.4-20.

Another strange thing in Fig.4-20 is that the introduction of prestrain changes the elastic
part of the curves for the groups Ae/2=1.0% and A&/2=1.4%. However, there is no similar
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phenomenon for group A&/2=0.7%. One possible reason is that the prestrain process changed
the creep property of Ti-18. And, the variation of creep property became more obvious under
higher strain amplitude. In addition, strength differential (SD) effects and the yield anisotropy
of a-phase titanium might be another explanation as well. And, this is why the shot-peening
process showed some influences as well.

4.4.2.2 Key fatigue responses

In order to analyze the stress and strain variation during fatigue process better, several
critical fatigue responses, including maximum stress (omax), minimum stress (omin), Mean stress
(omean) stress amplitude (o=) and cyclic plastic strain amplitude (half of the opening of the
hysteresis loops, Aep/2), were extracted from the cyclic true stress vs true strain curves, as
shown in Fig. 4-16, Fig. 4-17, Fig. 4-18 and Fig. 4-19. Thereinto, omean has a role on the mean
hydrostatic pressure and thus on fatigue crack initiation. The lower it is, the more difficult for
the appearance of a crack. As for o, it usually gives information on the cyclic
hardening/softening behavior of the structure. Moreover, omean and oaare independent quantity.
They are calculated from omaxand omin. Once fatigue crack initiated, its propagation process is
the accumulation of many sharpen-blunt cycles. Crack sharpening is correlated with omax and
crack blunting is correlated with amin. The original fatigue responses vs accumulated plastic
strain were respectively divided into three groups according to their strain amplitude and plot
in Fig. 4-21, Fig. 4-23, Fig. 4-25, Fig. 4-27 and Fig. 4-29. For the convenience of making
comparison in each group, all the data were normalized by the corresponding values of the first
cycle. All the normalized curves were plot in Fig. 4-22, Fig. 4-24, Fig. 4-26, Fig. 4-28 and Fig.
4-30.

Fig. 4-21 showed that omax decreases during fatigue tests. Prestrained specimens have
higher omax values than those non-prestrained specimens. This is consistent with the fact that
tensile prestrain process strengthened the specimens. While, along with the increase of Ae/2,
omax OF the non-prestrained specimens became higher. On the opposite, omax Of the prestrained
specimens went lower. Finally, they went to nearly the same level, as shown in Fig. 4-21(c).
This is because that slight necking had already happened to the prestrained specimens, which
could be observed clearly from Fig. 4-20. Thus, increasing of Ae/2 can continuously strengthen
the non-prestrained specimens, but “soften” a little bit the prestrained specimens. Furthermore,
shot-peening process made the omax values become lower. Shot-peening process introduces
compressive residual stresses in the surface and tensile residual stresses in the core of the
specimen. When tensile load was applied, the surface will yield earlier than the core, the
comprehensive effect of which is the overall yield strength of the shot-peened specimen will
become lower, as shown in Fig. 4-20. However, this kind of yield stress decreasing can only
happen in small plastic strain range. Once the plastic deformation in the specimen is large
enough, the effects of shot-peening induced residual stresses will be covered. This is way the
shot-peened and non-shot-peened curves in Fig. 4-20 converged with each other when
Ael2=1.4%. Thus, along with the increase of A&/2, the gap between the
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Fig. 4-22. Normalized maximum stress vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-25. Mean stress vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-26. Normalized mean stress vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-27. Stress amplitude vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-28. Normalized stress amplitude vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-29. Plastic strain amplitude vs accumulated plastic strain curve of all the fatigued specimens.
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Fig. 4-30. Normalized plastic strain amplitude vs accumulated plastic strain curve of all the fatigued specimens
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shot-peened and non-shot-peened specimens shrank, as shown in Fig. 4-21. Specimen No.9 is
an exception which is hard to be explained. However, some clues can be obtained from Fig. 4-
9 which showed that specimen No.9 is originally stronger than specimen No.5. Fig. 4-22
showed that shot-peening process can hardly influence the decreasing rate of the omax. However,
prestrain process increased the decreasing rate of the omax at the beginning. While, finally,
decreasing rate of the prestrained and non-prestrained specimens still became the same. The
effect of prestrain process became smaller along with the increase of Ae/2.

Fig. 4-23 showed that omin has the opposite phenomenon as omax, With only two exceptions.
First, along with the increase of Ae/2, omin Of all the specimens increased. Second, the gap
between the prestrained and non-prestrained specimens did not decrease but increased. This is
because that the tensile half-cycle (before the compressive half-cycle) had intensified the
necking phenomenon introduced by the prestrain process. In addition, this kind of
intensification will increase along with the increase of A¢/2. Fig. 4-24 showed that when
Ael2=0.7%, the increasing rate of omin for the prestrained specimens are much higher than that
for the non-prestrained specimens. However, along with the increase of Ae/2, this kind of
difference trend to disappear. This is because that shot-peening process can reduce both the
overall tensile and the compressive yield stress of the specimen. However, A¢/2 value large
enough can cover the effect of shot-peening induced residual stresses.

The relaxation of omean IS Of great importance, for it can approximately represent the
relaxation of residual stress. As expected, relaxation of omean 0Ccurred in all the three groups,
and the higher strain amplitude exhibits the more relaxation, as shown in Fig. 4-25. Shot-
peening process did not show obvious effects on the relaxation of omean, N0 mMatter from the
amount or from the rate. However, the influences of prestrain process are much more obvious.
This is not so strange. The magnitude of compressive residual stress (several hundred MPa)
and plastic strain (tens percent) induced by shot-peening can be quite high, however, the layer
influenced by them is quite limited (only hundreds zm). While, prestrain can affect the whole
cross section, which means that its effects should be significant even if its magnitude is relative
low. The introduction of prestrain made the relaxation rate of omean at the initial stage for all
the three groups increase severely. But, the finial relaxation rates of all the specimens in each
group trended to be stable. This stable relaxation rate seemed to be correlated with Ae/2. Higher
Aef2 value made this stable relaxation rate higher as well, which can be seen from Fig. 4-26
more obviously. In addition, Fig. 4-26 also showed that prestrain decreased this stable
relaxation rate, which means that for Ti-18 alloy, proper tensile prestrain process can
effectively retard the relaxation of omean during low cycle fatigue tests, even if Ae/2 reached as
high as 1.4%.

The variations of oa are important as well, because they can reflect the cyclic
hardening/softening behavior of the specimens. Fig. 4-28(a) showed that specimens of all the
four material stats are softened a bit during fatigue process without obvious differences.
However, for the other two groups, all the specimens go through a hardening-to-softening
process. For the groups Ae/2=1.0% and 1.4 in Fig. 4-27(b) and Fig. 4-27(c), specimens without
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prestrain exhibit more hardening than the specimens prestrained. This is reasonable, because
the hardening behavior of Ti-18 tends to be saturated along with the increase of strain, as shown
in Fig. 4-1. Thus, the prestrained specimen should have a lower hardening property. However,
the difference between No0.6 and No.10 and that between No.5 and No.9 in Fig. 4-27 are not
normal. If we recall the prestrain stress vs strain curves shown in Fig. 4-9, this kind of
abnormality might also be attributed to the difference of material properties. However, the
normalized o, curves of these specimens might still be useful. The curve of No.5 in Fig. 4-27
showed that prestrain & shot-peening can effectively keep the hardening in the specimen.

Fig. 4-29 showed that Aep/2 decreased drastically at the beginning and became stable after
only a few cycles. From the group Ae/2=0.7% in Fig. 4-24 we could see that shot-peening will
aggravate the cyclic softening a little bit. However, prestrain and prestrain & shot-peening can
effectively inhibit the softening, especially the latter. However, the increase of strain amplitude
can distinctly weaken the effects of prestain and shot-peening. For the group Ae/2=1.4%, all
the curves are superposed together, which means that the strain amplitude is high enough to
thoroughly eliminate the effects of prestain and shot-peening.

4.5 X-Ray diffraction

For better understanding the influence of strain amplitude on the variations of residual
stress and work hardening, X-ray diffraction tests were conducted as well. All the X-ray
diffraction tests were performed on a 4-circle Seifert PTS-3000 X-ray diffractometer (now GE
Inspection Technologies GmbH, Hirth, DE), equipped with a copper anode tube (40 kV and
30 mA, Kg line is filtered by a Ni filter). {302} planes of « phase, with peak position at 260
=149.05°, was selected as the target peak for this study. A Position Sensitive Detector (PSD)
which covers 11° was used to collect the diffracted signal. The scanning range was selected

from 144° to 154°. The counting time is 220 s/step and the step size is 0.27 °20.
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Fig. 4-31. The X-ray diffraction pattern of Ti18 alloy.

Two things need to be explained. The first thing is the reasons why the peak of {302}
planes of o phase was selected. First, diffraction peaks with higher angle will be more sensitive
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to residual stress and lattice distortion. Second, Ti-18 is a bi-phase titanium alloy, while, most
of the peaks of a phase are mixed together with the peaks of # phase as shown in Fig. 4-31
(especially at high angles), which arouses many troubles when extracting residual stresses from
diffraction pattern. Actually, we tried to extract residual stresses with several peaks together
(both o phase and g phase), however, the results are terrible. Finally, we decided to use the
peak of {302} planes of a phase, even if there is still some interferences caused by its neighbor
peaks.

The second thing is that, as we mentioned in Chapter 1, measuring residual stresses with
X-ray diffraction on the surface of a cylindrical part with small diameter is not a simple task.
If not, we don’t have to explore the new characterizing way with instrumented indentation. In
order to reduce the problem caused by the dimension of the cylindrical part, black scotch tape,
as we used in Chapter 3, was used again for covering most part of the specimen surface. Only
a 3-mm narrow gap along the axial direction was opened for making diffraction, as shown in
Fig. 4-32. In fact, literature suggested that the largest width of the gap should be ¥4 of the
diameter, which should be 1.5 mm for our case. However, the quality of the diffraction signal
is so poor. Thus, did not have any other choice, we had to enlarge the gap a bit.

e m—y

> -
Fig. 4-32. Protection of the Ti18 specimens for X-ray diffraction tests.

For using sin?¥ method introduced in Chapter 1, 9 ¥ angles (-60°, -45°, -30°, -15°, 0°,
7.5°,22.5°,37.5° and 52.5°) were selected. Since shot-peening usually produces an equibiaxial
stress state, for the purpose of measuring residual stress in both axial and hoop direction, two
@ (®=0° and 90°) directions were necessary. In order to avoid the unwanted diffraction caused
by the specimen holder, all parts around the specimen were covered with black scotch tape.
All the 12 fatigued specimens were measured with X-ray diffraction. Furthermore, another
four specimens (one for each material state) without fatigue were tested as well for using as
controls.

All the diffraction data were treated with a Wolfram Mathematica® script to obtain residual
stress and peak broadening information. In fact, because of the geometric shape of specimens,
disturbance of the neighbor peaks and the size of the gap, residual stress and peak width values
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extracted in the hoop direction are quite abnormal. So, only the results in axial direction are
selected in this study. Moreover, considering the number of specimens and the complexity and
time of the electrolytic polishing procedure, only the residual stress and peak width information
on the specimen surfaces are obtained, but not the whole profiles along depth. All the axial

residual stresses obtained with X-ray diffraction tests were listed in Fig. 4-33.
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Fig. 4-33. Axial residual stress of all the specimens obtained through X-ray diffraction.

The black curve in Fig. 4-33 showed that about -200 MPa of residual stress, which might
be induced by the manufacturing process, exists in the surface region of raw material. Along
with the increase of strain amplitude, the pre-existed residual stress is relaxed more and more,
which means that surface residual stresses can be obviously relaxed under cyclic loading.
When Ae/2=1.4%, it is nearly completely relaxed. Only the point of A¢/2=1.0% (specimen
No.1) has a little bit rebound, which is kind of strange. The blue curve indicated that prestrain
procedure can effectively relax pre-existed surface residual stresses. And this effect can hardly
be affected by the subsequent fatigue procedures.

Things worthy to be noticed are the red (shot-peening) and the magenta (prestrain & shot-
peening) curves. It is clear that shot-peening procedure conducted in Section 4.3.2 can induce
significant compressive residual stress into the specimen surfaces, even if the magnitude is
much lower than we expected in Section 4.4.1. Actually, it is possible that the residual stress
in the subsurface region can be much higher than the surface value. Higher strain amplitude
can cause more relaxation of the surface residual stress. For Ae/2=1.4%, the shot-peening
induced residual stress is relaxed to the same level as the pre-existed residual stress in the raw
specimen. Difference between the magenta and the red curve showed that the same shot-
peening procedure can produce higher compressive surface residual stress in the prestained
specimen. This is reasonable, because that the specimen is work hardened in the prestrain
process. Interesting thing is that prestrain can keep the higher residual stress under fatigue
loading, even if strain amplitude reach 1.4%. This is quite meaningful, which indicated that
tensile prestain can effectively suppress the relaxation of shot-peening induced compressive
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surface residual stress under cyclic loading, even if the amount of prestrain is quite limited and
the material shows only slight work hardening characteristic.

