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Abstract

Abradable materials are used to improve the efficiency of turbomachines by reducing
the gap between the tip of the blade and the casing. The abradability property is the
ability of a material to be worn out easily, in a controlled way, during a contact with
the blade. In addition, abradable materials must resist erosion caused by particles
swallowed in the engine, including dust, sand, water droplets, ice and volcanic fly ashes.
Thermally sprayed materials made of aluminum and polyester seem to comply with
these apparently conflicting properties of combining good abradability and erosion
resistance. Yet, the origin of these good performances is not well understood. The
purpose of the thesis is to identify the physical parameters that influence the
abradability and the erosion resistance in order to, either guide the design of more
reliable systems based on these materials and to offer more innovative and more

sustainable solutions.

To achieve this goal, hybrid model abradable materials are manufactured, studied and
characterized using microstructure analysis, mechanical and fracture testing as well as
tribology measurements. Four families of model architectured materials were processed
and tested, including (i) metallic foams infiltrated with polyester, (ii) powder
aggregates, (ii) polyester matrices with aluminum reinforcements and (iv) the classical
thermally sprayed material. Experimental results on these materials confirm that, in
terms of combining erosion and abradability, some model materials exhibit much

better performances than others.

In parallel with this experimental approach, physics-based models of abradability and
erosion are proposed, including elasticity, plasticity and fracture mechanics and
adapted to three different wear mechanisms. These models are then refined and
validated on the basis of experimental results and used to guide the selection and
optimization of abradable materials. Modelling results show that the key parameters
are the quality of the interfaces between the aluminum and the polyester as well as the
maximum elastic strain attained before entering plasticity. Our results also show that
the dominant wear mechanism is affected by the penetration depth and by the

geometry of the blade.



Finally, the calculation of the optimal set of properties required to improve both
abradability and erosion resistance points towards materials with low Young’s modulus
and large ability to deform elastically before entering plasticity, including high

temperature elastomers, polymers and porous materials.
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Chapter 1  Introduction

1.1 General context

Between the years 1970 and 2016, the number of passengers traveling by aircraft
increases from 0.3 to 3.7 billion per year [WBG 2016]. This considerable growth comes
with a lot of technical challenges. Indeed, the aeronautic industry is continuously
challenged to improve the performance of aircraft including reducing weight, fuel
consumption, and pollution as well as improving safety. Aircraft manufacturers are
therefore adapting their designs and their materials to make planes more efficient. One
of these improvements concerns the sealing system in the engines. These seals are
exposed to extreme environments. Indeed, inside an aircraft engine, pressure and
temperature gradients are combined with moving parts going at up to 600 meters per
second and situated less than a millimeter away from the static parts. This
environment operates safely owing to an ingenious assembly of sealing systems
including the abradable materials. Abradable seals maintain a close gap between the
tip of the blade and the casing of the engine. These materials were introduced in the
aviation in the late 1960s and early 1970s [Chupp 2006]. They are designed to be easily
worn in case of a contact with the blades. The environment inside an aircraft engine is
quite aggressive for an abradable material. It includes erosion, corrosion, oxidation and
temperature cycling as well as occasional contact with the blades. In practice,
abradable seals should survive long enough before being eventually replaced during
overhaul maintenance. A large spacing between the tip of the blade and the casing will
decrease the efficiency of the engine. Maintaining a close gap is therefore essential.
Improving the performance of abradable materials includes (i) increasing their erosion
resistance, (ii) reducing contact force with the blades and (iii) the amount of material
removed in case of a contact. However, the development of these materials is still
empirical and based on trial and error approaches. In addition, obtaining the
certification for a new material to be used in aeronautics is a long and expensive
process that involves a lot of validation tests. The aim of this thesis is to contribute to
the design of better abradable materials using a scientific approach based on a rational

material selection method [Ashby 2011]. Therefore, this work is centered on the
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following question: “How to design a good abradable material?” The preliminary

question is: “What is a good abradable material?”

1.2 Technical challenges and scientific strategy

Using a material selection method is not straightforward. Indeed, nowadays, there are
thousands of different materials available. Most of these materials are well
characterized. Large databases containing their mechanical resistance and thermal
properties are available. However, the real challenge in selecting a material for a
specific application is to identify how the properties inside these databases (Young'’s
modulus, yield strength, fracture toughness..) affect the final performance of the
product in service. Therefore, this thesis aims at translating the performance of an
abradable material in physical parameters. The present research focuses mainly on
abradable materials used in the low-pressure booster of the engine. Our starting point
is a reference material, a hybrid material made of polyester and aluminum-silicon alloy
deposited by thermal spraying. This material is the most widely used abradable
material in low-pressure compressors. It presents a very particular combination of
microstructure and mechanical properties. The research starts with this material and is

then extended to other materials using a five-step approach described hereunder.

(i) Model materials are designed based on the reference material to vary the
microstructure and the mechanical properties of the reference materials (stiffness,

strength and fracture toughness).

(ii) The wear behavior of these model materials is examined using nanoscratch tests,
erosion tests, pin-on-disc and abradability tests. In addition, the mechanical properties

of the model materials are measured.

(iii) A physics-based model that includes multiple wear mechanisms (plowing, cutting
and spalling) is developed to make the link between the mechanical properties of a

material and his wear behavior.

(iv) This model is used to identify the right combination of properties that controls the

abradability.
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(v) Materials databases are combined with the result of the model to propose potential

future abradable material candidates.

1.3 Outline of the thesis

The thesis is divided in 8 chapters, including the present short introduction chapter.
This section describes the main content of these chapters as well as the
interconnections between them. The diagram in Figure 1.1 gives a summary of the

organization of the thesis.

Chapter 2 is a state of the art dedicated to abradable materials in the booster. The
purpose of this chapter is to answer the following questions: What are those materials
made off? What are their mechanical properties? What are their tribological behaviors?

How are these materials tested and validated?

Chapter 3 focuses on the relationship between mechanical properties and tribological
behaviors. It describes a state of the art of the mechanical modelling of contact and
wear. One of the key messages of Chapter 3 is that present modelling approaches are
adapted to idealized materials. For instance, most models focus on rigid-perfectly-

plastic materials or ideal elastic materials.

Chapter 4 proposes several adjustments to some of these models in order to include the

effect of elastoplasticity and strain hardening.

Chapter 5 contains a detailed description of the processing of the model materials. It

also describes the testing protocols and the characterization methods.

Chapter 6 presents the results of the tests and compares them with the predictions of

the models.

Chapter 7 focuses on the interpretation of the results and on the comparison between
the model predictions and the experiments. It also describes the search for an optimal
equilibrium between the different requirements of an abradable material. This chapter
ends with a confrontation between what is expected from an optimal abradable

material and the real world of materials using the Cambridge engineering selector
(CES) materials database [CES2016].
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Chapter 8 concludes this study with a summary of the key aspects of each chapter.

This chapter also presents some perspectives to the present work.

Chapter 5
Base materials + R . Materials and
. >  Model materials
processing methods
A\ 4 Y v
Tribomet
ribometer, Mechanical Microstructural
nanoscratch, . L.
. testing characterization
erosion tests
Chapter 6
Tribological Mechanical Microstructural Experimental results
properties properties properties & comparison with
Hriagys Mpiamond E o, n, K Vol fraction, Size the model
Chapter 4
Wear models Modelling
F H F 4 F H F Vs
wear volume, wear volume,
wear mechanisis, wear mechanisis,
erosion rate erosion rate
Chapter 7
Model Discussion &
validation Optimisation
Optimisation
&

Material selection

Figure 1.1: Diagram presenting the strategy of this study with an outline by chapter
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Chapter 2  State of the art on abradable materials

The previous chapter stated the objectives of this study. The present chapter aims at
giving a better understanding of the abradable materials from the perspective of the
scientific and industrial literature. This bibliographic survey is constructed on one
question: How are these abradable materials conceived, nowadays, from an engineering
point of view? This question will decline in different steps, starting with (i) the design
specifications, (ii) the strategies used to fulfill these specifications, (iii) the techniques
used to evaluate their performances and finally, (iv) the validation of these materials

through numerical simulations and bench testing.

2.1 Aircraft engines and abradable materials

The story of most abradable materials starts inside aircraft jet engines. These engines
transform fuel into thrust and heat. The most common design uses a double air flux
system. Once the air enters the engine, some of it is dragged in the secondary flux and
is just pushed around the engine by the fan blades that act as giant ventilators. The
rest of airflow is compressed in the compressor, then mixed with fuel and burnt in the
combustion chamber. After that, it is expanded in the turbine before being released

(see Figure 2.1).

Figure 2.1: Schematic representation of a section of a double flux aircraft engine. Picture from [FAA
2012]
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In the first stage of the engine, the temperature and the pressure of the gas that
follows the primary airflow stream increases. This creates a gradient of pressure and
temperature (Figure 2.2). The compressed air will tend to leak through any opening,
including through the spacing between the tip of the blade and the casing. This
phenomenon is avoided/limited using an ingenious combination of sealing systems,
including labyrinth seals, contact seals, and abradable seals. For a comprehensive

review on these sealing systems used in aircraft engines, see [Chupp 2006].

Combustion
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Compressor
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=
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Figure 2.2: Temperature and pressure evolution in the primary flow of a Trent 800 Rolls-Royce
Engine. Picture from [Chupp 2006].

The lateral speed of the tip of a blade can go up to 650 meters per second [Faraoun
2005]. However, above 150 m/s, conventional contacting seals melt due to the high
friction [Schmidt 1997]. Abradable materials are non-contacting sealing systems used
between the tip of the blades and the casing where the relative motion speed is the
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highest (Figure 2.3). They act as sacrificial layers with a thickness ranging from 1 to 4
mm [Schmidt 1997]. These seals are therefore designed to be worn out by the blade in
case of a contact. These abradable layers are deposited slightly thicker than necessary.
During the first rotations of the engine, the blade tip scrapes the abradable material
and forms a trench with a minimal clearance [Flitney 2014]. The smaller the clearance,
the better the sealing [Chupp 2006]. Each time the blade comes into contact with the

abradable layer, the latter will be worn out.

Rigid casing

Abradable
coating

Figure 2.3: Schematic representation of an abradable seal. Picture from [Legrand 2011]

These layers are placed on the stator and not on the tip of the blade to avoid a
clearance opening on the entire circumference of the engine in case of a contact (Figure
2.4). Most of these contacts are due to thermal expansion and elastic deformations of
the engine during transient situations (take off, landing, acceleration..). For a more

detailed description of this phenomenon, see [Lattime 2002].
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Figure 2.4: The abradable is placed on the casing to allow a localized clearance opening in case of
contact (in dark grey) and avoid a global circumferential opening abradable (in black). Picture from
[Oerlikon 2014]

2.2 Design requirements for abradable materials

Designing a material for an abradable seal coating is quite challenging since these
sealing systems must satisfy a very restrictive list of specifications. These abradable
seals often operate in aggressive environments, yet, they have to fulfill their function
for long periods of time before being replaced (up to 10.000 hours of flight) [Schmidt
1997]. The following specification list gives a better understanding of the constraints

imposed on these materials.

o Abradability

The abradable coating must have a good abradability. This quality englobes two
different things. Firstly, it describes the ease to remove the abradable material in case
of a contact between the blade and the abradable [Schmidt 1997]. Secondly, it implies
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a non-abrasive behavior against the other rubbing surface [Baiz 2011]. Any damage
due to an elevation of the temperature or a rise of the stress on the rotating
components is thus avoided. It also ensures that the surface of the blade to not wear

during an incursion.

e Safe debris

In case of a rub event, the debris of abradable materials should not interfere negatively
with the components that lie deeper in the primary air flux. These negative
interactions include, impact damages, erosive wear, plugging, sticking deposits and

abrupt energy release during the combustion [Schmidt 1997, Zhang 2013].

e Frosion resistance

A running engine swallows a lot of air, along with the solid particles in it, including
sand, dust, water droplet and ice. All these particles can impact and wear out the
abradable material, therefore opening the clearance [Borel 1989]. The abradable should

resist erosion to ensure a long-standing efficiency of the engine [Baiz 2011, Zhang 2013].

e Temperature resistance

Each stage of the engine operates in a given temperature range. The abradables have
to withstand these temperatures to avoid any thermal degradation [Schmidt 1997]
[Zhang 2013].

e T'emperature cycling

The temperature inside the engine fluctuates a lot between the take-off, acceleration
phase, cruise and landing. The abradable materials must therefore resist the

mechanical deterioration due to thermal cycling [Schmidt 1997].

e Corrosion resistance

Abradable materials are also exposed to corrosive compounds, especially in marine
environment: salty water, salt fog [Xu 2011], pollutants dissolved in rain water and

sulfur compounds coming from fuel combustion products [Agard 1994]. In addition, the
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abradable materials are sometimes exposed to cleaning detergents, oils and fuels.
Moreover, metallic abradable materials can also suffer from galvanic corrosion created
between the casing, the bond coating and the abradable material itself [Lei 2014].
Corrosion can increase the blade gap and therefore reducing the engine efficiency
[Borel 1989].

e Ozidation resistance

Abradable seals must be resistant to oxidation. Indeed, the high oxygen partial
pressure in the compressor combined with the energy generated during a rub event

should not generate the ignition of the abradable material or the blade [Schmidt 1997].

e Others

In addition, the abradable material should be impermeable with an aerodynamically
smooth surface in order to reduce aerodynamic losses [Hendricks 2004, Borel 1989].
The processing of abradable material should be cheap and reproducible. Finally, it
should be possible to remove the abradable layer and replaced it for reparation
[Schmidt 1997].
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2.3 Design strategies used to improve abradability

Most of the known materials do not exhibit a good abradability. However, many
strategies can be used to design materials with a satisfying level of abradability.
Sometimes, these strategies are combined. In theory, the best abradable material is the
one that deforms only elastically. In that spirit, rub tolerant materials were introduced.
Rub tolerance is the ability of a layer to deform elastically during a contact without
wearing or damaging the seal or the rotor. Some polymers deposited in the cold part of
the engine are rub-tolerant [Chupp 2006, Flitney 2014]. However, most of these
polymers can only be used in the first stage of the engine because of their limited
temperature resistance. Some abradable materials are made weaker using low shear
strength materials to ensure that, if plastic deformation occurs, it happens with the
lowest stress level possible [Steinke 2010, Sporer 2007, Wilson 2012, Zhang 2013].
Lowering the resistance to crack propagation is another strategy used in abradable
design. The idea is to ease the release of small debris by brittle fracture in case of a
contact. It is done by introducing small defects in the material. These defects can be
porosity or a second phase that presents a weak interface with the matrix or a brittle
phase like graphite [Schmidt 1997, Zhang 2013]. This second phase is often called a

“lubricant” phase.

2.4 Commercial abradable materials

Many materials are designed with these strategies and are now commercially available
[Oerlikon 2015]. Most of them are designed for a specific temperature range. Therefore
the choice of the abradable material is mostly limited by the temperature and the
pressure corresponding to a position in the engine as well as the wear resistance of the
blade tip (Figure 2.5). At low temperature, polymer materials like rubbers,
thermoplastics or epoxy are used. They are used in labyrinth seals or against the fan
blades [Schmidt 1997, Chupp 2006, Flitney 2014]. In the compressor stage, hybrid
materials made of a metallic matrix mixed with a lubricant phase are used. The
metallic phase is made of aluminum alloys, silver, zinc, nickel, bronze or copper alloys.
The lubricant phase is either a polymer or a brittle material like graphite, hexagonal
boron nitride, bentonite clay or diatomite. At higher temperatures, refractory alloys

are used, sometimes mixed with polymers that will be burned after the deposition to
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leave porosity. In some cases, they are also mixed with a lubricant phase. In the
highest temperature, ceramics are used, mainly yttria-stabilized zirconia (YSZ) (Table
2.1). In some cases, a wear-resistant coating made of alumina or zirconia is added on
the tip of the blades to protect the blade during a rubbing event against the abradable
[Faraoun 2005].For a review, see [Schmidt 1997] and [Chupp 2006].

Temperature
[°Cl
A Abradables Blading
1500
A Modified oX
odilie
Abrasive TBC's Stg)sralloys
R Superalloys
1000 .
MCrAlYs Turbine Superalloys
v
Metal matrix-
500 solid lubricant — Stecl
Titanium
Compressor
FRC’s

Technology level
Figure 2.5: Families of abradable materials presented as a function of the operating temperature and

as a function of their technological processing complexity. On the right, the corresponding blade tip
materials. Picture from [Schmidt 1997]
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Table 2.1: List of some abradable materials used in the engine with their temperature range. Data
from [Zhang 2013].

Name Temperature range [C°] | Applications
Polymers <325 Compressor + Fan blades
AlSi-polymer <350

AlSi-graphite 315 - 415

AlSi-hBN <480

Ni-graphite <480 Compressor
NiCrFe-hBN <480

Bronze-polymer <650

Bronze <650

NiCrAl-diatomite <815

NiCrAl-diatomite-hBN <750

CoNiCrAlY-polymer <850

CoNiCrAlY <850

NiCrAlY-polymer <1000 Hot Sections
NiCrAlIY-AlLO; <1000

NiCrAlY-graphite <1100

YSZ-polymer <1250

YSZ <1250

2.5 Performance evaluation of abradable materials

Assessing the performance of an abradable material is not straightforward. It requires
many tests to satisfy and validate the design specifications. Some of these
specifications, like the resistance to temperature, are simple to evaluate and easy to
interpret. However, others, like the abradability are harder to quantify and requires
complex dedicated test rigs. Some of these test rigs have been used for decades. Even
though, the results of these tests are often accompanied with a lot of scientific
questions and investigations. The present section focuses on these unusual testing
machines combined with an overview of some of the research done to interpret the

results of these tests.
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2.5.1 Abradability test rigs

Before entering into service, abradable materials are tested on high-speed abrasion test
rigs in which they are rubbed against an instrumented blade. The aim of such tests is
to understand the behavior of the abradable material under rubbing similar to the
conditions in the engine. These test rigs decline into three possible configurations. The
“classical” configuration reproduces a simplified version of the engine including a
rotating disc with blades and a sample holder covered with an abradable material.
During the test, the abradable seal is forced radially against the disc (Table 2.2). The
incursion speed and the rubbing speed are the two main adaptable parameters. In
some cases, these rigs are equipped with a heating device added to increase the
temperature of the sample (Table 2.3). The second design is called “inverted ”. It uses
a rotating disc covered with abradable material. In that design, the blade holder is
pushed radially against the rotating disc (Table 2.4).The third one is the “linear”
configuration, in which the abradable material is attached to a projectile. The
projectile is pushed by a gas under pressure inside a vacuum tube in which it
accelerates before entering into contact with a blade. The projectile covered with the
abradable rubs against the blade and finishes its course in a shock absorber (Table 2.5).
In this configuration, the two changeable parameters are the incursion depth and the

rubbing speed.
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Table 2.2: Room temperature abradability test

rigs operating in the classical configuration

Laboratory name

University of Sheffield

IMAP - UCLouvain

IPEK & Alstom

Picture

Dummy Blade

7
"

Blade geometry

25 mm

p—
-~
2 mm

Nb of blades 1 1-24

Incursion speed [pm/s] | 0.1 — 2000 2.5 - 250 1 - 7000

Rubbing speed [m/s] 200 315 25 - 400

Disk diameter [mm] 187 175 347

Temperature [°C] Room T* Room T* Room T°
2 m 2 mm \‘(Qfg mim

References

[Fois 2013, Fois 2016]

[See Chapter 5]

[Rathmann 2007, IPEK 2014]

Table 2.3: High temperature abradability test rigs with the classical configuration. These rigs are

equipped with a torch that can fire a flame on the abradable to increase the temperature.

Laboratory name

Oerlikon Metco

BGRIMM - Beijing

NASA - AVRADCOM

Picture

Nb of blades 1-4 1-2
Incursion speed [pm/s] | 1 — 3000 5 — 2000
Rubbing speed [m/s] 100 - 500 520 320
Disk diameter [mm] 600 470 191
Temperature [°C] <1200°C <1200°C <1100°C
25 M) L 0.1-3 mm
10 mm
Blade geometry
3-3.2 mm
References [Schmidt 1997, Lu 2013] [Xuan 2015] [Shiembob 1977, Bill 1978]
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Table 2.4: Abradability test rig with an inverted configuration. The test rig from Onera (on the left)
is equipped with an induction heating device.

Laboratory name Onera - Lille Pratt & Whitney Aicraft
g AL
. Abradable Coated Disk
Incursion
‘ /Feed
Picture Instrunenced
N Blade
“Drive & optical
Turbine Torquemeter Rotor Optical
Bearing Pyrometers
Support
Nb of blades 1 1
Incursion speed [pm/s] | 15000 2.5 - 250
Rubbing speed [m/s] | 95 213
Disk diameter [mm] 300 127
Temperature [°C] <300 Room T°
2 mm\
Blade geometry |15 mm IIO mm
62 mm
References [Baiz 2013, Mandard 2015] [Laverty 1982]
Table 2.5: Linear abradability test rigs.
Laboratory name La.B.P.S. - E.N.I.M. LEMS3 — Lorraine University

Receiving Tube

Specimen B

Picture

Nb of blades 1 2
Incursion depth [pm] | 130 - 350 50 - 500
Rubbing speed [m/s] | 60-500 5-120
Temperature [*C] Room T° Room T°

SpecimenB

Blade \/J,w..m

ads Specimen A s
Blade geometry Abradable N =
“projectile
[ o o
Projectile &r/rﬂ“‘ﬂ,"%m“m/,’,"‘ I
References [Cuny 2012, Cuny 2014] [Sutter 2006, Cuny 2012]
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2.5.2 Wear mechanisms occurring in abradable materials

After being tested on abradability test rigs, the abradable materials are examined to
identify the dominant wear mechanism. Some mechanisms are more desirable since
they lead to a smooth surface, with no excessive material removal and no
contamination of the blade or the abradable [Borel 1989, Shmidt 1997, Faraoun 2005].
Some of these wear mechanisms encountered during an abradability test are described

hereunder. They are sorted by order of desirability.

e Cutting

In the field of abradability, cutting corresponds to the separation of the surface of the
abradable in a brittle manner that leaves a smooth and shiny appearance with little or

no deformation of the subsurface [Borel 1989].

e Smearing !

This mechanism is due to an extensive plastic flow of the coating, leading to the
smearing of one or more component of the abradable. If one of the phases is more
brittle, the ductile phase can be mixed with small fractured chunk of the brittle phase
[Borel 1989]. This mechanism is less desirable since it is often accompanied by grooving

and transfer.

e Grrooving with transfer *

Grooving is associated with large plastic deformations of the abradable material
combined with adhesive transfer of material from the abradable to the blade. The
transferred material can build up on the blade tip, creating a toothed surface [Schmidt
1997]. The surface of the abradable is therefore marked with grooves. The width and

the height of the grooves can vary from micrometers to millimeters [Borel 1989].

! « Etalement » in French.

2 « Rainurage » in French.
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e Densification

Abradable materials can present high porosity content (up to 40%) [Shmidt 1997].
During an interaction with the blade, the plastic deformation can lead to the
densification of the abradable material by crushing the porosities. This mechanism is

unwanted since densification leads to a loss of abradability.

o Melting wear with transfer

During the interaction, the friction heat and the plastic deformation can lead to
material transfer from the abradable to the tip and vice versa. This transfer can lead
to chemical exchanges and to the formation of new compounds on the blade or on the
abradable material. These compounds can have a lower melting temperature. They can
melt and after solidification, forming a hard and dense layer on the abradable material.
Eventually this hard layer can lead to blade damage if a second contact occurs [Borel
1989].

o Micro-rupture

Micro-rupture is a brittle wear mechanism in which small cracks propagate in the
abradable material and form micrometer size chunks that are ejected from the
abradable surface [Shmidt 1997].

e Rupture

Rupture is a detrimental wear mechanism in which cracks propagate in the abradable

material releasing large debris [Shmidt 1997].

e Thermal shock

Thermal shock appends in brittle abradable materials when there is a step temperature
rise during rubbing. This heating can generate a fracture of the coating due to an

excessive localized thermal distortion [Schmidt 1997].
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2.5.3 Abradability wear maps

Wear mechanism analyses give important tribological informations, essential to the
evaluation of an abradable material and to the modelling of the interaction between a
blade and an abradable coating. However, for a given abradable material, the
dominant wear mechanisms can be affected by the input parameters programmed in
the abradability test rig. Abradability wear maps are then used to synthesize visually
the results of many abradability tests. These maps present the dominant wear
mechanisms as a function of two contact parameters [Lim 1987, Ashby 1990]. These
parameters can be the contact pressure, sliding velocity, penetration depth, incursion
speed or temperature. In the field of abradability, the wear maps are often drawn at a
given temperature with the sliding speed as primary variable versus the incursion
speed (Figure 2.6) or versus the incursion depth (Figure 2.7) [Schmidt 1997, Cuny
2012]. These maps help visualizing the range of speed and of temperature in which an
abradable is going to perform well. Ultimately, wear maps are used to compare and

select adequate abradable material candidates.

Incursion speed Incursion speed

AlSi

AlSi + polyester

(/5] Room T° [/ 400°C
500 50
Hot spot + .
melting wear Cutting + Hot spot +
microrupture rupture
Cutting +
50 1 transfer 25
CUttH_lg + Superficial
roovin .
2 2 Deep melting wear melting
wear
O = 5
150 300 450 350 400 450
Rubbing speed [m/s] Rubbing speed [m/s]
(a) (b)

Figure 2.6: Wear maps measured with the Oerlikon Metco classical abradability test rig; (a) AISi +
polyester abradable material at room temperature; (b) dense AlSi abradable material at 400°C.
Picture from [Shmidt 1997]
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Figure 2.7: Wear map obtained with the La.B.P.S. — E.N.I.M. linear abradability test rig on the AISi
and polyester abradable material at room temperature. The colored map shows the level of

roughness of the surface of the sample. Picture from [Cuny 2012]

2.5.4 High speed abradable blade interactions

In addition to the observation of wear mechanisms, some researchers investigated the

interactions between the tip of the blade and the abradable in order to explain the

origin of some wear mechanisms. Schmidt suggested that, at rubbing speeds higher

than 100 m/s, most abradable materials are pushed under the tip and release in the

rear of the tip [Schmidt 1997]. This mechanism was supported by experiments using

blades of different thicknesses. The rebound of the abraded particles under the tip

damages more the thicker blades than the thinner ones (Figure 2.8).

40 - State of the art on abradable materials



Blade motion
relative to
shroud

1 A

Blade tip f VI
V:

JIH -
a l) Y] v

R I

Matrix - Lubricant phase Interfaces

Figure 2.8: Schmidt description of the phenomenology of interaction between the tip of a blade and
any abradable materials. The abradable particles are pushed under the blade and released in the
back of the tip. Picture from [Schmidt 1997].

In their investigations on the aluminum-silicon polyester abradable material, Cuny et
al. suggested that during a contact with the blade, part of the abradable material
would form a chip, or debris in front of the blade and the rest would be pushed under
the blade. She observed that using a thicker blade creates a longer surface of friction
with the abradable which in turn increased the smearing of the abradable surface. If
the radius of the tip of the blade increased, so does the quantity of abradable material
pushed under the blade along with the amount of detrimental wear by fracture of the

coating [Cuny 2012].
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Figure 2.9: Phenomenological description of the accommodation of the blade tip incursion by the

abradable coating. Picture from [Cuny 2012].

Studying the same family of abradable materials, Mandard et al. proposed an

interaction scenario based on four mechanisms: debris release, surface shearing,
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compaction and elastic recovery (Figure 2.10) [Mandard 2015]. They noted that a
significant part of the deformation was accommodated by densification of the
abradable. Using 3D X-ray tomography combined with image analysis, they showed
that there is less porosity near the surface of the abradable after a contact with the
blade. Concerning the microstructural evolution of the abradable, their observations
showed that both inside the chip and underneath the surface, the polymer phase
exhibits large plastic deformations. The metallic phase fragments and gets dragged
with the polymer forming a third body that can either be released as a debris, transfers

to the tip or remains on the wear track surface.
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Figure 2.10: Schematic representation of the accommodation of the blade tip incursion by the
abradable coating. Picture from [Mandard 2015].

e Numerical modelling of the blade casing interactions

Once the wear mechanisms are highlighted on test rigs, only a part of the validation
work is done. The remaining work consists mainly in predicting and simulating the
behavior of the abradable material inside an engine with real operating conditions. The
purpose of these simulations is to take into account the effect of the contact on the
abradable and on the rest of the engine. Indeed, due to the high rotational speed and
the flexibility of the blades, interactions between a rotor blade and a casing give rise to
complex phenomena involving heat generation, deformation, debris, thermal
expansions and vibrations in the rotor and in the stator part. Many numerical
simulations were developed to predict the vibrational state of the engine after one or

many contacts and also to estimate the amount of abradable removed by the blade.
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Due to the complexity of such numerical simulations, in most cases, only simplified
wear mechanisms are implemented such as plastic compression [Legrand 2009],
elastoplastic compression with viscoplasticity [Batailly 2013] as well as cutting and
fragmentation of the abradable [Berthoul 2015]. For a detailed review, see [Ma 2016].
These simulations present some advantages over tests on real engines. Indeed, they are
more cost effective and less time consuming. However, these simulations require
specific inputs such as the mechanical and thermal properties of the abradable material

which are not always easy to measure.

2.5.5 Mechanical properties of abradable materials

Given the brittle nature and the heterogeneity of most abradable materials, measuring
their mechanical properties can be quite difficult. Ma and Matthews performed
bending, tensile tests and micro-hardness measurements on systems composed of the
abradable on a steel substrate [Ma 09, Ma 07]. The effect of the substrate is estimated
based on some hypotheses and then subtracted from the measurements to isolate the

abradable properties (Table 2.6).

Table 2.6: Mechanical properties of abradable materials measured by Ma and Matthews [Ma 09, Ma

07]
Abradable Young’s Ultimate tensile Vickers
material Modulus [GPa] strength [MPa] microhardness [MPa]
AlSi-Polyester 2.08 8.6 20.7
AlSi-Graphite 3.11 23.1 22.2
Ni-Graphite 3.95 48.6 33.9

Johnston and Evans developed a method to produce free standing abradable specimens
using a dissolvable substrate that resists the thermal spraying process. After machining
the sample, they performed uniaxial tensile tests on two different abradable materials
(Table 2.7). Their results show that these metallic abradable materials exhibit very
low deformations at break (less than 1%). Additionally, the stress-strain curves present
a non-linear behavior (Figure 2.11). The variability of their results is attributed to the
randomly distributed shape and size of the defects in the microstructure [Johnston
2007].
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Table 2.7: Mechanical properties of abradable materials measured by Johnston [Johnston 2011]

Abradable Young’s Ultimate tensile Uniform
material Modulus [GPa] strength [MPa] deformation [%]
AlSi-hBN 172+ 1 29.5£6.3 0.24 £ 0.07

NiCrAl-Bentonite 1.4+0.2 3.2+£0.14 0.68 £ 0.25
Stress Stress
[Mpa] 4 [Mpa]
1 g 351  NiCrAl -
35 . F crdred ak
” AlSi-hBN Lot 30|/ DBentonite . - .- i %,1'*""
§%e>”
25 fg 25 y
201 ¥ Test 1 2 2
5
157 + TZ:::ZQ L «Test1 xTest2
10- o 1.0 +Test3 -Test4
s Test6 aTest5 = Test6
% I:::; 5 Test7 o Test8
090000 0 0'010 0 0‘020 0 0630 0.0040 00(.)0000 0.0020 0.0060 0.0080 0.0100
Strain Strain

Figure 2.11: Tensile stress—strain curves obtained from free-standing abradable specimens. Picture

from [Johnston 2011].

Baiz et al. also studied the mechanical properties of free-standing AlSi-hBN abradable

specimens. The samples are separated from the substrate by abrasive wire cutting.

Samples are then subjected to tensile, compression tests as well as Brazilian tests.

Their results showed that the material accommodates the deformation by compaction

under compressive stress and by crack initiation and propagation in area subjected to

tensile stress. In addition, cyclic tensile tests reveal that, even though the deformations

at break are very low, these materials exhibit some degree of plasticity before breaking,
(Figure 2.12) [Baiz 2011].
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Figure 2.12: Tensile stress—strain curves obtained from a free-standing AlSi-hBIN abradable specimen.
Picture from [Baiz 2011].

2.5.6 Erosion resistance

In addition to their abradability, abradable materials are supposed to be resistant to
erosion. Indeed, as stated in Section 2.2 , suspended particles are ingested in the
airstream of the engines. Therefore, many components of the engine, including the
abradable materials are subjected to solid particles erosion [Hamed 2006, Tabakoff
1992]. Achieving a satisfactory level of abradability and erosion resistance is often
considered paradoxical as one requires the material to be weak and the other one needs
it to be resistant. The conflicting properties of combining a good erosion resistance and
abradability is often mentioned [Laverty 1982, Colomban 1999, Hendricks 2004, Ma
2007, Bardi 2008, Dowson 2008, Johnston 2011, Delebarre 2014, Fois 2015] but rarely
studied. Chappel et al. studied the effect of the tensile strength of an abradable
material made of felted and sintered metal fibers on the erosion resistance as well as on
the abradability [Chappel 2001]. By varying the processing conditions, they showed

that, for this particular abradable material, increasing the tensile strength would
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improve the abradability but lowering the erosion resistance. Their results suggest that

a compromise between the two properties can be found (Figure 2.13).
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Figure 2.13: Evolution of the erosion rate and the abradability as a function of the ultimate tensile
strength (UTS) of different Feltmetal® abradable materials. Picture from [Hendricks 2004].

Yi et al. studied the erosion resistance of a variety of thermally sprayed abradable
materials [Yi 2002]. Their study offers a phenomenological description of the erosion
wear mechanisms depending on the angle of impact with the surface. They observed
that, at 90° impact angle, the erosion happens via indentation, extrusion of lips and
cutting of the lips as well as by debonding of metallic phase by repeated impact. At
30° angle, the erosion wear is produced by cutting, plowing and tunneling via the

weaker grain phase (Figure 2.14 and Figure 2.15).
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Figure 2.14: Scanning electron microscopy of the surface of different abradable materials after
erosion tests with 100 mesh AlOs solid particles at 50 m/s. Picture from [Yi 2002]
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Figure 2.15: Schematic representation of solid particles wear mechanisms in thermally sprayed metal
matrix abradable material. Picture from [Yi 2002]
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2.6 Summary

Abradable materials are used to improve the performances of turbo engines by acting
as a non-contacting sealing system. These materials have to comply with a lot of
design specifications. Many abradable materials are commercially available and the
choice of a material is mainly dictated by the position in the engine. The abradability
of these materials comes from their high elasticity, low yield strength or from low
fracture toughness. Dedicated test rigs are used to evaluate the performance of
abradable materials. The complexity of these tests is increased by the number of wear
mechanisms and interaction scenarios between the abradable material and the blade.
Abradables material should also be resistant to solid particles erosion. In addition to
be a conflicting property with the abradability, erosion also involves a large panel of

specific wear mechanisms.
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Chapter 3  State of the art on contact and wear

modelling

The previous chapter showed that interactions between a blade and an abradable
material lead to a panel of different wear mechanisms and also that modelling these
interactions require the knowledge of the mechanical properties of the abradable
material. This chapter explores the literature with three main questions: How do
mechanical properties relate to contact forces or to a wear volume? Is it possible to
model many wear mechanisms with a single model? In which case will a wear
mechanism be the dominant one? In order to answer these questions, some important
physically based models of contact, wear, cutting and erosion are presented.
Understanding these models is important as they are the starting point of more
advanced models described in Chapter 4 and used during the optimization in Chapter
7. Before entering in the physical description of these models, the basic wear
mechanisms are described from the perspective of contact mechanics and tribology
(Figure 3.1). These mechanisms present some common points and some differences

with the ones described in the abradable literature (see Section 2.5.2).

3.1 Wear mechanisms

In tribology, wear mechanisms are the description of the transformation experienced
by a surface before and after the contact. The following list represents some of the
mechanisms having the closest similarities with the mechanisms encountered in

abradable materials.

e Plowing *

Plowing is the elastoplastic displacement of one material around the tip or around the
contact between two asperities in the surfaces. Plowing can produce wear by a
combination of work hardening, lips formation and finally tearing of highly deformed

surface volume elements upon repeated passage over the same wear track [Gahr 1998].

* « Labourage » in French.
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e Cutting

Cutting is the separation of a part of the surface of a material by the formation of a
chip. The chip is formed in the front of the tip or the front of an asperity in the
contact area [Gahr 1998]. The chip can be continuous or discontinuous [Merchant 1945

e Adhesive wear

Adhesive wear happens when a strong interface is created between two surfaces in
motion one relatively to the other. If the interface is tougher than the bulk material
beneath the surface, a part of the material can be teared off by the other surface. The
adhesion between the two surfaces can be generated due to the combination of the
friction heat, the normal load and the plastic deformation. This combination can create
a mechanical anchorage, a hot sticking of melted surface or the welding of one of the

surface on the other.

e Delamination wear

In the field of contact mechanics, delamination wear relates to the loss of material due
to subsurface planar crack propagation [Stachowiak 2005]. This delamination can occur
at the interface between the matrix and reinforcement [Hong 2011], between a coating
and a substrate or by ductile fracture of a thin layer of material at a finite distance

below the surface [Jahanmir 1977].

e Spalling

Spalling is the formation of chunks of material by brittle fracture under and around
the surface at the contact points [Stachowiak 2005]. The main difference with

delamination is the non-directionality of the crack.

e Fatigue wear

Fatigue wear happens after a progressive deterioration of the surface of a material by

repeated contact [Stachowiak 2005]. Each interaction propagates subsurface cracks

* « Ecaillage » in French
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deeper by fatigue. After a certain number of interactions, the crack is long enough to

join the surface and form a chunk of material.

e Melting wear

Rubbing between two surfaces can locally generated a lot of heat by friction and by
plastic deformations. Melting wear occurs when the temperature rise above the melting

point of one of the two materials in contact [Stachowiak 2005].

Plowing
Plastic grooving during Lips formation on
the first passage the second passage
Cutting Spalling

Delamination wear 1 Adhesive wear

[ .

Exemple of delamination wear by ductile subsurface crack propagation

Figure 3.1: Schematic representation of fundamental wear mechanisms. Picture from [Wang 2003,
Stachowiak 2005, Gahr 1998]
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3.2 Indentation models

Indentation consists in pushing vertically one material against another. From a
mechanical point of view, indentation is associated with many basic questions: How are
the indentation forces related to the mechanical properties of the base material? How
does the geometry of the tip affect the response of the material? What is the
relationship between the penetration depth and the forces? The present section
explores these questions through a description of some physics-based indentation

models.

3.2.1 The hardness

In order to simplify the indentation problems as much as possible, it is often assumed
that the tip is rigid. In addition, the base material is generally considered to be an
infinite half-space. In reality, the finite dimension of the sample can have an effect on
the indentation response. However, as long as the depth and width of the contact are
smaller than 10 times the size of the sample, this hypothesis gives satisfactory results.
In the field of contact mechanics, the contact forces are generally related to a material
property known as the hardness (H). H represents the mean vertical pressure under the
tip. It is calculated by dividing the vertical force of contact (Fv) by the projected area

of contact (A) in the form
H=—. Eq. 3.1

The hardness and the area of contact are both affected by the mechanical properties of
the base material. Many models are used to describe the effect of the mechanical
properties on the indentation response. Some of the models are briefly described

hereunder.

3.2.2 Ideal elastic models

Indentation of ideally elastic materials has been widely studied. Hertz, Sneddon,
Boussinesq, Brothers, Flamant and many others developed solutions in elastic contacts
[Johnson 1985, Sneddon 1951, Brothers 1977]. A summary of some important elastic

indentation models can be found in Table 3.1. The hardness of elastic material is
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denoted H.. In that table, both the mean pressure under the tip and the contact area,
including the sink-in of the surface, can be estimated for simple geometries of tip. In
these models, the base material is considered to obey Hooke’s law of linear elasticity.
Consequently, the indentation is considered completely reversible. After unloading, the

recovered depth (he) is equal to the depth of indentation (h).

3.2.3 Rigid perfectly-plastic models

Rigid perfectly plastic materials are theoretical materials in which deformation occurs
only if the stress exceeds the yield strength. Once exceeded, the material deforms
plastically with no strain hardening. Perfectly plastic indentation modelling has been
mostly addressed using the slip line field theory [Hill 1947, Lockett 1963, Shield 1955,
Druyanov 1994] and later through finite element simulations [Kermouche 2007].
Equations for the contact area and the mean pressure are available for simple tip
geometries. Although not proposed in a closed form solution, these models can be
fitted with a polynomial regression to give an approximated continuous solution [Yu
1996] (Table 3.1). In these models, the indentation is considered fully irreversible.
After unloading, the residual depth (hy) is the same as the indentation depth (h).

3.2.4 Elastic perfectly-plastic models

The behavior of elastic perfectly-plastic materials depends on the level of stress. If the
stress is lower than the yield strength, the material behaves like an ideal elastic
material. When the yield strength is reached, the material deforms plastically with no
strain hardening. After deformation, if the stress goes back to a value lower than o,
the material behaves again like an ideal elastic material. The modelling of the
indentation of elastoplastic material was approached through the spherical and
cylindrical cavity expansion models of Johnson [Johnson 1970]. In this model, the
indenting part of the tip is inscribed in a hydrostatic spherical core surrounded by an
elastoplastic material. This core is forced to increase in size during the indentation.
This approach simplifies the problem to a spherical cavity pushing on an elastoplastic
surrounding (Figure 3.2). Yu and Blanchard also proposed a methodology to derive the
hardness of elastoplastic material based on a combination of the ideal elastic model

and the perfectly plastic model [Yu 1996]. In their model, the pressure distribution
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under the tip is a combination of an elastic area that follows an ideal elastic model
solution and a plastic area that follows the rigid perfectly plastic solution. The size of
the plastic zone is defined by the intersection between the ideal elastic and the

perfectly plastic pressure distribution (Figure 3.3).

<P <P

| Hydrostatic |
core

\_/ Plastic zone \\/

Elastic zone

-a a -a a

Figure 3.2: Schematic representation of the expansion cavity model of Johnson [Johnson 1970]. The
indenting tip is associated to a hydrostactic spherical core increasing in size during the indentation

in an elastoplastic material.

| Plastic zone

Elastic zone

L Elastic pressure distribution

/ Plastic pressure distribution

Elasto-plastic pressure distribution

Figure 3.3: Schematic representation of the elastoplastic localized pressure yielding model of Yu and
Blanchard. The normal pressure under the tip follows the elastic model up to the yield strength
where the perfectly plastic model is followed.

These two elastoplastic approaches give a relationship between the hardness, the

Young’s modulus and the yield strength for different tip geometries. The cavity
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expansion model is simpler yet less accurate in the case of materials with either very
high or very low values of 0,/ E, whereas Yu and Blanchard model shows a continuous
transition between the elastic and the plastic model (Figure 3.4 and Figure 3.5).
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Figure 3.4: Comparison of the elastic, plastic and the elastoplastic model of Johnson and Yu and
Blanchard with finite element simulations in the case of conical indentations. From [Yu 1996].
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Figure 3.5: Comparison of the elastic, plastic and the elastoplastic model of Yu and Blanchard [Yu
1996] with finite element simulations in the case of a cylindrical indentation on the flat side of the
cylinder from [Riccardi 2004]. Here, the hardness is also a function of the radius of the cylinder (a)
and of the depth of indentation (h).

These two elastoplastic models focus mainly on modelling the hardness. However, they
both omit the calculation of the contact area (A). Yet A is essential to calculate the
indentation response (Eq. 3.1). These models are therefore very useful if the tip is flat
and offers a constant contact area during indentation. However, if the tip is sharp or
rounded, the contact area is affected by pile-up and sink-in effects which make the
relationship between h and A harder to model precisely. Indeed, pile-up is a
deformation of the surface of the base material going upward against the side of the
indenter and resulting in an increase of the contact area at a given depth. [McElhaney
1998, Oliver 2004]. On the other hand, sink-in is a downward deformation of the

surface of the base material that reduces the contact area (Figure 3.6).
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Figure 3.6: Schematic representation of pile-up and sink-in effects.

3.2.5 Elastoplastic models including strain hardening

The effect of the strain hardening was studied by following two distinct approaches:
with finite element modelling (FEM) and through analytical modelling. Regarding the
analytical route, a lot of discoveries are attributed to Tabor. Tabor proposed a series
of relationships between the hardness, Young’s modulus, yield strength and strain

hardening exponent. The relationship,
H=C,o,, Eq. 3.2

where C, = 2.6 - 3, was proposed by Tabor based on experimentations and was
inspired from the slip line filed solutions of Hencky and Ishlinsky [Tabor 1948, Hencky
1923]. Supporting the elastoplastic model of [Johnson 1970], Tabor observed that the
hardness can vary with the ratio o,/E. In materials where this ratio is large, the
hardness does not follow Eq. 3.2. Instead, the constant Cj linking o, to H can be as
small as 1.5. Tabor also described the effect of the strain hardening on the pile up and
on the sink-in. He postulated that a low strain hardening ability brings an important
pile-up while a sink-in can occur in a high strain hardening material due to a

redistribution of the plastic flow away from the indenter [Tabor 1970] (Figure 3.7).
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Figure 3.7: Schematic representation of the effect of the strain hardening ability of a rigid plastic
material on the plastic flow of the surface during indentation. Indentation in a material with a low
strain hardening creates pile-up while a high strain hardening brings sink-in. Picture from [Tabor
1970].

Tabor extended the relationship given in Eq. 3.2 to include the effect of strain
hardening with the introduction of the concept of the representative strain under the

tip (&-ma) [Tabor 1948]. In the case of a sphere, the relationship becomes

H = Crar—ind (gr—ind ) ’ Eq. 3.3
where 0., is a representative indentation stress and

& na |%] = 20h/R, Eq. 3.4

where R is the radius of the tip, A is the depth of indentation and C; is a constant in
the range 2.6 - 3. Concerning pyramidal and conical indenters, because of the
geometrical similarity, &.mq¢ is independent of h. In order to fit with experimental

results, Tabor proposed the value

~8-100
&g *8-10%. Eq. 3.5
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In both cases, the relationship between &0 and o4 can be identified with a stress-
strain curve of the base material from a tensile or a compression test. Atkins and
Tabor also showed that the opening angle of the tip affects the representative strain
[Atkins 1965]. Later on, Johnson proposed the following relationship to take into

account the effect of the angle,
& g =0.2tA0 3, Eq. 3.6

where S is the angle between the surface and the lateral surface of the conical tip
[Johnson 1970]. Many researchers then proposed different values for &.,4 and for C, to
fit experimental or finite elements simulations results (Table 3.2). Surprisingly, these
values of C,and &..mq vary over up to one order of magnitude.

Table 3.2: List of values for C: and &-imad in the case of indentation by a cone with a half-opening
angle of 70.3°, equivalent to the Vickers and the Berkovich pyramidal tip.

C. References &r-ind References
2.7 [Mata 2003] 0.03 [Dao 2001]

3 [Atkins 1965] 0.08 - 0.1 [Tabor 1948, Atkins 1965]
2.8 115 | [Chaudhri 1998] 0.1 [Mata 2003]
0.25 - 0.36 [Chaudhri 1998]

0.3 [Giannakopoulos 1999

The variability of those two parameters was explained later by Hernot [Hernot 2014].
Hernot et al. used finite element simulations to study the indentation of elastoplastic
materials with strain hardening. In their simulations, the tip is a cone with a half-
opening angle of 70.3°. Concerning the base material, the elastic part obeys the

Hooke’s law and the plastic part follows a Hollomon’s law. This combination gives

o=Eg , g<0y/E
Eq. 3.7

_En_1l-n_n ’
c=E"g,"¢", g>o-y/E
where n is the strain hardening coefficient. Hernot studied the effect of the
adimensional parameter ¢,/ FE and n on the representative indentation strain and on C.,

(Eq. 3.3). His study shows that &.,s and C. are not constant parameters and can vary

in a large way with n and with ¢,/ E (Figure 3.8 and Figure 3.9).
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Figure 3.8: Colored map showing the influence of oy/FE and of n on the total representative strain (&-
iwd) and on the plastic representative strain (&p = &wind - 0y/E) during an indentation of an
elastoplastic material with a cone of 70.3° of half-opening angle. Picture from [Hernot 2014].
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Figure 3.9: Evolution of the parameter C, with n and with oy/E. Picture from [Hernot 2014].

In the same idea, Cheng and Mata also used finite element simulations to study the
effect of the two parameters o,/E and n but this time, with a deeper focus on the
contact area during indentation. Cheng and Cheng used a cone with a half-opening
angle of 68° while Mata choose an angle of 70.3° [Cheng 1998, Mata 2002]. Their study
showed the evolution of the real height of contact (h.) with ¢,/E and n (Figure 3.10).
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They confirmed the observation of Tabor concerning the effect of the strain hardening

coefficient on the pile-up and on the sink-in [Tabor 1970]. They also showed that there

is a progressive transition from pile-up to sink-in as the parameter o,/FE increases.
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Figure 3.10: Evolution of the contact height (hc) normalized by the depth of indentation (h) as a
function of oy/E for different values of n. When h¢/h is bigger than 1, there is some pile-up. When it
is smaller than one, the surface sinks-in. These FEM calculations consider indentations with a

conical tip on power law strain hardening elastoplastic materials.

Mata and Alcala [Mata 2003] used numerical curve fitting methods on these results to

propose an expression for h. as function of ¢,/F and n giving

h T
== L, (n)+1,(n)e "5

1,(n)=8.7760n° —6.7180n° +1.0478n + 0.8148
l, (n) =—-7.7892n° +6.8690n> —2.0273n +0.4790

I,(n)= —0.35359n° +0.40038n* —0.05926n +0.01426

Eq. 3.8
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3.2.6 The effect of the indenter elasticity

Indenting a material brings a deformation both in the indenter and in the base
material. In some models, the tip is considered as an elastic material. In that case, the
deformation of the tip can affect the indentation response. In order to take this
deformation into account, the concept of reduced modulus was proposed. In order to
visualize the concept, an analogy can be made between a tip indenting an elastic
material and two springs being pushed against each other. These two springs in series
can be approximated by one equivalent spring (Figure 3.11). This equivalent spring
exhibit a lower stiffness than the stiffness of the two springs. The equivalent stiffness

follows

_[1.1) Ba. 59
Tk k) o

where k; is the stiffness of the upper spring, k» is the stiffness of the lower spring and

kr is the equivalent stiffness.
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Figure 3.11: Schematic representation of the elastic indentation between a tip and a material

represented by two springs being pushed against each other.

The reduced modulus is related to the Young’s modulus of the material and the tip

through

2 2\t
Eeq :(1 EV1 +1 EV ] , Eq. 3.10
1

where F., is the reduced modulus, F; is the Young’s modulus of the tip and v; is the

Poisson ratio of the tip. E., can be used instead of the Young’s modulus of the base
material in indentation models to take into account the elastic deformation of the tip.
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3.2.7 Friction

Friction is defined by Coulomb as a force that is opposed to the sliding motion of two
surfaces in contact with one another. In his memoir, Coulomb adds that the physical
origin of friction comes from either (i) the mechanical anchorage of the asperities of the
two surfaces that undergoes deformations when they meet and interact with one
another, or (ii), from the molecules of the two surfaces that develop a mutual bonding
due to their proximity. That bonding needs to be overcome to produce the movement
[Coulomb 1821]. Amontons stated that the friction force is proportional to the the
force normal to the two surfaces in motion [Popova 2015]. The coefficient of
proportionality between the normal force and the friction force is called the friction
coefficient (x). The law of Amontons, also called the law of Coulomb, is a first order
approximation of the friction force [Popov 2010]. In the following part of this
manuscript, the Coulomb’s law is used to model the friction force between two surfaces

sliding on one another.

3.2.8 Effect of the friction coefficient on indentation

The indentation models presented previously are based on the hypothesis of a
frictionless contact between the tip and the base material. The effect of the friction
coefficient () was studied by Ponthot and his colleagues in the case of conical
indentations of elastoplastic metallic materials [Ponthot 2009]. They performed FEM
calculations with friction coefficients ranging from 0 to 0.15. They showed that
increasing the friction coefficient translates into an increase of the hardness of up to

5% and also into a reduction of the pile-up.

3.2.9 Extracting properties from indentation measurements

Contact mechanics models are used extensively to extract properties from indentation
measurements. For instance, Oliver and Pharr developed a model to extract the
Young’s modulus from indentation measurements on a large variety of materials
including metals, polymer and ceramics with a reliable level of precision [Oliver 1992].
Given the complexity of the indentation problems, how did they manage to take into

account the effect of pile-up and sink-in on the contact area?
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Their technique requires the measurement of three quantities: the indentation force,
the slope of the unloading curve (S) and the penetration depth (h). They consider that
the unloading is fully elastic and can be analyzed by an elastic indentation model
(Table 3.1). First, they showed that if the tip geometry is a solid of revolution, there is
a direct relationship between FE, the contact area and S [Pharr 1992] that follows

dF,, 2 E
el _g=—_Z_ /A , Eq. 3.11
dh \/;\/_1—1/2 b

where Fy, is the unloading force. Secondly, assuming that there is no pile-up during
the first loading, they found another relationship between the recovered elastic depth
(he), the vertical force (Fy) and S writing

— 2FV
el S ‘

Eq. 3.12

With the same “no pile-up” assumption, they proposed a relationship between h, and

the real height of contact (h.) through
hc = hel Del s Eq. 3.13

where D, is a constant that depends only on the shape of the tip (Table 3.1). If the tip

is a cone, D, = (2/7). In the case of a cylindrical tip, D equals 1.

Knowing h,, the contact area can be calculated from the geometry of the tip. However,
in practice, the tip involves geometrical imperfections. The relationship between A and
h. is therefore obtained by indentation of a reference material with known mechanical

properties (usually, silica). Combining the last three equations gives

2F
h, = SV D, » Eq. 3.14
and

r S__E Eq. 3.15
Ah)2 1-v2 v

This model is therefore useful to link the Young’s modulus of a material with the

indentation unloading force.
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Using a combination of analytical modelling, finite element simulations and
experiments Poon et al. [Poon 2008] studied the validity of the model of Oliver and
Pharr in the case of an indenter with an ideal conical geometry. More precisely, they
evaluated the applicability of the elastic conical indentation solution of Sneddon
(Table 3.1) combined with an equivalent shape of the indenter to predict the entire
unloading curve. Their model is based on some assumptions: (i) the indenter tip is
perfectly sharp, (ii) there are no radial displacement recovery during the unloading, (iii)
the loading stage of the indentation is considered elastoplastic, (iv) the unloading stage
or any reloading up to the initial loading force is assumed to be only elastic and (v)
the reloading of the residual imprint is modelled by an indentation of an elastic flat
surface with an indenter having an equivalent geometry. This “equivalent geometry” is
supposed to generate the same load and the same contact area as the reloading of the
residual imprint. In their analysis, due to the hypothesis (ii) the residual imprint cross
section is considered to have no curvature which translates into a sharp equivalent

indenter geometry (Figure 3.12).
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Figure 3.12: Schematic representation of a sharp equivalent shape of an indenter.

Using this method, Poon reported some errors in the prediction of the Young’ modulus
ranging between 10 and 45%. They conclude that the error originated from two effects:
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on the one hand, from the estimation of the projected contact area which can be
affected by pile-up effects and by the imperfections in the tip geometry that are not
taken into account in their model. They also concluded that the error can originate
from residual stresses that tend to curve the cross section of the residual imprint

making the sharp equivalent shape not as appropriate as a smooth equivalent shape
(Figure 3.13).

Straight imprint Sharp equivalent
cross section indenter shape

Curved imprint Smooth equivalent
cross section indenter shape

Figure 3.13: Schematic representation of the difference between a sharp and a smooth equivalent
shape of an indenter.
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3.3 Plowing models

The previous section presented an overview of models used to apprehend the vertical
contact between a tip and a flat surface. If additionally, there is a horizontal
displacement of this tip over the surface of the base material, a new set of mechanisms
can take place, including plowing. If plowing occurs, the surface of the base material is
deformed and pushed under the tip as well as on the side the tip (see Figure 3.1). This
phenomenon is more complicated to model than indentation. However, many models
were developed to understand this phenomenon from a mechanical point of view. This
section focuses on three simple physics-based models used to predict the wear volume

and the horizontal sliding force.

Archard proposed a simple equation to model the sliding wear between a hard surface
and a soft surface. The physics behind his equation is based on the observation that
the real contact between two flat surfaces can be approximated by a series of localized
contacts. These localized contacts happen between the adjacent asperities created by
the roughness of the two surfaces in contact. Archard considered that the macroscopic
wear is a sum of microscopic wear in the contact between asperities. In this model,
each asperity is modelled by a hemisphere. The surface of contact between two
asperities is assumed to be a disc of radius a [Mellor 2006]. Archard assumed that the
softer surface asperities would all be displaced and removed by the asperities of the
harder surface (Figure 3.14). Displacing the harder asperity over a distance 2a removes
one hemisphere of soft material so that the volume removed over a sliding distance L
can be expressed as
_L4gza® L,

=———=—yra", Eq. 3.16
283 2 3

where V is the wear volume. Using the definition of the hardness (Eq. 3.1) and

inserting it into the previous equation gives

V=%ﬂ'az:—\li|=L:—l\:|. Eq. 3.17
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Sliding direction

Figure 3.14: Schematic representation of the Archard model. The cylinder represents the harder
asperity contact zone sliding on the softer surface.

Archard also assumed that each asperity would wear the material with a given
efficiency. A proportionality constant was added to the equation to take this
phenomenon into account. The Archard law states that the wear volume (V) is a
function of the hardness (H), of the vertical force (Fv) and the distance of sliding (L)
as

KiK
oo

V=L

Eq. 3.18

In this equation, K4 is a constant that depends on the material and on the geometry of

the abrasive in contact with the material [Kato 2001].

Using a different approach, Childs [Childs 1970] proposed a plowing model based on
the slip line field theory. This model predicts the sliding force of a rigid conical
indenter scratching a rigid perfectly plastic material at a constant depth (Figure 3.15).
Usually, slip line field solutions are given in the form of discrete numerical tables of
numbers (Table 3.3).

69 - State of the art on contact and wear modelling



Figure 3.15: Schematic representation of the three-dimensional model of scratching of Childs. In this

model, the material is plastically displaced laterally and vertically by the tip to create the residual
groove with the lateral pile-up. Picture from [Childs 1970]

Table 3.3: Solution of the Childs model presented in a tabulated form. In this table, k is the shear
yield stress. Table from [Childs 1970]

cfb afb d/b F[kb® Cone semi-angle
0-20 0-65 1-0 1-99 11°
0-50 1-05 1-85 4-64 25°
0-60 1-05 1-80 570 30°
0-80 1-30 2-25 8-:09 40°
1-00 1-50 2-55 10-9 45°
1-40 1-80 3-60 17-8 55°
2:10 2-25 5-00 34-3 65°
3-70 2-95 890 93-6 75°
11-4 4-4 27-8 795-0 85°
50-0 95 120-0 14,600 89°

These tabulated data contain the normalized lateral force (2Fy/0,h?). This force can be
expressed as a continuous function of the angle between the cone and the surface of

the specimen (f) using curve fitting (Figure 3.16).
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Figure 3.16: Polynomial curve fitting on the data calculated by Childs. £ is expressed in radians.

Flores [Flores 2008] developed an analytical model of scratching of a rigid perfectly
plastic material with a sphere. This model gives a lower bound estimate of the scratch
force. The base material is divided into slices of infinitesimal thickness. The scratching
process is decomposed as a succession of indentation and friction sliding of each slice of
the material. Concerning the indentation part, the problem is simplified in two
dimensions. The scratching tool, here a sphere, is approximated by a cylinder with the
same radius. The energy required to plastically indent a two-dimensional slice of the
material to a depth h is calculated by integrating the vertical force on the cylinder
over the indentation depth (h) (Figure 3.17). The friction energy dissipated between
the surface of the material and the sphere is modelled by a Coulomb law. Since the
scratch happened at constant depth, globally, the force normal to the surface does not
generate any mechanical work, only the lateral force does. Therefore, the lateral force
is calculated by dividing the total mechanical work (plastic and frictional) by the

sliding distance through
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du, du,, ;
FH — pl n fric :Jh fVCyImder (h)dh-i',UFVSphere(h), Eq. 3.19
0

dx dx

where W is the width of the tool, fy is the indentation force acting on a cylinder per
unit length, g is the friction coefficient, F'yv is the indentation force acting on a sphere
and h is the depth of the scratch. Solving this equation requires knowing fy as well as
Fv. Flores used the rigid perfectly plastic solution for the sphere (Table 3.1) and for
the cylinder to find these two forces. Ultimately, the model gives a relationship

between the normal force and the lateral force during a scratch at constant depth in

the form
Fa = 11+0.05 sz(h) , Eq. 3.20
K Ro,

Where R is the radius of the sphere.

Scratch

Figure 3.17: Schematic representation of the steady-state scratcing model of Flores. A slice of the
base material is indented by a cylinder (the 2D projection of a sphere), rubbed to include the effect
of friction and then this slice is pasted in the continuity of the scratch track. Picture from [Flores
2008].
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3.4 Cutting models

In contrast with plowing, cutting involves the detachment of a part of the base
material surface in the form of a chip that is removed by the cutting tool. Again, many
physics-based models exist to predict the forces acting on the cutting tool as a function
of the depth of penetration of the tool and of the geometry of the tool. Most of them
are based on Merchant model. The present section describes some of these models
focusing on the physical hypotheses and on the final expression of the vertical and the

horizontal cutting forces.

Merchant analytical model focuses on the orthogonal cutting at constant depth in the
case of a continuous chip [Merchant 1945 a, Merchant 1945 b]. The model is expressed
in terms of material properties and of the tool’s geometry. This model gives an
approximation of several physical quantities, including the shearing strain in the chip
(&near), the velocity of chip flow, the forces (lateral and normal to the surface) and the
energy dissipated in friction and in plastic deformations. The main assumptions are
that (i) the base material is rigid perfectly plastic, (ii) the tool is a rigid body, (iii) the
shear zone is infinitely small, (iv) the chip is continuous, (v) the cutting edge is
perfectly sharp and (vi) the chip is incompressible. From there, the analysis starts with
a kinematic simplification of the chip formation based on Pijspannen deck of cards
[Piispanen 1948]. The chip formation is seen as a series of cards sliding on one another
to accommodate the deformation. The corresponding plastic shear strain is calculated
as a function of the cutting angle (@) and the shear angle (¢). The cutting angle is the
angle between the frontal face of the tool and a vertical plane, ¢ is the unknown of the
problem (Figure 3.18). The friction force between the cutting tool and the chip is
modelled with a Coulomb law. The cutting force (Fy) and the force normal to the
surface (Fy) are obtained by balancing the forces necessary to deform plastically the
chip and to overcome the friction forces. The shear angle is finally obtained by energy

minimization. The result of this model is a system of equation presented hereunder

Egear =COL(#)+tan(g—x), Eq. 3.21

R, =F, tan(1-a), Fa. 3.22
hw

=2 1 cos(A-a), Eq. 3.23

" 2sing cos(A-a +9¢)
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¢= +E_ Eq. 3.24

r
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Eq. 3.25

d
2 b
A=arctan(u)

where u is the friction coefficient between the tool and the base material.

Figure 3.18: Schematic representation of the merchant model with the deck of cards approximation
with the cutting angle (@) and the shear angle (¢).

Atkins proposed a modification of the Merchant model with the introduction of an
energy of separation between the base material and the newly formed chip surface
[Atkins 2003]. The idea defended by Atkins is that the energy needed to separate the
chip from the surface is equivalent to the energy required to propagate a crack

between the base material and the chip. The specific work of surface formation (@) is

added to the total energy needed during the cutting process. This approach gives

Ucut u plast +U frict +Ucrack = I:H L ’ Eq. 3.26
F, =F,tan(1-a), Eq. 3.27
-1
hW A .
Foo| 0 G52 qu ||1-—Sin4sing . Eq. 3.28
2 sing cos(¢—a) cos(A—a)cos(a—g¢)

Where L is the length of cut, Wis the width of the cutting tool, 1 is the friction angle
defined by Eq. 3.25 and @ is an energy per unit surface [J/m?]. If the linear elastic
fracture mechanics (LEFM) applies, the magnitude of @ is considered to be close to
the plane strain critical energy release rate (Gio). Using an energy minimization
criterion, Atkins derived an equation relating ¢ and the material properties () and o,

combines into an adimensional orthogonal cutting parameter (Boc) through
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[cos(i—a) sin ¢ Ml_coszw—a)}:,

sin A cos(p—a) sin® ¢ Eq. 3.29
[ cotg+tan(g—a)+ B |cosa
where B = Q Eq. 3.30

O'yh '

Although the equation is not proposed in a closed form solution, Atkins used numerical
methods to expose the effect of Boe, @ and g on the shear angle and on the cutting

force (Figure 3.19).
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Figure 3.19: Effect of Boc and a on the shear cutting angle in Atkins model with g = 0.54. Picture
from [Atkins 2003]

This model was also adapted to cutting with a 3D pyramidal cutting tool [Atkins 2007]
(Figure 3.20). In this case, the cutting forces incorporate the angle (f) between the
lateral surface of the pyramid and the surface of the material, the cross section of the
cutted groove (Aq:) and the length of the cross section of the cutted groove (ceu)

combined in an adimensional scratch cutting parameter (Bsc) through

R =F,tan(1-a), Eq. 3.31
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2h

Cmt==§ﬂ;2§’ Eq. 3.34
2

A, =h°cotp. Eq. 3.35

The shear angle (¢) can be obtained numerically by minimization of the energy

through the calculation of the derivative of Fy with respect to ¢.

=

Figure 3.20: Schematic representation of the geometry of cutting with a pyramidal tip.

Williams, Patel and Blackman also analyzed the cutting process through a
combination of plasticity, friction and fracture mechanics [Williams 2010]. They
included a term of adhesion toughness (G,) between the chip and the cutting tool to
model an eventual chip sticking to the rake face of the tool. In their analysis, they
derived a closed form solutions for three cutting scenarios. The two first ones are based
on beam theory and consist of elastic bending and elastic—plastic bending in the chip.
The third scenario is a perfectly plastic yielding of the chip similar the model of Atkins
with a closed form solution for ¢. However, in their model, the shear angle does not
depend on @ (Table 3.4) which is in contradiction with the results of Atkins [Atkins
2003].
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Table 3.4: Description of the three cutting models of Williams, Patel and Blackman.

Elastic bending Elasto-plastic bending Shear yielding
¢ b

F, G,+Q(l+utana) [ _ﬂﬂ]ﬂ_(y F—H:Q+thcot(p
W (iosna) F_\"3nhe JoE 7 w

Lﬂ( cosa ] w 064" cotp=7+ 1+ZZ+ZGH+

R, oyh (cosa +usina)
%:\%“7% - Fi_1F 1 G F_Fi, G,
cosatpsin W ZW Zcosa+usina W W cosa+usina

In this table, Z is an adimensional parameter related to the friction coefficient and the

cutting angle through

7 Hu—tana

= . Eq. 3.36
1+ putana

This model was validated by [Patel 2009] through experimental measurements of
fracture toughness by orthogonal cutting. Their model was also adapted and validated
experimentally in the case of scratch cutting with a 3D pyramidal cutting tool
[Blackman 2016]. In the scratch cutting case, a relationship between the horizontal

force and the vertical force is

O
F_H_itan¢:_yﬂ tan¢+i +Q. Eq. 3.37
C, C 2 tan ¢

cut cut cut

This equation can be used to estimate the yield strength and the fracture toughness of
a material from the vertical force and the horizontal force of a scratching test.
However, this equation alone cannot be used in the other way around to estimate the
scratching forces knowing the mechanical properties o, and Gie. These models
succeeded in predicting the plane strain fracture toughness of three polymer materials.
However, the prediction of the yield stress is three times larger than the experimental

measurements obtained by uniaxial compression tests [Blackman 2016, Patel 2009].

Islam et al. developed a mechanical model for the nanoscratch test in order to measure
the fracture toughness of bones [Islam 2012]. The interest in this model lies in the
methodology proposed to take into account the elastic recovery in the back of the tool.
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Their model assumes that the energy involved in the cutting process can be divided
into four terms. Like in the model of Atkins, the first three terms are the friction
between the chip and the tool, the plastic shear strain in the chip and the surface
separation energy. The fourth term is the friction at the back of the tool due to the
elastic recovery of the base material (Figure 3.21). Islam proposed a method to
measure the friction force in the back of the cutting tool in four steps. (i) The friction
coefficient (u) is measured using a post scratch surface scanning. (ii) The elastic
recovery depth (hy) is measured by a post scan of the surface after the scratch. (iii)
The relationship between Fy,; and h. is obtained by indentation using the unloading
curve. (iv) The relationship between Fy,; and the friction force at the back of the tool
(Fua) is obtained using the friction coefficient in a Coulomb law. The friction
coefficient in the Coulomb law is obtained experimentally using a low force scratch in

the residual groove of the scratch.
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Figure 3.21: Schematic representation of the different forces acting on the tip in Islam model. Fa,//
and Fs;) are the forces acting parallel and perpendicular to the shear plane, Fr is the friction force
between the chip and the tip. Fve and Fre are the results of the elastic recovery forces and the

friction that it generates in the back of the tool. Picture from [Islam 2012].
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Focusing more on the brittle aspect of cutting and scratching, Akono et al. proposed a
scratch model that uses the J-integral method to extract the fracture toughness (K¢)
from a scratch test, relying exclusively on fracture mechanics [Akono 2011 a, Akono
2014]. The plastic deformation and the friction are not considered in the model. The
contour of the J-integral is chosen so that only the stress field at the interface between
the tool and the base material contribute to the J-integral. Akono used FEM
calculations and showed that the model remains valid with large plastic deformations
in the front of the tip. The final expression of this model gives a relationship between
the geometry of the tool, the horizontal force, the vertical force, the depth of the tool
and the fracture toughness [Akono 2011 b]. Akono adapted her model to four different
geometries, an inclined blade with negative rack angle [Akono 2011 a, Akono 2011 b, a
cone, a sphere and a cylinder [Akono 2012 a, Akono 2012 b] (Table 3.5).

Table 3.5: Description of the scratching models of Akono for the four geometries of tip. Fc¢ is the
critical force of scratching/cutting.

Inclined blade Sphere Cone Cylinder
g 1
Fi 2 Fy
W [ 2R h
1 F [3
F h2 K.=-¢ |2
K. = C_(1+2— c 3
c W\/ﬁ( + ] 4h'\ RS « sinp F.n .
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F st | RzRy= R 22 cosp 2 Fe ZR\/@KC
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3.5 Solid particles erosion modelling

In addition to direct contact with the blades, abradable materials are exposed to
erosion. Erosion is a general term that represents the wear of a solid surface by a fluid
or by solid particles [Blanco 2010]. Scientists have also proposed models to predict the
erosion resistance of materials. This section focuses mainly on solid particles erosion
which can be defined as a “progressive loss of material from a solid surface by repeated
impacts from fluid-borne solid substances-particles” [Budinski 2014]. From a physical
point of view, during the impact, the solid particles transfer a part or all of their
kinetic energy to the surface of the material. In reaction, the material surface deforms
or cracks. The succession of impacts eventually wears out the surface. Depending on
the base material and on the impact angle, the erosion impacts generate different wear

mechanisms (see Figure 3.22).

Different models can be used to predict the erosion rate depending on the dominant
erosion wear mechanisms and on material properties. Most of these models are based
on a mechanical energy balance calculation between the impacting particles and the
base material. For instance, Finnie developed an erosion wear model base on an energy
transfer between the impacting particles and the base materials [Finnie 1960]. His
model is based on a series of assumptions: (i) the surface of the base material is
considered perfectly flat, (ii) the pressure flow between the particle and the material is
considered to be constant, (iii) the rotation of the particles is negligible, (iv) the
volume displaced by the particle is removed from the surface, (v) the impacting
particle is rigid and does not fracture, (vi) the vertical and the horizontal force acting
on the particle are linked together with a Coulomb law and (vii) the lateral surface of
contact is affected by a pile up approximated by twice the theoretical lateral surface of

contact.
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Figure 3.22: Schematic representation of the effects of the impact angle and the speed of the
impacting particles on the erosion wear mechanisms. Picture from [Stachowiak 2005].

Finnie then solved two equations of motion of the particle. One of them concerns small

impacting angle, for which the particle scratches the surface of the materials and

reboundes thereby keeping part of its kinetic energy. The second one considers that the

particle transfers all its kinetic energy to the material. These two scenarios generate a

volume loss described by

2
i :w[sin Zw—ﬁsinzw], if tana)sE,

u

H

V= KL—mV'Z*(cos2 a))

H

Eq. 3.38

6

. U
if tanw > e Eq. 3.39
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whereV is the eroded volume, m is the mass of the particle, Kr is an erosion rate
efficiency constant, Hy is the plastic flow pressure, u is the friction coefficient and @ is
the angle of impact. Regarding the other approaches in erosion wear modelling, a

detailed review of solid particles erosion wear models can be found in [Parsi 2014].
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Figure 3.23: Graph showing the evolution of the relative volume removal rate as a function of the
impact angle. The two lines represent the results of the two equations of Finnie. Picture from
[Finnie 1995].