Integral peak widths obtained with X-ray diffraction tests were listed in Fig. 4-34. The
trends of the black and the blue curves means that, on the surface, the raw and the prestrained
specimens are hardened a little bit when A&/2=0.7% and then keep softening along with the
increase of strain amplitude. As for the shot-peened specimens (red curve) and the presstrained
& shot-peened specimens (the magenta curve), they keep softening along with the increase of
strain amplitude. However, the Fig. 4-27 and Fig.4-28 showed different phenomena that
specimens will be softened a little bit when A¢/2=0.7% and the subsequent increase of strain
amplitude did not show any softening. For some cases, hardening even happed, such as
specimens No.1, No.4 and No.5. But, these differences do not mean that our peak width results
are wrong. In fact, results in Fig. 4-27 and Fig.4-28 showed the cyclic hardening or softening
behavior of the whole specimen. While, the phenomena showed in Fig. 4-34 reflected the
cyclic hardening or softening behaviors in the surface region of the specimens. Furthermore,
when extracting the first points of the black and the blue curves from X-ray diffraction data,
the disturbance caused by the neighbor peaks are much more severe than other cases. This may
be one reason which caused the low value of these two points. Moreover, seeing that the
influences of the shot-peening and the fine turning processes are localized in the specimen
surface, the differences between the results in this part and those in Section 4.4.2.2 are
acceptable. Actually, the surface cyclic softening behavior observed here may have important
meaning for analyze the instrumented indentation results, which will be discussed in detail
latter on.

2.8

—Hl— Raw
—m— Shot peening
—Mm— Prestrain

@ 2.6 — M~ Prestrain + shot peening

g

-1}

]

'

— 2.4 N

Rt

3

2 \

9

- 1_\\‘-‘\

=

=

e 2.0+

-

=

|

1.8 T T T T

(No fatigue)  (Ae2=0.7%)  (Ae/2=1.0%) (Ae/2=1.4%)
Fig. 4-34. Integral peak width of all the specimens obtained through X-ray diffraction.

4.6 Instrumented indentation tests on Ti-18

As investigated in Chapter 2 and Chapter 3, instrumented indentation test (11T) is sensitive
to both residual stress and accumulated plastic strain (which can be used to represent the
amount of work hardening). Although, our original goal, characterizing shot peeing induced
residual stress and work hardening with IIT, cannot be realized very well as discussed in
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Chapter 3, IIT still can supply lots of meaningful and important information which can greatly
help us to better understand mechanical properties of target material and their evolutions. Thus,
in this part of work, I1'T will be conducted on Ti18 specimens to investigate fatigue responses.

4.6.1 Specimen preparation

After fatigue tests, the calibration parts of the specimens are cut off into small pieces using
a metallographic cut off saw Secotem-15 (Struers International, Ballerip, DK) with a low
feeding speed (0.01 mm/s) to minimize the influences of the cutting process. According to
strain amplitude values (no fatigue, 0.7%, 1.0% and 1.4%), these little pieces are divided into
4 groups. Then hot mounting (heating at 180°C for 10 min and then water cooling for 10 min)
was conducteded on the LaboPress-3 hot mounting machine (Struers International, Ballerip,
DK) with resin polyester SODY 33 (ESCIL Ltd, Chassieu, FR) for fixing and organizing the
specimen pieces in each group. Mounted specimens are shown in Fig. 4-35. Two things need
to be explained. First, in order to save specimens, there are only 2 specimens (SP_No.14 and
Prestrain & SP_No0.12) in the group “no fatigue”. One each of these 2 specimens, the center
parts, which are far enough from the shot-peened surface, will be considered as the “Raw_no
fatigue” and “Prestrain_no fatigue” specimens respectively. This plan should be reasonable if
assuming that the influences caused by the fine turning process are negligible. Second, owning
to some specific reasons, fatigue test on specimen No.1 was performed lately. Thus, the piece
of specimen No.1 is cold mounted individually.

Fig. 4-35. Instrumented indentation specimens of Til8 alloy.

Based on our former experiences in Chapter 3, even if carefully conducted mechanical
polishing still can induced high plastic strain in the surface of IIT specimen. Thus, self-weights
of these specimens are strictly controlled between 6.9 g and 7.7 g to minimize the pressure
during polishing. All the specimens were then polished to mirror flatness on Vector® LC 250
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automatic lapping and polishing unit (BUEHLER An ITW International, Lake Bluff, USA)
using abrasive discs of 800-grit and 1200-grit silicon carbide abrasive disc films, (ESCIL Ltd,
Chassieu, FR) followed by 10-um suspension diamond abrasive paste and 0.05-um silica
powder (ESCIL Ltd, Chassieu, FR). After that, they were polished on the VibroMet®?2
vibratory polisher (BUEHLER An ITW International, Lake Bluff, USA) with the 0.05-um
silica powder (ESCIL Ltd, Chassieu, FR). During the whole polishing process, only self-
weight of the specimens was used for applying pressure, without any other external pressure
applied. In Chapter 3, it was mentioned that the material removal speed is quite low with this
kind polishing procedure on T40 grade 2 CPT. Seeing that the strength and hardness of Til8
are much higher than those of T40 grade 2 CPT, the polishing time here should be even longer
than before for guaranteeing the layer affected by previous polishing steps were fully removed.
Polishing time for each polishing step is 3 hours (abrasive discs of 800-grit and of 1200-grit
respectively), 4 hours (10-um diamond abrasive paste), 24 hours (0.05-um silica powder) and
144 hours (vibration polishing with 0.05-um silica powder) respectively.

Considering the dimension and the arrangement of the specimens in the resin, it is
impossible to make X-ray diffraction on the polished surface. Furthermore, there is not
electrolytic polished specimen as reference. So, unlike what we did in Chapter 3, we cannot
check the peak with values on these specimens here. However, based on our former
experiences, the quality of the polishing should be sufficient for making I1T.

4.6.3 Instrumented indentation

A series of instrumented indentation tests were performed on all the 14 specimens at
various depth from the shot-peened surface (50 xm, 80 um, 140 gm, 200 xm, 280 xm, 360 xm,
440 um, 520 um, 600 xm, 700 um, and 900 xm) following the standard ASTM E 2546-07
[142]. 5 tests were made at each depth for and their results were averaged. As for specimens
No.14 and No.12, 10 more tests were conducted at the depth 2500 «m on each of them for
representing the specimens “Raw no fatigue” and “Prestrain no fatigue” respectively. The
maximum penetration depth is 3 um as well to overcome the effects in the surface region
induced by the polishing procedure. All the instrumented indentation tests were performed on
the Nano indenter®XP (MTS systems corporation, Eden Praire, USA) with a Berkovich
indenter.

All the indentation results are listed as follows, after the corrections of frame stiffness and
free-edge effects. For the convenience of analysis, the results are organized in two different
ways. First, they are organized according to the variation of strain amplitude. Then, they are
organized with different material states. This kind of differential organization can help us to
understand the influences of prestrain, shot-peening and strain amplitude better and easier.
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4.6.4 11T responses analysis

As discussed in Chapter 2 and Chapter 3, there are mainly there 11T responses which are
of great importance: maximum indentation load (Pmax), contact hardness (H) and contact
stiffness (S). Each of them will be discussed in detail in the following sections.

One troublesome thing for analyzing the 11T responses is the significant scatter of the data,
which makes some profiles mixed together with some other profiles, as shown in Fig. 4-36,
Fig. 4-38 and Fig. 4-40. It is difficult to clearly distinguish the differences among groups with
various strain amplitudes. In order to overcome this kind of problem, data points and their error
bars on each profile are averaged in the whole depth range according to formulas as follows:

X = (4-1)

i n; (O_i2 + ()ZI -X)?)
o= |- (4-2)

where x. is the data point on each profile (which is a mean value of N; indentation tests), xis

the mean value of the whole profile, »2is the standard deviation corresponding to each data

point, - is the combined standard deviation of the whole profile. The averaged indentation
responses are shown in Fig. 4-37, Fig. 4-39 and Fig. 4-41. In this way, the comparison between
each profile will become clear and easy.

4.6.4.1 Maximum indentation load (Pmax)

The profiles of Pmax along depth for the raw and prestrained specimens are shown in Fig.
4-36(a) and Fig. 4-36(c), from which we could see that there is no obvious gradient for all the
profiles. Some of the points near the surface seem to be kind of different from the points in the
core, which might be caused by slight influences induced by the fine turning process when
manufacturing the specimens. However, the overall trends of the profiles are rather flat, which
means that our testing plan on specimens No.14 and No.12, as discussed in Section 4.6.3, is
reasonable.

Gradient occurred on the profiles of shot-peened and prestrained & shot-peened specimens,
as shown in Fig. 4-36(b) and Fig. 4-36(d). However, the Pmax gradient is quite different from
the results we obtained on T40 grade2 CPT, as shown in Fig. 3-18(a). Fig. 3-18(a) showed that
getting close to the shot-peened surface, Pmax will increase, which is
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low than that in the core. Seeing that the residual stress in the shot-peened surface region must
be higher than that in the core, the only explanation of the abnormal Pmax profiles should be
that the surface regions of Ti-18 specimens were softened during the shot-peening process.
Although X-ray diffraction tests along the whole depth has not been performed, the rationality
of this speculation still can be indirectly proved by the results of the oa showed in Fig. 4-27
and Fig. 4-28. If look back into Fig. 4-27 and Fig. 4-28, we could see that under high strain
amplitude, the material will only be hardened a little bit in the first few cycles. After that, it
will keep softening. We can imagine that, after 100 cycles, if cyclic loading is keep going on,
it is quite possible that the material will become softer than its original state. Different from
monotonic loading process, shot-peening process will make the surface material go through a
very complex loading path and history, which should be more similar as a cyclic loading path
and history. Considering the severe surface deformation and the repeat impacts of the shots
during shot-peening process, it is quite possible that the surface region of the specimen has
already been severely cyclic softened. However, in the subsurface region, the softening effect
IS not so severe. In the deeper layer, the material might still stay in the hardening stage. Thus
Pmax Value in this range becomes higher along with the increase of the depth. From Fig.4-36(b)
and Fig.4-36(d), we can also see that the for the cases Ae/2=1.4%, the whole profiles became
quite flat. This is quite reasonable, because that under the strain amplitude high enough, the
effects of the shot-peening process will be completely covered by the cyclic softening caused
by the fatigue loading.

By doing the averaging operation mentioned above, each profile can be represented by one
Pmax Value with an error bar, as shown in Fig. 4-37. Although this method cannot reflect the
local variations of each profile, it is still meaningful because that an overall situation of each
profile can give us some information about the influences of strain amplitude. Fig.4-37(a)
showed that along with the increase of strain amplitude, maximum indentation load will first
increase and then decrease. In fact, this is not occasional. Fig.4-37(b), Fig. 4-37(c) and Fig.4-
36(d) showed the similar phenomenon as well. Results in Fig. 4-27 showed that, for Ae/2=0.7%,
all the specimens are softened a bit. While for Ae/2=1.0% and 1.4%, after 100 cycle, some of
the specimens are hardened a little bit, while some others are nearly neither hardened not
softened, such as specimens No.3, No.6, No.10 and No.18. Although the results of our former
simulations showed that the increase of compressive residual stress and work hardening can
cause the increase of Pmax, it does not mean what we observed here is abnormal. The
constitutive model used in our former simulations is too simple, which did not take material
softening, kinematic hardening, etc. into account. In fact, even if material is softened, Pmax
might increase as well, which is because that the contact area might increase.
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that shot-peening can effectively obstruct the softening of Ti-18 alloy under low cycle fatigue
loading. However, the effects of prestrain process on Pmax Seem to be quite limited. Considering
the fairly flat monotonic hardening behavior of Ti18, this is normal.

4.6.4.2 Contact stiffness (S)

In Fig. 4-38(a) and Fig. 4-38(c), for the raw and the prestrained specimens, most of the S
profiles are rather flat. Few exceptions showed variation of S. The most strange one is specimen
No.1 (Raw, A&/2=1.0%), the stiffness of which is much lower than all other specimens.
Specimen No.1 was polished individually, as shown in Fig. 4-35. Although the polishing
procedure was strictly controlled, the existence of unexpected mistakes was still possible.
Another possible reason is that the material property of specimen No.1 may be different from
others. Result shown in Fig. 4-33 has confirmed this from one aspect. However, the
abnormality of specimen No.1 and the stiffness decrease phenomenon did not affect the
averaged S value so much. As for the variations of S occurred in the surface regions of
specimens No.18 and No.6, they might be caused by the fine turning process of the specimens.

From Fig.4-38(b) we can see that for all the four shot-peened specimens, S decreased when
getting close to the surface. However, along with the increase of strain amplitude, the S
decrease phenomenon in the surface region became more and more gentle. Since the correction
of free-edge effects has already been done, there must be some other reasons for these
variations. According to Eq.1-X, contact stiffness is directly correlated with Young’s modulus
and projected contact area. Since Young’s modulus is an eigen material constant, thus the
decrease of S in the shot-peened surface region should be attributed to the decrease of projected
contact area. However, our former simulations in Chapter 2 and Chapter 3 showed that shot-
peening process induced residual stresses and work hardening will increase projected contact
area, which is opposite to our observation here. In order to know the variation of contact
stiffness in the shot-peened surface region, further investigations need to be performed in the
future.

Fig. 4-38(d) showed that similar S variations in the surface region also existed in the
prestrained & shot-peened specimens, however, the extents are much lower. This means that
the prestrain process effectively obstructed the variation of S. In addition, the effect of strain
amplitude became fairly unobvious that all the profiles were quite similar.

Fig. 4-39(b) and Fig. 4-39(d) showed that for all the shot-peened specimens, the averaged
S values tend to increase along with the increase of strain amplitude. This might because that
[T test of fatigue specimen with higher strain amplitude can produce a larger projected contact
area.
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Fig. 4-43. Indentation responses vs residual stress relations for all the samples.
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lower than all other specimens. For raw and prestraiend specimen, unchanged contact hardness
is quite normal and logical. While, for the shot-peened and prestrained & shot-peened
specimens, this is strange. In Chapter 3, obvious gradient of contact hardness was observed on
the shot-peened T40 grade 2 CPT specimen, as shown in Fig. 3-18(c). However, considering
the possibility of softening discussed above, the invariance of contact hardness in shot-peened
specimen becomes explainable from one aspect.

4.6.4.4 Correlating 11T responses with residual stresses and peak width

All the IIT responses showed and discussed above are either profiles along depth or
averaged value over the whole depth, which is difficult to be compared and correlated with the
results obtained from X-ray diffraction tests which was performed on the surface of the
specimens. However, our information about residual stresses and peak broadening was
obtained from X-ray diffraction.

In order to correlate the 11T responses with residual stresses and peak width information
obtained with X-ray diffraction, the data were treated in a special way. All the IIT responses
of the first point (depth = 20 um) of each profile were selected as the IIT data on the shot-
peened surface. Then, IIT responses vs residual stresses and peak widths were plot in Fig. 4-
42 and Fig. 4-43. Although the IIT responses of “Raw no fatigue” and “Prestrain no fatigue”
are represented by the data on specimens No.14 and No.12 at 2500 xm depth, they still will be
plot for making comparison.

Considering the whole variation range of peak widths, their scatters are considerably larger.

Thus, there is no relationship between any IIT response and peak width can be concluded very
clearly. It is interesting to note that peak width is not correlated to hardness.
Both quantities could be seen as linked to dislocation density variation due to plasticity
(coming from shot-peening, prestrain or cyclic loading). However, the global variations of H
are smaller than 3% which is smaller than the dispersion which means that plasticity does not
induce any hardening. This is consistent with the very flat tensile curve. On the other hand, the
global variations of peak width are about 19% which is significant. Indeed, Fig. 4-31 shows
meaningful evolutions of peak width versus loading amplitude. It can be concluded that, on
some materials, both hardness and peak width can be used to follow the evolutions due to
plasticity but for Ti-18 alloy, only peak widths give information.

Much smaller dispersion of residual stress makes it possible to observe some trends of IIT
responses from Fig. 4-43. Along with increase of compressive residual stress, Pmax decreases
slightly, which is totally different from the results on T40 grade 2 CPT. This might be attributed
to the fact that cyclic softening had happed in the surface region on the specimens. Similar
regular can also be observed from S which increases when RS decreases. This means that
projected contact area, which is closely correlated with pile-up/sinking-in phenomenon,
increases. However, this is contrast to what we obtained from the simulations on material A in
Chapter 2. The correlation between RS and H is faint but perceptible. H decreases when the
absolute value of RS decreases. This is consistent with the results observed by Tsui’s [124] on
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aluminum alloy 8009. As compared to Tsui’s classical results in Fig. 4-44, the variation of our
case is about 0.1 GPa between -400 MPa and 0 (a 1.5% variation), while for Tsui’s research
on aluminum alloy, the variation is 0.05 GPa between -400 MPa and 0 (a 3.5% variation).
Furthermore, for both aluminium and Ti-18 alloys, the dispersions are fairly large.

1.5 —T — T T
Aluminum Alloy 8009
}* ——a— uniaxial A
-------- biaxial

1.4

Hardness (GPa)

1.2

<<— compression | tension—> !
1 1 1 1 1 1 1 1
-400 -200 0 200 400
Stress, MPa

Fig. 4-44. Classic correlation between hardness and residual stress obtained by Tsui et al. [124].
4.7 Conclusion

Because of its great mechanical properties, such as high specific strength, good ductility,
etc., a recently developed new type of high-strength bi-phase titanium alloy, Ti-18, has a great
potential to be used for the landing gear as an improved alternative to conventional f phase
high-strength alloys. Since it is still quite new, investigations on the material properties of Ti-
18 are still lacking in many aspects. Thus, it was chosen as the target material in this chapter.

Uniaxial tensile test showed that the yield strength of Ti-18 alloy is higher than 1300 MPa
and its elongation is about 8.3%. Observation under scanning electrical microscope (SEM)
showed that Ti-18 has a typical bimodal microstructure of titanium alloys: many discrete
globular primary ap phase grains are surrounded by the transformed g matrix including the
retained S phase and the precipitated as phase.

Several fatigue test specimens of Ti-18 alloy were manufactured and pretreated with shot-
peening, prestraining and prestraining & shot-peening. According to the uniaxial tensile
responses of Ti-18 alloy, a 3.2% total strain (1.8% plastic strain) was introduced into 7
specimens. A shot-peening condition, which can generate approximately the same impact
density as the shot-peening process performed on T40 grade 2 CPT, was obtained through
series of specific simulations. 4 raw specimens and 4 prestrained specimens were then shot-
peened under this condition. From a pure structural view point, three different strain amplitudes
(0.7%, 1.0% and 1.4%) were decided as the loading conditions of fatigue tests.

After prestaining and shot-peening treatments, strain controlled low cycle fatigue tests
were conducted on 12 specimens of four different material states (raw, shot-peened,
prestrained and prestrained & shot-peened) under all the three strain amplitudes respectively.
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Another two specimens (one is shot-peened and the other one is prestrained & shot-peened)
without fatigue were used for refence. Prestrain and fatigue test results showed that a certain
level of scatter of material strength (several tens of MPa) exist among these specimens.

Fatigue test results showed that mean stress relaxation happened for all the three strain
amplitudes. Along with the increase of strain amplitudes, both the amount and the speed of the
mean stress relaxation become larger. Stress amplitude results showed that when Ae/2=0.7%,
specimen of all the four material states will cyclically softened a little bit. As for Ae/2=1.0%
and 1.4%, all the 8 specimens went through a “first hardening and then softening” process.
However, since the fatigue tests were terminated after only 100 cycles, 4 of the specimens were
still hardened a little bit than their original states. Another 4 specimens came back to the same
level as their original states. None was cyclically softened.

X-ray diffraction tests performed on the specimen surfaces showed that the increase of
strain amplitude can increase the relaxation of shot-peening induced compressive surface
residual stresses. Cyclic softening was also observed on the surface of the shot-peened and
prestrained & shot-peened specimens. As for the raw and prestrained specimens, along with
the increase of strain amplitude, material was firstly hardened a little bit and then softened.

Instrumented indentation tests were performed on the fatigued and reference specimens as
well. For the shot-peened specimens, getting close to the surface, decrease of Pmax happened,
which is different from our former observations on T40 grade 2 CPT. The reason of this
phenomenon might because that the surface region were softened during shot-peening. Contact
hardness showed kind of invariance. For most of the specimens, the variation of contact
stiffness is limited except specimen No.1l. Considering the complex cyclic hardening and
softening behavior of Ti-18 and the possibilities of other impacting factors, it is hard to say the
exact reason of the variance of contact stiffness.

In order to better understand the evolutions of residual stress and work hardening during
the low cycle fatigue processes of Ti-18 alloy, some further investigations need to be done in
the future. First, the whole residual stress and peak width profiles need to be characterized,
because this can show the relaxation residual stress relaxation behavior in the whole depth
direction. Second, the relationship between X-ray diffraction peak width and accumulated
plastic strain needs to be characterized, which can help us to qualitatively understand the cyclic
hardening/softening behavior of Ti-18 alloy.
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Chapter 5

Conclusions and perspectives

Nearly all of the manufacturing and mechanical processes, such as shot-peening, rolling, deep
drawing, cutting, etc. can simultaneously introduce residual stresses (RS) and work hardening
into metallic components. Shot-peening, as a highly mature surface treatment technique, has
been broadly used in many fields for improving the performance, especially the fatigue
resistance, of components. In the past decades, several conventional characterizing methods of
residual stresses (such as hole-drilling method, splitting method, X-ray diffraction, etc.) and
work hardening (such as hardness indentation, electron back scatter diffraction, X-ray
diffraction, etc.) had been developed and consummated. However, there are still some
limitations of these techniques. For instance, they cannot be applied in small volume, are
always complex in practice, cannot quantitatively measure work hardening, etc. Aiming at
these insufficiencies, the present thesis tried to propose a new approach, based on instrumented
indentation test (11T), for simultaneously measuring shot-peening induced residual stresses and
work hardening in a localized volume. Furthermore, the relaxation of residual stresses and the
evolution of work hardening during low cycle fatigue process can severely influence the
fatigue resistance of components. Thus, in the present thesis, relevant investigations were also
performed on Ti-18, a newly developed high-strength near g-phase titanium alloy.

First, a systemic review was made on a series of critical conceptions involved in this thesis,
including shot-peening, residual stress, work hardening, measuring methods of residual stress,
characterizing approaches of work hardening, fatigue process, evolution of residual stresses
and work hardening during fatigue, titanium alloy and so on. Through the review, current
situation and background in relative researching fields have been clarified, and the motivation
and necessity of present study have been demonstrated.

After the review, our attention was firstly paid to the exploration of the new approach to
qualitatively characterize residual stresses and work hardening in small volume. Since
instrumented indentation test is a localized technique, which is sensitive to both residual
stresses and work hardening, it became our idea candidate. Seeing that there is a direct
relationship between work hardening and accumulated plastic strain (PP), the later was used
to represent the former. A series of finite element method (FEM) simulations were firstly
performed on four targets materials (copper and 3 virtual materials), which were described by
a Ludwick type isotropic hardening constitutive behavior, to study the influences of RS and
PP on IIT process. A cylinder representative volume element (RVE) under the shot-peening
the surface was set as the investigating domain and the problem with a 3D Berkovich identer
was simplified into a 2D axisymmetric problem with an equivalent conical indenter. For
receiving high accuracy with low computing costs, the FEM model was locally refined in the
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zone beneath the indenter. Mesh convergence and model adequacy studies showed the
performance of the FEM model is good enough.

The Suresh method and the approach of differentiating shapes of load vs depth (P-h) curves
were then studied. However, both of the two methods were failed in measuring RS and PP,
because none of them can separate the two factors. Thereinto, study of the second approach
showed that certain levels of PP and RS can produce nearly the same P-h curve. Fortunately,
topography analysis of the indentation dimple showed that the pile-up/sinking-in values for
different cases are influenced differently by magnitudes of the RS and PP. However, this
difference, which varies from few nanometers to several tens nanometers on different materials,
is too small to be measured experimentally. Since the pile-up/sinking-in value is directly
correlated with the projected contact area (Ac) and the Young’s moduls (E), which are two
basic factors to extract contact hardness (H) and contact stiffness (S), it is possible that H and
S can show some larger differences. Then, a series of FEM simulations concerning with various
RS and PP levels in the possible elasto-plasto range of a virtual material were conducted.
Results showed that three functions Pmax/Pmaxo=f(RS, PP), H/Ho=g(RS, PP) and S/So=k(RS, PP)
could be built, where Pmax, H and S are respectively the maximum load, the contact hardness
and the contact stiffness of material with arbitrary RS and PP, while Pmaxo, Ho and So are
respectively the maximum load, the contact hardness and the contact stiffness of reference
sample which is supposed to be the raw material without any RS and PP. Since the common
solution of each two functions can directly give the RS and the PP values, this new approach
is called simultaneous function method. Simulations with two arbitrary combinations of RS
and PP showed the fairly high accuracy of this method from a purely numerical view point.