3.6 Transition between wear mechanisms

In the previous sections, several wear mechanisms were described and modelled. As
stated in Chapter 2, Abradable materials can experience several wear mechanisms
depending on the incursion speed of the blade (see section 2.5.3 ). Therefore, how to

predict which wear mechanism is the dominant one?
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Capturing the transition between one wear mechanism and another can be done
through a criterion of energy minimization. The idea is that the dominant wear
mechanism is the one that consumes the least amount of energy to occur. This strategy
requires at least two models, one by mechanism. Indeed, if two wear mechanisms can
be properly modelled, it is possible to calculate the energy cost of each mechanism.
From there, it is possible determine which one is more likely to happen in a given
contact situation. For instance, Atkins et al. studied the transition between cutting
and plowing in the case of a pyramidal tool scratching a surface [Atkins 2007]. They
showed that depending on (i) the opening angle of the pyramidal tool, (ii) on the non-
dimensional parameter Boc as well as (iii) on the friction coefficient, the dominant

wear mechanism could be predicted (Figure 3.24).
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Figure 3.24: Normalized cutting and plowing force as a function of & angle for various frictional
conditions and values of Boc. The dominant wear mechanism presents the smallest normalized force.
Picture from [Atkins 2007]
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3.7 Summary

This chapter started with three questions. First, how do mechanical properties relate
to contact forces or to a wear volume? The present chapter shows that it depends on
the wear mechanism. Some models offer equations that make this connection based on
a series of assumptions on the base material and on the geometry of the contact. The
second question was: is it possible to model many wear mechanisms with a single
model? The answer is no. Each model focuses only on one mechanism and on one
geometry of contact at a time. Regarding the third question, in which case will a wear
mechanism be the dominant one? Following the approach of the weakest link, the

mechanism that consumes the least energy dominates the others.
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Chapter 4  Model extensions and validations

The previous chapter described several wear models as well as a strategy to predict the
dominant wear mechanism. However, most of these models consider the base material
as rigid perfectly plastic. This assumption is quite limiting since abradable materials
are sometimes made of materials involving large elastic strains including polymers and
porous materials. Also, the strain hardening is often neglected. This chapter describes
some modifications of these models to include elasticity, and strain hardening. The
first section focuses on indentation forces and on the elastic recovery in elastoplastic
materials. The next three sections focus on three wear mechanisms often encountered
in abradable materials: plowing, cutting and spalling. The fifth section analyzes erosion

models based on the three mechanisms of plowing, cutting and spalling.

4.1 Indentation modelling

Regarding indentation modelling, elegant solutions exist to predict the hardness of
elastoplastic materials (see Section 3.2). However, these models do not offer a simple
way to predict the vertical force (Fv) upon loading and unloading as well as the elastic
recovery after unloading (h.). In the case of an abradable material, these two values
will help to predict the quantity of material being displaced by the blade as well as the
forces acting on the blade. This section describes an add-on, based on the indentation
models presented in Chapter 3 that allows approximating these quantities. In the
following subsections, this add-on model is presented in the case of flat and sharp tips

followed by a comparison with FEM calculations and a sensitivity analysis.

4.1.1 Flat tips indentations

Some particular tip geometries maintain a constant surface of contact during
indentation. It is the case for flat tips like rectangular and cylindrical punches. As
presented in Table 3.1, the hardness of elastic and elastoplastic material pressed by a

flat tip take respectively the form

Eq. 4.1
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and

h E
Helpl (h) = acelpl m s Eq. 4.2

where C, and C.y are defined in Table 3.1 for simple tip geometries. From there, a
simple model is proposed to predict the elastic recovery after unloading of the tip. The

model is constructed based on the following hypotheses:

1. The base material is considered elastic perfectly plastic with Young’s modulus E,

Poisson ratio v, and yield stress o,.

2. The total depth of penetration can be decomposed into the recoverable depth
(ha) and the residual depth (h,) through

h — hpl + hel Eq. 4.3

3. The indenter does not deform significantly during the loading so that the radius

of contact (a) is considered to be constant.

4. The unloading is considered perfectly elastic. Residual stress, creep and reverse
plasticity are thus considered to be negligible. The unloading and any successive

reloading to the same depth A would therefore reach the same load Fy.

5. The reloading step is modelled by an ideal elastic indentation model. Pushing
back the tip down to a depth A is thus considered equivalent to an elastic indentation
of the same flat tip in a semi-infinite half space to a depth h., With this set of

hypotheses, hypotheses 4 and 5 can be translated in mathematical terms as

Fve.p. (h) =k, (he, )’ Eq. 4.4

And

Aelp| (h) = Aﬂ (hel ) =A. Eq. 4.5

Combining Eq. 4.4 and Eq. 4.5 with the definition of the hardness gives
HeIpI (h) = Hel (hel ) . Eq. 4.6

Substituting Eq. 4.1 and Eq. 4.2 in equation Eq. 4.6 and simplifying gives
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—_— = Eq. 4.7

From there, the loading and the unloading curves can be constructed based on

Fve.p. (h) =AH,, (h)’ Eq. 4.8
and
I:Vunload (h) =A HE' (h) Eq. 4.9

4.1.2 Sharp tips indentation

In modern instrumented indentation techniques, the determination of the area of
contact remains the main difficulty. As described in Section 3.2.3, during sharp tip
indentations, pile-up and sink-in phenomena can affect the real area of contact. These
two behaviors can significantly affect the estimation of the hardness and of the
Young’s modulus. For instance, if the tip is a cone, the surface of contact is four times
larger in a rigid-perfectly plastic material compared to an ideal elastic material. This
ratio is equal to 2.7 for a spherical tip and 1.57 for a wedge (see Table 3.1). Therefore,
making assumptions on the real surface of contact comes with a significant potential
for error with this kind of tip geometries. So far, the approach of Oliver and Pharr

succeeded in taking the sink-in into account but not the pile-up [Cheng 1998].

The present add-on is based on the model of [Oliver 1992] and on the model of [Poon
2008] but it includes the effect of the pile-up and of the sink-in. This part of the model
focuses on sharp tips, including cones, wedges and half-wedges. The approach is similar
to the flat tip model (see Section 4.1.1 ). However, it is followed with an additional
development to predict the area of contact. This development is based on experimental
observations from [Tabor 1947] and [Stilwell 1961] reported by Oliver and Pharr
[Oliver 1992]. These observations are that, in the case of conical and spherical
indentation, the radius of the impression in the surface does not recover after
unloading, only part of the depth recovers. Moreover, in the case of a conical tip, when
the elastic recovery is small, the cross section of the imprint stays straight. In addition
to these observations, the model is based on six main physical assumptions, two of
which are inspired from the literature. (i) The reloading of a residual imprint can be
modelled by the indentation of a flat surface with an equivalent indenter geometry
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[Oliver 1992]. (ii) The unloading and subsequent reloading load displacement curves
coincide [Poon 2008]. (iii) A third, original hypothesis is that the pile-up and the sink-
in take place at the same time. One leads to an increase of the contact area, the other
to a decrease of it, each with its own amplitude. If these amplitudes are the same, their
effects cancel each other. (iv) Sink-in is considered as an elastic phenomenon which
recovers during unloading. (v) Pile-up is assumed to be a plastic effect, which remains
after unloading. (vi) Another original hypothesis is that the pile-up is considered to be
proportional to the residual depth of indentation (h,). Combining these observations

and hypotheses will be the basis for this enhanced model.

As presented in Table 3.1, the hardness of elastic and elastoplastic material indented

by a sharp tip take respectively the form

E tan
Ha(9)=Co
and
E tan
Helpl (,B) = Celpl ﬁ, Eq. 4.11

Where g is the angle between the surface of the base material and the side of the tip
and C,; and (., are defined in Table 3.1 for simple geometries. The model is
constructed based on the list of hypotheses briefly mentioned above. The detailed list
of hypotheses is described hereafter, some of which are commonly used in indentation

modelling.

1. The base material is considered elastic perfectly plastic with Young’s modulus E,

Poisson ratio v, and yield stress o,

2. The total depth of indentation can be decomposed into the recoverable elastic
depth (ha) and the residual depth (hy), see Eq. 4.3.

3. The indenter does not significantly deform during loading so that the radius of
contact (a) is approximated by a function of the shape of the tip and the real height of
contact (h.) through

a=h.cotp. Eq. 4.12
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4. After unloading, the side of the cross section of the residual imprint is

approximated by a straight line of slope (£-£).

5. During loading, pile-up and sink-in are considered to occur simultaneously.
6. During unloading, like in the ideal elastic case, the sink-in recovers by elasticity.
7. After unloading, like in the rigid perfectly plastic case, the pile-up remains

above the original surface (see picture Figure 4.1). Combining hypothesis 4, 5, 6 and 7

gives
h, +h,
tan(p-p')=-1—2 Eq. 4.13
a
8. The unloading is considered purely elastic. Residual stress, creep and reverse

plasticity are thus considered negligible. The unloading and any successive reloading to

the same depth h would involve the same load (P) and the same contact radius (a).

9. The reloading step is modelled by an ideal elastic indentation model. A sharp
equivalent indenter shape (see section 2.2.2) is used to model the elastic reloading in
the already imprinted surface. Pushing the tip again to a depth h is thus considered
equivalent to an elastic indentation in a semi-infinite half space to a depth h. with a
tip having a half-opening anglea’. The angle a’is the yet unknown complementary

angle of B” as depicted on Figure 4.1. Translated into equations, hypotheses 8 and 9

become

R, (0.8)=F, (h.z5), Eq. 4.14
and

A\e|p|(h1,3):p\e|(he|,ﬂ’)=A- Eq. 4.15

10. Like in perfect plastic material, the pile-up is considered proportional to the

residual depth of the imprint (h,) through

Moo = Do (D —1), Eq. 4.16
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where D, is the rigid perfectly plastic pile-up factor that depends on the shape of the

indenter. The value of D, is given for simple geometries in Table 3.1.

Indenter after Indenter

unloading U}der load

" p——
By // B ,]%mk-z ! /‘ Surface under load
~ v

B v

Figure 4.1: Schematic representation of an indentation under a full load and after unloading.

Combining equation Eq. 4.14 with the definition of the hardness gives

Aelpl (h’ ﬁ) Helpl (:B) = Aﬂ (hel 'ﬂ') Hel (,B')- Eq. 4.17
Eq. 4.17 can be simplified with Eq. 4.15, giving

Hap (8)=Ha (8). Bq. 4.18
Combining Eq. 4.10, Eq. 4.11 and Eq. 4.18 gives

tan ' = ﬂtan . Eq. 4.19

el

Eq. 4.15 can be rewritten in terms of the radius of contact through

aelpl(h’ﬁ):ael(heliﬂ'):a’ Eq. 4.20

where a is the radius of contact at a depth h. Using the formulas of the radius of
contact in ideal elastic contact (see Table 3.1), Eq. 4.20 becomes
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a=h,D, cot 5, Eq. 4.21

where D, is the ideal elastic sink-in constant that depends on the shape of the indenter

and is given for simple geometries in Table 3.1. Combining Eq. 4.19 and Eq. 4.21

gives
h, tanpgC,
hy _tanf Zan . Eq. 4.22
a Del Cel
Combining Eq. 4.13 and Eq. 4.16 gives
tan(S-p4') h
M = _n Eq. 4.23
D, a
Combining Eq. 4.19 with Eq. 4.23 gives
_ CeIpI
h
- Ca tan f i Eq. 4.24
1+tan’ g Can Dy
Cel
Dividing Eq. 4.3 by the radius of contact gives
h hP' hel
—=— 4 Eq. 4.25
a a a

Combining Eq. 4.22, Eq. 4.24 and Eq. 4.25 provides an expression for the radius of

contact through

-1

C

_ el
a_ Cq tan 8 tan S Cop . Eq. 4.26
N tan? B S Dy Du G,

el
Substituting Eq. 4.26 in Eq. 4.12 gives the height of contact

-1

1— CeIpI
hc _ Cq 1 Celpl
— = C + . Eq. 4.27
h 1+ tan2 ﬂ elpl Dpl DeICeI

el
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The area of contact can be calculated based on the expression of the radius of contact
in Eq. 4.26. The relationship between the radius of contact and the area of contact
can be found in Table 3.1 for different shapes of sharp tips. From there, the loading
curves corresponding to an indentation test can be determined from the knowledge of h,
o,, E, vand S using

Ry, (1) = A(2)Cuy (Elt_LZf), Ba. 4.28

where A(a) is the area of contact for a given radius of contact a (see Table 3.1).

Concerning the unloading curves, substituting Eq. 4.26 in Eq. 4.22 gives

-1

CeI -1
h C, D
o= ol c Y Eq. 4.29
1+tan? g —2¢ Dy

el

In order to predict the unloading curve as a function of h, the ideal elastic indentation
model with an equivalent angle £’ is used. Using the formulas for the radius of contact

in ideal elastic contact given in Table 3.1 gives

Anioad (h1ﬂ’) = DeIhCOtﬂ" Eq. 4.30
and

, Etan g8’
Hel (ﬂ)=ce| (1_0'28) ) Eq. 4.31

where apuoag is the contact area during elastic unloading.

Combining Eq. 2.1, Eq. 4.19, Eq. 4.30 and Eq. 4.31 gives

C

Qnioad (h’ﬂ') = I:)elh C . COtﬂ’ Eq. 4.32
elpl
, E tan
Hel (ﬂ ) = Celpl ﬁ ) Eq. 4.33

and
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, E tan
Fias (N8") = A(8unicas ) C ﬁ’ Eq. 4.34

Where A(aumoaa) is the area of contact for a given radius of contact aywes (see Table
3.1)

4.1.3 Sharp tip indentation with strain hardening

Up to now, the model does not take into account the effect of strain hardening. As
described in section 3.2.4, strain hardening has an impact on the contact area. Indeed,
the pile-up is less important in material with a high strain hardening coefficient. It also
affects the average indentation flow stress which is equal to o, in perfectly plastic
materials. Finally, it affects the constraint factor (), the constant linking o, to H in
perfectly plastic materials. To sum up, the three terms D,, o,, and C, are affected by
the strain hardening exponent (n). However, the effect of n on these parameters is not
quantitatively known. To overcome this problem, a two-step approach is used. First, a
rigid plastic model with strain hardening is approximated using curve fitting on FEM
results taken from the literature. This model is then combined with the ideal elastic
model using Yu and Blanchard approach in order to calculate an elastoplastic model

with strain hardening.

The first step consists in identifying the solution of a rigid plastic model with strain
hardening. In order to do that, the solution of the model is assumed to be similar to
the rigid-perfectly plastic solution except for the three properties D,, o, and C, that
are affected by n. As stated previously, the effect of n on these parameters is obtained
thourgh curve fitting on FEM results from the literature. Most of the FEM
calculations coming from the literature are performed on a large panel of elastoplastic
materials but, unfortunately, not on the extreme case of a rigid plastic materials with
strain hardening. In spite of that, observing the FEM results presented on figure 3.10,
one can see that, regardless of the strain hardening coefficient, there seems to be a
sigmoidal evolution of the height of contact (h./h) with the ratio o,/E. Indeed, h./h
seems to tend asymptotically towards a finite value on both sides of this graph. For
high values of o,/ F, it tends asymptotically towards the ideal elastic solution and for
low values of 0,/ FE, it tends asymptotically towards a finite value as well. In the case

n=0, it tends towards the rigid-perfectly plastic solution. This trend also happears in
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the case of the representative indentation strain as well as on the constraint factor
(Figure 3.8 and Figure 3.9). These trends make sense; indeed, the ratio ¢,/F is the
elastic strain (&) of the base material. g is the strain above which the material enters
plasticity. If g, is small enough, the elastic contribution to the indentation becomes
negligible and the materials behave like a rigid plastic material. Therefore, the left side
of these graphs corresponds approximatively to the solution of the rigid-plastic model
with strain hardening. Therefore, the data corresponding to low values of the ratio

0,/ E are selected for the curve fitting.

Regarding the indentation representative flow stress (G.ma), it can be related to the
indentation representative strain (&.;4) through a Hollomon law, see Eq. 3.7, &.m4 can
be obtained using a polynomial curve fitting on the data from Hernot [Hernot 2004]
(see Figure 2.21). Based on these data, the representative indentation strain of
materials with low values of ¢,/ E can be approximately linked to the strain hardening

exponent (n) through

e ~-271n3+3.49n%-1.39 n+0.25. Eq. 4.35

r—ind

Since the FEM calculations from [Hernot 2004] are valid for a conical tip with a half-
opening angle of 70.3° only, a more general, yet less precise, solution can be used in the
case of other sharp tip geometries based on Tabor approximation in which the

representative strain is a function of the opening angle of the tip (see Eq. 3.6).

Using polynomial curve fitting on Hernot data [Hernot 2004] (see Figure 2.22), the
representative constraint factor (Cp,) of materials with low values of o,/F can be

linked to the strain hardening exponent through
Cpr ~C,(~1.66n°+0.22n° ~0.54 n+1), Eq. 4.36

where Cy is the rigid perfectly plastic constraint factor defined in Table 3.1 for simple

geometries.

Using polynomial curve fitting on data from [Mata 2002 and Cheng 1998|, the
representative pile-up factor (D,;) of materials with low values of o,/FE can be linked

to the strain hardening exponent through

D, ~ D, (0.265 n* —0.749 n+1), Bq. 4.37
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where D, is the rigid perfectly plastic pile-up factor defined in Table 3.1 for simple
geometries of tips. Finally, the effect of the strain hardening is taken into account by
replacing D,;, o,, and Cy by their corresponding strain hardening dependent quantities:

Dy, o, and C,; in the model presented in Section 4.1.2 .

4.1.4 Assessment of the assumptions using finite element simulations

The hypotheses presented in section 4.1.2 and 4.1.3 are now assessed through finite
element simulations. This validation is performed on the well documented problem of a
rigid conical indenter penetrating an elastoplastic infinite half space allowing for simple
axisymmetric conditions. In the present sub section, some of the key characteristics of

these finite element calculations are presented as well as the results.

e Finite element model

The commercial finite element software ABAQUS 6.13 is used in the framework of a
finite strain setting. The simulations are performed with axisymmetric conditions. The
indenter tip is modelled as a perfectly rigid cone with a half-included angle of 70.3°.
This geometry is equivalent to Vickers and Berkovich indenters in term of contact area
versus depth of penetration. The constitutive model of the base material is the
isotropic J, plasticity flow theory. The elastic part follows Hooke’s law. The hardening
law follows the Hollomon power law strain hardening corresponding to Eq. 3.7. The
indentation is displacement controlled and includes a loading step to a depth of 1 um
followed by an unloading to a zero depth and a reloading to a depth of 1 pm. The
specimen size is chosen large enough so that the specimen can be considered as a semi-
infinite half space (see Figure 4.2). The height of the specimen is 150 times larger than
the depth of contact. The specimen radius is, in all cases, larger than 55 times the
radius of contact. The mesh in the region near the indenter is refined and made of
square shaped elements (see Figure 4.2). Regarding the boundary conditions, the
displacements of the elements situated on the surface in the bottom of the base
material as well as in the external lateral surface are blocked in the vertical and radial
direction. The contact between the indenter and the specimen is considered frictionless.
Regarding the mechanical properties of the indented material, Young’s modulus (E)

and Poisson ratio (v) are fixed, equal to 100 GPa and 0.3 respectively. Different
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combinations of yield strength (o;) and strain hardening exponent (n) are investigated
(see Table 4.1). Some of these values can be considered unrealistic, for instance o, >
10 GPa. However these values were chosen to reach ratios of o,/ F ranging from 10 to
10! in order to investigate a large panel of behaviors ranging from almost perfectly

plastic to ideal elastic ones.
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Figure 4.2: Representation of the finite element mesh geometry, including the base material made of
axisymmetric elements and the conical indenter with a half-angle of 70.3°. In the refined area, the
size of the side of the square element is Lefement.
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Table 4.1: List of mechanical properties used in the FEM model (v = 0.3)

E[GPa] | o, [GPa] n o, /E

100 10 0 10
“ 0.01 0 104
“ 0.1 0 10
“ 1 0 0.01
“r 0.5 0 0.05
“r 10 0 0.1
«“r 25 0 0.25
“ 50 0 0.5
«“r 100 0 1
«“r 10° 0 10
«“r 10* 0 100
“ 10 0.1 10°
“ 10 0.2 10°
“ 10 0.3 10
“ 10 0.5 10

e Determination of optimum mesh size

A first couple of simulations were performed to select the mesh size in the refined area
which ensures that the simulation results are independent of the size of the mesh.
Therefore, five sizes of elements in the refined area are tested: 50, 75, 100, 150 and 200
nm. Then, numerical indentation experiments are performed on two materials with
extreme mechanical behaviors (i.e. g,/F ratios equal to 10° and 10%). Two outputs are
investigated: the indentation force at maximum indentation depth (Fy) and the radius
of contact at maximum indentation depth (a). The radius of contact is measured with
the coordinates of the two upper nodes in the last element in contact with the indenter
at maximum penetration depth. The vertical position of these two nodes after
unloading is considered as hyi..,. The results are presented in Figure 4.1. These results
suggest that below a mesh size of 50 nm, the vertical force and the radius of contact

are no longer affected by the size of the element in the refined area.
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Figure 4.3: Graphs showing the effect of the size of the elements in the refined area on the radius of
contact (a) and on the indentation vertical force (Fv). The round dots and the squares represent the
FEM results.

e Hypotheses validation

The size of the elements in the refined area is therefore fixed equal to 50 nm. The
numerical indentation experiments are performed on the 12 combinations of materials
presented in Table 4.1. Approximately 24000 four-noded axisymmetric quadrilateral
elements are used in the model. At maximum indentation depth, at least 37 elements
are in contact with the indenter. Three hypotheses are tested here: (i) after unloading,
the side of the cross section of the residual imprint can be approximated by a straight
line. (ii) The unloading is considered purely elastic which implies that the unloading

and any successive reloading to the same depth h would involve the same vertical force
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(Fy) and the same contact radius (a). (iii) The pile-up (Apuesy) is considered

proportional to the residual depth of the imprint (k).

Regarding the straight line cross section hypothesis (i), the results are presented in
Figure 4.4. The FEM calculations shows that this hypothesis is reasonable if the ratio
0,/ E is smaller than 0.05 or bigger than 1, otherwise the cross section of the residual

imprint presents a significant non-linearity.

h

res

h

Figure 4.4: Cross section of the residual imprint after unloading. The small round dots represent the
last element in contact with the tip as well as the bottom of the imprint. The straight line cross
section hypothesis implies that the cross section between these two points is a straight line.

Concerning the elastic reloading hypothesis (ii), the results are presented in Figure 4.5
and in Figure 4.6. The difference between the radius of contact during the first loading
(aiaa) and after the second loading (@re.s) remains smaller than 0.03% in all the tested
cases. In the case of the vertical indentation force, the difference between the first
loading and the second is smaller than 1.5%. Therefore, this hypothesis can be

considered valid.
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Figure 4.5: Difference between the radius of contact during the first loading (aw.d) and during the
second loading (aread) as a function of the yield strain (oy/E) and as a function of the strain

hardening exponent (n). The difference remains smaller than 0.03% in all the tested situations.
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Figure 4.6: Difference between the vertical indentation force during the first loading (Fvwad) and
during the second loading (Fvreoad) as a function of oy/E and as a function of n. The difference

remains smaller than 1.5% in all the tested configurations.

The hypothesis on the proportionality between the pile-up height and the residual
depth (iii) is presented in Figure 4.7 as well as the approximation on the representative
pile up factor (D,;) in the case of strain hardening materials. The pile-up hypothesis is
valid in the case of o¢,/FE ratio smaller than 0.001 and larger than 0.5. The pile-up
hypothesis can be modified to be more accurate by replacing Ay, by (h,?°) in Eq. 4.16.
Regarding the approximation on D,,, the present FEM results are in good agreement

with the results from [Mata 2002 and Cheng 1998].
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Figure 4.7: On the left, the height of the pile-up (hpicup) is represented as a function of the residual
depth of indentation (hp). The graph on the right represents hpiesp as a function of the strain
hardening coefficient (n). The solid lines represent the hypothesis, the round dots are the results of
the FEM calculations.

4.1.5 Parametric study and sensitivity analysis

In the present sub section, the results of the indentation models are presented along
with a description of the effect of the geometry of the tip and the material properties F,
o, and n on the indentation force (Fy) as well as on the contact area and on the elastic

recovery.

e Flat tip geometries

Concerning the flat punch geometries, the loading part of the curves and the unloading
part can be drawn using Eq. 4.8 and Eq. 4.9. A typical solution is presented in
Figure 4.8 in the case of a cylindrical flat punch indenting against steel. The main
difference with the model of Yu and Blanchard is the presence of the unloading part of
the curve. The shape of the curve presented in Figure 4.8 is similar in the case of a
rectangular flat punch. The amplitude of the elastic recovery after unloading is shown
in Figure 4.9. There is a progressive transition from the elastic solution to the perfectly

plastic solution.
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Figure 4.8: Comparison between the model and an indentation experiment performed by [Riccardi
2004] indenting a F82H steel (oy = 813 MPa, n = 0.07 and E., = 162 GPa), with a 1 mm diameter

cylindrical indenter made of tungsten carbide.
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Figure 4.9: Evolution of the elastic recovery normalized by the indentation depth of a cylindrical flat
tip and a rectangular one as a function of the yield strain (oy/E) multiplied by the tip radius (a) and
divided by the depth (h).

e Sharp tip geometries

Regarding sharp tip indentations, typical indentation curves computed with the
present model are presented in Figure 4.10. The half-wedge and the wedge geometries
force-depth relationships are linear during loading and unloading. With the same half-
opening angle, the wedge geometry generates a vertical force twice as large as a half
wedge when penetrating at the same depth. Regarding the elastic recovery (h.) and
the height of contact (he) the three sharp tips present the same transition shape from
the elastic model to the plastic model (see Figure 4.11 and Figure 4.12). Changing the
S angle has a strong effect on the elastoplastic transition (see Figure 4.13) as well as
on the real height of contact (see Figure 4.14). Indenting the same material, a sharper
tip seems to present a smaller elastic recovery and a larger height of contact than a tip
with a more open angle.
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Figure 4.10: Model indentation curves applied on three sharp tips. These curves correspond to an
angle # of 19.7°, W = 2 mm, h = 100 pm, v = 0.3, gy = 600 MPa, E.,; = 120 GPa and n = 0.
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Figure 4.11: Evolution of the elastic recovery normalized by the indentation depth of three sharp
tips as a function of the yield strain (oy/E). These curves correspond to an angle g of 19.7°.
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Figure 4.12: Evolution of the real height of contact normalized by the indentation depth of three

sharp tips as a function of the yield strain (o;/E). These curves correspond to an angle g of 19.7°.
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Figure 4.13: Elastic recovery normalized by the indentation depth of a conical tip with different £
angles as a function of the yield strain (oy/E). The effect of 8 is similar in the case of the wedge and

the half-wedge tip geometries.
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Figure 4.14: Real height of contact (h:) normalized by the indentation depth of a conical tip with
different f angles as a function of the yield strain (oy/E). The effect of f is similar in the case of the
wedge and the half-wedge tip geometries.

e Sharp tip with strain hardening materials

Regarding the effect of strain hardening on the height of contact, as also predicted by
FEM calculations [Cheng 1998, Mata 2002], the model predicts a decrease of the pile-
up with increasing strain hardening exponent (see Figure 4.15) as well as a progressive
transition from rigid plastic to ideal elastic. The elastic recovery is also affected by the
strain hardening coefficient. The model predicts that a larger strain hardening
exponent will give rise to proportionally more elastic recovery (see Figure 4.16). The
model deviates from the FEM calculations from [Bolshakov 1998] and [Poon 2008].
However, the present model agrees well with experimental data points measured by
[Poon 2008]. The model predicts a strong effect of the strain hardening on the
constraint factor (H/o,), especially in the case of materials with a low o,/F ratio (see
Figure 4.17 and Figure 4.18). In these two figures, experimental values are compared

with the model. The position of the real materials varies a lot from one figure to the
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other especially in the case of ceramic materials. This can be explained by the choice of
the physical definition of o,. In the data provided by CES Edupack [CES 2015], o, is
defined as the fracture strength in tension for ceramics [Ashby 2011]. In the study by
[Clausner 2015], regarding ceramics and polymers, o, is obtained by calculation using
the spherical cavity expansion model of [Johnson 1970]. More precisely, the hardness
and the Young’s modulus are measured by nanoindentation and by surface acoustic
waves measurements then they are introduced in Johnson’s equation to calculate o,
which gives a way higher value of o,. Regardless of these differences, the FEM
calculations performed by [Clausner 2015] are slightly different from the present model

however, the trends are the same (see Figure 4.18).
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Figure 4.15: Evolution of the real contact height normalized by the indentation depth of a conical tip
with an angle f of 19.7° as a function of the yield strain (oy/E).
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Figure 4.16: normalized elastic recovery of a conical tip with an angle f of 19.7° with different strain
hardening exponents as a function of the yield strain (oy/E). The two FEM calculations were
performed with n = 0.
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Figure 4.17: Comparison between the present conical indentation model with an angle f of 19.7° and
the data base from [CES 2015].
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Figure 4.18: Comparison between the present model of conical indentation with an angle f of 19.7°

and FEM calculations as well as experimental data from [Clausner 2015].
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4.2 Plowing model

Plowing models presented in Section Oare limited to rigid-perfectly plastic materials. In
order to extend these models to elastoplastic materials, the approach developed by
[Flores 2008] is combined with the present elastoplastic indentation model to create an
elastoplastic plowing solution involving three different shapes of tools: the rectangular
flat tip, the orthogonal cutting tool and the cone. As stated in Section 0, at constant
depth of plowing, the horizontal force is the only force that produces mechanical work.
From an energetic point of view, the present model considers the plowing as the sum
of plastic dissipation and friction. In the original model of Flores, the plastic
dissipation is calculated based on a series of indentations of two-dimensional slices of
the wear track. In a more general elastoplastic framework, the plastic dissipation
contribution needs to be separated from the elastic recovery because the later produces
no dissipation of energy (see Figure 4.19). Indeed, the elastic energy is stored inside
the material during the indentation and recovered during the unloading by the action

of the elastic restoring force pushing the tip upward.

N
Iy

N Y :EFVelpl (h)dh

=

Figure 4.19: The amount of plastic dissipation (Up) occurring during indentation can be calculated

by subtracting the elastic recovery energy (Uex) from the total energy of indentation (Uepi).

Using this approach, the elastoplastic energy balance can be linked to the plowing

horizontal force through
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dw

h
dX Helpl :g fVeIpIdh .[ 1:V nload +/JFve,p,v Eq. 4.38

where u is the friction coefficient, Fy is the indentation force during loading of the
tip in an elastoplastic material, fvey and fruew are the indentation force and the elastic

recovery force acting on a two-dimensional version of the tip per unit width.

4.2.1 Conical tip plowing solution

The conical tip plowing model is represented in Figure 4.20. In this conical
configuration, the two-dimensional projection of the cone is a wedge with the same

opening angle. Therefore, Eq. 4.38 becomes

C n I:V\:Ilpl F load
Pt :£ W, dh~ gvzthfﬂ Velpl * Eq. 4.39

where W: is the width of the wedge, the superscripts '“ and "2 designate respectively

the indentation solutions of a cone and a wedge of width W, Combining Eq. 4.39
with the definition of the hardness in Eq. 2.1 gives

H elpl

O

2ae|§|H:|V§|dh IZ nloadHZ:lz (ﬁ')dh_'_:u(agpl) ﬂHeCIpI’ Eq. 4.40

which can be rewritten as

0

" | o i Q)2 a‘]’ | ’
eIpI = B ZhHZ:/;ldh— | ”k']"ad ZhHWz (,B )dh+,u|‘|272'Helpl :\p , Eq. 4.41
0

The terms in brackets are constant and are given in Eq. 4.26 and Eq. 4.30.
Integrating Eq. 4.41 and simplifying it (a step-by-step calculation is given in
Appendix A.2.1) gives

ael | hV\:z Hn\al:lzl 1
F¢ =F¢ _ P P Ll . Eq. 4.42
e (aij { h J{ h JHo 7 g !

The same strategy can be followed in the case of an ideal elastic material and in the

case of a rigid plastic material giving respectively
C
Fs IUFVa Eq. 4.43
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Figure 4.20: Schematic representation of the plowing model in the case of a conical tip. The two-

dimensional projection of the cone is a wedge with the same half-opening angle.

The quantity of wear during plowing can be associated to the volume of the residual
groove after the elastic recovery. The cross section of the groove is presented in Figure

4.21, the cross section area of the residual groove is
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2
A\Near = (h;:l) COt(ﬂ_ﬁ') . Eq. 4.45
Combining Eq. 4.45 with Eq. 4.19 and simplifying gives
C
he V2 1+ tan? ﬂ%
A\Near = h2 [TDIJ COtﬂ—el . Eq. 4.46

1_ elpl

The wear volume is equal to the product of the section with the plowing length (L).

Figure 4.21: Cross section of the groove after elastic recovery in the case of an elastoplastic plowing

mechanism with a conical tip. The dotted lines represent the position of the surface under load.

4.2.2 Half-wedge tip plowing solution

The half-wedge tip plowing model scheme is represented in Figure 4.22. In this
configuration, a half-wedge with a back angle f and a width W) is plowing the
material in the z direction. Using Flores approach [Flores 2008], the two-dimensional
projection of this half-wedge in the y-z plan is a rectangular flat punch of thickness 75

and width W, and Eq. 4.38 becomes

FW.
F Hv _ T FVE|p|2 (h)dh B hJeJ FVZWZ (h)dh

e +ufR, 0 (h), Bq. 4.47

Velpl
2 0 2

where the superscript #"1" represents the half-wedge indentation solutions with a width
Wy and "2 the rectangular flat punch indentation solutions with a width Wha.

Integrating and simplifying Eq. 4.47 (detailed calculation in appendix A.2.3) gives
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Helpl Velpl Velpl :r\)/;/ 4H :F\)/l\/
Eq. 4.48
L (1) cos (17 ag e [(Ha )4 |
__— qjn? 2 ) _ ) -1 p) elp _ elp
i Sin (f ) f ™2 cos (f )+C’~)C;W20y +1 o | T
Regarding the wear volume, the height of wear is
h\/vear = h|p-||W . Eq. 4.49

The residual wear cross section can be defined as

ANear =W hwear' Eq. 4.50

The same strategy can be followed in the case of an ideal elastic material and in the

case of a rigid plastic material giving respectively

Rt = uR™ Eq. 4.51
and
C,"” tanp
HW, _ = HW, pl
|:le1 — val il {u+ C;:Wl 146 . Eq. 4.52

Again, the wear volume is the product of the residual cross section with the plowing

length (L).
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Figure 4.22: Schematic representation of the plowing model in the case of a half-wedge tip geometry.

4.2.3 Rectangular flat wedge plowing solution

The rectangular flat wedge plowing model is represented in Figure 4.23. In the present
situation, a rectangular punch of thickness 7 and width W; is plowing the surface of
the material in the z direction. Using Flores approach [Flores 2008], the two-
dimensional projection of the rectangular punch in the z y plan is a rectangular punch
of thickness T> and width W, (see Figure 4.23). In our present plowing situation, the
original rectangular flat wedge is denoted by the superscript 1. The projected flat

wedge is denoted by the "2 superscript. Using this configuration, Eq. 4.38 becomes
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dh+ xR, " (h) . Eq. 4.53
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Combining Eq. 4.53 with the definition of the hardness in Eq. 2.1 gives

elpl el

h
F% — [T,H
0

Helpl

he
Pgh — [ T,H e dh+ AT HE Bq. 4.54
0

which can be rewritten through,

FWl_h h E -1 FW, 1 FW, 2
FHe.p.—fE(l_Uz){cos (g h)+gFW2h(1— 1-(g™h) ﬂdh

0

, Eq. 4.55
i hr E
— [ —— dh+ MW T,H
2 2In2 (1-v?) AT, Pl
where
g™ = 11 _E : Eq. 4.56

“W 02 (1-07) Co,

Integrating Eq. 4.55 (a step-by-step calculation is given in appendix A.2.4) gives

FW.
ru e, e 000y
Heipt — H Velpl Velpl 4T1He|i‘\)/\|/1
Eq. 4.
1 FW. FW. FW. H '?VYZ H TV\IIZ 4 ’ ! v
_ P _ -1 elp _ elp
T sin (f 2) f ™ cos (f 2)+3C;W20y +1 o, | T7r
where
h 1 E 1
e = — AT Eq. 4.58
W, In2 (1-0*) Cy'%o,
Regarding the wear volume, the height of wear is
Nyear = 3", Eq. 4.59

the residual wear cross section can be defined as

szear =W hwear' Eq. 4.60

The same strategy can be followed in the case of ideal elastic materials and in the case

of rigid plastic materials being plowed by a half-wedge, which gives respectively
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Figure 4.23: Schematic representation of the plowing model in the case of a rectangular tip.

4.2.4 Plowing with strain hardening

Since plowing models developed in this section are strongly based on contact
mechanics and on indentation theory, the effect of strain hardening can be
incorporated in the plowing models following the same strategy as in Section 4.1.3

However, two problems can be pointed out: (i) the two last plowing models use the flat
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wedge indentation solution. The representative strains associated to flat tips
indentations are unknown. (ii) [Bucaille 2002] and [Larsson 2006] reported that the

representative strain is larger during plowing than during indentation.

e Sharp tip plowing with strain hardening

Scratching elastoplastic materials with a conical tip, [Bucaille 2002] suggested that the

plowing representative strain follows

& _pow =0.33tan S, Eq. 4.63

which is 65% higher than the indentation representative strain based on Johnson
relationship (see Eq. 3.6). Using Eq. 4.63 and assuming that the base material follows
an elastoplastic behavior with a Hollomon power law strain hardening presented in Eq.
2.10, a representative plowing stress flow (6.p0) can be calculated and used instead of
o,. Concerning the effect of strain hardening on the constraint factor and on the pile-
up, the same approximation used for indentation modelling (see section 5.1.4) will be

used.

4.2.5 Parametric study and sensitivity analysis

These plowing models give an expression of the horizontal force (Fy) as a function of
geometrical and material related parameters as well as the friction coefficient. The
present section describes the effect of these parameters on Fp. In order to summarize
the results, Fy is normalized by Fy. Giving the general form of Eq. 4.44, Eq. 4.48 and
Eq. 4.57, the results can be presented in a form that is independent of the friction

coefficient by subtracting u from the ratio Fg/F'y.