Next, the accuracy and adaptability of the simultaneous function method were investigated
together with 11T experiments and simulations on a T40 grade 2 CPT specimen which had been
shot-peened. Both the RS and PP profiles along the depth were extracted by X-ray diffraction
(X-RD) measurements. Thereinto, RS values were obtained from diffraction peak shift, while
PP values were derived from integral peak width. The relationship between PP and peak width
was calibrated with a series of uniaxial tensile tests on a specially prepared specimen, which
is supposed to be free from the influence of extra RS and PP. Results showed that the maximum
value of the compressive residual stress can reach - 340 MPa, whereas the influenced depth is
about 450 um. Shot-peening process can induce a high plastic strains in a significant depth. At
the extreme surface, the plastic strain level can reach even more than 70%.

Several indentation specimens were cut off from the shot-peened T40 sample along the
cross section and carefully polished. Indentation tests at various depth from the shot-peened
surface on three specimens (No.1, No.2 and No.3), which are mechanically polished under
different conditions, were conducted. All the indentation responses were corrected from the
free-edge effects. Results showed that polishing procedure can severely influence the values
of the IIT responses. Then, another 10 indentation tests were performed on an electrolytic
polished raw reference sample which is supposed to be free of the influences of extra RS and
PP. 1T responses (Pmax, S and H) on the carefully mechanically polished specimen (No.3) were
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normalized by the corresponding data (Pmaxo, So and Ho) derived from the averaged values on
the reference sample.

The constitutive behavior of T40 was extracted from uniaxial tensile test and put into the
FEM model. However, simulation IIT responses, without any RS and PP, were far away from
the corresponding values obtained from indentation tests on the reference raw material. In
order to reduce the gap between simulated and experimental results, the indenter shape was
modified by considering the tip defect.

Simulations with various RS and PP levels were conducted for deriving functions of the
normalized IIT responses. However, when using the simultaneous function method together
with the normalized T responses obtained from experiments, the contour plots of S/So
(1~1.057) and H/Ho (1~426) are not sufficient to cover the range of the corresponding
experimental data (0.85~1 and 1~1.61). A limited method was proposed to extract the PP
profile, however, the result is generally higher than the profile obtained with X-RD. Once
possible reason for these problems is that some extra effects had been introduced by the
mechanical polishing process, even if it was carefully performed.

In order to improve the capability to use the simultaneous function method in practice,
several modifications were made. First, disturbance introduced by the carefully mechanical
polishing procedure was investigated. Grazing incidence X-ray diffraction (GIXRD) tests were
conducted. Results showed that residual stresses (supposed to be constant in each layer) in the
surface of specimen No.3 did not show much variation, comparing with the residual stresses
in the reference raw sample, which indicated that the carefully mechanical polishing procedure
used here can effectively reduce the levels of the extra induced residual stresses. However,
drastically increased peak width showed that fairly high plastic strain exists in the surface
region of specimen No.3. The relationship between peak width and plastic strain calibrated
before showed that the polishing process can induce plastic strain into an approximate depth
of 5 um, which is even deeper than the hmax (3 «m ) value of the indentation tests. In the layer
near the surface (in the range of depth about 350 nm), the plastic strain levels are significantly
high, which can even reach more than 60% in the very top layer. The surface high plastic strain
levels were taken into account to modify the FEM model as well. However, there was no
obvious improvement with both the simultaneous function method and the limited method.

In order to bypass the difference between electrolytic-polished sample and the carefully
mechanically polished sample, a secondary optimization process was then conducted by using
one part on the carefully mechanically polished sample, which is far away enough (900 um)
from the shot-peened surface, as the new reference. Because X-ray diffraction results showed
that the material should be free from the effects of the shot-peening process at such a depth.
The newly optimized parameters were then set into the FEM model for further modification.
Although simultaneous method still does not work, the plastic strain profile obtained with the
limited method was still greatly improved. This demonstrated one possibility of extracting
shot-peening induced plastic strain profile in practice, which is closely correlated with work
hardening.
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Afterwards, the relaxation of residual stress and the evolution of work hardening during
low cycle fatigue process were studied. A recently developed high-strength near S-phase
titanium alloy, T-18, was used as the target material. Because of its excellent mechanical
properties, such as high specific strength, good ductility, etc., Ti-18 has a great potential to be
used for the landing gear as an improved alternative to conventional £ phase high-strength
alloys. Its great properties and fine microstructure were shown by uniaxial tensile test and
scanning electrical microscope (SEM) observation.

Several fatigue specimens were manufactured through wire-cutting electric discharge
machining (WCDM) and fine turning, and further prepared by various pretreatments for
obtaining different material states, including raw, shot-peened, prestrained and prestrained &
shot-peened. Thereinto, the prestraining condition was determined from uniaxial tensile test,
and the shot-peening condition, which can generate approximately the same impact density as
the shot-peening process performed on T40 flat sample, was calculated through series of
multibody dynamics simulations. Three different strain amplitudes (0.7%, 1.0% and 1.4%)
were decided from a pure structural view point to study different levels of plasticity. The low
cycle fatigue tests at room temperature, controlled under stain amplitude, were performed on
twelve specimens of the four different material states (three for each state). Another two
specimens (one is shot-peened and the other one is prestrained & shot-peened) that were not
submitted to fatigue loading were used as references.

Both prestraining and fatigue stress-strain curves showed that scatters of several tens of
MPa exist among these specimens. The fatigue tests were stopped after only 100 cycles
(Ae/2=1.0% and 1.4%) or 140 cycles (Ae/2=0.7%) to permit the comparison of the relaxation
of the mean stress and the residual stress on the four states, except for two specimens which
were broken. Fatigue results showed that relaxation of mean stress, which is supposed to be
correlated with residual stress relaxation, occured under all the three strain amplitudes.
Moreover, along with the increase of strain amplitudes, both the amount and the speed of the
mean-stress relaxation became larger. Stress amplitude results showed that when Ae/2=0.7%,
specimen of all the four material states will cyclically softened a little bit (about 20 MPa). As
for Ae/2=1.0% and 1.4%, all the eight specimens went through a “first hardening and then
softening” process. Thereinto, four specimens were still hardened a little bit (several tens MPa)
than their original states. The other four specimens came back to the same level as their original
states. None was cyclically softened after about 100 cycles.

X-ray diffraction tests on the surface of the specimens showed obvious relaxation of shot-
peening induced compressive residual stresses. Meanwhile, the variation of peak width showed
that cyclic softening happened to the surfaces of all the shot-peened and prestrained & shot-
peened specimens. As for the raw and the prestrained samples, along with the increase of strain
amplitude, the material was firstly hardened a bit and then softened. Instrumented indentation
tests on the cross section of the fatigue samples showed that the Pmax profiles on Ti-18 is
different from that on T40, which showed that shot-peening may not work harden but soften
the surface regions on the samples. There is no obvious correlation between critical indentation
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responses and peak with, which is different from T40 as well. However, contact hardness
increased slightly along with the increase of compressive residual stress, which confirmed the
classic observation obtained in the literature.

Although lots of work has been done and many problems have been discussed in the present
thesis, there is still much work that needs to be done in the future.

One of our original goals is to explore and establish a new approach, based on instrumented
indentation test, for characterizing shot-peening induced residual stress and work hardening
simultaneously. Meanwhile, we hope this new method can be easily used in practice and
insensitive to constitutive model. However, investigation of the present thesis showed that the
critical 1T responses (Pmax, S and H) are sensitive to constitutive model, especially contact
stiffness S. For better describing instrumented indentation process on metallic materials,
kinematic hardening (or maybe mixed hardening) behavior and cyclic constitutive equations
together with specific identifications need to be taken into account in the future. Precisely
describe the IIT process with FEM model is of great importance to the application of the
simultaneous function method proposed in the present work.

Furthermore, based on the results of the literature, we used a simplified way to introduce
residual stress and work hardening into the RVE by only considering the hydrostatic pressure,
which transformed the problem into a 2D axisymmetric one. However, this way of constructing
RVE is still questionable. In the future, 3D FEM model considering the all the components of
stress tensor need to be built for better investigating the effects of residual stresses on T
process with a Berkovich indenter. In addition, II'T experiments and simulations with spherical
indenter also deserve to be studied in the future. Since spherical indenter is axisymmetric, it
can prevent the problem between 2D and 3D models caused by the difference of indenter
shapes.

Although our simultaneous function method met a big problem when trying to be applied
in practice, it is still worthy to be further explored and modified in the future. Since high
accuracy has already been achieved from a pure numerical view point, it means that there is
no fatal problem with this method. Reducing the gap between numerical results and the
experimental data through inverse method by considering residual stress and accumulated
plastic strain will be one possible direction for improving the performance of simultaneous
function method. Our former simulations showed that the normalized unloading P-h curve,
which is also correlated with contact stiffness S, is sensitive to all the material parameters in
our FEM model. Thus, it may supply one possible direction to analyze the dispersion on IIT
process caused by the material parameters. This might be important to thoroughly figure out
the difference between electrolytic polished sample and the mechanically polished sample.
Further tests with the limited method on other materials are also necessary, because it is still
meaningful, even if only the profile of accumulated plastic strain can be extracted.

Concerning the tests on Ti-18 alloy, some further investigations need to be completed as
well. Because of the limitation of time and equipment, the whole residual stress and peak width
profiles along the depth have not been characterized. In the future, a new electrolytic-polishing
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instrument will be installed and tested for realizing precise layer removal on the cylindrical
fatigue specimens. In addition, the relationship between peak width and accumulated plastic
strain on Ti-18 need to be calibrated as well, which will be significant important to study the
hardening/softening behavior of this alloy. Of course, trying to apply the simultaneous function
method and the limited method on Ti-18 will be conducted as well.

In the long term, simultaneous function method will be modified to be maturely used for
the quantitative characterization of the shot-peening induced residual stresses and work
hardening in fatigue samples. With this method, the cyclic relaxation of residual stresses and
mean stress, and the cyclic evolution of work hardening in more metallic materials will be
studies. The corresponding results can be used to guide the optimization of shot-peening
parameters and the improvement of the efficiency of the shot-peeing process. Our final goal is
to develop a code which can link the fatigue performance of components with the shot-peeing
parameters. By considering the material properties of the components, the cyclic evolution of
residual stresses and work hardening and so on, this code should be able to predict a set of
shot-peeing parameters which can produce a best fatigue performance of the components.
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Ré&umeéen franqis

Deux questions se posent lorsqu’on étudie les effets du procédé de grenaillage sur la fatigue
oligocyclique (FO) des composants. En effet, le grenaillage peut introduire simultanément des
contraintes résiduelles (CR) et de 1’écrouissage dans les composants. La premi&e question est
comment les séparer et puis les caractériser quantitativement dans 1’épaisseur de matériau
traitée. La seconde est la relaxation des CR et I'évolution de 1’écrouissage au cours du cyclage,
ce qui peut diminuer I’efficacité du grenaillage.

L’analyse de 1’écrouissage introduit lors d’un essai de traction est bien maitrisée, mais, a
ce jour, il n’existe pas de méthode universelle pour caractériser quantitativement 1’écrouissage
introduit par un proc&éde mise en forme ou de traitement.

La caract&isation des CR a éééudiée par beaucoup de scientifiques dans les derni&es
deéeennies [3]. Des techniques comme la mé&hode du percage incrémental, la diffraction des
rayons X, la propagation des ultrasons, etc. ont &€développé& et améiorées et présentent
aujourd’hui une bonne fiabilité [4]. Les limites de ces méthodes pour déterminer un profil de
contraintes réiduelles sont bien connues et elles pourraient &re utilement compléées par
I’essai d’indentation instrumentée. Cet essai est, en effet, sensible simultanément aux
contraintes et a 1’écrouissage [5, 6] et permet, par ailleurs, une caracté&isation locale aisee sur
une coupe droite de I’éprouvette traitée. L’un des objectifs de cette these est de discuter de sa
pertinence dans le cas des couches grenailléees.

Dans cette these, nous voulons éudier l'influence du grenaillage sur la réistance des
alliages de titane ala fatigue oligocyclique. En particulier la relaxation des CR, I'é@olution de
I’écrouissage et les effets d’un traitement de prédéormation. Dans la bibliographie, certains
chercheurs ont proposéque le rde des CR dans le processus de fatigue est tout &fait similaire
acelui de la contrainte moyenne [7]. Ainsi, la relaxation de contrainte moyenne sera un des
points abordés dans la présente thése. En outre, 1’écrouissage local introduit par le grenaillage
peut éalement avoir un rde sur la fatigue et notamment modifier le durcissement ou
I’adoucissement du matériau sous 1’effet de la déformation plastique cumulée a chaque cycle
de sollicitation.

Chapitre 1

Contexte et éat de la recherche

Les concepts de base concernés

Grenaillage

Le grenaillage de pré&ontrainte est un proc&léde traitement afroid utilisépour produire
une couche de contraintes de compression et modifier les propriéé meésaniques des méaux
[9]. Pendant le processus de grenaillage, chaque bille frappe les couches superficielles de la
surface de la piege provoquant une dé&ormation plastique localisée. Aprés avoir @émartelé
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de nombreuses fois, la surface va ére plastifié de maniee relativement uniforme ce qui
produit une couche en compression, éjuilibré par une sous-couche en traction. Simultanément,
un €rouissage est induit dans la couche en compression. Le grenaillage de pré&ontrainte est
utilisé pour augmenter les performances en fatigue des composants soumis ade fortes
sollicitations mé&saniques [10].

Contraintes ré&iduelles (CR)

D'une maniée géné&ale, les contraintes ré&iduelles sont des contraintes auto-eguilibrees
existants dans un composant ou une structure libre sans aucune charge externe appliqué. En
fait, le méanisme essentiel de formation de contraintes ré&iduelles est I’inhomogénétéde
déformations inéastiques produites dans un composant. Cette inhomogeénétéest produite par
exemple par le proc&éde mise en forme ou de traitement du mat&iau. Selon I'é&helle de
I'hn@&ogenété les contraintes réiduelles sont divisées en trois catégories, appelés CR
d’ordre I (a peu prés homogenes dans une zone relativement grande, macroscopique), d’ordre
IT (presque homogenes dans les constituants microscopiques, un grain ou une phase) et d’ordre
Il (non homogeénes dans les zones microscopiques, sur quelques distances inter-atomiques)
[11]. Dans cette these, nous nous concentrerons sur les contraintes d’ordre I.

Ecrouissage

L’écrouissage est un phénomene de durcissement d’un métal ductile quand il est déformé
plastiquement [14]. Le mécanisme de 1’écrouissage est étroitement 1i¢ aux dislocations. Dans
les mé&aux, la déformation plastique se produit par le mouvement des dislocations. Lorsque les
dislocations se déplacent, elles sont plus susceptibles de rencontrer et d'interagir avec d'autres
dislocations ou défauts cristallins, produisant ainsi une résistance ala poursuite du mouvement.
En outre, le nombre de dislocations dans un méal au cours de la déformation augmente
considéablement, ce qui augmente encore la probabilitéd'interaction. Cela se traduira une
diminution de la mobilitédes dislocations et un renforcement du méal [15].

Fatigue dans les maté&iaux méalliques

La fatigue ou la rupture par fatigue est définie comme une modification des proprié&és des
maté&iaux en raison de l'application de contraintes ou de déormations cycliques, dont la
rééition peut conduire ala fissuration ou ala rupture [16]. Les premiers travaux effectués par
August Wohler ont montré qu’un chargement unique, trés en dessous de la résistance statique
d'une structure, ne provoque pas de dommages. Cependant, si la mé@ne charge est répé&ee de
nombreuses fois, elle peut provoquer une défaillance complée. Selon les variations de taux de
charge (le rapport entre la charge minimale et la charge maximale) et le nombre de cycles, les
essais de fatigue peuvent &@re classés en plusieurs types, tels que la fatigue alterné, la fatigue
ondulés, etc. Les essais de fatigue peuvent éjalement &re classés en fatigue sous contrainte
contrde ou en fatigue sous déformation contrdee selon la maniée de commander les essais.
Les ruptures par fatigue se produisent en plusieurs phases qui sont généalement divisés en
phase d'amorcage de la fissure, en phase de propagation et en rupture finale. On peut
géné&alement considéer que le comportement en relaxation cyclique des CR induites par
grenaillage se produit principalement pendant la phase d’amorgage.
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Influence des CR et de I’écrouissage sur la fatigue

Influence des CR

De nombreux travaux ont confirmeéque la pré&ence de CR de compression ala surface des
composants chargés cycliquement est bénéfique pour am@diorer la duré de vie de fatigue [12].
Par conséjuent, pour les pieses soumises ades sollicitations de fatigue, de nombreux
concepteurs pré&onisent des techniques géné&ant des CR de compression au niveau de la
surface.
Influence de I’écrouissage

Des expé&iences ont montréque le durcissement ou I’adoucissement des aciers joue un role
sur la stabilité des contraintes. En effet, 1’écrouissage, en augmentant la densité des
dislocations rend plus difficile le mouvement de ces mémes dislocations et augmente la
résistance ala plastification [18]. Ceci est utile pour maintenir les CR de compression initiales
induites par le grenaillage et am@&iore la résistance a la fatigue du métal. L’écrouissage
(usuellement par I'application d'une surcharge) peut produire une zone plastique en pointe des
microfissures de fatigue, ce qui peut retarder leur croissance [20].

Evolution des CR et de I’écrouissage au cours du processus de fatigue

Relaxation cyclique des CR

Pour les é&hantillons qui sont grenaillés, la relaxation se produit atous les niveaux de
chargement et est la plus rapide dans les premiers stades de fatigue. Dans une érouvette
grenaillée soumise aune sollicitation ondulé&, les CR peuvent mé&ne changer de signe et
devenir de la traction. Il existe principalement deux types de mé&anismes de relaxation des CR.
Tout d'abord, il y a une relaxation de structure lié al'éuilibre global de la section. Une
plastification dans la reégion du cceur permet de reluire I'incompatibilitéentre la surface
grenaillé& et le cceur. Ainsi, les CR de compression induites par grenaillage seront relaxées,
ma@éne si la région de la surface est restée purement &astique. Un seul cycle de chargement est
néeessaire pour ce processus. Ensuite, il peut y avoir une relaxation liée aune plasticitélocale
dans la ré&gion de la surface qui diminue l'incompatibilité entre les diffé&entes couches
progressivement. Ce processus nésessitera plusieurs cycles pour accumuler suffisamment de
microplasticitépour se manifester al'é&helle mondiale.
Relaxation cyclique de la contrainte moyenne

Dans les composants meeaniques soumis aun chargement cyclique asymérique en
déformation imposée, la plupart des maté&iaux préentent une relaxation de la contrainte
moyenne. La bibliographie montre que I'amplitude de dé&ormation a une forte influence sur le
comportement de relaxation cyclique de la contrainte moyenne [29]. Une é&ude sous une
sollicitation telle que R.=0 peut &re int&essante pour analyser les relaxations de la contrainte
moyenne et de la CR en surface. Elle peut nous aider amieux comprendre la similitude et la
divergence entre le comportement de relaxation de la contrainte moyenne et celui de la CR de
surface introduite par grenaillage. Cela signifie que la relaxation en contrainte peut éalement
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se produire dans un maté&iau durcissant cycliqguement [32], bien que les mé&anismes a 1’origine
de cette relaxation ne soient pas tres clairs.

Caracté&isation des CR

Beaucoup d'expéiences ont montré que des déformations structurelles se produisent
lorsque les CR sont lib&ees par la coupe ou I'enlé/ement de matiee. Lorsque ces relaxations
se produisent de maniee purement dastique, il existe une relation lin&ire entre la contrainte
rel&hee et les délacements ou les déformations induites. Ceci est ala base des mé&hodes dites
«de relaxation > pour caract&iser les CR [34-36]. Il existe de nombreuses mé&hodes de
relaxation, et la méhode du trou est probablement la plus largement utilisé [38-45].

Caractérisation de I’&rouissage

Le fait que I’écrouissage augmente la valeur de la dureté mesuree a &e& montré
exp&imentalement dans la bibliographie [80, 81]. Des simulations numé&iques ont éalement
montréun phéomene similaire [84]. L essai de dureté&est simple et facile aré&liser. Cependant,
la duretéest sensible ala fois a I’écrouissage et aux contraintes résiduelles, ce qui a limité son
utilisation pour évaluer 1’écrouissage.

Il est possible de quantifier le niveau d’écrouissage dans les composants en corrélant les
largeurs des pics de diffraction des rayons X ala déformation plastique eéjuivalente [95-97].
Si le niveau d’écrouissage est assimiléala déformation plastique &juivalente, alors il est
cumulatif et indéendant du mode de déformation [96]. Puis, en éalonnant la relation entre la
largeur de pic et la déformation plastique cumulé, &rouissage peut &re mesur&[94].

Le titane et ses alliages

Le titane pur et la majoritédes alliages de titane, cristallisent &basse tempé&ature selon une
structure hexagonale compacte (hcp) appel€ titane . A des tempé&atures éevées, cependant,
la structure cubique centree (bcc) est stable et est appelé titane f. La tempé&ature de
transformation entre ces deux phases est 882°C dans le maté&iau pur [107]. Des alliages de
titane commerciaux sont classé en trois catéories difféentes (alliages a, o + f et f) en
fonction de leur proportion de phase g [107]. Dans le présent travail de thése, deux alliages ont
éédudiés, le T40 et le Ti-18.

Titane pur de grade 2 commercial-T40

Le titane pur commercial (TPC) a un contenu minimum en titane allant d'environ 98,635 a
99,5 % en poids. Selon les normes ASTM B 348 [110] et ASTM B 265 [111], le titane pur de
grade 2 doit présenter les compositions chimiques indiquéss dans le Tableau 1-1. Ses
propriées de traction réondent aux exigences indiquéss dans le Tableau 1-2.

Tableau. 1-1 composition chimique nominale du T40 [110, 111].
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Hénents C Fe N 0 H Ti
% masse <0,08 <0,20 <0,03 <0,18 <0,015 Bal

Tableau. 1-2 performances en traction du T40 [110, 111]. T est I’épaisseur de la tdle.

Ré&istance ala Limite dastique Allongement dans Essai de pliage (Rayon de
traction (0.2% offset) 50 mm Mandrin)
min min max min Sous 1,8 mm 1,8-4,75 mm
MPa MPa MPa % d'éaisseur d'&aisseur
345 275 450 20 2T 25T

A tempé&ature ambiante, le titane de puretécommerciale est typiqguement une structure
cristalline 100% o.. Il a une excellente ré&sistance ala corrosion, une haute résistance speifique
et une bonne ductilité[113]. C’est un maté&iau standard en génie chimique ouil est placéen
contact avec de nombreux milieux corrosifs [107].

Alliage de titane quasi g &haute résistance Ti-18

Le TIMETAL 18 (Ti-18) a r&emment &&cong comme un nouvel alliage de titane
bimodal, visant &fournir une combinaison améioreée de la ductilitéet la résistance mé&anique,
une capacitéde refroidissement supé&ieure et moins de sensibilitéala chaleur des paramétres
de traitement par rapport a I’alliage Ti-555 [116]. En considé&ant la table p&iodique des
ééments, les ééments d'alliage du Ti-18 ont &éd€éini comme: Ti-55AI-5Mo-5V-2.3Cr-
0,8Fe-0,150 (% masse). Le Ti-18 a dgamontrédes am@iorations significatives des propriées
par rapport aux alliages actuels [116].

Chapitre 2

Caracté&isation par indentation des CR et de I’&rouissage
induits par le processus de grenaillage, &ude par la mé&hode
des ééments finis.

Dans le Chapitre 1, nous avons expliquéque 1’écrouissage peut difficilement &re mesuré
directement. Compte tenu de la relation é@roite entre I’écrouissage et la d&ormation plastique
cumulé, cette derniére sera utilisé comme parameétre pour représenter le premier dans cette
éude. Les contraintes ré&iduelles et la d&ormation plastique cumulé& seront introduites dans
un modée par ééments finis (MEF) de I’indentation. Ensuite, les réonses d'indentation seront
analyseées pour construire une méhode permettant d’obtenir les valeurs des contraintes
résiduelles et de la déormation plastique cumulé a partir du signal d’indentation.