Regarding plowing with a conical tip, the two main parameters are £ and the ratio
0,/ E (see Figure 4.24). Surprisingly, the model predicts that a sharper tip give rise to
a larger normalized Fy. A sharper tip also presents a delayed transition from the rigid

plastic behavior to the ideal elastic one.

Concerning the half-wedge tip, the non-dimensional main parameter is the ratio

o, W/hE. Here, increasing f also increase the normalized Fy (See Figure 4.25).
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In addition to the parameters o,, £ and g, the rectangular flat tip plowing model is
affected by the thickness (7), the width (W) of the tip and the penetration depth (h).
However, the horizontal force can be normalized by the ratio 7/h. In that case, the

effect of h, T'and W on the elastoplastic transition is summarized in Figure 4.26.
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Figure 4.24: Plowing horizontal force normalized by the vertical force of a conical tip with different g

angles as a function of the yield strain (oy/E).
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Figure 4.25: Plowing horizontal force normalized by the vertical force of a half-wedge tip with

different B angles as a function of the yield strain (oy/E) multiplied by the width of the tip and
divided by the penetration depth (h). The model is stable as long as h < W/25, above this value, the

model gives aberrant solutions.
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Figure 4.26: Plowing horizontal force normalized by the vertical force in the case of a rectangular
flat wedge as a function of the yield strain (oy/E) multiplied by the width of the tip and divided by
the penetration depth (h). The model is stable as long as W > T, above this value, the model gives

aberrant solutions.
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4.3 Cutting model

As stated in Section 3.4 ;| cutting models focus on rigid-plastic materials. This section
is dedicated to the development of cutting models for elastoplastic materials based on
the models of Atkins, Williams, Blackman, Patel and Islam described in section 2.2.4.
Concerning the modelling, although [William 2010] proposed an orthogonal cutting
model with a closed form solution, some modifications are implemented to ensure that
the solutions take into account the elastoplasticity of the base material as well as the
strain hardening. Also, to ensure that the plane strain fracture toughness of the base
material (Gr) affects the shear angle (¢) as shown by [Atkins 2003]. Finally,
modifications are added to the pyramidal scratch cutting model to derive a closed form

solution of the cutting forces.

Three cutting tool geometries are considered here: the two-dimensional inclined wedge,
the rectangle and the pyramidal cutting tool. Because of their two-dimensional
appearances, the two first geometries are referenced as “orthogonal cutting” because
the cutting edge is perpendicular to the cutting direction. Whereas the pyramidal

“pyramidal scratch cutting”. In the following

cutting tool geometry is referenced as
subsections, rigid plastic cutting models are developed for these three geometries

followed by a more general elastoplastic version.

4.3.1 Rigid plastic orthogonal cutting model

Patel and his colleagues derived two base equations in rigid plastic orthogonal cutting
[Patel 2009]. The first one is obtained by an energy balance and makes a connection

between Fy and Fy through

HOPC'_ VOP'C tan¢—o-_yh tan¢+i +G Eq. 4.64
W W 2 tan © v

where the exponent “©¢” stand for “orthogonal cutting”. The second equation is
obtained by a force equilibrium on the tool [Patel 2009] and also gives a relationship

between Fy and Fy through

oC oC
ooz 2 |+ G, Eq. 4.65
W W ° ] (cosa+usina)’
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where

7 H—Tana

= , Eq. 4.66
1+ utana

and where G, refers to the adhesion toughness between the chip and the tool. This
adhesion occurs if the chip is at high temperature and starts to stick to the tool. Since
this last mechanism is not occurring with most materials and cutting conditions, in the
following part of this work, the term G, is considered equal to zero. Here starts the

modification of Patel’s model. Combining Eq. 4.64 and Eq. 4.65 gives

oh tan¢+i +G, (1+tan¢)
Ry 2 tang ) °

= . Eq. 4.67
W (1-Ztang)

Then, considering that cutting takes place at a constant depth, the horizontal force is
the only force that is associated to mechanical work. Using an energy minimization
approach on Fpy allows identifying the shear angle that minimizes the horizontal

cutting force through

oC
0 i =0, Eq. 4.68
otang\ W

Solving Eq. 4.68 (a step-by-step solution is given in appendix A.3.1) gives

cotg=/2° +1+BYZ+BY +Z, Fa. 4.69
where
2G
ocC c
B, = g Eq. 4.70

y
Substituting Eq. 4.69 into Eq. 4.67 and simplifying gives

oC

H O, h
W‘“:%(Zcot¢+830). Eq. 4.71

4.3.2 Elastoplastic orthogonal cutting model

The orthogonal rigid plastic cutting model can be extended to include an elastoplastic

behavior in the base material. This model is inspired from the strategy developed by
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[Islam 2012] that takes into account the elastic recovery behind the tool. The
hypotheses are that (i) the base material is elastoplastic, (ii) the depth of cut is
decomposed into a rigid plastic layer that will undergo chipping by plastic shearing
and (iii) an elastoplastic layer that will be deformed by plowing under and around the
cutting tool, (iv) The thickness of the layer which is cut is considered equal to the
residual indentation depth (h,) that would result from the indentation of the base

material by the same cutting tool.

e Sharp inclined cutting tool

If the cutting tool has an inclined wedge geometry (see Figure 4.27), the lower layer
undergoes plowing assuming that the cutting tool is associated to a half-wedge

geometry. In the following equations, the exponent “HW” refers to “half-wedge”.

\ ¢ iy h
ﬁ < Kf__ (I) hel

5y ¥
(hel) /h ,1\

Figure 4.27: Schematic representation of the elastoplastic orthogonal cutting model with an inclined

cutting tool.

Here, the top layer undergoes cutting and the lower layer is pushed under the tool by
plowing. Both mechanisms are considered independent from each other. As a
consequence, the total force on the tool is the sum of the forces generated by each

layer. Therefore, Eq. 4.47, Eq. 4.65 and Eq. 4.71 are combined together in the form

Fo Gh[h JHW i (D)

Mo _ Oy el (2c0t¢+B§,’ﬁ)+M, Eq. 4.72
w2 h), AR

where
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HW
B¢ = 2G, [LJ ) Eq. 4.73

elpl
o.h
y Pl eipi

Concerning the vertical force, combining Eq. 4.65 and Eq. 4.71 gives

ocC oC HW ( )

V, H V, el

P 7| -G, [+—2—. Eq. 4.74
W W

Regarding the wear volume, the height of wear is

0!

Eq. 4.75

e Rectangular cutting tool

If the cutting tool is a rectangular flat wedge (see Figure 4.28), the lower layer
undergoes plowing assuming that the cutting tool is associated to a flat wedge

geometry. In the following mathematical expressions, the exponent “V” refers to “Flat

wedge”.
T
e
\ ¢ By h
(hel)2/h * \%_‘/ ¢hel

Figure 4.28: Schematic representation of the elastoplastic orthogonal cutting model with a

rectangular cutting tool.

Therefore, Eq. 4.72, Eq. 4.73 and Eq. 4.74 becomes
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F:Ic oh(h FW W (h )
elpl y pl ocC Helpi el
— = = 2cotgp+B - |+ ——— | Eq. 4.76
W 2 ( h ]EIPI( ¢ elpl) W q
where
h Fw

Bj; = ZGC [—) . Eq. 4.77

Gyh Pl Jelpl

Concerning the vertical force, combining Eq. 4.65 and Eq. 4.71 gives

oc oc FwW ( )

V, H V, el

elpl -7 elpl _Gc + elp! ) Eq. 4.78
w w w

4.3.3 Rigid plastic pyramidal scratch cutting model

Blackman and his colleagues derived an equation in rigid plastic pyramidal scratch
cutting [Blackman 2016]. This equation is based on an energy balance and making a

connection between Fy and F'y through

SC F sC o 1
ﬂ_ﬂtamé:_yﬂ tang+—— |+ G_, Eq. 4.79
CCUI CCUt 2 cut tan ¢
where
A =h*cot Eq. 4.80

Is the cross section of the cutted groove and

2h

C =— Eq. 4.81
cut S”"]ﬁ

is the length of the cross section of the groove (see Figure 4.29). The exponent
“St” stands for “scratch cutting”. In contrast with perfectly plastic indentation and
plowing, in the case of cutting, the radius of contact is considered to be unaffected by
any pile-up. Instead of pilling up on the side of the tip, the material is removed within

the chip.
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Figure 4.29: Schematic representation of the rigid plastic scratch cutting geometry.

Eq. 4.65 can be adapted to the pyramidal geometry, in which case, the relationship

between Fy and Fy becomes

sC SC
FVpl Hol G,
=Z| —-G_ |+ - . Eq. 4.82
c (cosa + psine)

C

cut cut

Again, considering that G, is equal to zero, and combining Eq. 4.79 and Eq. 4.82

gives
oy A 1
X _Sitang+—— |+ G, (1+tan
% a9 g S ) .
= . q. .
Cout (1-Ztang)

Deriving Eq. 4.83 with respect to tan(¢) and equating to zero (the development is
similar to the development in appendix A.3.1) provides the shear angle that minimizes

the horizontal cutting force through

cotg=,[Z°+1+BZ+Byf +Z, Eq. 4.84
where
2G, ¢ G 4 2
By = > C Aim B ach c0sf B cosfB’ e
y Tt y
Substituting Eq. 4.84 into Eq. 4.83 and simplifying gives
SC
ﬂ:ﬁﬂ(z(;owpr Bgc). Eq. 4.86

C 2 C,

cut
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The wear volume can be calculated based on the residual cross section of the groove
A (Eq. 4.80),

4.3.4 Elastoplastic pyramidal scratch cutting model

The pyramidal rigid plastic scratch cutting model can also be extended to include the
elastoplastic response of the base material. The hypotheses are the same as in the
orthogonal cutting model. However, instead of decomposing the cutting into two-
dimensional layers, here, three-dimensional layers are involved. The upper layer that
undergoes cutting has a trapezoidal cross section (see Figure 4.30). The lower layer
undergoes plowing, similar to plowing under a conical tip with an angle £ between the

horizontal surface and the side of the cone.

(04
(hel)2/h 5 \,\\_‘,//_ h’(:l

Figure 4.30: Schematic representations of the elastoplastic scratch cutting geometry.

Again, the two layers are considered independent from each other. As a consequence
the total force on the tool is the sum of the forces acting on both layers independently.

Therefore, Eq. 4.42, Eq. 4.82 and Eq. 4.71 can be combined together in the form

o
F:e(I:pI - 7)/(2001: ¢ + Besllc):I ) Aut + Fl—im, (hel ) ’ Eq. 4.87
where
he )’
A, =h?cot B 1‘[%} , Eq. 4.88
C
Coy = %{1—(1—%3 B) hﬁ'n, Eq. 4.89

and
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1—(1—cosﬁ)[h§'J
elpl = o, A B hay cos . [hecl ]2 .

sc 26, ¢, 2G, 2

Eq. 4.90
h

Concerning the vertical force, adding a plowing vertical force to Eq. 4.82 gives

s =Z(FSC —ccch)JrFC (h). Eq. 4.91

Velpl HeIpI Velpl

The residual groove cross section is presented in Figure 4.31 and can be calculated by

adapting Eq. 4.46 to the plowed layer and adding it to Eq. 4.88. The result is

C
eV he V[ he 21+tan2ﬂ%
A, =h?cotp|1—| | +| || B | —— = | Eq. 4.92
ear h h h 1_Celpl

Figure 4.31: Cross section of the groove after elastic recovery in the case of an elastoplastic
pyramidal cutting mechanism. The dotted lines represent the position of the surface under load.

4.3.5 Cutting model with strain hardening

Including the effect of strain hardening is quite tricky since the two layers undergo
different magnitudes of plastic strain. The effect of the strain hardening in the lower
plowed layer is discussed in section 4.2.4 . Regarding the effect of the strain hardening

in the upper layer, it depends on the geometry of the tip.
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e Orthogonal inclined wedge cutting tool

In the case of an inclined wedge cutting tool, the plastic strain in the chip is a function
of the shear cutting angle (¢). However, ¢ is a function of BY“. The latter depends on

the flow stress in the chip (o7.ci) through the following system of equations:

HW
2G h
Boy = ——| —
ho h

r—cut pl

cotg =2 +1+ B (1+2)+Z

elpl
cot’ p+1
cotg+tana

Eq. 4.93

r-cut

n
Ot = O-y (Egr—cut/ay)

This system of equation cannot be solved analytically but it still can be solved
numerically to find &... with an iterative procedure. For instance, o, can be used
instead of o« to calculate a first B°“. After that, cot¢ can be calculated which in turn

gives &-cu and oy through

HW
ocC 2Gc h
Beipi-o = Py i

y pl

cotg, =2 +1+ BYG

elpl~i-1

(1+2)+z

.- cot’ ¢ +1
i cotg, +tana

n
O-"cut~i = O'y (Egrcum /Gy)

HW
g0 Q(LJ o,

, Eq. 4.94

elpl~i
P ho, | h,

Teut~i

where 7 is the number of iterations. Repeating this loop rapidly converges to the
solution. With three iterations, the error on the horizontal cutting force gets lower

than 12%. The expression for the horizontal and vertical cutting forces becomes

elpl~i

oc HW HW
FHeIpl _ 1 Ot (%j (ZCOt b+ BOC )+ FHeIDI (hel)

o, hw 2 o, elp o, hw
[=ee F.oc BOC W Bq. 4.95
Velpl — Z Helpl . pl + Velpl ( he| ’ 5)
o, hw o, hw 2 o, hw
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e Orthogonal rectangular cutting tool

Concerning the rectangular cutting tool, the expression becomes

Fw
ocC 2Gc h
Beipi-o = o h

y pl

cotg, =27 +1+ B3, ,(1+42)+Z
cot’ ¢, +1
g = Eq. 4.96
cut~i cot ¢~i
O-"cut~i = O-y (Egrcut~i /Gy )n
FwW
g _26(n )" o,
elpl~i —
’ hUy hP' O-rcut~i
The expressions for the horizontal and vertical cutting force become
ocC FW FwW
o (h F
Hop L s [ D (2cotg, +Bgg )+ B (h,,T)
ohW 2 o, ( h elp o,hW
. Eq. 4.97
FVOC FHOC FVFW
elpl — Z elpl BOC + elpl (h | ,T)
o,hW o,hW P! o,hW ¢

e Pyramidal scratch cutting tool

Concerning the pyramidal cutting tool, the system of equations takes the following

form

e G 4 (1wl /(Y T
-

cotg, = \Z?+1+B55 ,(1+42)+Z
. - cot’ ¢, +1
Teut~i cot ¢~i +tana , Eq. 4.98

n
O-rcut~i = Gy (Egrcut~i /O-Y)

c c 2
Bapt-i = G, 4 1—(1—cosﬂ)[he'] 1— (helj %y
ho, cos B h e h Ju | |

Tout~i
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where 7 is the number of iterations. The final expression for the horizontal and vertical

cutting forces becomes

R =Zmap (2c0tg, + B, )+ RS, (W, 0)

Helpi 2 Heppt ' el
Fas =Z(Ri2, —c.G. )+ R, (hy,6)
C
Cout = 2—h 1-(1-cos ﬁ)(ﬁ) : Eq. 4.99
sin g N e

A, =h*cot B 1{(%) }

4.3.6 Parametric study and sensitivity analysis

The cutting force can be normalized by the product of the yield strength (o) with the
depth of cut (h) and with the width of the cutting tool (W) in the case of orthogonal
cutting. It can also be normalized by the product o,h* in the case of pyramidal scratch
cutting. A second non-dimensional variable of interest is Gic/ho,. When this variable is
low, the cutting force is dominated by plastic shearing in the chip, whereas when this
variable is high, the cutting force is dominated by the energy required to separate the
surface between the chip and the base material. The transition between these two
regimes will be presented in the present sub section as well as the effect of other

material and geometrical parameters.

e Orthogonal inclined wedge cutting tool

In the case of orthogonal inclined wedge cutting tools, the other independent variables
are the strain hardening coefficient (n), o,/F, the friction coefficient (u), W/h, the
cutting angle (@) and the clearance angle (). The effect of these variables can be
observed in Figure 4.32. In this figure, the two regimes can be easily distinguished. The
first plateau corresponds to a cut dominated by shearing, whereas the area with a
steady positive slope is dominated by fracture. In addition, increasing n as well as y
increases the cutting force in the shear dominated zone. The f angle and the ratio W/h
do not seem to play a significant role on the normalized cutting force. Regarding the

effect of o,/E, as expected, the normalized cutting force decreases with this ratio.
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Indeed, increasing o,/E increases the elastic recovery and therefore decreases the
thickness of the cut layer. The effect of the cutting angle (@) is also presented. A

sharper cutting angle (larger a) leads to smaller cutting forces.

e Orthogonal rectangular cutting tool

Regarding the rectangular tool geometry, the independent variables are quite similar
except that the cutting angle and the angle in the back of the tool are constant and
equal to zero. However, the thickness of the tool normalized by the depth of cut (7/h)
is a new variable. The effect of these variables can be seen in Figure 4.33. When T/h is
large, the cut is longer dominated by plastic shearing. The effect of T/h is probably
due to the plowing as well as the friction under the cut layer. The two contributions

consume more energy when T is large.

e Pyramidal scratch cutting tool

The results for the pyramidal cutting tool are presented in Figure 4.34. The big
difference here is the effect of f. Indeed f plays a triple role. (i) g modifies the plowing
forces. The f angle also changes the shape of the cross section of the chip, therefore
impacting (ii) the amount of new surfaces created between the chip and the base

material. Finally (iii) g is also impacting the section of the sheared layer.
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Figure 4.32: Elastoplastic orthogonal cutting with an inclined wedge. In each graph, one parameter is
changed at a time to observe its effect on the horizontal cutting force while the other parameters are
kept constant with the following values: n = 0, oy/E = 103, W/h = 200, 4 = 0.1, f# = 30° and & =
30°.

135 - Model extensions and validations



Helpl
0'th 10* ‘ ‘ ‘ ‘
10 n=05 : ]
0.3
. 0.1
10%¢ : ]
10" 0.0 3 :
0L [ 4 il
10
A PERUAN
-1 -
10 F - ] ]
-2 P
10 - ‘ - ‘ 10
107 ' oG, 10° 10* 10 ' 26, 10° 10
o,h
4 y
10 ‘ ‘ ‘ :
10°F v : ]
5 =20
10%F ! 200 E E
10'F : :
20.10°
10°F 4 |
~ -1
10 : 10 ¢ :
10 ‘, L L L 10— \_ 1 L 1
10° 10° 10° 10’ 10° 10° 10° 10°
10
3L 4
10 1:103
h
2 J
10 10°
10'E 10! :
. 100
10°F 1 1
-1
10 £ :
-2
" - . _ -
1072 10 10% 10
2G,
ayh

Figure 4.33: Elastoplastic orthogonal cutting with a rectangular cutting tool. In each graph, one
parameter is changed to observe its effect on the horizontal cutting force while the other parameters
are kept constant with the following values: n = 0, oy/E = 103, W/h = 200, u = 0.1, T/h = 10%
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Figure 4.34: Elastoplastic orthogonal cutting with a pyramidal cutting tool. In each graph, one
parameter is changed to observe its effect on the horizontal cutting force while the other parameters

are kept constant with the following values: n = 0, 0;/E = 103, u = 0.1, f = 30°, a = 30°.

137 - Model extensions and validations



4.4 Spalling model

Thermally sprayed abradable materials have a complex microstructure often made of
accumulation of splats. These splats originate from the thermal spraying process in
which the powder particles are fused into droplets, these droplets eventually impact
the substrate and solidify during the manufacturing of the abradable materials. This
kind of microstructure contains a lot of interfaces between the splats. Abradables can
wear off by a mechanism of micro-rupture which consists in separation of the interface

between these splats.

In order to model this mechanism, a few hypotheses are set: (i) the base material is
made of a model microstructure composed of small rectangular segments. (ii) Each
segment is connected to its neighbors with an interface having a fracture toughness G..
m. (iii) In case of a contact between a tool and the material, every segment in the
trajectory of the tip will be separated from the surface and from his neighbors. (iv)
Each segment has an elastoplastic mechanical behavior. (v) The vertical force comes
from the resistance of all the segments to indentation. Therefore, the vertical force is
the same as the indentation force of a bulk material with the homogenized properties
of the segments. (vi) The horizontal force corresponds to the energy consumed in
surface separation between the segments as well as the friction between the bottom of

the tip and the surface of the material.

4.4.1 Orthogonal spalling with an inclined wedge

The spalling model with an inclined wedge tool is represented in Figure 4.35. After the
passage of the tool, this geometry of tool leaves a rectangular trench on the surface of
the material. A cross section of the trench is presented in Table 4.2 with the expression
of the depth (huena) and the width of the trench (Wiea) as well as the number of
segments in contact with the blade (Nyyrw). These expressions contain the upper
bracket “/ 7 and the lower bracket “L |7 symbols which stand for rounding up the
number in the bracket to the upper or the lower closer integer respectively. If the
blade is centered between two segments or centered in the middle of a segment during
the contact, the number of segments impacted will be different. These two geometrical
situations are also presented in Table 4.2. From there, the number of segments being

removed by the tip in a contact over a distance L follows
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L
N = {T—W N seqrow » Eq. 4.100
9

Sél

where T, is the thickness of a segment. The total surface created during the

separation of every segment in the trench is

L
Stot = |7T_“ [ Nseg/ row (WsegTseg + hsegTseg + hsegWseg ) + htrenchTseg i| + Nseg / rowhsegWseg , Eq. 4.101
g

sel

where W, and h,, are the width and the height of a segment respectively. If we
consider a steady state spalling, that is, if L>>T,.,, the expression of the total surface

created becomes

SSteady ~ TL |: Nseg/row (W Teeg * Neeg Teeg +hiegW. ) + htrenchTseg :| ' Eq. 4.102

tot seg ' seg seg ' seg seg ' ''seg
seg

In that case, the horizontal and vertical spalling forces are

steady
os _ tot HW
FHeIpI =Gein L +,UFve|p. ) Eq. 4.103
0S _ pHw
FVEIpI o FVeIpI : Eq. 4.104

The spalling forces can take the following non-dimensional form

FOs G Ssteady HW
Hepl  _ Ycint Otot Velpl

hWo, ho, WL * hWo

y

, Eq. 4.105
y
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Figure 4.35: Schematic representation of spalling mechanism with an inclined wedge of width W.

The back of the wedge makes an angle g with the horizontal surface.

Table 4.2: Schematic representation of the cross section of a segmented material in contact with an
inclined wedge tool. The grey segments are in contact with the tool and will be removed.
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4.4.2 Orthogonal spalling with a rectangular tool

The spalling model with a rectangular tool is represented in Figure 4.36. After the
passage of the tool, this geometry of tool also leaves a rectangular trench on the
surface of the material. The expression of hyench, Wirenchy Noeg/row and Sy is the same as
in the case of the inclined wedge tool (see Table 4.2 and Eq. 4.101). The horizontal

and vertical spalling forces are

steady

0os _ tot FwW

FHeIpI =G in L +ﬂFve.p. ) Eq. 4.106
0SS _ Fw

I:Velpl - I:Velpl : Eq. 4.107

The spalling forces can take the following non-dimensional form

0s G Ssteady Fw
Hepl  _ Scint ©tot n Velpl

Eq. 4.108

Wo, ho, WL ‘ hWo,

y

y

Figure 4.36: Schematic representation of spalling mechanism with a rectangular punch of width W

and thickness T.
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4.4.3 Pyramidal scratch spalling with a conical tool

The spalling model with a conical tool is represented in Figure 4.37. The passage of
this conical tool in the segmented material leaves a triangular trench on the surface of
the material. The expressions of hiuenci, Wirench, Nieg/row are presented in Table 4.3. The
total surface created during the separation of the segments in the trench is given in Eq.
4.101.

steady

s _ tot c
FHe|p| =G L +ﬂFve.p. ) Eq. 4.109
and

s$S _ cC
FVEIpI - I:Velpl ’ Eq. 4.110

The spalling forces can take the following non-dimensional form

ss c
stead
FHelpl Gc—int Stot ’ Velpl
7 R ) Eq. 4.111
h o, hO'y hL h o,

Figure 4.37: Schematic representation of spalling mechanism with a conical tip making an angle g

with the horizontal surface.
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Table 4.3: Schematic representation of the cross section of a segmented material in contact with a
conical tool. The grey segments are in contact with the tool and are removed during the contact.

Blade centered between two segments h
=|—1h
Wtrench htrench lrhseg —‘ seg
2a | a=hcotg
W, a
<—‘>Jl« Wtrench =2 ’7W—|Wseg
hs(f.(] &g
h’trench] hI R T {WtrenchJ
Vol Wgeq h W,
Nseg/row =2 Z rench 1— 9 2i
io | h
seg trench
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rench h seg
thnch 0
a=hcot g
2a 1
Wtrench = 2’7a _—‘Wseg +Wseg
WSeg 2
h
htrcnch[ h] Nseg/row = ’7h—’ +
'seg
{ﬁ_ﬂ h W 1
2y - tanﬂ(+ij
i=0 hseg hseg 2

4.4.4 Parametric study and sensitivity analysis

In order to simplify the presentation of the results, the segments are considered cubic,
ie. hey = Wiy = Tyy This significantly simplifies the equations and decreases the
number of variables in the problem. Another approach could have consisted in
assigning aspect ratios hs, = w1 Wiy = w2 Tiy, where wy and up are the aspect ratios of
each segment. The results of the spalling model with an inclined wedge, with a
rectangular wedge and with a cone are presented in Figure 4.38, Figure 4.39 and
Figure 4.40 respectively. On these figures, a plateau is still observable. This area
corresponds to a spalling force dominated by the friction and by the plastic dissipation
due to the indentation of the segments. The main difference with the cutting model
lies in the effect of the ratio h/h.,. Increasing this ratio is equivalent to removing more
segments by unit depth (h) which translates into a faster transition between the plastic
dominated zone and the fracture dominated one as well as an increase of the total

surface of the interfaces.
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Figure 4.38: Elastoplastic orthogonal spalling with an inclined wedge. The tip is centered in the
middle of a segment. In each graph, one parameter is changed to observe its effect on the horizontal
spalling force while the other parameters are kept constant with the following values: n = 0, oy/E =
103, W/h = 200, g = 0.1, f# = 30° and h/hs = 10.
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Figure 4.39: Elastoplastic orthogonal spalling with a rectangular wedge. In each graph, one
parameter is changed to observe its effect on the horizontal spalling force while the other parameters
are kept constant with the following values: n = 0, oy/E = 10%, W/h = 200, T/h = 100, 4 = 0.1,
Il/hseg =10.
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Figure 4.40: Elastoplastic orthogonal spalling with a conical tip. In each graph, one parameter is
changed to observe its effect on the horizontal spalling force while the other parameters are kept
constant with the following values: n = 0, oy/E = 103, g = 0.1, f = 30° and h/hs,=10.
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4.5 Erosion modelling

Erosion modelling is the second main step of this study. Using an approach similar to
Finnie [Finnie 1960], erosion is modelled in the general framework of elastoplasticity.
The erosive particles are associated to cones with their axis of symmetry perpendicular
to the surface of the base material. The three main mechanisms of plowing, cutting
and spalling are modelled based on the following hypotheses: (i) an erosive particle
impacts the base material with an angle @ and keeps its original trajectory during the
penetration in the surface of the base material. (ii) The particle is arrested by the
materials surface once all its kinetic energy is transferred into mechanical strain and/or
fracture of the base material surface. (iii) The eroded volume corresponds the volume
of the residual groove created by the impacting particles in the base material after
elastic recovery. (ii) The rotation of the particles during the impact is not taken into
account. (iv) The total eroded volume is considered proportional to the eroded volume
created by a single impacting particle. The main differences with Finnie model are that
(i) there is no assumption on the pile-up, the pile-up depends on the wear mechanism.
(ii) The solution is not obtained by solving the equation of the motion of the particles
but by an energy balance. (iii) The rebound of the particles in case of low impacting
angle is not considered here. (iv) Finnie also takes into account the rotation of the

particle in the equation of the motion of the particle, while it is not the case here.

The erosion resistance (e.) is considered here as the amount of kinetic energy (U.n)
required to erode a volume (V). In order to display the erosion resistance of a
material in a non-dimensional way, e, is normalized by the yield strength (o;). The

erosion rate (e is defined here as the inverse of the erosion resistance through

U, 1
= - Eq. 4.112

res
JyVer erate

Putting hypothesis (ii) into equation gives

—||2
u,, -l Ba. 4113
cin 2 . q. 4.

In the present model, all the energy is transferred. Therefore, the energy balance

equation is
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h L
[Rdh+[F,dx=U_, . Eq. 4.114
0 0

From hypothesis (i), the following change of variable can be done:

L=hcotw. Eq. 4.115

where L is the length of the groove created by the particle and @ is the impact angle.
Combining Eq. 4.114 and Eq. 4.115 gives

h h
|R,dh+[F,dhcotw=U, . Eq. 4.116
0 0

The variables V.., Fyv, and Fy are dependent on the wear mechanism. Therefore, each

erosion mechanism requires a specific analysis.

4.5.1 Erosion by plowing

In the case the erosion mechanism takes place by a plowing mechanism, the erosion
wear volume (V.,) will be affected by the impacting angle (). If @ is small compared
to B, V. is the sum of a half cone and a tetrahedron with a side angle (S-8°) (see
Figure 4.41).

3 APlow ,//\h
N H 4 ’

Y D _

\ - /’ IB ﬂ h
B

Figure 4.41: Schematic representation of the erosion by plowing when @<f. The volume of the

residual groove after elastic recovery (V) is also represented.

V2" (h) =V, +%Vv : Eq. 4.117
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V2 (h) =] Alerdhcotw+—h?| -2 | zcot® B fe' Eq. 4.118
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0
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Integrating and simplifying gives

2 CeIpI
e Y 1+tan® g T
Veflow (h) - ?[Tpl] cotwcot f———

l— elpl

el

) . Eq. 4.119

C
L (heY 1+tan2ﬂ%
+gh3{?"'] zeot? Bl ——————=

1_ elpl
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If wis large compared to S, V., becomes the volume of a cone with a side angle (3-8

(see Figure 4.42). In that case,
V" (h) =V, , Eq. 4.120

which gives

2

2 Cell
e\ 1+tan® g
1.,(h C
Vplow(h)__hS _pb JZ'COtZﬂ el Eq. 4.121
er _3 h CII . q. 4.
1--2°
C

el

The transition between these two situations happened when those two volumes are

equal to each other. It is the case when

C
(e 1+tan® g%
@ > arccot E(T"'}zcotﬁ — ] Bq. 4.122
1_ elpl
C

el
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Figure 4.42: Schematic representation of the erosion by plowing when @>f. The volume of the

residual groove after elastic recovery (V.) is also represented.

In both cases, the horizontal and vertical energy dissipated in the impact are

h
plow __ C
Ui = g Fy,,dhcotw, Eq.
and
h
plow __ C
Up " = g R X - Eq.

Integrating and simplifying these two equations gives

2

3 C
uper = ppe | Gon
Ver 3 elpl h ’ .
and
h aC 2 h 2 a WY YHY 1
Uiglow _ _ﬂ-He(I:pl elpl . elpl || el eépl —+u |Cotw. Eq.
e 3 h ae|p| h h HeIpI T
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4.5.2 Erosion by cutting

Erosion by cutting generates an erosion wear volume that can be described either by
Eq. 4.117 or Eq. 4.120 depending if @ is smaller or larger than f (see Figure 4.43).
The main difference in the cutting situation is that the residual cross section follows

Eq. 4.92. If @ is small compared to S,

L
Vo (h)= [ ASJ; dx+%VV. bo. 4127
0
Using the same change of variable as in Eq. 4.118 and integrating gives
I C
h3 hC 2 hC 2 hC 21+ tan2 ﬂ%
V" (h)=—cot Bcotew|1-| = | +| < R R
3 h h h 1— CeIpI
- el
I 2] . Eq. 4.128
3 3| 1+tan? ﬁh
L on cot? h ) ( hd C,
+=zhicot? g|1-| 2 || 2| | ———
6 h h 1_ CeIpI

el

If wis large compared to £, V., is the volume given by the revolution of the surface

presented in Figure 4.31. In that case,

3 h 3
Veﬁ“‘(h):%yzh3 cot’ B l—(%) J{T"'j (%

The transition happens when
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Figure 4.43: Schematic representation of the erosion by cutting when @>f. The chip in front of the
particle is not represented.

In both cases, the horizontal and vertical energy dissipated in the impact are

h
Uil =[F., dhcotaw, Eq. 4.131
0
and
cut " sC
Uy = £ Fvelmdh' Eq. 4.132

Integrating and simplifying these equations gives

c\? 3 R c)?
U} =0, cotacot 3 1—(£j {Zh—+h—L+M(h)}+[h—ﬁj UL Bq. 4.133

h 3 2 (1+Z)
and
h2 hC hC 8
Uyl =ZU tano—-ZG, Sn 3 [1— (1-cos ﬁ)(ﬁ'ﬂ + (ﬁ'] U, Bq. 4.134
where
Oh(Oh+P)(80%h’ +20Ph)
M (h) = 24 OF , Eq. 4.135
in which
0=27%+1, Eq. 4.136
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and

pZ& 4 1-(1-cos[)’)(29, /h)(1+Z). Eq. 4.137
o, Cos B 1-(h§/h)

4.5.3 Erosion by spalling

Regarding erosion by a spalling mechanism, the hypotheses presented in Section 4.4
are applied. The wear volume also depends on @ and f. The first case (w<pf) is
presented in Figure 4.44. In that case, the number of segments in contact with the

impacting particle is

w e
Tseg Tseg

Nseg = Nseg/row(h)+ Zi Nseg/row(hi)+ 21 Nseg/row(hj) ) Eq. 4.138
i= j=

where

h =T, tanw, Eq. 4.139
h; = T tan g, Eq. 4.140

{hcot/}_!‘
h Weg 2 K W W
N h)=| — |+2 — S tan B |-| | =tan B |, Eq. 4.141
seg/row( ) |7hseg‘l ng) lrhseg 2hseg IB —| |7J hseg ﬂ q

L=hcotw, Eq. 4.142
and

L, =hcot 5. Eq. 4.143
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Figure 4.44: Schematic representation of the trajectory of an erosive particle impacting a segmented
material. Here, the impacting angle @ is smaller than the side angle of the conical particle f. The

segments in grey are removed by the particle.

The expression of the eroded volume is

Vesr':)aI (h) = Nseg hsegTsegWseg . Eq. 4.144
The total surface created during the separation of the segments is
Stor = (Neeg Teeg * NecgWaeg + TeegWeeg ) Neeg + NocgWag N rrom (D) + S Eq. 4.145
where
1
h Tseg h Tseg j

S ==t Z ||t Z |7 ||PegTeq- Eq. 4.146

hseg i=1 hseg =1 seg

The second case (@>pf) (Figure 4.45) can be calculated using the same equations with

the following changes:

hj =h,, Eq. 4.147
and
L=L,. Eq. 4.148

In both cases, regarding the energy dissipated in the process,

spal __
U Her — GC—intS

h
C
ot + g”Fvem dhcotw, Eq. 4.149
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and

h
spal __ C
v _ngelmdh' Eq. 4.150

Integrating and simplifying these equations gives

e (&)
spal __ C elp
Up =Gc Sy + Ot a)gﬂHe,pl el Eq. 4.151
and
2
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Figure 4.45: Schematic representation of the trajectory of an erosive particle impacting a segmented

material with an impacting angle ® wider than the side angle of the conical particle f. The segments
in grey are removed by the particle.

4.5.4 Parametric study and sensitivity analysis

The results of the three erosion models (plowing, cutting and spalling) are presented in
Figure 4.46, Figure 4.47 and Figure 4.48. On these figures, the erosion rate is defined
as the erosion volume (V.;) normalized by the kinetic energy of the impacting particle
(Uen) and by oy (see Eq. 4.112).