Modde MEF

Le processus de grenaillage va géné&er une distribution des CR et de PP (Plastic Prestrain,
déformation plastique) selon la profondeur. Afin de simplifier le probléme, I’étude est
effectuee sur un @ément de volume représentatif. Les ré&ultats de la bibliographie ont montré
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que pendant le processus de simulation de I’indentation en pré&ence de CR, c’est la contrainte
hydrostatique dans la région sous la pointe de péérateur qui va influencer de maniée
significative le réultat, mais pas chaque composante individuelle du tenseur des contraintes
[63]. Nous prenons un éénent de volume représentatif (EVR) cylindrique en supposant que
les valeurs des CR et des PP dans un tel volume sont homogenes. Ensuite, le pénérateur
Berkovich est représentépar un péérateur conique rigide avec un angle au sommet €jal a
70,3° [118].

<

<
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Fig. 2-1. Le modée axisymétrique utilisédans cette éude.

L’EVR axisymérique en deux dimensions a &é& construit et maillédans le code MEF
commercial ABAQUS®6.11.2, comme le montre la Fig. 2-1. Les champs de contrainte et
d’écrouissage initiaux sont ajouté&s dans le modée en utilisant le mot-clé *INITIAL
CONDITION [120]. L'interaction entre la pointe de l'indenteur et le maté&iau cible est
mod@ises par un frottement de Coulomb avec un coefficient de frottement de 0,15, selon la
bibliographie [122]. Un modele d’écrouissage de type isotrope Ludwick est utilis€pour déerire
le maté&iau cible, comme suit:

o=0,+K(PP)" (2-1)
Tous les paramétres du modée constitutif et leurs valeurs sont pré&entés dans le Tableau 2-1.
Nous avons essentiellement étudié le réle de la limite d’¢élasticité et du coefficient
d’écrouissage, avec un niveau haut et un niveau bas pour chacun. Le comportement de
ré&&ence éant celui du cuivre.

Tableau 2-1 Proprié&é des maté&iaux utilisé dans la simulation numé&ique.

Cuivre [123] A B C
Module d'Young E (GPa) 122 122 122 122
Coefficient de Poisson v 0,33 0,33 0,33 0,33
Limite d’élasticité oy (MPa) 240 800 240 800
Coefficient d’écrouissage K (MPa) 340 340 340 340
Exposant d’écrouissage n 0,57 0,1 0,1 0,57
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Avec le comportement constitutif du maté&iau A, la convergence du maillage et le type de
maille ont &éeéudié. Un maillage raffinélocalement est construit et testéafin de converger
avec un cod de calcul minimal. Une validation a ééeffectué en comparant le modee MEF
avec des solutions thériques.

Mesure des CR a I’aide d’un étalonnage par MEF

Avant d'essayer de caracté&iser simultané@ment par indentation les CR et la PP induites par le
processus grenaillage, nous avons d'abord tentéde mesurer les CR seules. Comme mentionné
dans le Chapitre 1, plusieurs stratégies ont &é&construites pour caract&iser CR par indentation
instrumentée au cours des derniées dé&ennies.

La bibliographie montre que les CR dans la surface du maté&iau, de traction ou de
compression, entrameront des changements de la courbe de charge en fonction de la
profondeur (courbe P-h) [63, 125]. Si I’indentation est effectuée en délacement contrdéafin
d'atteindre une profondeur de péération maximale donnég, des CR de compression déealeront
la courbe P-h vers le haut, ¢’est a dire pour les forces de pénération plus éevées, et des CR de
traction vont induire le comportement inverse. Sur cette base, nous avons essayé d’étalonner
les CR al’aide de la courbe P-h ala charge. Cependant, nous avons pu montrer que les courbes
P-h pour un certain PP et cela pour une CR donné&s sont presque compléement superposess,
ce qui signifie que les CR et les PP ne peuvent pas &re sépareées a I’aide la forme des courbes
P-h.

Principes de la mé&hode des fonctions simultanéss

Bien que les courbes P-h soient superposées, une diffé&ence sur les valeurs de bourrelet
(pile-up) a é&€&observés ce qui peut nous donner une autre possibilitépour séparer CR et PP.
Pour mieux comprendre cela, une sé&ie de travaux a @é€menee. Un travail sur les lois de
comportement a montréqu’une limite d’élasticité plus éevé augmente la charge maximale
(Pmax) et la duretéde contact (H). Une augmentation du coefficient d’écrouissage donne une
valeur plus éeveée du bourrelet et la raideur de contact (S).

D'autres travaux ont montréque les CR et les PP vont influencer Pmax, S, H et le bourrelet,
ce dernier éant trés sensible aux CR, mais insensible ala PP. Alors maintenant, les inconnues
sont CR et PP et les entrés possibles sont Pmax, S, H et le bourrelet. Du fait que H et S sont
corrédés avec le bourrelet, mais beaucoup plus facile d’obtention, nous avons décidé d’éliminer
le bourrelet de la mesure. Pmax, S et H peuvent alors &re normalisés par Pmaxo, So et Ho qui sont
les réponses d’indentation obtenues apartir d'un é&hantillon de ré&é&ence sans CR et PP. Bien
que CR et PP puissent affecter Pmax/Pmaxo, S/So et H/Ho, la maniére et le niveau de variation de
chaque paramétre peut ne pas &re la mé@ne. Ainsi, il est possible d'obtenir trois fonctions
mathématiques individuelles, tels que Pmax/Pmaxo=f(CR, PP), S/So=g(CR, PP) and H/Ho=h(CR,
PP). En combinant simultanément deux de ces fonctions ou mé&ne les trois, on doit &re en
mesure d’obtenir les valeurs de CR et PP. Cette méhode est appelé la "'méhode des fonctions
simultanéss”.
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Caracté&isation de CR et PP avec la mé&hode des fonctions simultanés

Le mat&iau A a &échoisi comme matériau cible, parce qu’une étude préalable a montré la
sensibilitéaux CR et &aPP. Si la mé&hode des fonctions simultanés fonctionne bien sur le
maté&iau A, il devrait bien fonctionner pour les trois autres mat&iaux €galement. En outre, la
limite d'@asticitédu maté&iel A &ant relativement &evé on peut explorer des niveaux éeves
de contraintes ré&iduelles comme ceux observés dans grenaillage pour des applications
pratiques. Une sé&ie de simulations de I'indentation sur le maté&iau A avec diffé&ents niveaux
de CR et PP a ééeffectuée. Les niveaux de PP sont respectivement de 0%, 1%, 5%, 10%, 15%
et 20%. Les niveaux de CR correspondants sont 0 MPa, -200 MPa, -400 MPa, -600 MPa, -800
MPa -1000 MPa et -oy, oU oy est la limite d’¢lasticité obtenue pour un e€erouissage
correspondant achaque niveau de PP imposeée et calculé selon 1’Eq.(2-1). Une simulation
numeique a ééeffectué pour chaque combinaison possible de CR et PP. Pré&isons que les
valeurs de rigiditéde contact (S) sont obtenues par ajustement lin&ire du déout de la d&harge
de la courbe P-h, mais pas avec le modée d’Oliver et Pharr car cela donne des réultats plus
cohéents.

Afin d'illustrer la méhode d'un point de vue purement numé&ique, des simulations de deux
combinaisons arbitraires de CR et PP sont effectuées. La combinaison 1 (C1) est PP=11,5% et
CR=-830 MPa, et la combinaison 2 (C2 ) est PP=16,5% et CR=-450 MPa. Les valeurs de CR
et PP dé&iveé de la mé&hode des fonctions simultanées sont pré&entées dans le Tableau 2-2. On
constate que, d’un point de vue numérique, les résultats sont cohérents.

Tableau 2-2 Les valeurs de RS et PP dé&ivés de la mé&hode des fonctions simultanées.

C1 (PP=11,5%, CR=-830MPa) C2 (PP=16,5%, CR=-450MPa)
Pmax/Pmaxo Pmax/Pmaxo S/So Pmax/Pmaxo Pmax/Pmaxo S/So
-S/So -H/Ho -H/Ho -S/So -H/Ho -H/Ho
CR (MPa) -837,9 -838,3 -837,6 -453,4 -453,1 -453,8
PP (%) 11,62 11,61 11,61 16,51 16,60 16,59

Afin d'@udier la stabilitéde la mé&hode par rapport &aun bruit sur les valeurs d'entrée, une
fluctuation de #0,5% a éé&ajoutée sur chaque paramétre d'indentation Pmax/Pmaxo, S/So et H/Ho.
Les ré&ultats montrent que la sensibilité de la mé&hode varie de fagn significative avec
I’intervalle (PP-CR) et I'espace exploréavec la paire de fonctions (Pmax/Pmaxo €t S/So, ou
Pmax/Pmaxo €t H/Ho, ou S/So et H/Ho) choisis. Cela signifie que, en fonction du comportement
du maté&iau constitutif et I'amplitude attendue de la contrainte ré&iduelle et la déformation
plastique, les fonctions utilisés doivent &re choisies avec soin.

Chapitre 3

Caracté&isation expérimentale de la CR et de I’écrouissage
induits par le processus de grenaillage
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Les simulations numé&iques ayant montréune bonne faisabilitéet la qualitéde la mé&hode des
fonctions simultanéss pour la séaration des CR et des PP, I'é&ape suivante consiste aappliquer
cette méhode dans des cas reels. Dans le pré&ent chapitre, nous allons mettre I'accent sur
comment caracté&iser les CR et la PP induites simultanénent par le processus de grenaillage.

Grenaillage

Tout d'abord, un morceau de T40 TCP, avec une épaisseur d'environ 12 mm, a éécoupéa
partir d'une barre (@=50 mm). Il a &&poli avec des disques abrasifs de 800 grains pour enlever
la couche affectée par le processus de coupe et obtenir une bonne planétéet rugosité Ensuite,
I'é&hantillon a &é&égrenaillésur un systéne de grenaillage par ultrasons. L'observation de la
microstructure de la section transversale de I'éhantillon grenaill€est tout afait typique du
grenaillage.

Diffraction des rayons X (DRX)

Des essais de DRX ont &éeffectués pour mesurer les profils de CR et la largeur des pics
de diffraction. Le diffractométre est éuipéd'un tube &anode de cuivre (40 kV et 30 mA). Les
mesures ont éeéeffectuées sur les plans {302} de la phase a du titane, 2260=149,05°. Un
déecteur alocalisation lin&ire (PSD) qui couvre 11° &é& utilisépour recueillir le signal
diffracté La gamme de balayage est 144° al54°. Le temps de comptage est de 220 s/pas, et la
taille de pas est de 0,05 °26. Pour utiliser méhode des sin?¥, 13 valeurs des angles ¥ ont &&
choisies. La procé&lure de polissage @ectrolytique, avec une tension de 50 V et un courant de
16 mA pendant 30 s chaque fois dans une solution de type D11 (70% d’éthanol, 20% de 1'acide
perchlorique et 10% de I'éhyléne glycol é&her monobutylique), a &éutilisée pour ré&liser
I'enlévement de couches successives sur I'é&hantillon grenaillé L'éaisseur de la couche
enlevée a @&émesuree par un capteur laser de distance préentant une incertitude de 3 um. Un
script de Wolfram Mathematica® a é&éeerit pour extraire les CR et I'@argissement de pics des
donné&s de DRX. Les profils obtenus sont pré&enté& dans la Fig. 3-1. Le profil de CR a dga

éécorrigédes effets d’enlévement de matiere a I’aide du formalisme des eigenstrains.
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Fig. 3-1. Les ré&sultats des essais de DRX: (a) le profil des CR; (b) le profil de largeur de pic.

Caracté&riser I’écrouissage par DRX

La mé&hode consistant aquantifier le niveau d’écrouissage en corrélant la largeur d’un pic
de diffraction des rayons X ala déformation plastique e€juivalente a &€ é&udiee et discutee
dans la bibliographie [95-97]. Afin de ré&liser ce type d’étalonnage, plusieurs éapes sont
neeessaires, y compris la préparation de plusieurs &hantillons de traction uniaxiale, la
r&lisation de tests de traction adiffé&ents niveaux de déformation plastique et des essais de
diffraction des rayons X aprés chaque essai de traction pour obtenir les largeurs des pics
correspondantes.

Les é&rouvettes de traction ont &&congies selon la norme ASTM E8/E8M-09 [135], et
fabriqués par @ectro&osion a fil. Afin d’éliminer les perturbations introduites par
I’électroérosion, des protocoles de polissage spexifiques ont @€menés. Premiéement, une
éape de polissage méanique commune atous les &hantillons a @émenée. A la fin de la phase
de polissage mé&anique commune, le polissage par vibrations a &éutiliséavec une pression
de contact la plus faible possible. Si cette &ape ne peut toujours pas offrir une surface sans
déformation plastique, un polissage éectrolytique est finalement effectu€ au cours duquel les
&hantillons seront sous protection particuliére pour maintenir la pr&ision dimensionnelle. La
DRX sera &jalement utilisée pour vé&ifier la variation de la largeur de pic pendant toute la
procéture de polissage. Sur la Fig. 3-1 nous pouvons voir que la largeur de pic a 1’état initial
est d'environ 0.5°. Cependant, nos résultats ont montréque, méme pour un polissage vibratoire
trés doux et tres long, on ne peut atteindre une largeur de pic infé&ieure a0.9°, ce qui signifie
qu'il y a encore une certaine déformation plastique externe introduite par la procélure de
polissage meeanique. Ainsi, le polissage éectrolytique, avec une tension de 45 V et un courant
de 15 mA pendant 15 s chaque fois dans une solution de D11, a ensuite é&éeffectué. Comme
cette procé&lure est encline &aarrondir les bords, une protection particuliée doit &re appliqué
sur I'é&hantillon, qui ne laisse exposee que la partie calibré.