155 - Model extensions and validations



e Erosion by plowing

Concerning the modelling of erosion by plowing (see Figure 4.46), the model predicts
that the erosion rate increases with the angle f. It means that a sharper particle faces
less resistance eroding the material by an indentation and plowing mechanism. In
consequence, the normalized erosion rate is higher. The friction coefficient () as well
as the strain hardening exponent (n) also seems to decrease the erosion rate. Increasing
these two parameters seems to increase the quantity of energy dissipated by unit
volume in the base material. The effect of the impacting angle (@) is more nuanced. A
transition occurs at an angle that depends on A. This transition corresponds to the
change in the shape of the crater (see Figure 4.41 and Figure 4.42). The ratio o,/FE
seems to decrease the erosion rate. Two competing phenomena are in play here. Indeed
a higher elastic strain comes with less energy dissipated in plastic deformations.
However, it also means a larger elastic recovery which seems to dominate in this case.
Finally, the normalized erosion rate is not affected by the ratio Ues/oy. It means that
the normalized eroded volume is, with this mechanism, always proportional to the

kinetic energy of the particle.

e [rosion by cutting

Regarding the modelling of erosion by a cutting mechanism (see Figure 4.47), the
predictions are mainly the same as in the plowing case. However the model shows that
the normalized erosion rate is lower if U../o, is low. It means that the erosion
resistance is bigger if the impacting particles have a low kinetic energy. This
phenomenon is due to a cutting size effect described in [Atkins 2009]. In pyramidal
cutting, the energy consumed in plastic shearing is proportional to h’c, while the
separation energy required to produce the chip is proportional to h*Gre. Therefore at
small depth, the separation energy can be way larger than the dissipation by plastic

strain. In consequence, the normalized erosion rate is lower.

e Frosion by spalling

In order to simplify the presentation of the results, the segments are again considered
cubic, i.e. hey = Wiy = Tiy Regarding the prediction of the erosion rate by spalling,

the effect of the ratio o,/F is in opposition with the cutting and plowing models
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predictions. Erosion by spalling is assumed to happen with no elastic recovery. In that
case, a larger elastic strain leads to less energy dissipation by plastic deformations.
Therefore a larger o,/FE ratio translates into a larger erosion rate. In addition, the
effect of the size of the segments is significant. Indeed, with very large segments, an
impacting particle might not have enough energy to separate the interface in one strike.
In that case, the erosion rate is zero. However, with smaller segments, the separation
energy is proportional to many factors, including (i) the surface of each segment, (ii)
the number of segments removed and (iii), the fracture toughness. This separation
energy is thereby roughly proportional to Niehse” Geint. Since the number of segments
by unit volume is equal to h,*, the normalized erosion rate is mainly proportional to
hiseg/ Ge-ii. Therefore smaller segments and higher interface fracture toughness increase

the erosion resistance.
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Figure 4.46: Sensitivity analysis in the case of erosion by a plowing mechanism. In each graph, one
parameter is changed to observe its effect on the erosion rate while the other parameters are kept
constant with the following values: n = 0, oy/E = 103, g = 0.1, Uein/0y = 102 and @ = 30°.
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Figure 4.47: Sensitivity analysis in the case of erosion by a cutting mechanism. In each graph, one
parameter is changed to observe its effect on the erosion rate while the other parameters are kept
constant with the following values: n = 0, oy/E = 103, g = 0.1, Uen/0y = 102, Gic/oy = 10%, @ =
30°.
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Figure 4.48: Sensitivity analysis in the case of erosion by a spalling mechanism. In each graph, one
parameter is changed at a time to observe its effect on the erosion rate while the other parameters
are kept constant with the following values: n = 0, ay/E = 103, y = 0.1, Uen/0y = 102 [m?], @ = 30°,
hseg = 10°% [m] and Ge-int/ 0y = 10 [m].
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4.6 Summary

In this chapter, an add on model was developed to predict the contact force and the
area of contact as well as the elastic recovery in the case of flat and sharp tips. This
model is applied to three wear mechanisms: plowing, cutting and spalling. These
models predict that the forces of interaction between a blade and an elastoplatic
material are affected by the geometry of the blade and by several other parameters.
Amongst these parameters some increase the interaction forces: u, n, o, E, G, Geins, h
and 1/h, The ratio o,/F increases the elastic recovery and decreases the interaction
forces. Regarding the spalling mechanism, larger segment size leads to a bigger

quantity of material being removed.

These three wear models are adapted to predict the resistance to erosion. The models
show that erosion resistance increases when the base material is able to dissipate more
energy, meaning increasing i, n, oy, G, Gew and 1/hy, The ratio o,/ E increases the
erosion resistance except if the erosion happens via a spalling mechanism. Concerning
erosion by cutting, a size effect can occur. The latter increases the erosion resistance,
especially in the case of low energy impacting particles. This effect is accentuated with
the ratio Gr/ o, In the case of erosion by spalling, the effect of hy, depends on the
kinetic energy of the particle. Small segments dissipate more energy per unit volume
and therefore offer a better erosion resistance than larger segments. However, if the
segments are large enough, a single eroding particle might not have enough energy to

detach it. In that case, there is no erosion by spalling.
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Chapter 5  Materials and methods

This chapter describes the base materials, processing methods and testing protocols.

5.1 Base materials

The base materials are the elementary ingredients used for processing the model
systems on which most of our experimental campaigns were based. For the purpose of
keeping the same chemistry and basic constituents of the industrial abradable
materials used in the compressor (such as the PAC-905 and the Metco 601-NS), the
base materials are made of aluminum alloys and liquid crystal polyester (LCP) or a
combination of the two. The idea is essentially to play with the internal architecture of

the material.

5.1.1 PAC-905 powder

The Powder Alloy Corporation 905-3 powder (PAC-905) is a mix of aluminum with
12% silicon alloy (AlSi) and LCP polyester. The composition of the mix is 60% in
weight of AlSi and 40 percent in weight of polyester (see Figure 5.1). Converted in
volume fractions, this mixture is made of 50% in volume of both constituents. The
PAC-905 powder is referenced as an equivalent to the Metco® 601-NS powder and the
Amdry® 2010 [PAC 2016]. The particle size ranges between 10 and 100 pm. This

powder was used to manufacture the industrial reference material.

Figure 5.1: SEM micrograph of the PAC-905 powder. The polyester appears in white and the AIlSi in
grey.
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5.1.2 PAC-904 powder

The Powder Alloy Corporation 904 powder (PAC-904) is made of pure LCP polyester.
More precisely, a fully aromatic LCP polyester named poly(oxy-1,4-phenylenecarbonyl).
The PAC-904 is referenced as an equivalent to the Metco® 600-NS powder [PAC 2016].
The particle size ranges between 44 and 100 um (see Figure 5.2). This powder is made
of the same polymer as the reference PAC-905 powder.

Figure 5.2: Chemical formula of LCP polyester (on the left) and SEM micrograph of the polyester
powder (on the right).

5.1.3 AlSi powders

Two batches of AISi powder were used in this study, a fine one and a coarse one. The

fine powder will be referenced as AlSi-44 pum and the coarse powder as AlSi-150 um.

o AlSi-44 um
The finer powder has been purchased from Alpha Aesar and is a -325 #powder (this
terminology means that more than 90% of the material can move through a 325-mesh

sieve corresponding to a 44 pm spacing)(see Figure 5.3).

o AlSi-150 um
The coarser powder was purchased from Goodfellow and has a diameter smaller than

150 um (see Figure 5.3).
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Figure 5.3: SEM micrograph of the AlSi-44 pm powder (on the left) and of the AlSi-150 pm powder
(on the right)

5.1.4 AlSi bulk plate

Plates made of bulk AlSi were purchased from Goodfellow. The initial dimensions of

the plates are 50 mm x 50 mm x 2 mm (see Figure 5.4).

Figure 5.4: Picture of the 2 mm thick AlSi plate
5.1.5 AISi and AlMgSi foams

Two families of open cell foams are used in this study, involving a dense foam
purchased from Exxentis and a lighter foam from ERG aerospace. The microstructures
of the foams are described based on three characteristic parameters: the pore size, the
bubble size and the relative density. The pore size is the mean diameter of the holes
that connect larger cavities between one another. The pore size gives information on
the ability of a porous material to act as a filter. The bubble size is the mean diameter

of the cavities inside the materials (see Figure 5.5). The relative density is the density
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of the foam divided by the density of the bulk material. The relative density is also the

volume fraction of solid material inside the foam.

o e
L' "“
' wd )

Figure 5.5: Schematic representation of the pore size and the bubble size in an open cell cellular
material. Image from [Exxentis 2015].

e Frzentis foams

The Exxentis® foams are manufactured from an aluminum alloy and NaCl crystals
cast together. The NaCl remains solid in the liquid metal. After cooling and
solidification of the alloy, the salt is dissolved using water. The salt grain size
determines the size of the bubbles in the foam. The aluminum alloy composition is
presented in Table 5.1. The size of the raw sample is 0.5 cm x 20 cm x 20 cm. the

microstructure and the characteristic size of the three Exxentis foams is summarized in

Table 5.2.

Table 5.1: The chemical composition of the aluminum alloy used in the exxentis foams.

Al Fe Si Mn Ti Cu Zr Mg Zn

Balance | 1.5% 10-13% | <0.5% | <0.1% | <0.6% | <0.1% | <0.1% | <0.3%

Table 5.2: Description and characteristic sizes of the Exxentis foams. The micrographs come from
[Exxentis 2015].
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Name
Pictures
Mean pore size [jim)] 140 350 630
Mean bubble size [pm] 350 630 3000
Relative density [%)] 50-55 50-55 50-55
Pore per inch 180 71 40

e ERG foams

The ERG Duocell® foams are produced using polymeric foam as a first mold. The
polymeric foam is filled with a heat resistant material. The polymer is removed by a
thermal treatment and the remaining negative mold is filled with melted metals. The
metal is separated from the mold using pressurized water [Banhart 1998]. The
aluminum alloy is a 6101-T6. The aluminum alloy composition is presented in Table
5.3. The microstructure and the characteristic size of the three Exxentis foams is

synthetized in Table 5.4. The size of the raw sample is 2.54 cm x 20 ¢m x 20 cm.

Table 5.3: Chemical composition of the aluminum alloy used in the ERG foams.

Al Si Fe Cu Mn Mg Cr Zn | Ti B Other

Balance | 0.3-0.7 | <0.5 | <0.1 | <0.03 | 0.35-0.8 | <0.03 | <0.1 | - | <0.06 | <0.1

Table 5.4: Description and characteristic sizes of the ERG foams.

Name ERG-1080 ERG-2160 ERG-4320
5 . e R R i s .
: s | ey

Pictures
lem lcm lem
Mean pore size [pm] 635 1270 2540
Mean bubble size [pm] 1080 2160 4320
Relative density [%] 10-12 10-12 10-12
Nb of pore per inch 40 20 10 5
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5.2 Model materials processing

Model materials were designed to gain access to a wide range of microstructures,
volume fractions of polyester and AlSi, and interface bonding strength between the
constituents. In that spirit, four processing techniques were used, involving (i) thermal
spraying, (ii) foams permeation at high temperature, as well as uniaxial pressing (iii)
at room temperature and (iv) at high temperature. These techniques are described

hereunder.

5.2.1 Thermal spraying

Air plasma spraying is a thermal spraying process in which plasma is created with an
electric current produced between a cathode made of tungsten and a water-cooled
copper anode. A plasma forming gases is forced between the cathode and the anode,
generally made of helium or argon mixed with hydrogen and nitrogen [Davis 2004].
The future coating, in the form of a powder is mixed with the plasma, and transported
by the flow of the plasma. The powder particles partially or completely melt in the

plasma, then impact the substrate, cool down and solidify (see Figure 5.6).

Plasma gas
+ current Water-cooled anode

Cathode

Q>
@ —
O
Q@ —
O

‘ ’ Coating —>
T

Powder port

Workpiece ——
Insulator

Figure 5.6: Sketch of the working principle of the air plasma spraying. Image from [Oerlikon 2015]

The reference material is produced by air plasma spraying of PAC-905 powder on a 1
mm thick titanium alloy substrate. The deposit is approximately 3 mm thick. After
cooling, the industrial material is separated from its substrate by interfacial

delamination (see Figure 5.7).
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Figure 5.7: The reference abradable material is separated from the substrate by bending the

substrate and forcing delamination.
5.2.2 Uniaxial pressing

Model materials were designed by uniaxial pressing of a mixture of AlSi powder and
PAC-904 polyester powder. The process is decomposed in two steps consisting of
mixing the powders together and then pressing them. Seven different volume fractions
of metal and polyester were prepared, see Table 5.5. In this table, a code name is
assigned to each model material, with a first symbol “C” or “H” for cold or hot-
pressing, respectively and “C” or “F” symbol for coarse or fine AlSi powder as a base
material. The numbers that follow the two letters represent the volume fraction of AlSi
powder in the mix expressed in percent.

Table 5.5: Code names of the model materials obtained by uniaxial pressing of a mix of AlSi powder
and LCP polyester powder. The first letter is either cold (C) or hot (H). The second letter stands

for coarse (C) or fine (F) AlSi powder. The number after the 2 letters indicates the volume fraction
of AlSi in the mix.

AlSi Volume fraction [%] 0 25 37.5 50 62.5 75 100

Cold-pressed AlSi-44 pm CF25 | CF37 | CF50 | CF62 | CF75 | CF100
Cold-pressed AlSi-150 pm <0 CC25 | CC37 | CCH0 | CC62 | CCT5 | CC100
Hot-pressed AlSi-44 pm HF25 | HF37 | HF50 | HF62 / /
Hot-pressed AlSi-150 um Ho HC25 | HC37 | HC50 | HC62 / /

AlSi Weight fraction [%] 0 38.6 53 65.3 76 85 100

e Powder mizing
The coarse and the fine AlSi powder (AlSi-150 pm and AlSi-44 pum) were separately

mixed with the polyester powder by means of a Framo® magnetic stirrer at 900 rpm
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for 6 minutes in a beaker, sealed by an aluminum foil. The powder is then maintained
at 80°C in a vacuum drying oven Binder VD 53 ® during 12 hours in order to

evaporate any residual water.

e Cold-pressing

The cold-pressed materials were produced by uniaxial pressing of the mixed powder at
room temperature in a die. A pressure of 400 MPa is maintained during 90 seconds to
form a compact in a green state in which the powder particles are only mechanically

interlocked.

e Hot-pressing

The hot-pressed materials were produced by uniaxial hot-pressing in a stainless steel
mold (see Figure 5.8). The mold is covered with a 20 um aluminum foil to facilitate
the separation of the samples from the mold at the end of the process. The mold is
preheated in a Carbolite® oven at 500 °C for 3 hours. The hot mold is removed from
the oven and filled with the powder mixture. The assembly is then put in a hydraulic
press in order to compact the powder mix and to transfer the heat from the mold to
the powder in order to melt the polymer phase. The press is not preheated and is
originally at room temperature so that the heat comes only from the thermal inertia of
the mold. This configuration allows melting the polymer phase while rapidly cooling
down the samples to limit the polymer thermal degradation at high temperature.
During compaction, the pressure in the press is increased up to 15 MPa followed by
three consecutive pressure relaxations to allow for degassing. After degassing, the
pressure is maintained at 15 MPa for one hour before removing the samples. The
residues of aluminum foils are later removed with a Struers® #80 silicon carbide (SiC)

grinding paper.
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Figure 5.8: Sketch and dimensions of the stainless steel mold, the back plate and the piston.

5.2.3 Foams infiltration

The foam infiltration is performed by melting the polyester and using it to fill the open

porosity of the aluminum foams in order to create a hybrid material made of a co-

continuous phase of aluminum and polyester. In this work, the infiltration process is

performed by uniaxial hot-pressing, in the same stainless steel mold covered with an

aluminum foil. The foams described in section 5.1.5 were cut manually in 5 ¢cm x 10 ¢m

rectangle manually with a hacksaw to fit the dimension of the mold. The thickness of

the Exxentis foam was kept at 5 mm. The ERG foams thickness was reduced to 8 mm

using a water-cooled Struers Accutom 50® cut-off machine. Once cut to dimension, the

foams samples are preheated with the mold at 500 °C for 3 hours. The hot mold is

removed from the oven and partially filled with the polyester powder. The foam is
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placed in the mold on top of the polyester powder then covered with more polyester
powder (see Figure 5.9). The next steps are the same as for the hot uniaxial pressing
process. The assembly is pressed at room temperature. The pressure is increased up to
15 MPa followed by three consecutive relaxations to allow for degassing and then
maintained under 15 MPa for one hour before removing the samples. During the
compression step, the ERG foams were densified. The relative density of the metallic
phase is increased by a factor 3, reaching a value between 30.4% and 36.6%. This

effect was not observed on the Exxentis foams.

/ Piston

Polyester powder
Aluminium foam

Polyester powder

Mold

Figure 5.9: Sketch of the foam infiltration steps, the metallic foam is placed between two layers of

polyester powder before compression.

5.3 Methods

This section describes all the tests that were performed on the model materials. Each
method has a given purpose, either for extracting an intrinsic property, identifying a
microstructure or a mechanism after a test or recording a set of data describing the

behavior of a given material.

5.3.1 Surface preparation

All the model material samples were subjected to a special surface preparation before

testing and observation. Depending on the nature of the test, the complexity of the
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surface treatment was adapted. Table 5.6 describes the type of surface treatment for

each test. Three levels of surface preparation are used and listed hereunder.

e Coarse grinding

Coarse grinding was performed on every sample and consists of smoothing and
flattening the surface. The grinding is performed in a water-cooled grinder-polisher
Metaserv® 2000 first with a #80 followed by a #320 SiC grinding paper purchase from
Struers®.

e Fine grinding
The fine grinding starts with a coarse grinding step followed by a finer grinding with
#800 and #1200 SiC paper.

e Polishing
The polishing is performed after a fine grinding step in a Struers Pedemin DAP-7
polishing machine on polishing cloths with diamond Struers DP-Spray P powder of 9

microns, 3 microns and 1 micron suspended in a lubricant.

Table 5.6: List of the surface treatments depending on the test

Test name Surface preparation level

Tensile Coarse grinding

(1%

Compression

Fracture toughness “r

(1%

Density

X-ray CT “r

Pin-on-disc Fine grinding

Abradability “r

[1%2]

Erosion

SEM Polishing

W

Nanoindentation

[1%2]

Nanoscratch

5.3.2 Characterization of the microstructures and wear mechanisms

In this subsection, the tools used to characterize the microstructures and the

mechanisms are briefly described.
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e Scanning electron microscopy

A scanning electron microscope (SEM) is used for the examination of microstructure
morphology and, with the EDS add-on, chemical composition characterization [Zhou
2006]. In a SEM, an electron beam scans the surface of a material. The interaction
between the electrons and the material liberates a large number of electrons and
photons. Some of these emitted particles can be captured in dedicated receptors. In
this work, three particle receptors were used. Secondary electrons (SE), back scattered
electrons (BSE), and X-photons. Depending on the nature and the energy of the
captured particles, the microscope can display different images of the surface of the

material, mostly in grey scale.

SEs are released from ionized atoms from a few nanometers under the surface of the
sample. With SE detector, the image contrast reveals information mainly on the
topography of the surface. BSEs are the result of elastic collisions between the electron
beam and the specimen atomic nuclei. These electrons go through one or many
scattering events before escaping the surface of the sample and hitting the receptor.
The amount of BSEs liberated by the sample surface increases with the atomic number.
Therefore, using a BSE detector reveals both compositional contrast and topographic
contrast. The X-photons are produced by the atoms of the surface of the sample. The
electron beam excites the electrons of the surface. The excited electrons can release the
excessive energy by liberating an X-ray photon. The energy content of the X-rays is
dependent on the atomic number of the surface atoms. The X-rays collected in the
detector form a spectrum. The spectrum of X-rays is analyzed with the so-called
energy-dispersive X-ray spectroscopy (EDS) technique. The EDS technique can be
used in combination with the SE or the BSE to produce localized chemical analysis or

colored chemical cartography of a surface.

In this study, the SEM is a Zeiss FEG-SEM Ultra-55 with an accelerating voltage of
15 kV. Prior to observation, a carbon coating was deposited on every material
containing polyester to avoid surface charging. The carbon coater is a SCD 030 Blazers
Union sputter-coater used with 2.5 mm diameter and 1.55g/m carbon fibers purchase

from Agar Scientific.
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e X-ray computed tomography

X-ray computed tomography (CT) is a tool used for the observation and the analysis
of 3D morphologies of an object. The 3D object is analyzed slice by slice. Each slice is
analyzed by sending X-ray towards the material and using a X-ray detector on the
other side and record images at different angles [Hsieh 2009] (see Figure 5.10). An
image reconstruction software is used to recalculate the X-ray absorbance cartography
of one section of the object. Repeated over many sections, the 3Dabsorbance

cartography of an object can be made.

X-ray
Source

Figure 5.10: Schematic representation of the computed tomography working principle. The sample is
incrementally rotated and exposed to X-ray. A reconstruction software recreate a cartography of the
X-ray absorbance of one slice of the material. Repeated over many slices, the 3D morphology of the

sample can be obtained.

In this study, only the thermally sprayed reference material is analyzed by CT.A
sample with a square section of about 1 mm x 1 mm x 10 mm is mounted inside a CT
scanner Phoenix NanoTom S with a 180kV / 15 W high performance nanofocus X-ray
tube and a 2304 x 2304 pixel Hamamatsu detector. A voltage of 80 kV and 180 A were
applied. A tungsten target was used and a 0.3 mm copper filter was installed. An
exposure time of 500 ms was applied. Scanning reconstruction was completed using the
Phoenix datos|x 2.0 reconstruction software. The resulting images had an isotropic
voxel size of 1.25 um. The output is a pile of 2D images representing a section of the
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material in grey levels from which analysis can be used to determine the proportion of

phases.

e Image analysis

Image analysis represents a set of techniques used for the quantitative study of an
image in 2D or in 3D [Ohser 2009]. Among other things, it can be used to estimate the
size of particles, their spatial distribution, the area covered by each phase and the
mean free path between particles. The analysis can be performed manually or with the
help of a computer. The real challenge using computer software for image analysis lies
in the detection or the segmentation of the different phase [Russ 2000]. In this study,
the ImageJ software [Schneider 2012] was used to analyze the porosity, the polyester
domains and the AlSi domains by grey level segmentation on the tomography image.
Prior to the process, the images were cropped to remove the background noise. Then,
following the technique proposed by [Mandar 2015 b], the images were filtered using a
median filter of radius of 3 pixels. This step reduces the noise in each image and eases
the grey level segmentation. The grey level segmentation was performed by an
empirical thresholding at a grey level comprised between 0 and 79 for the porosity,

between 80 and 131 for the polyester and between 132 and 255 for the AISi.

5.3.3 Density measurements

Density measurements are performed by the Archimedean method to evaluate the level
of porosity of the different materials following the EN623-2 standard [CEN 1993]. In
this technique, three consecutive weight measurements are performed on the sample. A
first one with a dry sample, a second immersed in water and a third in air while still
soaked with the liquid. From these three measurements, the density and the porosity
are obtained by calculation based on the theoretical density of the material’s
constituents. The weighting is performed using a Mettler AE200® precision scale with
a density determination kit. The immersion liquid is distilled water. The impregnation

is performed with a Struers Epovac® vacuum impregnation chamber unit.

5.3.4 Mechanical testing

This subsection describes the tests performed on the model materials in order to

evaluate their mechanical properties.
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e Uniaxial tensile testing

Uniaxial tensile testing is the simplest load configuration used to measure mechanical
properties of a material. During this test, a machine pulls on one side of a dog bone
sample while the other side is fixed. A pulling force is generated due to the imposed
displacement leading to a unidirectional tensile state of stress in the central portion of
the sample. The machine records the displacement and the force. From these two
values, the stress and the tensile strain can be calculated. The results are used to draw
a stress strain curve. From these data, it is possible to determine the Young’s modulus
(E), the yield stress at 0.2% strain (oy2), the ultimate true tensile stress (o.) and the

true uniform strain (e.).

In this study, the tensile tests are performed on flat dog-bone shaped specimens made
of the model materials. Concerning the cold-pressed materials, the elongation is
measured with 5 mm MM® strain gauges. The elongation of the other model materials
was measured with convex knife edge extensometers. The cold-pressed materials are
pressed in molds directly with the dog bone shape. The other materials are machined
into dog bone specimens (see Figure 5.11).The tests were performed using a Zwick
7250 with a load cell of 10 kN in a displacement controlled mode at a constant rate of
1 mm/min. Five loading and unloading cycles are performed when the nominal
deformation reaches 0.1, 0.2, 0.5, 1 and 2%. The unloading is stopped when the force
reaches 0 N followed by the next reloading (see Figure 5.12).

- . Hot pressed materials . . .
Cold pressed material & infiltrated metallic foams Thermally sprayed reference material
oy P s = -
el - i
18 45 8 48 30 50
12] 12] fs || i
\2.30 N0 2 N5

v v v
¥ 214 . 24 3 2

Dimension in mm

Figure 5.11: Schematic representation of the tensile specimen geometries.
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Figure 5.12: On the left, a schematic representation of the tensile testing machine and of the
extensometers. On the right, a representation of the evolution of the cross-head displacement during
a cyclic tensile test.

e Uniazial compression test

Because of the brittleness of some of the model material, compression tests are also
performed in order to identify the mechanical behavior, including strain hardening at
higher deformations. Compression tests are performed on rectangular specimens made
of the model materials (see Figure 5.13). In order to avoid excessive friction between
the platens and the specimen, PTFE films (Teflon) of 70 pm thickness are placed on
each side of the specimen in contact with the platens. The deformation in the samples
is measured with a linear variational displacement transducer (LVDT).The tests are
performed using a Zwick Z250 with a load cell of 10 kN in a displacement controlled
mode at a constant rate of 1 mm/min. One loading and unloading cycle is performed
when the nominal deformation reaches 1%. The unloading is stopped when the force

reaches 0 N followed by the next reloading.
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Figure 5.13: Schematic representation of the uniaxial compression specimen geometries.

e Fracture toughness

Fracture toughness characterizes the ability of a material to resist the initiation of a
pre-existing crack under a load. Since some tribological wear mechanisms involve the
propagation of a crack as the dominant mechanism, it was considered important to

measure the fracture toughness of the model materials.

In this study, the plane strain fracture toughness (K) is measured using single edge
notched bend (SENB) method. This method consists of a three point bending test on
pre-cracked samples. The test standard ASTM D5045-99is followed [ASTM 1999]. In
this test method, the linear elastic fracture mechanics (LEFM) framework is used. The
radius of the plastic zone (rp) ahead of the crack tip is calculated after the test. The
test is valid if rp is smaller than a known fraction of the smallest dimension of the
specimen. The cold-pressed materials are pressed in molds with a rectangular shape. A
central notch is cut with a water-cooled Struers Accutom 50® cut-off machine. The
other materials are machined into rectangular shape with a central notch (see Figure
5.14). A fine slot is carved in the center of the notch by pushing and sliding a stainless
steel razor blade from American Safety Razor Company. The tests are performed using
a Zwick 7250 with a load cell of 10 kN in a displacement controlled mode at a

constant rate of 1 mm/min.
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Figure 5.14: Schematic representation of the SENB specimen geometry.

e Nanoindentation

Indentation constitutes a family of techniques used for probing the mechanical
properties of materials [Oliver 1992]. The methods consist of penetrating the material
with a tip made of a hard material (diamonds, tungsten carbide, martensitic steel...).
The geometry of the tip and the mechanical properties of the tip material are known.
In nanoindentation, the length scale of the penetration is on the order of a few
nanometers up to several micrometers. The vertical force and the penetration depth of
the tip are measured. From these measurements, the indentation curves can be used to
calculate several mechanical properties. Hardness, Young’s modulus, strain hardening
exponent, viscoelastic properties and, for brittle materials, the fracture toughness are
all examples of material properties that can be estimated, more or less precisely, by

instrumented indentation [Fischer-Cripps 2011].

In this study, an Agilent G200 nanoindenter is used, with a standard XP indentation
head on which a Berkovich tip is mounted (see Figure 5.15). The indentation
proceeded in a progressive increase of the load from zero to 200 mN with 5 unloading
cycles at 12.5, 25, 50, 100 and 200 mN. Before each unloading, the force is maintained

during 10 seconds. During the unloading, the force goes down to 99% of the initial load
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before going up again. Each force plateau is reached in 15 seconds (see Figure 5.16). As
a consequence, the rate of loading and unloading is different at each of the five cycles
and is respectively 0.83, 1.67, 3.33, 6.67 and 13.33 mN/s.

Berkovich tip

120°

77.05°
65.3°

Dimension in pm

Figure 5.15: On the left, a SEM micrograph of the diamond Berkovich. On the right, a schematic
representation of the tip with the angles of interest.
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Figure 5.16: Evolution of the vertical force with the time during the nanoindentation tests.
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5.3.5 Tribological testing

In order to evaluate the resistance of the model materials to wear, different techniques
and equipment are used. These tribological tests are described in the following

subsections.

e Pin-on-disc tests

A pin-on-disc test is a wear testing method during which a pin is displaced vertically
against a horizontal rotating flat disc. In the classical configuration, the pin is pressed
against the surface by a dead weight mass. The pin is often harder than the disc and
generates a circular wear path on the disc [Bhushan 2001]. This kind of test is used to
measure the resistance of a material to wear by sliding. In this study, the pin on disc
test is performed with a Bruker UMT3 tribometer. This system works with a vertical
displacement system regulated by a vertical load sensor. The disc is placed on a rotary
drive S35ME. The vertical and the lateral forces are measured with a bidirectional load
sensor DHF-50. The pin holder is attached to a double suspension blade in order to
reduce the stiffness of the system and smooth the regulation of the vertical position

during the test (see Figure 5.17).

Vertical positioning motor
Radial positioning motor

. Forces sensor
Suspension

Pin holder
Pin

Motor Rotating table

Drive Belt

Figure 5.17: On the left, a picture of the UMT 3 bruker tribometer. On the right, a schematic
representation of the working principle of the tribometer.
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The pin is a 2 mm width cutting tool with an attack angle of 0° and an angle of
retreat of 30° made of a titanium alloy with 6% aluminum and 4% vanadium (TiA6V)

shaped by electrical discharge machining (see Figure 5.18).

Excentric fixation

Central fixation

Pin holder

Sample

Rotating table

Figure 5.18: Sketch of the interaction between the TiA6V pin and the sample.

Regarding the disc samples, the cold-pressed materials are pressed in molds directly
with the flat disc shape. The other materials are cut into 5 cm x 5 cm flat rectangle
using a water-cooled Struers Accutom 50® cut-off machine. All the materials are
drilled in the center and two centimeters away from the center to allow the fixation on

the tribometer (see Figure 5.19).
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Figure 5.19: The geometry and the dimensions of the pin and of the discs.
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Concerning the test protocol, the tribometer is used in vertical force control mode. In
this mode, the user chooses a vertical force and a range of tolerance around this force.
During the rotation of the disc, the system adjusts the vertical position of the pin to
maintain the force inside the tolerance force level. This regulation works with three
parametrizable vertical speeds. The pretouch speed is active below a touch force.
Above that force, the system switches to a lower speed called “the touch speed”.
Finally, the tracking speed starts once the vertical force reaches the force set by the
user and is used to maintain the force within the tolerance bounds (see Figure 5.20). In

this study, the set of force regulation parameters is described in Table 5.7.

Fy

Touch speed

Tolerance
Tracking speed

¢!/ N/ \N_“ \ [/ N_“ N

Working force

Touch speed

Touch Force
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Pretouch speed

time
hAY
Pretouch speed Tolerance
<~
1 Touch speed
Tracking speed
0
1 N

Touch Working
Force force

Figure 5.20: The Force control mode use three levels of vertical speed to reach and to maintain the

selected force. The pretouch speed, the touch speed and the tracking speed.
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Table 5.7: List of the force regulation parameters used on the tribometer.

Touch force 0.2 N
Tolerance 0.5 N
Pretouch speed 0.1 mm/s
Touch speed 0.06 mm/s
Tracking speed 0.02 mm/s

The complete wear test takes place in four stages. The contact initiation is followed by
a first scan of the surface at a force of 2 N. The third step is the wear step followed by
a post scan of the surface at a 2 N force. The two scans are used to measure the height
of the surface of the wear track before and after the test. The wear volume is
calculated with these two scans. The two scans are performed in the counterclockwise

direction while the wear step is performed clockwise (see Figure 5.21).

lgg
Test
{ ?
Contact %
initiation  Pre-Scan Post-scan

@ Time g

Figure 5.21: Representation of the four characteristic steps in the constant force mode. During the
pre-scan and the post scan, the force is maintained at a low level and the rotation is imposed in the
direction opposite to the one during the test.

During the test, the system records the angular position of the disc, the vertical and
the lateral position of the pin, as well as the horizontal and vertical forces. The data
are post-treated using Matlab. Vertical displacement data are corrected to take into
account the elastic deformations of the assembly between the motors and the pin (see
Figure 5.22). The machine compliance is measured with a simple indentation test on a

4 mm thick hard plate made of alumina. The alumina plate is considered infinitely
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rigid compared to the assembly. Because the elastic deformations of the machine are
nonlinear, a third order polynomial regression is used to fit the relationship between
the vertical force and the elastic deformation of the assembly. This elastic deformation
of the machine is subtracted to the vertical displacement data of the pre-scan, the

post-scan and the wear step.

Pin

WIS W;

Figure 5.22: Schematic representation of the vertical compliance of the tribometer. The assembly
above and under the sample are simplified by springs. The total vertical displacement of the system
(uv) can be decomposed into the depth of penetration (h) and the elastic deformation of an

equivalent spring with a stiffness kr.

The two scan data are subjected to a second correction. During the scans, the surface
is vertically deformed by the pin. Since a low force is used, the deformation is
considered purely elastic. The elastic deformation of the sample is also subtracted to
the vertical displacement via a measurement of the sample compliance. The sample
compliance is calculated by indentation during the contact initiation step. A first order
polynomial regression is used to fit the relationship between the vertical force and the
elastic deformation of the sample. However, due to the intrinsic drift of the force
sensor, the noise in the force signal and the 0.2 N resolution threshold of the force
sensor, a special data treatment is necessary to identify the real contact initiation

point between the pin and the sample surface during the contact initiation step.

The contact detection algorithm uses one parameter, the noise threshold, which is
defined by the user. Before the contact, the signal fluctuates around a mean value.

After the contact, the signal starts to increase with the vertical displacement. All the
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force data

points between the lowest value and the lowest value plus the noise

threshold are used to calculate a mean background force. A linear regression is used on

the rest of the data to evaluate the sample compliance. The contact point is

approximated by the intersection between the linear regression line and the mean

background

F,

force (see Figure 5.23). In this case, the noise threshold is fixed at 1 N.

Sample compliance
, Linear regression on the
/. datas above the backround

".—..%.... ..*_. _.‘,... -

B Mean background force

S

7

\

Noise Lowest Contact h
threshold F\ value position

Figure 5.23: The sample compliance and the contact detection were approximated via a linear

regression and an intersection with an average background force.

At the end

of a test, all these corrections allow visualizing the results in terms of

effective penetration of the tools in the surface and in terms of the quantity of material

removed (see Figure 5.24).
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Figure 5.24: On the top, an example of the data recorded by the tribometer and the effect of the

correction of machine compliance and sample compliance corrections. On the bottom, the same

example with a correction of the initial topography gives the effective depth of penetration of the

tool in the surface.

In addition to the wear test, the friction coefficient (x) of each sample is measured

using a 6 mm diameter TiA6V sphere in a controlled force mode with a 2 N vertical

force during 10 turns. The first rotation is not taken into account in the calculation of

M as it might involve some elastoplastic energy dissipation due to the formation of a

permanent wear track on the samples surfaces. Once the groove track is formed, the
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interaction between the TiA6GV sphere and the surface of the samples is considered

only elastic.

o Abradability tests

The abradability test is a method designed to reproduce the contact between a blade
and an abradable material with a very high rubbing speed. In this study, the
abradability test rig is composed of a rotating engine followed by a gearbox connected
to a disc. The disc contains a rectangular protruding TiA6V blade. At full speed, the
rotating speed of the disc goes up to 20.000 rotations per minute (rpm). Close to the
disc, a flat abradable sample is attached to a sample holder. The sample holder is
approached with two stepper motors and forced against the disc at a constant
incursion rate to a desired depth (see Figure 5.25).The disc contains only one blade

and the radius of the disc plus the blade is 9 cm (see Figure 5.26).

g‘ -
7|

I adial sample
I pesitioning motor

Figure 5.25: On the left, a picture of the abradability test rig with the principal components. On the
right, a picture of the disc with the rectangular blade.

In this configuration, the blade touches the abradable many times before reaching the
final depth. At each pass, the blade displaces/removes a given quantity of material
known as the bite per blade [Schmidt 1997]. The bite per blade can be related to the
number of blades (NNV,), the blade tip velocity (vg), the radius of the disc (Rq4) and the

incursion rate (vy) through

_27Ryy,

B. =
" N bVH

Eq. 5.1
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Figure 5.26: Schematic representation of the disc and the blade.

The sample holder is equipped with two HBM Q11 coaxial capacitor load cells. One of
the load cells is directed parallel and one perpendicular to the surface of the sample
(see Figure 5.27). However, in the present configuration, the force sensors are affected
by the vibrations of the machine. In consequence, it was not possible to extract any
useful information from the force signals. Even without a force signal, the abradability
test rig remains a useful tool to characterize the wear mechanisms at high speed. Four
model materials were tested. The PAC-905, the CF50, the HO and the ERG-4320 foam
filled with polyester. A new blade is used for each material. The height of the blade is
measured before and after the test to calculate the wear of the blade. Three operating
conditions are tested on those four materials (see Table 5.8). The final incursion depth
is 500 um. After the test, the samples are observed macroscopically and in a SEM to

identify the wear mechanisms.
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Figure 5.27: The sample holder is designed to record the normal and the tangential force during the
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tests with two force sensors. The blue part is displaced by the stepper motors. The green part has
some degrees of freedom to activate the force sensor upon contact.

Table 5.8: Description of the operating conditions used with the abradability test rig.