Apres la préparation des €hantillons, des essais de traction uniaxiale ont &émenés jusqu'a
atteindre le point de striction autour de PP=15%. Comme cette valeur est petite par rapport au
niveau de PP induit par grenaillage, les données ont é&é&extrapolées al’aide d’une loi de
puissance qui est, bien sCr, discutable. Les réultats de la Fig. 3-2(a) montrent que la qualité
de I’ajustement est bonne. Avec cet ajustement, le profil d’écrouissage introduit par le
processus de grenaillage peut &re estim& comme le montre la Fig. 3-2(b). Nous pouvons voir
que, pres de la surface grenaillé, le niveau d’écrouissage peut déasser 60%. Ensuite, elle
diminue rapidement et s’estompe lorsque la profondeur est sup&ieur 400 um.
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O Les données expérimentales (a) . —=—T40 grenaill¢ dor 10 minutes (b)
Courbe de fonction d'index 0.9 4
2.5
0.8
=
e i a 0.74
g 20 S !
g y=0.572216+2.32858*x" <7 o 0.6+ "\_
«
2 1.5 L 0.5 \_
= e \
b = 044 b
2 1.0 g \
@ < 0.3 "
H Adj.R=0.999658 g
= s C 2
0.1+ .\
0.0 , . , ; ; ; ‘ 0.0 . —— . : : ;
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 100 200 300 400 500 600 700 800
Déformation vraie Profondeur de la surface grenaillé (zm)

Fig. 3-2. Relation entre la largeur de pic et la d&ormation plastique éjuivalente et le profil de la d&ormation plastique
éuivalente selon la profondeur: (a) points de données expérimentales et 1’indice fonction d'ajustement de largeur de
pic contre déformation plastique éjuivalente; (b profil de la déformation plastique &juivalente selon la profondeur
extrait de (a).

Jusqu'aprésent, les valeurs de CR et PP dans I'é&hantillon de T40 grenailléont &é&obtenus.
Ceci donne une réf&ence pour les parties ulté&ieures de I'é&ude consistant acaracté&iser les CR
et I’écrouissage par indentation instrumentée.

Indentation instrumenté

Dans la pré&ente section, la méhode des fonctions simultanés est test&
exp&imentalement. Premigement, un €&hantillon est préparé par polissage meeanique
minutieux. Apres le polissage, il pré&ente une largeur de pic assez faible (0.52°) ce qui permet
de le considéer comme bien préparé Puis, suite ala norme ASTM E 2546-07 [142], une sé&ie
d’essais de pénération instrumenté& a ééeffectué sur I’échantillon adifféentes distances de
la surface de grenailléselon la profondeur (50 «m, 80 um, 140 xzm, 200 xm, 280 xm, 360 xm,
440 pm, 520 um, 600 um, 700 um, et 900 x«m). La partie qui est assez loin (900 um) de la
surface grenaillé& sur I'&hantillon est utilis& comme référence, parce qu’a une telle
profondeur, les effets du processus de grenaillage sont censé &re inexistants.

Les ré&ultats d'indentation ont montré que lorsqu'on se rapproche de la surface
grenaillé, H et Pmax augmentent, ce qui est conforme anos réultats de simulation. Cependant,
la valeur de S diminue significativement. Mé&ne en corrigeant I'effet de bord libre, la raideur S
dans la zone grenaillée reste infé&ieure ala valeur loin de la surface grenaillé.

Simulations par déments finis de I’indentation instrumentee sur T40

Dans cette partie du travail, avant de I'appliquer la méhode des fonctions simultanées sur le
T40, des simulations par ééments finis sans CR et PP sont d'abord effectuéss et discutees. Le
modde construit dans le Chapitre 2 est utiliséavec deux penérateurs (un id&l et un calibré
et la loi de comportement obtenue par un essai de traction uniaxiale sur le T40. Tous les
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resultats des courbes P-h, Pmax, S et H ont montréune grande diffé@ence entre I'expé&ience et
les simulations.

Gré&e al'examen de la pointe calibré& dans le moddle MEF, la qualitéde toutes les réponses
d'indentation pourrait @re am@&iorée, mais pas encore assez, ce qui signifie qu'il doit y avoir
certains facteurs qui n’ont pas été pris en compte correctement. En analysant les configurations
du modée, plusieurs aspects ont &éconsidé&és. 1ls sont respectivement la forme de pénérateur,
les paramétres du comportement méeanique du maté&iau et le coefficient de frottement (f). En
fait, de nombreux autres facteurs pourraient éjalement introduire des désalages dans le modéle.
Cependant, ils ne sont pas pris en compte ici, parce qu'ils déoassent le cadre de la pré&ente
these.

Afin de r&luire la diffé&ence entre les donnees exp&imentales et les ré&ultats simulés, une
meéthode inverse est utilisée. La forme du péérateur est d'abord optimisée, car elle est la base
d'autres optimisations. Ensuite, les paramétres du maté&iau et le coefficient de frottement (f)
sont optimisés. A l'origine, il y a six variables d'entrée, qui sont les deux paramétres dastiques
(module d"Young E et coefficient de Poisson v), trois paraméres plastiques (limite d'&asticité
oy, coefficient d’écrouissage K et I’exposant d’écrouissage n) et le coefficient de frottement (f).
Ensuite, il y a quatre objectifs, qui sont la diffé&ence de charge maximale (APmax), la diffé&ence
de raideur de contact (AS) entre les valeurs simulégs et les valeurs exp&imentales, et le carré

de la distance entre la courbe P-h ala d&harge normalisé simulée et expérimentale (Ag(P)).
500

—— Fchantillon de référence (Expérience)

Idéal pointe avec des paramétres originaux (MFE)
Pointe calibrée avec des paramétres originaux (MFE)
Conception de I'optimisation n°.113 (MFE)

400

300

200

100+

Charge d'pénétration (mN)

0 500 1000 1500 2000 2500 3000

Profondeur d'pénétration (nm)

Fig. 3-4. Courbes P-h obtenues apartir d’indentation expérimentale et simulée par MEF.

Apres l'optimisation des parameétres du maté&iau et du coefficient de frottement (), la
diffé&ence entre les donné&s exp&imentales et les ré&sultats simulé sont éidemment diminués,
comme repré&entésur la Fig. 3-4. Mais, les paramétres plastiques optimisés sont tres difféents
de ceux d'origine, comme repré&entésur la Fig. 3-5, ce qui doit &re examinéen déail.
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Fig. 3-5. Courbe de la contrainte en fonction de la déformation plastique vraie en traction uniaxiale, la courbe
correspondante qui est mieux adaptéet la courbe optimale.

Trois raisons possibles sont éudiéees. Ce sont le coefficient de frottement (f), la diffé&ence
entre un péérateur Berkovich 3D et le péérateur conique é&uivalent en 2D et les
meeanismes de déformation plastique des alliages de titane. Les résultats ont montré que
I'influence des deux premiers facteurs est assez limité&. L’effet de la diffé&ence entre
comportement en traction et en compression et l'anisotropie d’écoulement de la phase a-du
titane peuvent expliquer beaucoup plus.

Extraction de CR et PP avec la mé&hode des fonctions simultané&s

Dans cette section, le modée MEF avec les paramétres optimisés est utilisépour effectuer une
sé&ie de simulations avec diffé&ents niveaux de la PP (0%, 1%, 5%, 10%, 15%, 20%, 30%,
40%, 50%, 60% and 70%) et de la CR (commencé&de 0 MPa avec un intervalle de -100 MPa
jusqu'aatteindre la limite d'@asticitéde chaque niveau de la PP). Ensuite, les valeurs de
Pmax/Pmaxo, S/So et H/Ho &tous les points discrets ont &eutilisés pour construire les fonctions.
En combinant les fonctions avec les réonses normalisés qui sont obtenues & partir
d'indentations exp&imentales sur I'é&hantillon, nous essayons de caractéiser les CR et la PP
induites simultanément par le processus de grenaillage. Malheureusement, deux problémes
critiques ont &érencontrés. Tout d'abord, la variation de S/Sp avec I'augmentation de PP et CR
qui est obtenue par les simulations est al'opposédes réultats exp&imentaux. Deuxiénement,
la gamme des valeurs de H/Ho obtenus par simulation ne suffisent pas &couvrir la gamme des
donné&s exp&imentales. Ces deux problémes ne permettent pas I'application de la méhode
des fonctions simultanées dans le cas du grenaillage. Toutefois, la gamme de Pmax/Pmaxo Simulé
couvre toutes les données obtenues exp&imentalement, ce qui offre la possibilitéde construire
une meéhode limité qui peut &re utilisé pour extraire le profil de PP, connaissant le profil de
CR, comme le montre la Fig. 3-6.
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Fig. 3-6. Les PP profils obtenus avec diffé&entes mé&hodes.

Chapitre 4

Evolution des CR et de I’&rouissage induits par grenaillage
durant la fatigue oligocyclique

Dans ce chapitre, le Ti-18, un alliage quasi  haute résistance nouvellement dé&eloppéa é&ée
choisi. Une sé&ie de tests de fatigue afaible nombre de cycles en déormation contrdé& a éé
effectuée sur plusieurs érouvettes traitées meéaniquement par des proceélures diffé&entes :
grenaillage, pré&éormation plastique et pré&éormation plastique + grenaillage. Les
techniques de diffraction des rayons X et l'indentation instrumenté& ont &é utilisées pour
caract&iser les contraintes réiduelles et 1’écrouissage du matériau. Enfin, I'éolution des
contraintes ré&siduelles et de I’écrouissage au cours du cyclage a été étudié.

Caract&isation du mat&iau

Un quart d'un lingot (@=250 mm) de I’alliage Ti-18 a éé&utilisé Un essai de traction
uniaxiale a é&effectuépour éudier les propriéé meéaniques de base et a donnédes réultats
cohéents avec la bibliographie [196].
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Fig. 4-1. Courbe de la contrainte vraie en fonction de la déformation vraie en traction uniaxiale du Ti-18.

Préoaration et préraitement des érouvettes de fatigue

Plusieurs érouvettes de fatigue ont &épréparéss selon la norme ASTM E466-07 [2]. Les
&hantillons ont d'abord é&é& dé&oupé& dans le lingot par @ectro&osion puis tourné pour
atteindre la forme d&irée.

Afin d'é@udier les influences de la CR et de I’&rouissage sur les réonses en fatigue
oligocyclique, un plan d’expériences simple a été mené. Douze éprouvettes, avec quatre éats
meeaniques diffé&ents ont &éutilisees:

A) Eprouvettes brutes de tournage;

B) Eprouvettes brutes + pré&léormation plastique en traction;

C) Eprouvettes brutes + grenaillage;

D) Eprouvettes brutes + pré&léormation plastique en traction + grenaillage.

Afin d'étudier les effets d’une dé€formation plastique homogeéne sur les essais de fatigue,
six spe&imens doivent &re pra&ldormés. L’idéal serait d’atteindre une déformation plastique
cumulée similaire a celle obtenue en grenaillage, ce qui n’est pas possible en pratique. Compte
tenu de la courbe contrainte-déformation de la Fig.4-1, une déformation totale de 3,2%
(d&ormation plastique de 1,8%) a ééchoisie.

Afin de comparer le processus de grenaillage sur des &hantillons cylindriques de Ti-18
avec ce qui avait é&éfait sur 1I’éprouvette plate de T40, des simulations ont &é&faites pour
déerminer les paramétres de traitement approprié& qui peuvent donner environ la méme
densitéd'impact pour les deux cas. Ces simulations utilisent le modéde et le logiciel développes
par Badreddine et al. [198]. Six &hantillons (trois bruts et trois pr&léormés) ont &eégrenaillé
sur un systéme de grenaillage par ultrasons. Les mesures de rugosité et 1’observation au
microscope optique ont montré que le grenaillage a effacé une partie importante de la
topographie (stries) induite par le tournage. Ce facteur peut influer sur les performances en
fatigue des érouvettes.