Operating Blade tip velocity | Incursion rate | Bite per blade
condition number [m/s] [wm /s] [wm]
1 200 10 0.028
2 200 50 0.142
3 23 50 1.230

e Frosion tests

Erosion resistance of an abradable material is an essential characteristic to ensure a
sufficient life time. Before entering in service, every new abradable material candidate
is tested and validated on erosion test rig. In this study, the erosion resistance of the
model materials are tested on an erosion test rig in Safran Aero Booster © facilities.
The machine is an air sand blaster gun combined with a continuous abrasive powder
delivery system. An air compressor supplies the airgun with 3.5 bars compressed air.
Inside the gun, portion of the main air pipe has a smaller section that creates locally a
depression zone due to a Ventury effect. The powder inlet tube is connected to this

depression zone. The powder is initially stored in a reservoir with a funnel in the
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bottom. The reservoir stands above a rotating wheel that displaces the powder
laterally to a suction tube. The aspiration is driven by the depression created by the
Ventury effect in the center of the gun. Inside the gun, the abrasive sand is mixed with
the compressed air and projected on the sample. The sample holder is attached to an
adjustable pivot. The pivot enables the user to choose the angle between the impacting

particles and the surface of the sample (see Figure 5.28).
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Figure 5.28: On the left, a picture of the powder delivery system. On the right, a picture of the
sand-blasting gun and the sample holder with the pivot.

An impact angle of 20° is chosen. 400 grams of sharp edges #230 alumina abrasive
powder is loaded in the powder reservoir (see Figure 5.29). The rotation speed of the
dragging wheel is chosen to empty the reservoir in 10 to 11 minutes per test. A mask
made of a 0.6 mm steel foil with a 13 mm diameter hole in the middle is attached on
the surface of every sample to concentrate the erosion area to a small fraction of the
surface of the samples. The mask is changed every four tests to avoid an excessive
opening of the central hole due to the erosion of the mask. The tests are repeated twice
on each material. The center of the sample is located 10 cm away from the gun. Before
and after testing, each specimen is weighted and the thickness is measured with an

Oditest caliper gauge (see Figure 5.30).
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Figure 5.29: Schematic representation of the erosion rig components with a SEM micrograph of the
alumina abrasive powder.

Figure 5.30: Picture of the caliper gauge used to measure the thickness of the erosion samples before
and after the test.

e Nanoscratch

Scratch tests constitute a family of methods designed to study the resistance of a
surface or a coating to grooving. It consists of a vertical indentation superposed with a
lateral displacement of the tip in the surface of the material. The length scale of the

penetration of the tip is on the order of a few nanometers up to several micrometers.

In this study, the nanoscratch tests are performed using an Agilent G200 with a
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standard XP indentation head. The scratching measurement involves three steps. First,
a scanning of the surface is performed with the tip at very low force (20 uN). At the
end of the scan, the vertical force on the tip is increased and the real scratch step
takes place. After the scratching, a second scan is performed to make a second
mapping of the surface. These two scans were used to measure the initial surface
topography and the amount of elastic recovery of the surface after the scratch. The
effective penetration depth and the residual depth are extracted from these

measurements (see Figure 5.31).
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Residual groove Effective residual depth

Effective scratch depth

Elastic recovery

Figure 5.31: Schematic representation of the surface topography correction procedure with two scans,
one before and one after the scratch step. Image from [Favache 2013]

Concerning the vertical force, two modes are used, a constant force mode and a load
ramp mode. The constant force mode applies a user defined constant force during the
scratch step. The load ramp force is a progressive linear increase of the vertical force
during the scratch step. The user also defines the length of the scratch, the maximum

force and the horizontal speed of the tip. The scratches are performed with two
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different geometries of diamond tips. A sphero-conical tip with an opening angle of

120° and a radius of 200 pm (see Figure 5.32) and a Berkovich tip are used.

Spheroconical tip

Ot

26.79
4R

Dimension in pm

Figure 5.32: On the left, a SEM micrograph of the sphero-conical scratch tip. On the right, a

schematic representation of the tip with the dimensions of interest.

Since the Berkovich tip is not an axisymmetric solid, the scratching step is performed
in the face forward direction. In this configuration, one of the three faces of the

pyramidal tip is displaced perpendicularly to the lateral displacement direction (see

Figure 5.33).

—

Figure 5.33: Schematic representation of the face forward direction of scratching used with the

Berkovich tip.
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All the scratches are performed with a constant lateral scratch speed of 40 um/s. The
scratches are repeated 5 times. The different scratch configurations are detailed in

Table 5.9.

Table 5.9: Description of the scratch test parameters for the different scratch configurations.

Code Tip Load Normal Scratch Scan velocity
name geometry mode force [mN] | length [um] [wm /s]
BC-40 Berkovich Constant 40 300 50
BC-80 Berkovich Constant 80 300 50
BC-120 Berkovich Constant 120 300 50
BR-400 Berkovich Ramp 400 400 30
SR-400 | Spheroconical Ramp 400 400 20
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Chapter 6  Experimental results and comparison with

model predictions

In the present chapter, the experimental results are presented, starting with the
microstructural analysis, the mechanical testing, and the tribological tests. Tribological

results are compared to the model predictions described in Chapter 4.

6.1 Microstructure analysis

This section has two purposes. First, it describes the microstructures from a qualitative
point of view with a focus on the main differences between the model materials. Then,
it focuses on the extraction of parameters to describe quantitatively these

microstructures for further used in the wear models.

6.1.1 General microstructural description

The microstructure reference material is presented in Figure 6.1. As a reminder, the
reference material is processed by thermal spraying. The SEM micrograph reveals a
complex microstructure in which the polyester phase appears in the form of
disconnected clouds inside a continuous AISi matrix. The 3D tomography
reconstruction images show that the polyester phase and the AlSi phase are
intermingled and continuous accompanied by small round porosities (Figure 6.2). The
model materials obtained by cold-pressing of a mixture of AlSi and polyester powders
are shown in Figure 6.3. In this figure, the interfaces between the powder grains are
clearly observed, along with holes in the material surface. These holes are grains of

powder that were removed during the polishing of the surface.

Materials obtained by pressing at 500°C are presented in Figure 6.4. Here, the AISi
particles are surrounded by a continuous matrix of polyester. In the case of fine AlSi
powder, areas without AlSi are detected. They correspond to unmelted or partially
melted polyester particles. The metallic foams infiltrated with polyester are shown in
Figure 6.5. The metallic phase appears continuous or discontinuous depending on the

metallic volume fraction of the foam prior to infiltration. Due to the open cell
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morphology of the metallic foam, the final microstructure is a co-continuous dual

phase material made of polyester and aluminum alloy.

et e I

100 um

Figure 6.1: SEM micrograph of the reference thermally sprayed abradable material. The aluminum-
silicon phase (AlSi) appears in light grey, the polyester phase is in dark grey.

[ Asi
[ Polyester
[l Porosities

Figure 6.2: 3D reconstruction from the computer tomography images of the reference thermally
sprayed abradable material.
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fine AlSi
powder
(<44pm)

Figure 6.3: SEM micrographs of the model materials obtained by cold-pressing at room temperature
under 400 MPa pressure. The AlSi phase appears in light grey and the polyester phase is in dark

grey.

25% Vol. AlSi 3% 50% 62%
Y @’ : ; v i % y, 3 w ;

fine AlSi
powder
(<44pm)

coarse AlSi
powder
(<150pm)

200 pm

Figure 6.4: SEM micrographs of the model materials obtained by hot-pressing at 500°C under 15
MPa pressure. The AlSi phase appears in light grey while the polyester phase is in dark grey.

The microstructure of the model materials is expected to impact their wear behavior.
In Chapter 4, the size of the segments (h,) is the only microstructure feature taken
into account in the spalling models. However, the spalling model involves a pre-
existing segmentation in the material, which is not always the case. The following

subsection describes how to determine the size of these segments for each model.
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ERG-8640 Ex-350

Figure 6.5: Pictures of two metallic foams infiltrated with polyester by hot uniaxial pressing. The

metallic phase appears in grey, the polyester in yellow.

6.1.2 Extraction of a characteristic microstructure size (hse)

In order to characterize the microstructure of the model materials with a segment size,
a few simplifications are made depending on the type of model material. In the case of
cold-pressed materials, the size of the powder grains is used. More precisely, the size
distributions of the powders (AlSi and polyester) before compaction are measured by
image analysis. The result is fitted with a Weibull probability function. A mean radius
is then calculated for each powder (Figure 6.6). A rule of mixture is used based on (i)
the average radius of each phase and based on (ii) the volume fraction of AlSi (frus) in
the powder blend to calculate the average radius of the mixture. This averaged radius
is then used to calculate the volume of each segment (Figure 6.7). A detailed
description of the calculations is given in Appendix B.1. Using this approach, the

characteristic size of the segment follows as
h., =r 34r/3, Eq. 6.1
where

Mcanx = Vs anISi *leo (1_ anISi )’ Eq. 6.2

is the mean radius of the powder mixture, and
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f =1+

NAlsi

Eq. 6.3
Vaisi feo

is the number of AlSi particles divided by the total number of particles in the mix. In
this last equation, fyus is the volume fraction of AlSi particles, r4s; and rpo correspond

to the average radius of the AISi and the polyester powder.

Probability 0.8
density " Coarse AlSi powder . Fine AlSi powder
0.03f 5 aSpe? 1
: 0.6 1
0.02 1
; 0.4 1
500 pm 50 pm
0.01f Weibull fit = 0.2 —
k=398, 4 =169, k=138 =157,
Tinean = 35.5 Jun Tyean = 1.24 pm
. 0 . —
% 40 80 120 160 200 0 2 4 6 8 10
Particles radius [pm] Particles radius [pm]
Probability
density 0.06 ‘ ‘ ‘ ‘ 0.12 : w :
Polyester powder ~ PAC 905 powder
FXSTA L AR T
0.04 ] 0.081 -
0.02 500 pm__ 0.04f
N — k=155 4A=14, k=131, A =24,
Tmean = 14.1 pm Tmean = 11.6 pm
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Particles radius [pm] Particles radius [pm]

density function o

) - k-1
Weibull probability f(r .k, 1) = ;(2) e—(r//l)k

Figure 6.6: Size distribution of the powder used to determine the characteristic size of the model
materials. These measurements are obtained by image analysis. The mean radius is calculated based

on a curve fitting with a Weibull law.

Regarding the hot-pressed materials, the microstructure is made of AlSi spheres in a
continuous polyester matrix. Therefore, there are no discontinuities or weak spots in
this microstructure where a crack could easily propagate through. Even if the

interfaces between the polyester and the metal are weak, the crack would still need to
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propagate inside the polymer phase to extract a metallic particle out of the continuous

polymer matrix. In the case of metallic foam infiltrated with polyester, both phases are

continuous. The segment size in these model materials is therefore considered infinitely

large.

Powder mix
(cold pressed material)

Powder 1 Average radius 1

Rule of
Powder 2 Average radius 2 mixture

e

Model segmented
microstructure

seg

Average mixture radius

Figure 6.7: Schematic representation of the cold-pressed material microstructure in terms of an

equivalent cubic segmented microstructure.

The microstructure of the thermally sprayed material (PAC905) is, in appearance, also

co-continuous, however, the thermal spray process can give rise to different levels of
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adhesion between the sprayed particles. Therefore, the size of the PAC905 segments is
approximated by the mean size of the powder grains before thermal projection (Figure

6.6). The result of these rules of mixture is presented in Figure 6.8 and in Table 6.1.

hseg
[hm]
]_02’ ]
Cold pressed coarse AlSi ]
Jifo*/
[ A :
1 \
107} PAC-905 3
0 Cold pressed fine AlSi powder
10 I L L L | L

0 0.2 0.4 0.6 0.8 1

AlSi volume fraction (fy)

Figure 6.8: Variation of the characteristic size of the cubic segment (hs) used in the spalling model
as a function of the AlSi volume faction.

Table 6.1: Summary of the characteristic microstructure size of the model materials

Model materials Name hgeg [pm]
Thermally sprayed PAC905 18.70
Cold-pressed (fine) Co 22.73
CF25 2.041
CF37 2.022
CF50 2.013
CF62 2.007
CF75 2.004
CF100 1.999
Cold-pressed (coarse) |CC25 23.44
CcC37 23.98
CC50 24.76
CC62 25.99
CC75 28.19
CC100 57.23
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6.2 Density measurements

The results of the density measurements are summed up in Figure 6.9 and compared
to theoretical rules of mixture. These two graphs show that some model materials are
less dense than expected and some are denser. The first situation is explained by the
presence of porosity inside the material. The second occurs with some metallic foams
that probably densify during hot-pressing. In some cases, the porosity content is quite
high (more than 15%). However, the density measurement technique can lead to large
overestimations of the porosity during the weighting of the soaked sample. Indeed, a
thin water layer on the sample can significantly affect the results. For instance, the
computerized tomography measurement on the industrial abradable material (PAC-
905) showed porosity content lower than 4%, compared to 17% by density
measurements. These results should therefore be used as indicators of general trends.
In particular, (i) cold-pressed materials exhibit a larger porosity than hot-pressed

materials. (ii) Infiltrated metallic foams are subject to densification during the process.

Density Porosity
[kg/dm?]| ‘ ‘ ‘ ‘ ‘ [%Vol]
AlSi theoretical density o
207 _ PAC-905 ]
2.5¢ linear rule of mixture P P . *
’ L 151 . ]
Ex-350 \ Cold pressed °
Ex-3000 \-g e 10 o e o
2| ] o— Ex-3000
ERG-1080 o o °
P ¢ ° 57 . : g 7
ey ° $ —2o .
L R " o A PAC-905 | Oo Hot pressed
i °  Polyester theoretical densit Derfg/iﬁ\;tifioe *BRGu120
olyester theoretical density tVol| -5t B .
10 ERG-4320 B BRG.1080 Ex-350
‘ ‘ ‘ ‘ ‘ ‘ 10t ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
AlSi fraction [vol %) AlSi fraction [vol %]
(a) (b)

Figure 6.9: a) evolution of the density with the volume fraction of AlSi in the model materials; b)
calculated porosity and densification of the model materials. The blue dots represent the cold-
pressed materials, the red diamonds represent the hot-pressed ones. Small markers correspond to the
fine AlSi powder, larger markers correspond to the coarse AlSi powder.
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6.3 Mechanical properties

This section focuses on the results of the macroscopic mechanical measurements using
uniaxial tension, compression and three points bending tests. Regarding the tensile
tests, a classical stress-strain curve is presented in Figure 6.10. In most test model
materials, some non-linearity occurs upon loading and unloading in the elastic part of
the curves. This non-linear behavior is often observed in polymer materials as a sign of
viscoelasticity, creep, back stress and/or kinematic hardening. The Young’s modulus is
therefore measured using two methods (see Figure 6.10). (i) The secant modulus (Eieccon)
is defined here as the slope of a line connecting the unloading point and the following
loading point on the stress-strain curve. (ii) The unloading modulus (Eumeed) is
measured by linear regression in the beginning of the unloading curve. When subjected
to a tensile test, most of the model materials present small elongations at break (less
than 1% for most model materials) and most of the stress strain curves do not present

a clear transition between the elastic part and the plastic part.

In metallic materials, the yield stress at 0.2% (oy0.2) is often used as a reference stress
to characterize this transition between elastic and plastic state. o2 is measured at the
intersection between the stress strain curve and a straight line with a slope equal to
the Young’s modulus and translated by +0.2% on the strain axis (see Figure 6.10). In
the present study, some model materials break before reaching 0.2% of plastic strain.
In that case, oy is considered equal to the ultimate tensile strength (o). All of the
cold-pressed materials behave in a brittle way, i.e., elastic deformation interrupted by
a sudden breaking. The other materials present some amount of plastic strain after

unloading.

The tensile results are summarized in Figure 6.11. In this figure, it appears that Eyuoad
and o, increase with the AISi content except for the cold-pressed materials where

there is no clear effect of the AlSi volume fraction on ..
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Figure 6.10: a) schematic representation of a tensile result with the measured parameters; b)
example of a typical tensile test curves with an ERG metallic foams infiltrated with polyester.
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Figure 6.11: Effect of the AISi content on tensile mechanical properties of the model materials
expressed in terms of a) Euuad and b) ou.

Regarding compression tests results, for most of the test materials, there is a curvature
on the stress strain curve at the beginning of the first loading. This behavior is the
sign of an imperfect alignment between the upper surface of the sample and the
compression plate. The first few points of the curve therefore correspond to
compression of a part of the sample until the entire surface of the sample is in contact
with the plates. This part of the curve is supposed to be linear, so the foot of the curve

is replaced by a linear regression of the upper part of the curve (see Figure 6.12). As in
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the tensile tests, most of the stress strain curves do not present a clear transition
between the elastic part and the plastic part. The yield strength o, is therefore
measured at 1% strain (o,%) using an approach similar to metals but at a larger strain.
ouy is typically used as a reference stress to characterize the yield strength in polymer
materials [Ashby 2011]. The strain hardening exponent is measured by fitting the
stress strain curve above ;% with a theoretical elastoplastic behavior that follows the
linear elastic part and a Hollomon law in the plastic part. This curve fitting is guided
using Fuuea as the Young’s modulus and o, as the yield strength. The compression
test results are summarized in Figure 6.13. The ultimate compressive strength (o...) of
the model materials increases with the AlSi content. o7 also increases with the AlSi
content except for the cold-pressed materials. Table 6.3 shows the comparison between
the mechanical properties measured thourgh tensile and compression tests. On average,
cold pressed materials have a o, 4 times larger and a o, 12 times larger in compression
than in tension. Regarding the hot pressed materials this ratio becomes respectively 1.6
for 0, and 2.6 o,. These large differences between tensile and compressive properties
highlight the brittle nature of most of the model materials, especially the cold pressed

materials that do break before reaching 0.2% strain in tension.

Stress True Stress
[MPa] v
100+ Hoeo
Hollomon fit
O, \ - —
Oy 1
O Unloading point
Foot @ Loading point
curve h ’,‘/‘/'/
—o—=1 5 0 e [ ‘ ‘ ‘
o1 0 0.02 0.04 0.06 0.08
Strain True Strain
(a) (b)

Figure 6.12: a) schematic representation of a compression result with the measured parameters; b)
example of typical compression test curves with a hot-pressed powder mix made of polyester and
62% volume fraction of AlSi.
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Figure 6.13: Effect of the AlSi content on mechanical properties of the model materials measured by

compression tests expressed in terms of a) 6y1% and b) Gu-c.

Concerning the fracture toughness experiments, as stated in Chapter 5, the
measurements are performed by bending of pre-cracked samples. During these
experiments, the force applied by the machine as well as the cross-head displacements
are used to calculated K using the ASTM procedure [ASTM 1999]. The ASTM
standard involves the identification of a linear area on the force-displacement curve
and measuring its slope (.9). It also involves drawing a line with a 5% smaller slope and
measuring the intersection between this line and the force-displacement curve. This
intersection gives a force (Fy) that is used to determine K (Figure 6.14). Using the
values of K, G is calculated using the following formula for plane strain conditions:
2

G, =%, Eq. 6.4
where E is the Young’s modulus and v is the Poisson ratio. In this study, G is
measured considering that Fuueea is the Young’s modulus of the model materials and
that v is equal to 0.3. According to CES Edupack data base [CES 2015], vas; = 0.33

and VP()Zg/f:sfer - 041
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Figure 6.14: a) schematic representation of a three point bending test result with the measured

parameters; b) examples of typical three points bending test results for a cold-pressed model

material made of 37.5% of coarse AlSi powder mixed with polyester.

Values of K;. and Gi of the model material are given in Figure 6.15 and Table 6.2. The

fracture toughness (Kj) increases with increasing AlSi volume fraction in the case of

hot-pressed materials. Regarding the cold-pressed materials, only the 100% AlSi

exhibit a slightly higher K. The AlSi content has a positive effect on Gr for the hot-

pressed and a negative effect for the cold-pressed.
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Figure 6.15: Effect of the AlSi content on the fracture toughness of the model materials expressed in

terms of a) Kic and b) Gr.
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Table 6.2: Mechanical properties of the model materials measured through tensile tests, uniaxial
compression and three points bending tests. The values marked with asterisks (*) are from [CES
2015].

Uniaxial % Uniaxial |:‘>|:|<: 3 points
tension compression bending
Model materials Name
E,cant E, toaa Oy0.2% Oyt Oy1% OCiec n Kic Gre
[GPa] [GPa] [MPa] [MPa] [MPa] [MPa] [MPa m!/2] [J/m?]
Bulk Polyester 2.3 +01 2.6 +02 16.0 +25 16.0 +25 22.7 04 459 +55 0.25 0.87 003 237 +23
u
AlSi 60.3 + 0.4 69.7 +05 54.0 +55 126.4 +30 798+ 1.6 126.4 +30 0.09 23.7 15 (%) 5843 + 1025
Thermally PAC905 | Tdsos | 76205 | 213431 | 214230 | 479s02 | 65.9:16 | 018 1.38 £02 273 a3
sprayed
Co 2.5 +05 3.0 +00 3.0 200 13.6 419 324 116 0.32 0.39 +0.10 67.8 204
CF25 39 +05 4.1 +06 44 106 44 06 17.1 10 39.6 13 0.28 0.51 +0.00 71.6 £ 239
Cold pressed CF37 4.9 124 6.0+15 34114 3414 16.1 129 389 +12 0.29 0.44 + o008 41.1 +136
(fine) CF30 | 90si0 | 91sis | 52515 | 52:15 | 102501 | 341ss0 | 034 0.48 005 282457
CF62 93 14 8.8 +0.1 1.9 +06 1.9 206 11.2 +34 298 z07 0.26 0.33 001 13.3 +12a
CF75 14.1 106 14.4 102 6.7 £ 0.0 6.7 +00 12.3 121 33.7 34 0.27 0.33 +0.08 8.3 +36
CC25 44 02 4.5 +03 2.9 +01 2.9 01 176 217 33.5 09 0.23 0.36 +0.06 32.2 £104
cesr 6.2 01 6.4 501 5.6 +02 5.6 +02 14.6 139 34.8 120 0.25 0.55 +0.05 52.3 +04
Cold pressed CC50 T8+13 7.7 +10 5910 5.9=+10 15.6 + 217 38.3+47 0.26 0.56 +0.13 44.6 + 187
8 O Ox12 8108 5.7+19 5.7 +19 11.5 +0.26 38.4 +21 .29 .52 +0.06 5.9 £58
(coarse) cce2 | 110 10 1 38.4 0.2 0.52 2
CC75 10.7 s 28 11.5 228 29105 29z+05 9.8 +24 46.6 +12 0.34 0.27 o 72 z:a7
CC100 22.7 x 09 232 +05 29+11 29z:11 19.6 + 5.1 114 + 227 0.42 0.87 0.0 36.1 x50
HF25 4.1 +02 4.7 s03 209 126 22.7 50 294 151 54.0 £29 0.23 1.7 201 701 + 11
Hot pressed HF37 5.2+06 5.6 04 232 x46 24.3 £33 342428 41.2 +35 0.14 1.4 02 369 + 11
(fine) HF50 7.9 06 83 +05 26.8 108 26.8 108 39.1 126 60.8 + 106 0.19 1.6 01 358 +35
HF62 6.7 205 7906 22.5 00 2.25 £ 00 71.3 £ 113 924 145 0.15 1.7 02 390 «7.7
HC25 4.1 204 4.3 +06 211414 223 x22 284 + 09 51.3 11 0.22 1.5 +003 569 +23
Hot pressed HC37 4.8 +02 5.6 +04 243 +10 29.4 +24 30.1 +54 55.4 143 0.23 1.8 +02 617 +154
(coarse) HC350 6.0:03 | T0x05 | 25.7x05 | 30.6:11 | 372153 | 641z00 0.2 1.6 401 400 « 12
HC62 114 510 133 405 28.9 158 29.0 58 50.5 27 75.8 +19 0.15 1.4 201 150 +25
Ex-350 172 07 17.6 £358 34.0 £29 36.6 £ 29 42.6 + 116 102 £ 40 0.2 2.5 +02 383 £63
Exxentis foams Ex-630 18.0 +12 18.7 + 04 276 +13 37.0 + 48 273 +27 T77.6 +11 0.26 1.8 04 197 +s1
Ex-3000 10.1 412 11.0+16 171 +10 20.0 +1.3 334 145 73.9+15 0.21 1.6 01 235 +16
ERG-1080 4.1 z0a 5.0+03 152 33 174 +55 314 +26 54.6 £12 0.20 1.6 01 542 185
ERG-2160 49 +03 5.5 +09 22.3 122 22.5 +21 258 152 57.0 £ 819 0.24 1.5 401 420 +30
ERG foams _ _
ERG-4320 4.0 204 4.5 06 16.5 + 05 17.3 + 144 14.0 +58 46.3 x 0.1 0.32 1.7 £ 08 732 +505
ERG-8640 34 104 3.7 +03 94 +27 10.0 +3.7 13.8 +12 439 +43 0.33 1.8 04 1001 + 345
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Table 6.3 : Comparison between the yield stress (oy) and ultimate stress (ou) measured during

tensile and compression tests.

Model Model
materials Name 0y1% | Ow.2% Cuc /| Out materials Name 0y1% | Ow2% | Ouc/ Out
Polyester 1.4 2.9 HEF25 1.4 2.4
Bulk Co .
AlSi 15 1.0 Hot HF37 15 1.7
Thermally |\ 05 9.2 3.1 pressed HF50 15 23
sprayed (fine)
o 45 10.8 HF62 3.2 41
Cold CF25 39 9.0 N HC25 13 23
° 1 CF37 47 11.4 Otd HC37 1.2 1.9
presse CF50 2.0 6.6 presse HC50 14 2.1
(fine) ~ — (coarse)
CF62 5.9 15.7 HC62 1.7 26
CFT5 1.8 5.0 Erccent Ex-350 1.3 28
CC25 6.1 116 ocentis Ex-630 1.0 21
foams
Cold cCs7 26 6.2 Ex-3000 2.0 3.7
© 1 CC50 2.6 6.5 ERG-1080 21 31
presse CC62 2.0 6.7 ERG ERG-2160 12 25
(coarse) _
CCTs 3.4 16.1 foams ERG-4320 08 27
CC100 6.8 39.3 ERG-8640 15 44
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6.4 Tribological behavior

In the following section, the tribological tests results are analyzed and compared to the
predictions produced by the models described in Chapter 4. These models predict the
tribological response without any fitting constants. Therefore, in some cases,
differences between the model and the experiments are observed. These differences are
discussed in Chapter 7. The indentation experiments are presented followed by
nanoscratch, pin-on-disc tests, abradability and erosion tests. Regarding the
parameters used in the models, the unloading modulus (Fuueg) measured by tensile
tests is used as the Young’s modulus. The yield stress measured at 1% of plastic strain
(0y1%) by compression tests is used as the yield stress (o;). The strain hardening
exponent extracted from the compression tests results (see Table 6.2) is considered as

the strain hardening exponent (n).

6.4.1 Nanoindentation

Nanoindentation with a Berkovich tip is modelled by an equivalent conical tip with
and half-opening angle of 70.3°. The nanoindentation force is modelled using the sharp
tip indentation model with strain hardening (see Section 4.1.3 ). The equations used to
model the indentation forces are summarized in Table 6.4. Given the geometry of the
tip, the model predicts an evolution of the indentation force proportional to the square
of the indentation depth. This trend is illustrated in Figure 6.16 in the case of a cold-
pressed material. The general shapes of the curves are the same for all tested materials.
The model also predicts that the relative residual depth (h,/h) is not affected by the

indentation depth. The experiments confirm this prediction.
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Table 6.4 : Summary of the model used to predict the nanoindentation forces

Sharp tip indentation with strain hardening (Section 4.1.3)
Variable name Equation reference
Indentation force (F)) Eq. 3.1
Hardness (H,,) Eq. 4.12 & Table 3.1
Radius of contact (a) Eq. 4.26 & Table 3.1
Indentation flow stress (o, ,) Eq. 3.7
Indentation representative strain (&) Eq. 4.35
Constrain factor (C)) Eq. 4.36 & Table 3.1
Representative pile-up factor (Dy) Eq. 4.37 & Table 3.1
b/ b Eq. 4.3 & Eq. 4.29
N Ny
[N]
1 - o1 -
Indentation Material : CC37
0.3 y
model
N 0.8 _?;ﬁg:%_% -
0.27 Nano / 0.6 |
indentation
experiments / 04 |
0.1+ A‘% a FV
0.2 N @
r —Or— —
A 13° f 25°
0 0 | | N
0 5 10 0 5 10 Berkovich tip
h [jm] h [pm] indentation

(a) (b)
Figure 6.16: Comparison between the indentation model and the nanoindentation results on a cold-

pressed model material (CC37); a) the vertical force versus the penetration depth; b) the relative

residual depth. The error bar represents the maximum and minimum measured values.

Regarding the experimental results, the hardness of the model materials is calculated

using the following formula:
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where Ay is the projected contact area approximated by
A, = z[htan(70.3°)] .

The hardness of the model materials as well as the relative residual depth are
presented in Figure 6.17. Except for one cold-pressed material, H increases with the
AlSi content. hy/h increases with the AlSi content as well. These trends make sense
since o, increases with the AlSi content while the ratio o,/F decreases with it. H is

proportional to o, and the elastic recovery is proportional to o,/ FE.

The nanoindentation results are compared with the model in Figure 6.18 using Eq. 4.3,
Eq. 4.28 and Eq. 4.29. On this figure, each experimental value of Fy and h,/h are
compared with the model by dividing the value predicted by the model with the
corresponding experimental result. This ratio shows if the model is over or under
predicting values and for which materials. This ratio shows the accuracy of the model
(see Figure 6.18). This ratio lies between 0.4 and 2. Figure 6.18 also shows that the
response of the cold-pressed materials is generally predicted with less accuracy than
the hot-pressed ones. The model slightly overestimates h,/h, especially in the case of
cold-pressed materials. The results are summarized in Table 6.5. In this table, the
precision of the model is based on the ratio between the prediction of the model and
the experimental result. In the case of the vertical force for instance, the precision is

defined as

2
Precision (F, ) =10 e , Eq. 6.5

where Fyina is the prediction of the model and Fy., is the experimental result. With
this definition, the value of the precision always lies between 0 and 1 (see Figure 6.19).
For instance, a precision of 0.5 means that there is a factor 2 between the model and
the experiment. A precision of 0.1 means a factor 10. This definition has one
advantage compared to the simple ratio between model and experiment. It allows
calculating the global accuracy of the model by averaging the precision over all the
different  tested  materials  without having  overestimations compensating
underestimations. In the case of nanoindentation, the precision of the model, averaged

over all the test materials, is 76% for F'v and 88% for hy/h.
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Figure 6.17: Variation of a) the hardness and b) of the relative residual depth measured by

nanoindentation as a function of the AlSi volume fraction of the model materials.
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Figure 6.18: Effect of AlSi content on the ratio between the model predictions and nanoindentation

measurements expressed in terms of a) indentation force and b) residual depth. The error bars

represent the error of the model divided by the mean experimental value.
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Figure 6.19: Variation of the precision of the model as a function of the ratio between the model

prediction and the experimental results. The precision always lies between 0 and 1.

Table 6.5: Summary of the comparison between the model predictions and the experimental

nanoindentation results.

Model Name Viodel Precision ol o Precision
materials I =— -
Vexp Vimodel Plexp P! model
Bulk Polyester 1.00 1.00 1.30 0.77
AlSi 1.08 0.93 1.00 1.00
o Thermally PAC905 0.62 0.62 1.05 0.95
v sprayed
C0 1.41 0.71 1.06 0.94
13° - COl‘gﬁT:)SS@d CF37 1.39 072 | 126 | 079
Berkovich tip CF50 1.72 0.58 1.33 0.75
indentation
CC25 0.74 0.74 1.16 0.86
o3y 0.75 0.75 1.19 0.84
Cold pressed CC50 0.95 0.95 1.24 0.81
(coarse)
CC62 0.46 0.46 1.23 0.81
CC75 1.95 0.51 1.34 0.75
HF37 1.01 0.99 1.10 0.91
Hozﬁlf:)sse‘i HF50 1.26 0.79 1.06 0.94
HF62 1.21 0.83 0.94 1.06
HC37 0.93 0.93 1.07 0.93
Hot pressed HC350 0.53 0.53 1.02 0.98
(coarse)
HC62 0.93 0.93 1.06 0.94
Mean values 1.06 0.76 1.15 0.88
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6.4.2 Macroindentation

Macroindentation with the TiA6V cutting tool is modelled with a half-wedge having a
30° angle between the horizontal and the inclined face. The macroindentation force is
modelled using the sharp tip indentation model with strain hardening (see Section
4.1.3 ). The equations used to model the indentation forces are summarized in Table
6.4. With this tip geometry, the model predicts a linear relationship between the
indentation force and the indentation depth. This trend is illustrated in Figure 6.20 in
the case of a cold-pressed material. The general shapes of the curves are the same for
all the test materials. The model also predicts that the relative residual depth (h,/h) is
not affected by the indentation depth. This prediction is confirmed by all the
experiments. The hardness of the model materials is calculated using the following

formula:

R

A/ )
where Ay is the projected contact area approximated by
A, =W hcot(30°)],

where W is the width of the tip. The hardness of the model materials as well as the
relative residual depth (h,/h) is presented in Figure 6.21. In this figure, H increases
with AlSi content. On the same figure, h,/h decreases with the AlSi content which is

surprising since the o,/ F ratio decreases with the AlSi volume fraction.

The macroindentation results are compared with the model in Figure 6.22 using the
same method described for the nanoindentation results. Concerning the indentation
force (Fv), Figure 6.22 shows that the response for half model materials is
overestimated and half is underestimated. The model overestimates A/ h. This
overestimation increases with the AlSi content. The results of the macroindentations
are summarized in Table 6.6. The precision of the model, averaged over all the test
materials is 75% for Fy and 41% for hy/h.
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Figure 6.20: Comparison between the indentation model and the macroindentation results on a cold-
pressed model material (CF50); a) the vertical force versus the penetration depth; b) the relative
residual depth.
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Figure 6.21: Variation of a) hardness and b) relative residual depth measured by macroindentation

as a function of the AlSi volume fraction of the model materials.
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Figure 6.22: Effect of AlSi content on the ratio between the model predictions and macroindentation
measurements expressed in terms of a) indentation force and b) residual depth. The error bars
represent the error of the model divided by the mean experimental value.
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Table 6.6: Summary of the comparison between the model predictions and the experimental

macroindentation results.

F\,v

Model Name Precision Precision
3 Vimodel Pl model
materials —model —=
y h h,
Vexp model pl exp P! model
Bulk Polyester 0.94 0.94 2.16 0.46
Thermally PACI05 1.5 0.64 2.12 0.47
sprayed
Co 1.44 0.69 1.61 0.62
CF25 1.63 0.61 2.52 0.40
Cold pressed CF37 1.31 0.76 1.51 0.66
(fine)
CF50 0.98 0.98 2.20 0.45
CF62 1.01 0.99 4.06 0.25
CFET75 0.86 0.86 4.59 0.22
CC25 1.36 0.73 2.35 0.43
cesr 0.72 0.72 2.08 0.48
Cold pressed CC50 0.93 0.93 2.35 0.42
(coarse)
CcCe2 0.68 0.68 3.28 0.31
CC75 1.22 0.82 3.57 0.28
CC100 1.30 0.77 3.65 0.27
HE25 2.42 0.41 2.70 0.37
Hot pressed HF37 1.23 0.81 2.07 0.48
(fine) ) 7
HE50 1.28 0.78 2.44 0.41
HE62 2.73 0.37 2.81 0.36
HC25 1.32 0.76 2.93 0.34
Hot pressed HC37 1.18 0.85 4.39 0.23
(coarse) }
HC50 1.08 0.92 2.70 0.37
HC62 1.78 0.56 3.72 0.27
Ex-350 1.38 0.72 2.73 0.37
Exxentis foams Ex-630 1.539 0.63 2.62 0.38
Ex-3000 1.48 0.68 2.90 0.35
ERG-1080 1.55 0.65 2.09 0.48
ERG-2160 1.22 0.82 1.88 0.53
ERG foams
ERG-4320 1.08 0.93 1.83 0.55
ERG-8640 1.19 0.84 1.60 0.63
Mean values 1.33 0.75 2.67 0.41
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6.4.3 Friction coefficient

The results of the measurements of the friction coefficients are shown in Figure 6.23
and summarized in Table 6.7. The friction coefficient between the diamond round tip
and the model materials (upimond) ranges between 0.1 and 0.33. It decreases
progressively with the AlSi content. On the other hand, griasv increases with the AlSi

content and ranges from 0.1 to 0.8.

Fpiamond Hriaey
Cold pressed materials 1t |
0.4 1
0.8¢ 1

0.3 T ; PAC-905 ] 0.61 ERG foams ]

N ﬁ; ET J % | / Exx;ntls foams ,7
0.1 i §& ) ﬁ o 0.2} : %

O —0=0—¢-
e
—@e

Hot pressed materials ?
. . . . . . (0] , , , , i
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AlSi fraction [vol %] AlSi fraction [vol %]
a) b)

Figure 6.23: a) the friction coefficients of the model materials measured by nanoscratch with a
diamond spherical tip; b) the friction coefficients of the model materials measured through pin-on-
disc test with a TiA6V sphere.
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surfaces.