Essais de fatigue
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Afin de comprendre la relaxation de la contrainte moyenne et des CR en surface, des essais
de fatigue en d&ormation totale contrdée (R:.=0) ont &ér&lisés. Pour choisir les amplitudes
de déformation imposeéss aux érouvettes, 3 niveaux ont &econsid&és vis-avis du grenaillage,
en supposant que les sections planes restent planes :

e [égere plastification du ceeur, en contrainte résiduelle de traction

e Plastification franche du cceur et I&ée plastification de la couche grenaillée, en

compression

e Plastification franche de I’ensemble de la section

Ces criteres nous donnent trois amplitudes correspondantes : Ae/2= {0,7%, 1,0%, 1,4%}.

Les essais de fatigue ont &é&effectués sur une machine hydraulique de fatigue (100 kN) du
Denison Mayes Group (DMG). Tous les essais ont é&€arr&es lorsque la contrainte moyenne
est apeu pres stabilisé (pour Ae/2=1,0% et Ae/2=1,4%, il est aprés 100 cycles, et pour
Ael2=0,7%, il est aprés 140 cycles).

L'observation des cycles de contrainte-déformation a montréque lorsque I'amplitude de

déformation imposé& augmente, I'ouverture des boucles d'hyst&ésis (déformation plastique
cyclique) augmente éjalement. L'influence du traitement des éprouvettes peut &re observée a
partir de ces courbes ainsi, par exemple I'é&hantillon n<15 dans la Fig. 4-3.
En outre, la pr&é&ormation diminue ce taux stable de relaxation, ce qui signifie que pour le
Ti-18, une pré&lé&ormation en traction appropriee peut effectivement retarder la relaxation de
la contrainte moyenne pendant les essais de fatigue oligocyclique, mé&ne pour une amplitude
de déformation est aussi éevé que 1,4%. Les variations de I’amplitude de contrainte pour
Ael2=0,7% montrent que les &hantillons sont I&é&ement adoucis. Pour A&/2=1,0% and
Ael2=1,4%, tous les sp&imens passent par un stade de durcissement suivi par un stade
d’adoucissement.
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Fig. 4-2. Choix des conditions de chargement du point de vue structurel: (a) 0,8% d’amplitude de déformation de
traction (b) 1,4% d’amplitude (c) 2,0% d’amplitude (d) 2,8% d’amplitude. Ac est la diffé&ence de contrainte entre le
coeur (CR de traction) et la surface grenaillé& (CR de compression) aprés la premiére moitiédu cycle de chargement.
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Fig. 4-3. Courbes de traction cycliques pour les éprouvettes en Ti-18 préléformeées: No.8 (Ae/2=0.7%), No.6 (A&/2=1.0%)
et No.5 (Ae/2=1.4%).

Diffraction des rayons X (DRX)
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Des essais de DRX ont ééeffectués pour mesurer les profils de CR et la largeur des pics a
la surface des érouvettes. Le plan {302} de la phase « du titane, avec un angle de diffraction
a260=149,05°, a &é&choisi pour cette é&ude. Un déecteur alocalisation lin&ire qui couvre 11°
ééeutilisépour recueillir le signal diffracté L’intervalle de mesure est 144° a154°. Le temps
de comptage est de 220 s/pas, et la taille de pas est de 0,27 °26. Pour utiliser mé&hode des sin®¥,
9 ¥ angles ont &é&choisis entre -60 et +60<
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Fig. 4-4. (a) Contraintes ré&iduelles axiales obtenues par diffraction des rayons X; (b) largeurs de pic par diffraction
des rayons X. Valeurs obtenues en surface avant fatigue ou aprés 100 cycles pour I’amplitude de déformation indiquée.

La Fig. 4-4(a) montre que le grenaillage ou une prédéformation suivie d’un grenaillage
peuvent induire des CR de compression significatives ala surface des éprouvettes. En outre,
amplitude de déformation plus éevée peut causer davantage de relaxation de la CR de surface.
Les érouvettes grenaillées relaxent plus fortement que 1’éprouvette non traitée (CR dues a
I’¢laboration par tournage). L’éprouvette prédéformée ne présente pas de contrainte
significative. Fig. 4-4(b) montre qu’un adoucissement cyclique se produit dans les éprouvettes
grenaillées (avec ou sans prédéformation). Cet adoucissement est d’autant plus prononcé que
I’amplitude de déformation est élevée. Pour les deux autres éprouvettes (brute d’usinage ou
pré@&ormee), on observe une augmentation de la largeur des pics pour une faible amplitude
de déformation et une diminution pour de plus fortes amplitudes.

Indentation instrumenté

Sur les éprouvettes apres fatigue, des essais d’indentation instrumentée ont été effectués
sur une section transverse. La surface analysé a é&é soigneusement polie avec la méne
procélure que pour le T40 mais avec une duré achaque éape plus éeveée. Tous les
&hantillons du Il sont soigneusement polis dans la mé&ne procé&lure de I'é&hantillon n<3 du
T40 mais avec plus de temps de chaque éape. Les mesures ont &eeffectués sur les 14
&rouvettes adifféentes profondeurs depuis la surface grenaillé (50 xm, 80 x«m, 140 um, 200
um, 280 um, 360 um, 440 um, 520 um, 600 xm, 700 xm, and 900 um) en suivant les
pré&onisations de la norme ASTM E 2546-07 [142].
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Les &hantillons grenaillé& et pré&dormé + grenaillé& montrent des valeurs moyennes de
Pmax plus éeveées que les &hantillons bruts et simplement pré&é&ormés. Les valeurs de Pmax
diminuent lorsqu'on se rapproche de la surface grenaillé, ce qui peut indiquer que le
grenaillage a induit un adoucissement et non un durcissement de la surface. Ce fait est &
rapprocher du comportement du maté&iau qui préente un &rouissage saturant trés rapidement.

Pour tous les éhantillons grenaill& et prélé&ormé + grenaillé&s, les valeurs moyennes de
S ont tendance &augmenter avec l'augmentation de I'amplitude de la déormation.

Il n'y a pas de variation de H significatives pour toutes les érouvettes, ce qui est surprenant
et peut &@re également rapprochédu comportement «tres plat >>du maté&iau.

Chapitre 5

Conclusions

Lors de I’étude du comportement en fatigue oligocyclique de maté&iaux grenaillés, deux points
doivent &re abordé&. Tout d’abord, comment caract&iser simultanément les contraintes
résiduelles et 1’écrouissage, localement sous la surface grenaillée et notamment pour des pieses
de gé@mérie complexe. Ensuite, on souhaite suivre 1’évolution de ces deux quantités au cours
des essais de fatigue.

L’indentation instrumentée a été choisie pour répondre au premier point. En effet, cette
technique permet d’analyser trés localement 1’état mécanique du maté&iau avec une grande
finesse. Toutefois, les contraintes résiduelles de compression et 1’écrouissage peuvent tous
deux introduire des changements similaires sur les courbes de la force d’enfoncement en
fonction de la pénération.

Une moddisation numérique par éléments finis a permis d’analyser 1’effet conjoint des
contraintes et de I’écrouissage sur les mesures par indentation. Les deux grandeurs (contrainte
et écrouissage) n’ayant pas le méme effet sur le développement du bourrelet autour de
I’indenteur, cela nous a permis de proposer une méthode pour les séparer a 1’aide de la mesure
de deux des trois parametres : dureté raideur de contact et force de péération maximale. La
méhode a é&étesté& numé&iquement avec succes, y compris en introduisant un bruit sur les
valeurs mesuréss.

La méhode a &étesté& exp&imentalement sur un alliage de titane de puretécommerciale,
le T40 qui a éeégrenaillépar ultrasons. Elle a &étoutefois mise en défaut par deux aspects :
les variations de duretéobserveéss exp&imentalement sont plus éeveées que celles obtenues par
éaments finis et la raideur de contact expérimentale est plus faible dans 1’épaisseur grenaillée
que sur le maté&iau non trait€ ce qui ne peut pas @re reproduit par le modée. Le méne
phéomeéne a été observé sur ’alliage Til8. La force maximale de pénétration peut toutefois
ére utilisé& pour mesurer la déformation plastique cumulé avec une bonne préision lorsque
les valeurs de contraintes ré&iduelles sont connues, par exemple par diffraction des rayons X.

L’évolution des contraintes résiduelles de surface et 1’évolution des largeurs de pics de
diffraction a €té observée au cours de la fatigue oligocyclique d’un alliage de titane Til18 de
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structure o+p. Quatre é&ats de traitement ont &é éudiés : brut d’usinage, prédéformé
plastiquement, grenaill&et pré&l&ormépuis grenaillé Trois amplitudes de déformation ont &é
appliquéss sur une centaine de cycles avec R: = 0. On a pu constater que la contrainte moyenne
ainsi que la contrainte résiduelle de surface sont relaxés de maniee plus forte lorsque
I’amplitude de déformation appliquée augmente. L’introduction d’une prédéformation peut
retarder efficacement la relaxation de la contrainte moyenne et de la contrainte résiduelle
introduite par grenaillage. Par ailleurs, les diffé&entes caracté&isations effectués par
indentation instrumenté et diffraction des rayons X montrent que le grenaillage introduit
plutot un adoucissement du matériau qu’un durcissement.
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Grenaillage et fatigue oligocyclique
d’alliages de titane : indentation instru-
mentée et diffraction des rayons X

Deux problémes surviennent lorsque nous étudions
les effets du grenaillage de précontrainte sur le
processus de la fatigue. Le premier est la caracteéri-
sation des contraintes résiduelles (CR) et de
I’écrouissage. Le second est I’évolution de CR et de
I’écrouissage pendant le cyclage.

Pour résoudre le premier probléeme, cette thése
propose une méthode pour mesurer les contraintes
et Pécrouissage par nanoindentation. Ici,
I’écrouissage est représenté par la déformation
plastique cumulée (PP). A l'aide d’une série de simu-
lations par éléments finis (MEF) en supposant le
comportement du matériau connu, les réponses
obtenues par indentation permettent d’obtenir si-
multanément contrainte et déformation plastique.
Bien que satisfaisante d’un point vue numérique, les
performances expérimentales obtenues sur un al-
liage de titane temps T40 restent insuffisantes. Ce-
pendant, si le profil de contrainte est connu, on peut
toutefois obtenir le profil de déformation plastique.
Les biais induits par la préparation de la surface ont
été analysés en détail.

Pour le second probléme, une série d'essais de fa-
tigue ont été effectués sur un alliage Ti-18. Quatre
traitements ont été testés sur 100 cycles sous 3
amplitudes différentes de déformation. Des mesures
par diffraction des rayons X ont montré que la re-
laxation des contraintes et I’adoucissement cyclique
augmentent avec I'amplitude de déformation. Les
essais d’indentation ont montré un adoucissement
de la couche grenaillée.

Mots clés: grenaillage de précontrainte -
contraintes résiduelles - écrouissage - titane,
alliages - rayons X, diffraction - nanoindentation -
matériaux - fatigue.

Shot-peening and Low-cycle Fatigue of
Titanium Alloys: Instrumented Indenta-
tion and X-ray Diffraction

There are two problems when investigating the
effects of shot-peening on fatigue process. The first
one is characterizing residual stresses (RS) and
strain hardening (WH) on the sample surface. The
second one is the evolution of RS and WH during
fatigue.

In order to solve the first problem, this thesis pro-
poses a “simultaneous function method” to measure
RS and WH with nanoindentation. Accumulated
plastic strain (PP) is used to represent WH. Then, by
establishing functions of normalized indentation
responses through a series of finite element method
(FEM) simulations, normalized indentation respons-
es obtained from nanoindentation experiments can
be used to extract RS and PP values, assuming that
the constitutive behavior is known. Although the
simultaneous function method shows fairly high
accuracy from a pure numerical view point, experi-
ments performed on T40 commercial pure titanium
are not completely satisfying. However, if the resid-
ual stress profile is known, the method can be used
to derive the work hardening profile.

In order to study the second problem, a series of
strain-controlled fatigue tests are performed on Ti-
18 alloy. Fatigue specimens of 4 material states,
including raw, shot-peened, prestrained and pre-
strained + shot-peened, were tested under 3 differ-
ent strain amplitudes over 100 cycles. X-ray diffrac-
tion tests on the sample surfaces showed that the
RS relaxation and the cyclic softening increase to-
gether with the strain amplitude. IIT tests showed
that shot-peening may induce a softening of the
surface of Ti-18 alloy samples.

Keywords: shot peening - residual stresses - strain
hardening - titanium alloys - X-rays, diffraction-
nanoindentation - fatigue.
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