Table 6.7: Summary of the friction coefficients of the model materials against TiA6V and diamond

Model materials Name Hiiamand Hrissv
Bulk Polyes‘ter 0.17 + 0.02 0.12 +0.04
AlSi 0.12 +0.01 0.76 +0.28
Thermally PACO05 0.18 + 0.02 0.24 +0.04
sprayed
Co 0.34 +0.10 0.09 +0.06
CF25 0.28 +0.04 0.17 + 0.06
CF37 0.24 +0.02 0.19 + 0.0
Cold pressed CF50 0.18 +0.02 0.18 +0.08
(fine)

CF62 0.17 + 0.03 0.27 +0.04
CF75 0.16 +0.03 0.29 +0.06
CF100 0.09 +0.04 0.31 +0.08
CcC25 0.19 +0.14 0.26 +0.05
CC37 0.32 +0.03 0.11 +0.06
Cold pressed CCh0 0.28 +0.03 0.26 +0.06
(coarse) CC62 0.13 +0.03 0.29 +0.09
CCT75 0.16 +0.06 0.24 +0.06
CC100 0.09 +0.003 0.53 +0.17
HEF25 0.19 +0.09 0.19 +0.09
Hot pressed (fine) HF37 0.17 +0.01 0.25 +0.04
HE50 0.19 +0.01 0.18 + 0.04
HF62 0.11 +0.01 0.29 +o0.10
HC25 0.14 +0.02 0.16 +0.04
Hot pressed HC37 0.17 +0.03 0.30 +0.04
(coarse) HC50 0.18 +0.03 0.18 +0.03
HC62 0.16 +0.04 0.18 +0.08
Ex-350 0.36 +0.09
Exxentis foams Ex-630 0.22 +o0.10
Ex-3000 0.30 +0.18
ERG-1080 0.33 +0.07
ERG-2160 0.30 +o0.07

ERG foams
ERG-4320 0.29 +0.08
ERG-8640 0.27 +0.07

222 - Experimental results and comparison with model predictions




6.4.4 Nanoscratch

Nanoscratch with a Berkovich tip is modelled by an equivalent conical tip with a half-
opening angle of 70.3°. In this case, the three models of plowing, cutting and spalling
are competing with one another. The mechanism that minimizes the horizontal force
(Fy) is considered as the dominant one. This dominant mechanism can change
depending on the material and on the penetration depth (%). The plowing forces are
modelled using the elastoplastic conical plowing model with strain hardening (see
Section 4.2.4 ). The cutting forces are modelled using the elastoplastic pyramidal
scratch cutting model with strain hardening (see Section 4.3.5 ). The spalling forces are
modelled using the pyramidal scratch spalling model with a conical tool (see Section
4.4.3 ). The equations used to model the plowing, cutting and spalling forces are
summarized in Table 6.8. In the case of a conical tip geometry, the cutting and the
plowing models predict an evolution of Fy and Fy proportional to h%. This tendency is

illustrated in Figure 6.16 in the case of a cold-pressed material.

In the case of the ramp loading scratch tests, h, F'y and Fy are continuously changing
during the test. Therefore, in order to ease the representation, the results are presented
at one given vertical force, i.e. 50 mN (see Figure 6.25). On this figure, h decreases
with the AlSi content, which is logical since the hardness increases with the AISi
volume fraction. A also decreases with the AISi content, however, from a relative
point of view, the polyester recovers 50% of the penetration depth whereas the bulk

AlSi exhibits almost no elastic recovery.

A ramp load scratch test presents the advantages of covering a continuous range of
vertical force and if a change in the wear mechanism occurs, the transition can be
observed after testing by microscopic observations. The wear tracks are presented in
Figure 6.26 and in Figure 6.27. The hot-pressed materials and the bulk materials
present wear surface dominated by a plowing mechanism. The cold-pressed materials
and the thermally sprayed PAC-905 present plowing and evidence of spalling with
cracks and separation of fragments except in the case of 100% aluminum alloy powder.
In that last case, the connection between the grains seems to be strong enough to

prevent separation between the segments.

The ramp loading nanoscratch results are compared with the model predictions in

Figure 6.28 using the same method as the one followed for the nanoindentation results.
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Concerning the vertical force (Fy), approximately half of the model materials are

overestimated and half are underestimated, also the cold-pressed materials are

generally estimated with less accuracy than the hot-pressed ones. The horizontal forces

(F'y) are underestimated for most of the model materials. In contrast, the relative wear

depth (huwer/h) is overestimated by the model and the prediction is worse in the case

cold-pressed materials, especially for the coarse powder.

The results of the nanoscratch performed with a progressive ramp loading mode are

summarized in Table 6.9. The prediction of the dominant wear mechanism is in good

agreement with the SEM observations for most of the model materials. The precision

of the model, averaged over all the test materials is 68% for Fy, 38% for Fy and 39%

fOI' hwea 7'/ h

Table 6.8 : Summary of the model used to predict the nanoscratch forces

Variable name

Conical
plowing model

Pyramidal
cutting model

Pyramidal
spalling model

) (Section (Section
(Section 4.2.1)
4.3.54.1.3 ) 4.4.34.1.3 )
Vertical force (F,) Eq. 3.1 Eq. 4.99 Eq. 3.1
Horizontal force (F) Eq. 4.42 Eq. 4.99 Eq. 4.109
Eq. 4.12 Eq. 4.12
Hard Hey
ardness () & Table 3.1 & Table 3.1
Eq. 4.26 Eq. 4.26
Radius of contact
adius of contact (a) & Table 3.1 & Table 3.1
Representative flow stress (o) Eq. 3.7 Eq. 4.99 Eq. 3.7
Eq. 4.99
: . (cutted layer)
Representative strain (g, Eq. 4.63 Eq. 4.63
P (2) 4 & Eq. 4.63 d
(plowed layer)
Constrain factor (C,) Fa. 4.36 Fa. 4.36
! & Table 3.1 & Table 3.1
Eq. 4.37 Eq. 4.37
Representative pile-up factor (D) &qTable 51 &qTable 51
Height of wear (huyear) Eq. 43 & Eq. 429 |Eq. 4.75 Table 4.3
Cross section area of the residual Eq. 4.46 Eq. 4.92 Table 4.3

groove (Auea)
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Figure 6.24: Comparison between the plowing, cutting and spalling model predictions and the
nanoscratch results for a cold-pressed model material (CF50); a) the vertical force versus the
penetration depth; b) the horizontal force and in c¢) the relative residual scratch depth. The two test
configurations are presented, including the constant load test with white round dots and the ramp

load tests with a black line surrounded with a grey envelope.
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Figure 6.25: Effect of the AlSi content on a) the penetration depth, b) the horizontal force, and c)

the residual depth measured by nanoscratch in the ramp load configuration.
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Figure 6.26: SEM micrographs of five model materials after a ramp load nanoscratch test. These
materials include bulk polyester, bulk AlSi, the PAC-905, and two hot-pressed materials. The

dominant wear mechanism is plowing.
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Figure 6.27: SEM micrographs of four cold-pressed materials after a ramp load nanoscratch test. The

dominant wear mechanism is spalling except for the two last ones in which plowing dominates.

228 - Experimental results and comparison with model predictions



Vimodel Hmodel Wear model
Vexp Hexp wear eyp Precision
Cold pressed ° 10%
10 10 ST 10 o ® e
materials o
» ° ® , o
‘ ' ° [ J f * 6\ & 2 (S
I / 100%
1 g ® 1 1
& /3 ¢e o | V
PAC-905 . o & ® ? T J Hot, pressed )
0.1 0.1 I i T i 0.1 materials 10%
0.01*

0 20 40 60 80 100
AlSi fraction [vol %]
a)

1\ L L L L L
0 20 40 60 80 100

AlSi fraction [vol %]
b)

1\ L L L L L
0 20 40 60 80 100
AlSi fraction [vol %]
c)

Figure 6.28: Effect of AISi content on the ratio between the model predictions and ramp load

nanoscratch measurements expressed in terms of a) vertical force, b) horizontal forces and c)

residual depth. The error bars represent the error of the model divided by the mean experimental

value.
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Table 6.9: Summary of the comparison between the model predictions and the results from

nanoscratch tests in the ramp-loading configuration.

Model Precision Precision Precision| Wear Wear
materials Name | —mokl —Hmoder. oY model Mechanism| Mechanism
Vorp Vimodel Hewp Himocel hear gy, | o ot (Model) (exp)
Polyester | 0.82 0.82 0.28 0.28 1.71 0.58 Plowing Plowing
Bulk AlSi 0.71 0.71 0.21 0.21 0.98 0.98 Plowing Plowing
Thermally | 1, vg05 | .95 0.95 021 | 021 1.59 0.63  |Plow/Spall| Plow/Spall
sprayed
C0 4.66 0.21 3.32 0.30 4.04 0.25  |Plow/Spall| Plow/Spall
CF25 3.18 0.31 1.1 0.91 2.62 0.38 " "
Cold pressed | CF37 | 268 | 037 072 | 072 | 2907 | 034 mn nn
(fine) CF350 1.72 0.58 0.37 0.37 3.92 0.26 " "
CF62 0.76 0.76 0.17 0.17 4.60 0.22 " "
CF75 0.59 0.59 0.08 0.08 5.85 0.17 " "
CC25 2.64 0.38 0.66 0.66 7.51 0.13  |Plow/Spall| Plow/Spall
CC37 3.22 0.31 1.05 0.95 4.51 0.22 " "
Cold pressed CC50 1.99 0.50 0.85 0.85 8.49 0.12 " "
(coarse) Cce2 | 1.60 063 | 025 | 025 | 990 | 010 " nn
CCT5 0.90 0.90 0.23 0.23 19.75 0.05 " "
CC100 0.28 0.28 0.08 0.08 9.04 0.11 " Plowing
HE25 0.94 0.94 0.32 0.32 1.86 0.54 Plowing Plowing
Hot pressed | HF37 | 1.04 097 | o028 | 028 | 190 | 053 n no
(fine) HF50 | 1.06 095 | 034 | 034 | 164 | 061 " "
HE62 1.04 0.96 0.32 0.32 1.38 0.72 " "
HC25 0.83 0.83 0.25 0.25 1.99 0.50 Plowing Plowing
Hot pressed HC37 0.98 0.98 0.40 0.40 2.05 0.49 " "
(coarse) HC30 | 0.77 077 | 029 | 029 | 1.84 0.54 " "o
HC62 0.98 0.98 0.36 0.36 2.14 0.47 " "
Mean values 1.49 0.68 0.53 0.38 4.45 0.39

13°

|:> Fy

s 5

25°

Ramp load scratch
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In the case of the constant load scratch tests, Fy is constant during the test. The
results are presented in Figure 6.25 and correspond to a vertical force equal to 80 mN.
The observations are the same as for the ramp load tests except for some of the cold-
pressed material where the depth of penetration increases with the AlSi content which
is surprising since the hardness increases with the AlSi content. Micrographs of the
wear tracks are presented in Figure 6.30 and Figure 6.31. The observations are the
same as in the ramp-loading scratch results.
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Figure 6.29: a) the penetration depth, b) the horizontal force and c) residual depth measured by
nanoscratch in the constant load configuration. The results are presented as a function of the AlSi

volume fraction of the model materials.
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Figure 6.30: SEM micrographs of five model materials after a constant load nanoscratch test. These
materials include bulk polyester, bulk AlSi, the PAC-905, and two hot-pressed materials. The
dominant wear mechanism is plowing.
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Figure 6.31: SEM micrographs of four cold-pressed materials after a ramp load nanoscratch test. The

dominant wear mechanism is spalling except for the two last ones in which plowing dominates.
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The constant load nanoscratch results are compared with the model in Figure 6.32

using the same method described in the nanoindentation results. The general trend of

the results is similar to the ramp loading scratch tests: The model under predict Fy for

most of the model materials and hue,/h is over predicted by the model, particularly in

the case cold-pressed materials with a coarse powder. The results of the nanoscratch

performed under constant loads are summarized in Table 6.10. The prediction of the

dominant wear mechanism is in good agreement with the SEM observations for most

of the model materials. The precision of the model, averaged over all the test materials

is 69% for Fy, 52% for Fy and 40% for huer/h.
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Figure 6.32: Ratios between the model predictions and the results from nanoscratch tests in the

constant load configuration; a) the vertical force, b) the horizontal force and c) the relative residual

depth as a function of the AlSi volume fraction of the model materials. The error bars represent the

error of the model divided by the mean experimental value.
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Table 6.10: Summary of the comparison between the model prediction and the results from

nanoscratch tests in the constant load configuration.

Model materials Name - Precision % Precision hwearml Precision N VVeaI: ] \VQan,‘
——model. = = ——fodel. lechanism | Mechanism
I:vexp Vimodel Fy o Hmocel Pluear e Mot e (Model) (exp)
Bulk Polyester] 0.83 0.83 0.34 0.34 2.32 0.43 Plowing Plowing
AlSi 0.63 0.63 0.25 0.25 1.31 0.76 " "
Thermally sprayed |[PAC905| 1.48 0.68 0.72 0.72 1.69 0.39 Plowing Plowing
Co 1.80 0.55 1.39 0.72 5.35 0.19 Plow/Spall | Plow/Spall
CF25 0.57 0.57 0.34 0.34 2.07 0.48 " "
CEF37 1.62 0.62 0.56 0.56 2.91 0.34 " "
Cold pressed (fine)
CFEF50 1.27 0.78 0.68 0.68 3.06 0.33 " "
CF62 2.33 0.43 0.94 0.94 4.16 0.24 " "
CET5 4.04 0.25 0.70 0.70 1.64 0.61 " "
CC23 0.63 0.63 0.40 0.40 7.64 0.13 Plow/Spall | Plow/Spall
CC37 0.94 0.94 0.52 0.52 7.05 0.14 " "
Cold pressed CCs0 1.11 0.90 0.62 0.62 8.20 0.12 " "
(coarse) CcC62 1.74 0.58 0.54 0.54 9.24 0.11 Plowing "
CCT75 1.87 0.33 0.46 0.46 9.85 0.10 " "
CC100 | 0.38 0.38 0.42 0.42 1.43 0.70 Plow/Spall | Plowing
HE37 0.87 0.87 0.38 0.38 2.40 0.42 Plowing Plowing
Hot pressed (fine) | HF50 1.26 0.79 0.63 0.63 2.03 0.49 Plowing Plowing
HF62 0.87 0.87 0.37 0.37 1.68 0.60 Plowing Plowing
HC37 0.82 0.82 0.38 0.38 2.18 0.46 Plowing Plowing
Hot pressed (coarse)| HC50 1.16 0.87 0.48 0.48 1.99 0.50 " "
HC62 1.00 1.00 0.49 0.49 1.79 0.56 " "
Mean values 1.30 0.69 0.55 0.52 3.97 0.40

= Fy

o F,
25°

13°

Constant load scratch
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6.4.5 Pin-on-disc

The pin-on-disc test with a cutting tool is modelled with a half-wedge having a 30°
angle between the horizontal and the inclined face. Once more, the three models of
plowing, cutting and spalling are competing with one another. The plowing forces are
modelled using the elastoplastic half-wedge plowing model with strain hardening (see
Section 4.2.2 and Section 4.2.4 ). The cutting forces are modelled using the
elastoplastic e rthogonal inclined wedge cutting model with strain hardening (see
Section 4.3.5 ). The spalling forces are modelled using the orthogonal spalling with an
model with an inclined wedge (see Section 4.4.1 ). The equations used to model the
plowing, cutting and spalling forces are summarized in Table 6.11. In the case of the
half-wedge tip geometry, the cutting and the plowing models predict an evolution of
Fy and Fy proportional to h. This trend is illustrated in Figure 6.33 in the case of a

cold-pressed material. In this figure, the model predictions indicate that the dominant

wear mechanism should be spalling.

Table 6.11: Summary of the model used to predict the pin-on-disc test forces

Half wedge Half wedge Half wedge
Variable name plowing model | cutting model | spalling model
(Section 4.2.2 ) [(Section 4.3.5 )| (Section 4.4.1 )
Vertical force (F) Eq. 3.1 Eq. 4.95 Eq. 3.1
Horizontal force (Fy) Eq. 4.48 Eq. 4.95 Eq. 4.109
Eq. 4.12 Eq. 4.12
Hard Hey
ardness () & Table 3.1 & Table 3.1
Eq. 4.26 Eq. 4.26
Radius of contact
adius of contact (a) & Table 3.1 & Table 3.1
Representative flow stress (o) Eq. 3.7 Eq. 4.94 Eq. 3.7
Eq. 4.94
: . (cutted layer)
Representative strain (& Eq. 4.63 Eq. 4.63
P (2) q & FBq. 4.63 4
(plowed layer)
Constrain factor (C,) Eq. 4.36 Eq. 4.36
! & Table 3.1 & Table 3.1
Eq. 4.37 Eq. 4.37
Representative pile-up factor (D,;) &qTable 31 &qTable 31
Height of wear (huyear) Eq. 4.49 Eq. 4.75 Table 4.2
Cross section area of the residual Eq. 4.50 Eq. 4.50 Table 4.2
groove (Auea)
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Figure 6.33: Comparison between the plowing, cutting and spalling model versus the pin-on-disc
experimental results on a cold-pressed model material (CF62). The white round dots are the
experimental results. The left graph shows the vertical force versus the penetration depth. In the
center, the horizontal force is presented and, the left graph shows the relative residual scratch depth.

Regarding pin-on-disc results, Fvy, Fg, and hya increase proportionally to the
penetration depth. In order to compare the experimental results of all model materials,

a linear regression is applied on the results. Fyv, Fu, and hy.. are then extracted, using

this linear regression at a penetration depth of 200 um (see Figure 6.34).

Fv, Fu, and hyer/h increase with the AlSi content which makes sense since material
involving a higher AlSi content are both harder and more rigid. In addition, hot-
pressed materials exhibit larger Fy and Fy than the cold-pressed ones. The metallic

foams infiltrated with polyester exhibit even larger vertical and horizontal forces.
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Figure 6.34: Variation of a) vertical force, b) horizontal force and c) residual depth measured by pin-
on-disc tests as a function of the AISi volume fraction of the model materials. These values are
measured at a depth of 200 um by extrapolation of a linear regression on the experimental results.
The error bars are the error associated with the linear regression.

The appearances of the surfaces after the tests are shown in Figure 6.35. Mainly two

wear mechanisms are primarily present including spalling in the case of cold-pressed

materials and cutting for the other ones with continuous and discontinuous chip.
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Figure 6.35: Pictures of the pin-on-disc tests samples after the test. The cold-pressed materials
exhibit a spalling wear mechanism whereas the other materials show evidence of cutting with

continuous and discontinuous chipping.
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SEM micrographs of the wear tracks are presented in Figure 6.36, Figure 6.37 and

Figure 6.38.These figures show that, in the case of cold-pressed materials, the spalling

is sometimes accompanied by plastic deformations of the underneath surface.

Figure 6.36: SEM micrographs showing a wear track after a pin-on-disc test on of three cold-pressed

materials.

Regarding the other model materials, cutting is the dominant mechanism. However, in
some cases, cutting is accompanied with large plastic deformations of the underneath

surface or with cracking and detachments of fragments of materials.
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A micrograph of a chip from the thermally sprayed PAC-905 material is presented in
Figure 6.39. It appears that the chip is non-continuous and covered with cracks. This
last figure suggests that, in some situations, the real wear mechanism can be a

combination of cutting and spalling.

Figure 6.37: SEM micrographs showing a wear track after a pin-on-disc test on hot-pressed model
materials and the thermally sprayed PAC-905 material.
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Figure 6.38: SEM micrographs showing a wear track after a pin-on-disc test on bulk polyester and
two foams infiltrated with polyester.

Figure 6.39: SEM micrograph of the thermally sprayed PAC-905 material after a test on the
tribometer. The chip is discontinuous and the wear surface presents both rough and smoothly cut

areas.
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The pin-on-disc test results are compared with model predictions in Figure 6.40 using
the same method described in the nanoindentation results. The model overestimates F'y
in the case of cold-pressed materials. Concerning the other materials, Fy is slightly

underestimated by the model. huer/h is overestimated by the model for most of the

model materials.
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104 PAC\‘905 1 10f foams f 10 F materials ]
o $ ® e / /;\’ 33%
° o .
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leg e .8 o 1{. ° ° ° 1 .
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0.1 Exxentis 1 0.1¢ Cold pressed ] 0.1¢
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Figure 6.40: Effect of AlSi content on the ratios between the model predictions and the pin-on-disc
tests results expressed in terms of a) vertical force, b) horizontal forces and c) residual depth. The
error bars represent the error of the model divided by the mean experimental value.

The results are summarized in Table 6.12. The prediction of the dominant wear
mechanism is in good agreement with the SEM observations for most of the model

materials. The precision of the model, averaged over all the test materials is 52% for
Fv, 75% for Fy and 60% for huear/h.
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Table 6.12: Comparisons between the model predictions and the pin-on-disc test results.

Fy

2 mm

Type of model Name R, Precision F. Precision hyer Precision Wear Wear
materials ——model. vaOdEI FLOM FH,“ . T“‘“d“ Byear . Mechanism Mechanism
Vexp Heip odel ear ey mode (Model) (exp)
Bulk Polyester 0.75 0.75 1.37 0.73 3.12 0.32 Cutting Cutting
AlSi
Thermally PACY05 3.84 0.26 111 0.90 1.72 0.58 Spalling Cut / Spall
sprayed
(€] 6.58 0.15 0.67 0.67 2.27 0.44 Spalling Spalling
CF25 0.89 0.89 2.24 0.45 1.52 0.66 Cutting "
Cold pressed CF37 3.31 0.30 1.35 0.74 1.25 0.80 Spalling "
(fine) CF30 3.50 0.29 1.19 0.84 137 0.73 nn "
CF62 0.71 0.71 0.38 0.38 1.06 0.95 " "
CF75 2.20 0.45 0.94 0.94 1.00 1.00 " "
CC25 1.82 0.55 0.62 0.62 1.45 0.69 Spalling Spalling
cC3r 1.97 0.51 0.28 0.28 1.59 0.63 " "
Cold pressed €50 2.77 0.36 0.77 0.77 1.31 0.76 " "
(coarse) CC62 3.80 0.26 1.27 0.78 1.47 0.68 " "
CC75 3.77 0.27 0.94 0.94 2.19 0.46 " "
CC100 1.64 0.61 0.65 0.65 0.32 0.32 Plow / Spall Spalling
HF25 0.89 0.89 1.50 0.67 2.42 0.41 Cutting Cutting
Hot pressed HE37 0.40 0.40 0.71 0.71 1.92 0.52 Plow / Cutt "
(fine) HF350 0.52 0.52 118 0.85 1.65 0.61 Plow / Cutt v
HF62 0.93 0.93 1.98 0.50 2.29 0.44 Cutting "
HC25 0.48 0.48 1.09 0.92 2.42 0.41 Cutting Cutting
Hot pressed HC37 0.72 0.72 1.21 0.82 1.49 0.67 " "
(coarse) HC50 0.45 0.45 0.88 0.88 1.58 0.63 " "
HC62 0.42 0.42 1.14 0.88 1.52 0.66 " "
Ex-350 0.53 0.53 0.75 0.75 1.80 0.56 Cutting Cutting
Exxentis foams Ex-630 0.29 0.29 0.76 0.76 1.42 0.71 " "
Ex-3000 0.46 0.46 0.80 0.80 1.96 0.51 " "
ERG-1080 0.50 0.50 0.72 0.72 2.49 0.40 Cutting Cutting
ERG foams ERG-2160 0.61 0.61 0.92 0.92 1.77 0.56 " "
ERG-4320 0.74 0.74 1.20 0.83 2.93 0.34 " "
ERG-8640 0.70 0.70 1.07 0.93 1.62 0.62 " "
Mean values 1.59 0.52 1.02 0.75 1.76 0.60
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6.4.6 Abradability

Wear tracks produced during abradability tests are presented in Figure 6.42, Figure
6.43, Figure 6.41 and Figure 6.44. These figures show that, with the three tested
conditions, the dominant wear mechanism is cutting. In some cases, cutting is
combined with spalling, smearing of the polymer phase and grooving. On these figures,
BPB refers to the bite per blade.

1 1

vy = 10 /s 50 pn/s 50 /s
vy — 200 m/s 200 m/s 23 m/s
BPB — 0.028 jun 0.142 jun 1.23 jun

Figure 6.41: Macro pictures and SEM micrographs showing three wear tracks corresponding to the
bulk polyester after a test performed with the abradability test rig. The dominant wear mechanism

is cutting sometimes combined with grooving depending on the test conditions.
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Figure 6.42: Macro pictures and SEM micrographs showing three wear tracks corresponding to the
thermally sprayed PAC-905 material after a test performed with the abradability test rig. The
dominant wear mechanism is cutting combined with spalling, smearing of the polymer phase and

grooving depending on the test conditions.
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200 jun
vy = 10 pm/s 50 /s 50 /s
vy — 200 m/s 200 m/s 23 m/s
BPB — 0.028 jm 0.142 pn 1.23 jun

Figure 6.43: Macro pictures and SEM micrographs showing three wear tracks corresponding to the
cold-pressed material (CF50) after a test performed with the abradability test rig. The dominant
wear mechanism is cutting combined with more or less spalling depending on the test conditions.
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1 1

vy — 10 /s 50 /s 50 /s
vy — 200 m/s 200 m/s 23 m/s
BPB — 0.028 jun 0.142 1.23 jun

Figure 6.44: Macro pictures and SEM micrographs showing wear tracks corresponding to the ERG
foam infiltrated with polyester after a test performed with the abradability test rig. The dominant
wear mechanism is cutting combined with more or less grooving depending on the test conditions.

Some wear tracks present a dark trail which is the result of transfers from the blade to the material.
The TiA6V tip used during these tests is a rectangle. The abradability test is modelled
by a rectangular wedge with a width of 3.9 mm and a thickness of 2 mm. The three
models of plowing, cutting and spalling are modelled. The plowing forces are modelled

using the elastoplastic rectangular flat wedge plowing model with strain hardening (see

Section 4.2.3 and Section 4.2.4 ). The cutting forces are modelled using the
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elastoplastic orthogonal rectangular cutting model with strain hardening (see Section
4.3.5 ). The spalling forces are modelled using the orthogonal spalling model with an
rectangular tool (see Section 4.4.2 ). The equations used to model the plowing, cutting
and spalling forces are summarized in Table 6.13. The model prediction in this
configuration is presented in Figure 6.45 in the case of the thermally sprayed PAC-905.
The model predicts that the three bite per blade (BBP) used during the tests activate
preferably a plowing mechanism. The model also predicts that the dominant
mechanism switches to cutting at a depth larger than 2 pm and it switch to a spalling
mechanism around 110 pum. Finally, the model predicts that with the BBP tested, the
elastic recovery is larger than 98% which suggest that the first interactions between
the tip and the material are essentially elastic. The deeper the blade goes, the less

elastic recovery occurs and the more material is removed by the blade per rotation.

Table 6.13: Summary of the model used to predict the abradability test forces

Flat wedge Flat wedge flat wedge
Variable name plowing model | cutting model | spalling model
(Section 4.2.3 ) | (Section 4.3.5 ) | (Section 4.4.2 )
Vertical force (F,) Eq. 3.1 Eq. 4.97 Eq. 3.1
Horizontal force (Fy) Eq. 4.57 Eq. 4.97 Eq. 4.106
Eq. 4.2 Eq. 4.2
H d H{i pL
ardness (Huy) & Table 3.1 & Table 3.1
Surface of contact (A) Table 3.1 Table 3.1
Representative flow stress (o) o, Eq. 4.96 o,
Eq. 4.96
Representative strain (&) (Cl%tted layer)
& is equal to 0
(plowed layer)
Height of wear (huyear) Eq. 4.59 Eq. 4.75 Table 4.2
Cros tion area of the residual
ross section area of the residua Eq. 4.60 Ao — W Table 4.2
groove (A,
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Figure 6.45: Comparison between the plowing, cutting and spalling model of the abradability tests

on the thermally sprayed PAC-905 material. The white round dots represent the three levels of bite
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per blade experimentally tested. The upper left graph shows the vertical force versus the penetration
depth. The upper right graph shows the horizontal force, the lower right graph shows the relative
residual scratch depth.

The abradability test results are compared with the model in Table 6.14. The model
predicts that plowing is the dominant mechanism for most test materials. The model

also predicts that the elastic recovery is larger than 90% for the four test materials.

Table 6.14: Summary of the comparison between the model prediction and the abradability rig tests

results.
Type of Name Incursion | Tangential | Bite per h,../h Wear Wear
model speed Speed blade (model) mechanism mechanism
materials (vy) (vy) (BPB) (exp) (Model)
[pm/s] [m/s] [pm]
10 200 0.028 2.7x 10* Cutting Plowing
Bulk Polyester 50 200 0.142 1.4x10% | Cut / Grooving "
50 23 1.230 1.2 x 102 " "
10 200 0.028 3.8 x 10+ Cut / Spall Plowing
Thermally | p s g5 50 200 0142 | 1.9x10% | Cut / Smearing "o
sprayed
50 23 1.230 1.7x 102 | Cut / Grooving "
3 -
Cold 10 200 0.028 22x10 Cut / Spall Plowing
pressed CFE50 50 200 0.142 1.1x 107 " "
(fine) 50 23 1.230 9.7 x 102 "o Cutting
10 200 0.028 8.6 x 10 | Cut / Grooving Plowing
ERG foams | ERG-4320 50 200 0.142 44x 103 " "
50 23 1.230 3.8 x 102 " "

Vy 3.‘9 mm

6.4.7 Erosion

Before presenting the erosion results and the comparison with the model, some
modelling details need to be described. Indeed, the model requires a kinetic energy as
input, as well as a half-opening angle for the eroding particle. The two parameters are
identified using the following approach. The size of the eroding particles is analyzed by
SEM combined with image analysis (see Figure 6.46), the mass of one particle is

calculated based on the average radius of the particles combined with the theoretical
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density of AlLOs (3.97 g/cm?). The kinetic energy of a particle is estimated assuming
that all the particles have the same speed as the airstream measured 10 cm away from
the airgun (~100 m/s). The eroding particles are considered to have a conical shape
with a half-opening angle of 42.28° which is equivalent to the half-opening angle of the

corner of a cube. Models presented in Section 4.5 are used to model the erosion.

Probability
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1 Weibull probability

density function

k(r\" k
f(r,k,,’t)zz(zj e (14)

0.04 ¢
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Tmean = 21.0 pm
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Figure 6.46: Size distribution of the Al:03; erosive powder used during the erosion tests. These
measurements are obtained by image analysis. The mean radius is calculated based on a curve fitting
with a Weibull law.

The erosion test results as well as the model predictions are presented in Figure 6.47.
The experiments show that hot-pressed materials resist erosion better than the cold-
pressed ones. The erosion rate of the hot-pressed materials decreases with the AlSi
content except for the bulk polyester. The cold-pressed materials wear off faster when
the AlSi content is low. Surprisingly, this last trend is not captured by the model. In
order to compare the model prediction with the erosion results, the erosion rate of the
model and the experiment are normalized by the erosion rate of the thermally sprayed
PAC-905 material. The ratio between the normalized model prediction and the
normalized experimental results is presented in Figure 6.48. In this figure the worst
prediction concerns the bulk polyester, and the cold-pressed materials that are
underestimated in the case of fine powder and overestimated in the case of coarse

powder.
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Figure 6.47: a) the results of the erosion test and b) the model predictions. The results are presented
as a function of the AlSi volume fraction of the model materials.
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Figure 6.48: Ratios between the normalized model predictions and the normalized erosion tests
results as a function of the AlSi volume fraction of the model materials. The error bars represent the
total error of the model divided by the mean experimental value.
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Erosion test surfaces are presented in Figure 6.49, Figure 6.50 and Figure 6.51. These
figures show that the cold-pressed materials wear off mainly via a spalling mechanism.
However, in the case of 100% cold-pressed materials, spalling is accompanied with

plowing. The others model materials exhibit wear by plowing.

ERG-4320

Direction of
the erosive
particles

Figure 6.49: SEM micrographs showing a wear track after an erosion test using a 20° impact angle
on two foams infiltrated with polyester and the thermally sprayed PAC-905. The dominant wear

mechanism is plowing.
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Figure 6.50: SEM micrographs of four cold-pressed materials after an erosion test using a 20° impact

angle. The dominant wear mechanism is spalling and, in some case, there are evidences of plowing.
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Figure 6.51: SEM micrographs of five model materials after an erosion test using a 20° impact angle.
These materials include the bulk AlSi, two hot-pressed materials and the bulk polyester. The

dominant wear mechanism is plowing.
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The erosion tests results are compared with the model in Table 6.15. The prediction of
the dominant wear mechanism is in good agreement with the SEM observations for
most of the model materials. The precision of the model, averaged over all the test

materials is 44%.

Table 6.15: Summary of the comparison between the model prediction and the erosion tests results.

Type of model Name Erosion Erosion Wear Wear - Precision
materials rate (exp) rate (model) | mechanism | mechanism (e,/ & )model of the
[mm/min] [m?/impact] (exp) (Model) (er/ePACQDS ) model
r exp
Bulk Polyester 0.003 =+ 0.001 3.92 004 1010 Plowing Plowing 6.18 0.16
AlSi 0.011 +0.005 1.61 £ 026 10-1° " Cutting 0.73 0.73
Thermally PAC905 0.031 + 0.012 6.54 + 000 1015 Plowing Spalling 1.00 1.00
sprayed
Cold pressed Co 0.545 + 0013 23.5 +0.00 1015 Spalling Spalling 0.20 0.20
(fine)
CF25 0.103 +0.007 4.55 073 1015 " Plow/Spall 0.21 0.21
CF37 0.084 so00 | 5.56 2065 105 " Spalling 0.31 0.31
CF50 0.132 +0.010 6.42 + 085 1012 " " 0.23 0.23
CF62 0.179 s 0011 9.10 + 156 10-15 " " 0.24 0.24
CF75 0.131 20050 | 8202125105 " o 0.30 0.30
CF100 0.013 +0.007 Plow/Spall
Cold pressed CC25 0.163 +0.001 64.4 +0.00 1015 Spalling Spalling 1.87 0.53
(coarse)
cC37 33.7 148 1012 "
CCs50 0.077 +0.016 30.4 +000 1012 " " 1.86 0.54
CCe62 0.042 +0.002 76.1 + 167 1015 " " 8.69 0.12
CCT75 0.022 +0.005 99.6 +263 10-1° " " 21.95 0.05
CC100 0.010 x 0.009 187.4 +0.00 1012 Plow/Spall " 88.86 0.01
Hot pressed HF25 0.026 z0010 | 3.00 0721075 Plowing Plowing 0.56 0.56
(fine)
HE37 0.027 +0.014 3.35 053 10-1° " Plow/Cutt 0.59 0.59
HE50 0.028 +0.002 2.36 x029 1015 " Plowing 0.41 0.41
HEF62 0.026 + 0.001 1.60 +0.22 1015 " Plow/Cutt 0.30 0.30
Hot pressed HC25 0.039 co0s | 317 £ 0 1045 Plowing Plowing 0.39 0.39
(coarse)
HC37 0.012 +0.003 2.86 +0.46 10-12 " " 1.13 0.88
HC50 0.028 +0.006 2.48 £ 036 1015 " " 0.42 0.42
HC62 0.027 +0.005 2.03 027 1015 " Plow/Cutt 0.36 0.36
Exxentis foams Ex-350 0.013 +0.002 1.95 + 043 1015 Plowing Plowing 0.68 0.68
Ex-630 0.027 +0.003 217 026 1012 " " 0.38 0.38
Ex-3000 0.020 +0.005 243 1035 10°1% " " 0.59 0.59
ERG foams ERG-1080 0.029 = 0.007 2.98 + 038 10-1° Plowing Plowing 0.49 0.49
ERG-2160 0.030 +0.008 3.15 x057 10712 " " 0.51 0.51
ERG-4320 0.025 +0.001 4.58 1271013 " " 0.87 0.87
ERG-8640 0.017 +0.001 443 1055 10°1° " " 1.24 0.81
Average Value 4.88 0.44

257 - Experimental results and comparison with model predictions



6.5 Summary

Model materials were successfully processed with a large panel of microstructure
configurations and sizes as well as different level of cohesion between the metallic

phase and the polymeric phases.

The mechanical measurements show that the Young’s modulus of these materials
increases with the AlSi content. This is also true for the yield strength and the fracture
toughness, except for the cold-pressed materials where o, and K seems to be
dominated by the interface between the powder grains. Most model materials present a
different behavior in tension and in compression. In some cases, there is more than a

factor 10 in fracture strain between the two modes.
Regarding the tribological responses,

- The shape of the tip and the penetration depth affect the wear mechanisms as
well as the contact forces and the elastic recovery. Model materials can exhibit
ductility in some contact situations and brittleness in others.

- Model materials present a significant elastic recovery, both during indentation,
scratch test and pin-on-disc test.

- Materials with weak interfaces between segments tend to wear off in a brittle
manner and offer less erosion resistance.

- The amount of AlISi in the model materials has a strong effect on the
tribological response. It increases the hardness, decreases elastic recovery and,
in the case of cold-pressed materials, decreases the erosion rate.

- The size of the microstructure is important, especially in cold-pressed materials

where it affects both the contact forces and the wear volume.

Comparison between the tribological experiments and the model depends on the type

of test:

- In the case of indentations, the model gives satisfactory results except in macro
indentation where the prediction of A, is overestimated.

- Regarding scratching experiments, the model estimates Fy properly,
underestimates Fy and overestimates Auear.

- In the pin-on-disc tests, F'y and Fy are reasonably well predicted except in the

case of cold-pressed materials.
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With the erosion tests, again, the precision of the model is lower in the case of
cold-pressed materials.

Concerning the dominant wear mechanism, the weak link approach gives very
good predictions over a large variety of contact geometry and depth, except in
the case of the abradability tests where the model systematically predicts

plowing instead of cutting.
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Chapter 7  Discussion, optimization and material

selection

This chapter is dedicated to the interpretation of the results, to the comparison
between the model predictions and the experiments and, finally, to the determination
of the optimal set of properties leading to an efficient abradable material. The first
section discusses the differences between the experimental results and the model
predictions. The second section focuses on the combination of erosion resistance and
abradability. The third section is dedicated to the material selection for an abradable

material to be used in the low-pressure compressor of an engine.

7.1 Modelling and experimental confrontation

In this section, some of the main differences between the predictions of the model and
the experiments are discussed. The aim of this discussion is to understand the origin of
these differences and, in some cases, to propose improvements for future modelling and
experiments. This discussion focuses on the main parameters described in the previous

chapter, including hy, huear, Fi, F'v as well as the wear mechanisms.

7.1.1 Why are h, and hye. overestimated?

In the previous chapter, the most recurrent discrepancy between the model predictions
and experimental values is that the wear depth (hu..) and the residual depth of
indentation (h,) are overestimated in almost every case. Regarding nanoindentation
and nanoscratch, the problem could originate in the model itself. However, comparison
with FEM calculations shows that h,/h is underestimated by the model (see Figure
4.16). Therefore the problem most likely results from a phenomenon that is not taken
into account both in the model and in the FEM calculations. It could be the result of
(i) viscous effects, (ii) residual stresses from the process, (iii) bluntness of the tip, (iv)
errors in the calibration of the machine compliance or from a (v) composite effect:
compared to the size of the indent, the model materials are highly heterogeneous in
nature. Indenting in the polymer matrix or having porosity in the proximity of the

indent can locally lower the stiffness of the material. However, these composite effects
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should not play a role at deeper penetration depth when the size of the area

mechanically deformed by the tip is large enough compared to the microstructure size.

Regarding macroindentation and pin-on-disc experiments, except for the composite
effects, the same justifications can be used. In addition, the overestimation of h,/h can
be attributed to (vi) a misalignment between the tip and the sample surface or to (vii)
an effect of the proximity of the support under the sample due to insufficient thickness
of the sample with respect to the penetration depth. Finally, there can be an effect of
(viii) the sample compliance. Indeed, the surfaces of the samples are not necessarily
perfectly straight. The samples are attached by four external grips that clamp the
sample with a lateral force. If the sample surface is curved, a part of the vertical
displacement of the tip can be attributed to the elastic deflection of the sample (see

Figure 7.1).

Ideal situation

@/ Pin
Sample i

=0 =

Disc

Lateral deflection @ Central deflection

| ——— | | ] | p—— ]

—

Figure 7.1: A deflection of the sample before a pin-on-disc test can lead to an overestimation of the

elastic recovery of the surface of the sample during the experiment.
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The value of hyewr/h is particularly overestimated by the model in the case of cold-
pressed materials. Most of these materials exhibit wear by spalling. In the model, each
segment in contact with the tip is removed. On the other hand, the SEM observations
showed that even if decohesion occurs, most of the particles remain in the bottom of
the wear track (see Figure 7.2). The wear depth (hu.r) is measured by a post scan of
the surface by the tip. The particles lying in the bottom of the wear track can
influence the measurement of Ay, This phenomenon gives rise to an important
mismatch between the model and the experiment, especially if the size of the segment

is large compared to the penetration depth (h).

Predicted

I h hwear
Intact segment
Experience
he N hsear

Partially detached
and still in place

Figure 7.2: A spalling mechanism can be accompanied with partial decohesion of the segments. In
that case, the measured residual depth will be lower than the prediction.
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7.1.2 In the nanoscratch test, why is Fy underestimated?

In the case of the nanoscratch experiments, the horizontal force is significantly
underestimated by the model. During these tests, most of the materials exhibit wear
by plowing. The model underestimated the horizontal force, probably because it
focuses mainly on the energy required to displace matter on the side of the wear track.
There are at least two energetic contributions that could be added to the model: the
shearing of the surface beneath the tip and the displacement of the pile-up material in
front of the tip. Adding these two contributions would probably lead to a better
prediction of Fj.

7.1.3 In the pin-on-disc test, why is Fv overestimated?

The vertical force is overestimated in the pin-on-disc experiment particularly with
cold-pressed materials. This is not the case for the nanoscratch experiments. The SEM
observations showed that during the pin-on-disc test, an intermediate mechanism
occurs, partly consisting in cutting and partly in spalling. The present spalling model
is built on the hypothesis that the vertical force is the same as the plowing vertical
force. This hypothesis gives satisfactory results when the real mechanism is a
combination of plowing and spalling as in the nanoscratch experiment. However, when
the mechanism is between cutting and spalling, it fails to predict the right vertical
force. This poor prediction probably happens because most of the material is being
removed in front of the tip in the form of a fragmented chip instead of being pushed
under the tip. This problem could be tackled by dividing the spalling mechanism into
two mechanisms. One of the two would be the actual one « Plowing-spalling » and
the second one would be « Cutting-spalling ». In the latter, the same general
approach based on the energy needed to separate fragments as the tip progresses into
the material should be used. However, this time, the vertical force should be modelled
as the result of the friction between these fragments and the cutting tool, a little bit

like in a classical cutting model.

7.1.4 In the abradability tests, are the results consistent with other studies?

The abradability tests are used to study the wear mechanisms under conditions close

to real engine conditions. The analysis of the wear tracks showed that the most
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dominant wear mechanism is cutting, sometimes combined with grooving, transfer and
micro-rupture. The results on the thermally sprayed material can be compared with
the results from the study of [Schmidt 1997]. Schmidt reported the same wear
mechanisms with similar positioning in the wear map. However, in his study, the
corresponding wear mechanisms do not occur in the same range of velocities. There is
indeed a shift between our results and the wear map from [Schmidt 1997] (see Figure
7.3). There can be several reasons for that. First, (i) the material is not exactly the
same. Indeed, Schmidt tested the Metco-601, compared to the PAC-905 in this study.
In addition, (ii) the thermal spray parameters might be different. Therefore, even if the
base powders were the same, the material after projection can be different in terms of
AlSi volume fraction and porosity. Another explanation is (iii) that the test rig itself is
different in geometry of the disc and of the blade. The Oerlikon Metco test rig uses a
disc of 620 mm diameter (the blade project 10 mm out the disc), compared to 180 mm
in this study. Working with the same incursion speed (vy) and rubbing speed (vx) gives
rise to a different bite per blade (BBP) and a different frequency of contact.
Translating our results in terms of the BPB and the frequency of contact shows a
better compatibility between our results and Schmidt results (see Figure 7.3).
Therefore, the frequency of contact and the BBP might be important parameters to

take into account while comparing results from different test rigs.

vy Contact
[m/s] \ frequency
10 ‘ ‘ ‘ ‘ ‘ [57]
Hot spot + ‘ 8 4
melting wear Cutting +
10_47 i Cuting " Microrupture | 300
Transfert Cutting +
& ® \\ 200 Microrupture
Cutting + \Cutting s
5 Grooving N ’Iiansfert \ Hot spot +
10 8 k\\ 100 C:E}n‘;\\—}—\ melting wear
Present Grooving |
study Wear maps from
6 Oxpcrimonts [S(’,hmidt 1997} 83
10 ‘ ‘ ‘ ‘ ‘ 0 -8 -7 -6 -5
0 100 200 300 400 500 10 10 10 10
(a) vy [m/s] (b) Bite per blade [m]

Figure 7.3: a) superposition of the wear maps from [Schmidt 1997] and the present test results on
the abradability rig. Each color represents a specific wear mechanism; b) a transformation of these

wear maps in terms of the BPB and the frequency of contact.
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7.1.5 Why do we predict wrong wear mechanisms in our abradability tests?

Continuing with the thermally sprayed PAC-905 material, the model predicted four
features: (i) with a penetration depth (k) smaller than ~1 pm, the dominant wear
mechanism is a plowing mechanism, (ii) Between ~1 pm and ~100 pm wear happens
by cutting, (iii) above 100 um, a spalling mechanism dominates. The model also
predicted that (iv) the relative wear depth (huer/h) increases with the BPB, starting at

0 and ending at a value close to 1.1.

Experiments showed that the dominant wear mechanism is cutting. Using the
hypothesis that the bite per blade is representative of the penetration depth, the model
exclusively predicted a plowing mechanism. Therefore, something must be wrong with
the model. The solution probably lies in the comparison between h and the BPB.
Indeed the BPB represents the final penetration depth divided by the number of
rotations and divided by the number of blades on the disc. After every rotation, the
blade is going one BPB deeper in the material. The BPB can be equal to the
penetration depth of the blade at each rotation (h) only if the material presents no
elastic recovery. If there is some elastic recovery, then h will eventually increase during
the first few rotations. In order to illustrate this point, let us assume that the ratio
between the elastic recovery depth and the penetration depth (ha/h) is constant and
equal 50%. In that case, the penetration depth of the first rotation is equal to the BPB.
On the second rotation, h is equal to the BPB plus the elastic recovery from the
previous interaction. This phenomenon goes on and on, increasing the penetration
depth until the quantity of material removed per rotation (huw.r) becomes equal to the
BPB (Figure 7.4). At that moment, the system reaches a stable regime where A is
equal to two times the BPB and hy., is equal to one BPB. Therefore, h might change
during an abradability test and become way larger than the BPB. For the same reason,
the wear mechanism may also change during the test, starting with plowing and

switching to cutting once h is large enough.

This hypothesis was tested using the three wear models in a loop that calculated the
dominant wear mechanism as well as h and hu.r at each blade revolution for different
bites per blades and for different final penetrations of the blade (see Figure 7.5). The
model shows that the dominant wear mechanism depends both on the final depth and

on the BPB. The probability to activate a cutting mechanism increases with the BPB.

266 - Discussion, optimization and material selection



In some case, the wear mechanism can alternate between plowing and cutting. This
algorithm was adapted to the geometry of the abradability test rig from the present
study and to the one from Oerlikon Metco [Schmidt 1997] (see Figure 7.6). One can
see that, with the parameters from the present study and the ones from [Schmidt 1997],
the model predicts a cutting mechanism for two thirds of the cases. This last
prediction is still not perfect. However, it is closer to the reality. The model also

predicts that spalling is rarely activated even for a large BPB.

Casing
Abradable

v v
Casing 4 l v
BPB
Abradable ' BB
I
Perfectly plastic Elasto plastic Ideal elastic
h

hl weary h

weary

Figure 7.4: Schematic representation of the evolution of h as a function of the number of contact
between the blade and the abradable. Three cases are represented: perfectly plastic material, elastic

material and elastoplastic material.
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7.1.6 Regarding the erosion test, why is there a poor prediction in the case

of cold-pressed materials 7

In the erosion tests, the model overestimates the erosion rate of cold-pressed materials
with a coarse grain size. Regarding SEM observations, it appears that some impacts
are strong enough to detach a segment of material and some are not. In the spalling
model, every segment impacted with sufficient energy disappears. In reality, some
impacts are probably being absorbed by plastic deformation in the segment. To
improve the model, instead of considering one kinetic energy for every particle, it
might be more realistic to consider a distribution of kinetic energy. In that case, only a
fraction of the impacts will lead to spalling. Regarding the cold-pressed materials with
smaller grains, the prediction is lower than the experiments. One possibility is that,
instead of removing the segments by separating all the interfaces between one another,
one cluster of segments can be detached in one chunk during an impact without

complete fragmentation. In that case, more volume can be removed with less energy.

7.2 Combining abradability and erosion resistance

Abradable materials are exposed to paradoxical design requirements of being easy to
wear out in case of a contact with the blade and being resistant to erosion. In this
section, this problem is explored from an experimental point of view. So far, the
erosion resistance and the abradability have been analyzed independently. One key
aspect in abradability is the ease of removal of material in case of a contact in order to
avoid any deterioration due to an elevation of the temperature or a damaging stress in
the blade. In addition, a high elastic recovery is also appreciated in order to maintain a
close gap between the tip of the blade and the casing after the contact. Using the pin-
on-disc results, and the erosion test results, one way to identify a good abradable
material is to look for materials that minimize the contact forces while presenting a
low wear depth (hwa) and a low erosion rate. Figure 7.7 compares the results obtained
in the pin-on-disc test with the erosion results. This figure shows that Fy and Fy are
proportional for every model materials. Metallic foams infiltrated with polyester
present a high erosion resistance combined with a high contact forces. Some model
materials exhibit a high erosion resistance and a low Fy during the pin-on-disc test,

especially the hot-pressed and cold-pressed materials. Residual wear depth (huer) is

270 - Discussion, optimization and material selection



higher with cold-pressed materials. In terms of forces, erosion rate and elastic recovery,

some cold-pressed and hot-pressed model materials behave better than the thermally

sprayed material.

Fy Fy
[N] [N]
200 w 200
Ex-350
1501 Exxentis 7 150+ ]
foam
Ex-3000 =
100} o {100} N\ 1
pQ HC50 | €50
i PAC 905 | PAC 905
50 P() Matrix + AlSi Powder | 500 = CC50 |
9?100 % agglomemte ZKEj CC100
ol ‘ 0 . G0, cpso ‘ ‘
0 .2 () 4 . 0.6 0 50 100 150 200 250 300
(a) Erosion rate (b) Wear depth (h,,,,)
Fy [mm,/min] [nm]
[N] 200

Values extracted at A = 200 pm

100

© ]

Figure 7.7: Superposition of the results from the pin-on-disc tests including Fu, Fv and hwer with the
erosion tests results.

This figure shows that erosion resistance and abradability are not antagonist properties.
This observation confirms the results from [Chappel 2001] but on different abradable
materials. Unfortunately, these graphs represent the wear behavior corresponding to
only one penetration depth, with one geometry of tip, in a single contact. However,
these results bring the following questions: “Is there an optimum in terms of material
properties and microstructure that gives the best combination of abradability and
erosion resistance? How is this optimum affected by the shape of the blade, the bite

per blade or by the impact angle of the erosive particles?”
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7.3 Optimization and materials selection

Is it possible to combine erosion resistance and abradability in one material? From an
experimental point of view, the results presented in the previous section suggest that it
is. Indeed, some model material performed better than the actual industrial material in
terms of erosion and abradability. The previous section also showed that the wear
behavior of different materials can be modelled with a reliable level of accuracy in
terms of force, residual wear and erosion resistance. In this section, the models
presented in Chapter 4 are used to guide the search for an optimal set of
microstructure and mechanical properties that improve the abradability of a material
as well as the erosion resistance. This search for an optimum starts with a description
of the strategy followed by the hypotheses, a definition of the performance indices, a

list of constraints on the materials and the results.

7.3.1 Optimization hypotheses

There are many ways to conduct an optimization. In this case, a very simple strategy
is used to rank materials by performance in a given contact situation. Then, depending
on the contact geometry, the best candidates are identified and selected. As stated in
Chapter 3 and Chapter 4, many parameters can affect the wear behavior of a material,
including the geometry of the tip, the microstructure of the material and the
mechanical properties of the base material. Therefore, in order to simplify the problem,
the blade is considered as a rigid rectangle of width W and thickness 7. The depth of
penetration of the blade into the abradable (h) is considered to be constant. The
friction coefficient is also considered to be a constant equal to 0.1. The Poisson ratio of
the abradable material is assumed to be constant and equal to 0.3. The abradable
materials are considered elastoplastic materials without strain hardening (n = 0).
Regarding erosion, the impacting particles are considered as sharp cone with a half-

opening angle of 42.28° which is the equivalent half opening angle of a cube corner tip.

7.3.2 Performance indices for abradable materials

As mentioned in Chapter 2, an abradable main function is to protect the blade from
damage in case of a contact. These damages can come from temperature elevations and
from stresses due to contact. The thermal aspects of the problem are not considered
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here, only the mechanical stresses. Therefore, the first performance indices to be
minimized are the forces acting on the blade during a penetration in the abradable
(Mpg and Mpy), where

MFH = FH Eq. 7.1
and
Mq =F. Eq. 7.2

A second important function of an abradable layer is to maintain a close gap between
the tip of the blades and the casing. In consequence, the quantity of material removed
by a blade in case of a contact should also be minimized (Mycer), where

h
M — wear | Eq. 7.3

wear h

A second consequence is that the erosion rate should be as low as possible to maintain
a close gap. The last performance index is therefore the volume removed by an erosive

particle impacting the material with a given kinetic energy at a given angle:

M er — erate . Eq. 7.4

These four indices will form the base of the evaluation of an abradable material
performance. In order to manipulate these different performance indices easily, each
index is normalized (divided) by the corresponding performance of the actual industrial

material. Therefore, the normalized indices take the following form:

Mg, :FH/FHO
MEV =FV/FV0

no_ . Eq. 7.5
M er — erate/erateo 4
M n _ hwear

wear — h

wearg

These performances indices are then combined in two indices (M"" and M) that are

respectively the product and the addition of these four normalized indices
M™ =M, M, MIM Eq. 7.6

wear

and
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n+ n n n n
M™=Mg, +Mg +M, +M Eq. 7.7

wear *

The best materials present the smallest M"" and M"*.

7.3.3 Optimization technique

In the present case, the simplest algorithm is used, consisting in calculating the value
of M" and M"* in the case of a finite number of predefined set of material properties,
blade geometries and erosion parameters (see Table 7.1). The best candidates present
the smallest A" and M*". More precisely, five variables are considered: F, o,, K, hs
and Gieam. Each variable takes the form of a vector with a finite length, limited to a
realistic range of values. For instance, the Young’s modulus varies between 0.01 MPa
and 1000 GPa. A large matrix of dimension 5 is then created containing every possible
combinations of FE, o, K, he, and Giciw. This matrix is used to calculate the
performance indices in the case of a contact with a blade of thickness 7" and width W
with a penetration depth A and in the case of erosion with an impact of energy U.;, and
an impact angle . The 3 best combinations of properties that minimize M" and M"*
are selected. This procedure is repeated for different values of T, W, h, U., and w.

Table 7.1: List of the predefined set of material properties, blade geometries and erosion parameters

used in the optimization. In addition, the material properties of the thermally sprayed PAC-905
abradable material are also included.

Property type Name Values Unit
T 0.25,0.5,1,2,4 [mm]
Blade geometry 1174 1,2, 4,8, 16 [cm]
h 10,107, ..., 10 [m]
. -12 11 1
Erosion Ucin 102, 101 ..., 10 [J]
o 10, 30, 60, 90 [°]
E 104, 10, ..., 10* [Pal
. oy 10%, 104, ..., 10% [Pal
Material
. Kre 105, 104, ..., 10° [Pa m!/?|
properties
Glc—inr, ].0-4, 10—3, ey 106 [J/m2]
Piseq 107, 10%, ..., 10 [m]
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Regarding the range of kinetic energy of the eroding particles, these values correspond
to the kinetic energy of a spherical particle made of alumina traveling at a speed of 100
m/s with a radius ranging from 100 nm up to 1 mm. This range of size of particles

includes many families of powder including clays, silts and sands (see Figure 7.8).

Kinetic
energy [J]
- 300 [m/s]
10° | Alumina (ALO,) 30
3.97 g/cm?
| Silica (S10,) 3
ilica (SiO,
107 2.2 g/cm? /
10-8 i
107 : :
Clay Silt Sand %MM
10" 107 10" 10°

Radius of the
particle [m]

Figure 7.8: Evolution of the kinetic energy of spherical particles as a function of its size, speed and

density. The grey intervals represent the name of the family of powder as a function of its size.

Concerning Table 7.1, some combinations of these material properties are impossible.
For instance, there are no materials with o, = 10" Pa and with £ = 10* Pa. In
addition, a realistic material selection includes a series of constraints to ensure that the
material with the best performances will survive in the engine long enough. Indeed, if
the temperature in the engine is too high for a material, no matter how good an

abradable it is, it will eventually burn or melt before fulfilling its function.

7.3.4 Material constraints

Regarding the minimal service temperature, let us assume that, even in winter
conditions, the engine is exposed to temperature above -50°C. Regarding the maximum
service temperature, it depends on the position in the engine. Four cases are therefore
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considered: (i) abradable materials in contact with the fan blades at the entry of the
engine are exposed to temperatures up to 50°C. (ii) In the case of the first stages of the
low-pressure compressor, the maximal temperature is set at 150°C, (iii) in the last
stages of the low-pressure compressor it goes to 300°C and (iv) in the high-pressure
compressor, up to 600°C. In practice, these temperatures can change from one engine
to another. The main idea is to show the effect of the temperature on the selection for
an abradable material. In addition, the blade must not be worn out in case of a
contact. Therefore, the hardness of the abradable must be lower than the hardness of
the blade made of TiA6V (330 HV). In case of friction at high speed, the temperature
may increase locally. In any case, the temperature in the friction area must remain
beneath the melting temperature of the blade. Therefore, abradable materials
presenting a melting temperature larger than the melting temperature of the blade
(~1200°C) are also rejected. Regarding the objectives of the selection, they are the
same as the ones covered in the optimization: (i) minimizing the contact force on the
blade, (ii) minimizing the wear in case of a contact with the blade and (iii) minimizing
the erosion rate. The free wvariable is the choice of the material. These design

requirements are summarized in Table 7.2.

The constraints listed in Table 7.2 reduce the number of available materials for the
selection. These constraints are implemented using CES Edupack 2016 software
[CES2016] with the level 3 material database. Depending on the maximum service
temperature, the remaining materials present a limited range of mechanical properties
(see Figure 7.9 and Figure 7.10). These remaining property ranges are summarized in
Table 7.3. The combinations of mechanical properties that are lying outside these

boundaries are removed from the optimization.
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Table 7.2: Design requirements for the selection of an abradable material. Four cases are presented.
Each case corresponds to a different position in the engine.

Function Abradable materials

Constraints Minimum service T° < -50°C

Maximum service T°

> 50°C (case 1: abradable in contact with the fan blades)
>150°C (case 2: entry of the low-pressure compressor)
>300°C (case 3: end of the low-pressure compressor)
>600°C (case 4: high-pressure compressor)

Melting T° < 1200°C

Hardness < 330 HV

Objectives Minimizing the contact force on the blade
Minimizing the wear in case of a contact with the blade

Minimzing the erosion rate

Free variable | Choice of material
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Table 7.3: Boundaries of the mechanical properties of the remaining materials after applying the

constraints using CES Edupack 2016 database as a function of the maximal service temperature.

Maximal service T° > 50°C

Maximal service T° > 150°C

E >210° [Pa]

o,>10° [Pa]

log(o, ) <log(E)+0.72
log(K,,)<0.7log(E)+1.65
log(K,) > log(c,)+1.73

E>310 [Pa]

o,>210" [Pa]
log(o, ) <log(E)-0.8
log(K, )<log(E)-1.45
log(K,,) >1.3log(c, )-0.45

Maximal service T° > 300°C

Maximal service T° > 600°C

E>310° [Pa]

o, >10° [Pa]
log(o, ) < 2log(E)-11
log(K, )<15log(E)-7.5
log(K,)>2log(c,)-5

E >310° [Pa]

c,>10° [Pa]
log(c, ) <1.5l0g(E)-6.5
log(K,)<1.5log(E)-7.5
log(K,,) > 2log(c,)-5

7.3.5 Results of the optimization

An example of the optimization results in the case of h =1 um, W =4 c¢m, T = 1 mm,
Usin = 107 J and @ = 10° with a maximum service temperature of 50°C is presented in
Figure 7.11. This figure shows that, in that particular contact situation, Fy and Fy are
proportional to each other. It also shows that, in terms of wear mechanisms, the best
candidates wear off via a plowing mechanism when impacted by the blades and also
via a plowing mechanism when impacted by an erosive particle. Also, M and M"*
point toward the same material. The best candidates depend on h, W, T, U., and w.
In order to present the results of the optimization in the simplest way, only one
variable is changed at a time, with the others kept constant. For instance, the effect of
varying the bite per blade (k) on the optimum set of material properties are
summarized in Figure 7.12. This figure shows that the optimum systematically
corresponds to a plowing mechanism in case of a contact with the blades and also via a
plowing mechanism in case of erosion. This figure also shows that the best set of
properties correspond to a Young’s modulus of 10 MPa, a yield strength of 48 MPa, a

fracture toughness of 1 MPa. Regarding the interface, the optimum interface toughness
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is 10° J/m? with a segment size of 1 pm. This set of optimal material properties
remains the same when varying W, T and the impacting angle (@). However, a
significant change in the optimum size of the segments (hs,) is observed when varying

the kinetic energy of the eroding particles (see Figure 7.13).
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At higher temperature, the optimum properties follow the same trends, except for Gy
m that seems to be lower at higher maximum service temperature (see Table 7.4).
Regarding the wear mechanisms, below 300°C, the optimum materials wear off via a
plowing mechanism both in case of a contact with the blade and in case of erosion.
Above 300°C, a contact with the blade often results in plowing except in case of
extreme incursion depth (larger than 1 mm). Regarding the erosion wear mechanisms,
plowing dominates and switches to cutting when the impact energy is larger than 10*J
which corresponds to large sand particles impacting the abradable at high speed (see
Figure 7.8).

Table 7.4: List of the optimal material properties of the best candidates as well as the associated
wear mechanism.

Material Maximum service temperature
properties 50°C 150°C 300°C 600°C
E  [Pa] 107 10° 101 7.6 10°
o, [Pa 4.79 107 10® 107 10°
o,/ E || 4.79 0.1 0.1 0.13
Kr  [Pa mY? 100 -> 107 106 -> 107 106 -> 107 106 -> 107
G [J/m?] 10°-> 107 10°-> 10° 10?7 -> 10* 10?7 -> 10*
Gre-int [J/m?] 10° -> 10° 10t -> 10 10 -> 100 10 -> 10!
sy [m] 10?0 -> 10° 10°-> 10° 10?7 -> 10° 10Y -> 10°
Wear
mechanism
Blade contact Plowing Plowing Plowing/spalling | Plowing/spalling
Erosion Plowing Plowing Plowing/cutting | Plowing/cutting

In this table, E and hs, are quite low, the ratio o,/ E as well as Gy, are very large. With
these sets of properties, the optimization seems to choose materials with large elastic
recovery, and a large toughness to favor plowing instead of spalling and cutting. The
Young’s modulus is low, probably because when the ratio o,/F is large, materials
behave like ideal elastic materials. In the case of elastic materials, the hardness, as well
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as the forces acting on the blade are proportional to FE. These sets of optimum
mechanical properties are compared with material charts extracted from CES Edupack
2016 data base (see Figure 7.14). On this figure, the best materials for an abradable
depend on the temperature. Below 50°C, elastomers are the closest to the optimum. At
150°C, the remaining elastomers accompany by other polymers are close to the
optimum. At 300°C, one polymer is remaining and competes with magnesium alloy
and sandstone around the optimum. Above 600°C, the close proximity of the optimum
is left vacant surrounded by sandstone, porcelain, titanium alloys and cordierite foam.
Regarding the model materials, their chemistry allows them to operate at up to 300°C.
At low temperature, the model materials are far away from the optimum. However, at

300°C, they are amongst the best candidates with a close proximity to the optimum.

At high temperature, many materials compete with each other. How to discriminate
between these competing candidates? In the previous section, the results of the
optimization shown that the best abradable material seems to be the result of (i)
maximizing o,/F in order to increase elastic recovery which is good regarding the
residual wear in case of a contact with the blade and with erosive particles. (ii)
Maintaining a large value of G to avoid cutting and (iii), reducing F to maintain low
contact forces with the blades in the elastic regime. Therefore, selecting the best
material involves a trade-off between two performance indices ¢,/ E and E. Figure 7.15
presents the two indicators: £/o, and F in the case of a maximum service temperature
larger than 300°C. In this figure, the first indicator is the inverse of o,/FE. This choice
is more convenient from a graphical point of view. Indeed, in that case, the best
materials are the ones that minimize both indicators. This figure shows which
candidates to select in which conditions. If the contact forces with the blades are more
important than the elastic recovery, the cordierite foam is better than the polymer
(PBI). If the elastic recovery is considered more important than the contact force, the
PBI is the best candidates. Intermediate solutions could consist in using a porous
polymer but with a particular attention to maintain a high G to remain in a plowing
mechanism. The next step in material selection consists in acquiring additional
documentation on these materials candidates to ensure that they are compliant with
additional constraints described in Section 2.2 | including corrosion and oxidation
resistance. A ranking of the materials as a function of the ratio o,/F is presented in
Table 7.5 and Table 7.6.
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Table 7.5: List of materials that fulfill the constraints, ranked as a function of the ratio oy/E (part 1
on 2).

Material Name g, Maximum service
familly E temperature [°C]
TPU (Thermoplastic Polyurethane Elastomer) 2.7 93 - 107
Elastomers | TPO (Blend of PP + EPM + EPDM copolymer) 7.4 102 135 - 150
TPC (Block copolymer of PBT and polyether) 6.2 102 150 - 170
FEP (Fluorinated ethylene propylene) 4.6 10? 200
PTFE (Ploy-tetra-fluoro-ethylene) 4.4 10? 260
ETFE (Ethylene-tetra-fluoro-ethylene) 4.3 102 150
PI (Polyimide) 3.7 102 230
PEN (Poly-ethylene naphthalate) 3.4 102 170
PFA (Perfluoro-alkoxyethylene) 3.0 102 260
Polymers
PCTFE (Polychlorotrifluoroethylene) 3.0 10 190
PBI (Poly-benzim-idazole) 2.5 107 300
PEEK (Poly-ether-ether-kethone) 2.4 10? 250
PPS (Poly-phenylene Sulfide) 2.0 102 260
PMP (Poly-methyl-pentene) 1.3 102 205
LCP (Liquid Crystal Polyester) 8.0 103 190 - 300
Selenium 1.9 10? 190 - 200
Titanium alloys 04-14 102 400 - 500
Magnesium alloys 1.5-8.8 103 130 - 200
Gold 04-77103% 100 - 330
Cobalt alloys 1.5 - 74103 260 - 1100
Metals and
alloys Copper alloys 0.7-7.0103 160 - 350
art 1
(Part 1) | . kel alloys 0.4 6810 800 - 1000
Low alloys steel 1.3-6.7 103 500
Bronze 09-6.6 10% 180 - 260
Stainless steel 0.9-6.110% 750 - 800
Aluminium alloys 0.4-6.0 103 130 - 230
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Table 7.6: List of materials that fulfill the constraints, ranked as a function of the ratio oy/E (part 2
on 2).

Mat(?rial Name ﬁ Maximum service
familly E temperature [°C]
Brass 0.8-49 103 200
Cast iron 08-3.6 10° 450 - 800
Carbon steel 1.1-29103 350
[Metals and silyer 0.7-23 103 100 - 190
alloys
(part 2) Berylium alloys 0.7-1.710% 255 - 830
Lithium 2.9 10* 150
Bismuth 1.5 104 245
Antimony 6.5 10° 600
Aluminium + Silicon carbide foam 0.6 -2.610% 140 - 200
Foams Aluminium alloy foam 1.4-2.010% 140 - 200
Cordierite foam 1.9 10 1100 - 1200
Porcelain 1.5 10 700
Sandstone 5.0 10+ 400 - 600
Brick 2444 10 700 - 900
Plaster 3.5 101 110 - 180
Non- Limestone 3.0 101 350
technical
ceramics | Slate 2.9 10* 330 - 500
Granite 2.3 10 600 - 700
Concrete 0.6-19 104 200 - 300
Marble 1.3 101 350
Cement 4.4 -8.410° 600 - 850
Technical | Mica 1.0 10 500 - 600
ceramics | Cordierite 45 101 1000 - 1200

7.4 Summary

This chapter can be summarized with four key messages:

- The observed differences between the model predictions and the experimental
results are attributed in some cases, to the model and in other cases to
experimental setup imperfections.

- During an abradability test, the repetition of contacts combined with the elastic
recovery of the abradable material can lead to nonlinear wear. Indeed, the
model predicts that the penetration depth and the wear mechanism can evolve
from one blade revolution to another.
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Experimental results show that the erosion resistance and the abradability are
not necessarily antagonist properties.

The optimization showed that the best abradable candidates exhibit wear by
plowing and present a high ratio o,/ E combined with a low F and a high Gr..
The model materials, including the thermally sprayed PAC-905 are amongst the

best candidates at temperatures larger than 300°C.
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Chapter 8 Conclusions and perspectives

The goal of this thesis was centered on the following question: How to design a good
abradable material? In order to answer this question, a material selection was followed.
This material selection involved several steps. The design requirements were identified
through a literature survey on abradable materials. An assessement of the literature on
contact mechanics and wear modelling gave the basic ingredients to model the
interaction between a blade and an abradable material. These models were modified to
include elastoplasticity and used to translate the design requirements into equations.
These models were calibrated and validated owning to a large set of experimental
resuslts that includes the processing of model materials as well as mechanical and
tribological measurements on these materials. Given the complexity of the equations of
the models, and the large number of parameters, an optimization was performed to
select the best abradable material candidates. Materials that did not fulfill the
constraints imposed by the environment of the engine were excluded. The remaining
materials were selected based on the minimization of (i) the forces acting on the blade
in case of a contact, (ii) the wear after contact and (iii) the erosion wear. The material
selection pointed towards materials with high toughness (Gr), with low Young'’s

modulus (E) and with high ratio ¢,/ E.

The state of the art on abradable materials was covered in Chapter 2. This chapter
brought (i) a definition of abradability, (ii) a description of the wear mechanisms and
(iii) an overview of the testing methods as well as (iv) the strategies that are used to
improve the abradablity of materials including using elastic materials, materials with

low yield strength or favoring fragmentations by means of defects in the microstructure.

Chapter 3 was centered on a state of the art on contact mechanics and wear modelling.
This chapter offered a summary of indentation models as well as a general overview of
wear modelling. In particular, this chapter showed that physics-based wear models
follow a general pattern that always includes: (i) the geometry of contact, (ii) a
simplified representation of the deformations of the surface of the base material as well
as (iii) a simple mechanical behavior for the base material, usually rigid perfectly

plastic or ideal elastic. In the case of cutting models, some of these models also include
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fracture mechanics. Regarding the modelling of multiple wear mechanisms, the

dominant wear mechanism can be identified based on an energy minimization criterion.

In Chapter 4, wear models were adapted to include elastoplastic materials. The
motivation was to quantify the elastic recovery after contact. Three contact geometries
were modelled including orthogonal cutting tools, rectangular wedge and cones. In
addition to the modelling of indentation, three wear mechanisms observed in abradable
materials were modelled (plowing, cutting and spalling). These models were analyzed
in the case of a contact at a given penetration depth and in the case of a contact with
erosive particles impacting the material with a given kinetic energy. One key result of
these models is that the behavior of elastoplastic materials is governed by the ratio

0,/ E which defines the extend of elasticity in these materials.

Chapter 5 presented the process of the model material and the testing methods. Foam
infiltration, cold-pressing and hot-pressing processes were successfully used to create
model materials with a large panel of microstructures and mechanical properties. These
model materials include powder aggregates, polyester matrix with spherical metallic
reinforcements as well as co-continuous metallic and polymer phases. The testing
protocols were designed to study the tribological response of the model materials from
the microscale to the macroscale in addition to high speed testing on abradability test

rig and erosion test rig.

Chapter 6 presented the experimental results as well as a comparison with the
predictions of the models. As a consequence of the large variety of model materials and
contact geometries, the three wear mechanisms of plowing, cutting and spalling were
observed and predicted successfully by the model. The multi-mechanisms approach
followed in this work showed that the criteria based on the weakest link to determine
the dominant wear mechanism works. The amount of AlSi in the model materials has
a strong effect on the tribological response. It increases the hardness, decreases elastic
recovery and, in the case of cold-pressed materials, increases the erosion resistance.
The geometry of contact and the penetration depth did also affect the tribological
response of the model materials. Indeed, nanoscratch tests and erosion tests resulted in
wear by plowing and spalling whereas pin-on-disc tests showed cutting sometimes
combined with spalling. Abradability test results also showed cutting, sometimes

combined with smearing and grooving. Regarding the prediction of the model from a
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quantitative point of view, the accuracy of the models is promising yet perfectible,

especially in the case of materials that exhibit wear by spalling.

Chapter 7 started by offering explanations for the discrepancies between the model
predictions and the experimental results. Regarding the mechanisms observed on the
abradability test rig, a novel explanation is proposed, based on the combination of
elastic recovery and on the repetitions of contacts that can lead to nonlinear wear. The
comparison between erosion and pin-on-disc test results showed that the erosion
resistance and the abradability are not antagonist properties. Indeed, some model
materials exhibited a better erosion resistance with lower contact forces and lower

residual wear than the industrial material.

An optimization was performed to identify the optimal set of properties for an
abradable material in order to combine erosion resistance, low contact forces with the
blade and low wear in case of a contact. The optimization showed that the best
abradable candidates exhibit wear by plowing. In the case of abradable materials used
at low temperatures, the best candidates present a high ratio o,/E, a high G and a
low FE. Therefore, elastomers and polymers appear as the best candidates. The
optimization also showed that the model materials, including the thermally sprayed

PAC-905 are amongst the best candidates at temperatures larger than 300°C.

Regarding the perspectives, in order to validate the hypotheses on the nonlinear wear
happening during an abradability test, it would be interesting to observe the wear
mechanisms in situ using high-speed camera during an abradability test. Indeed,
current observations are based on post-mortem analyses that are performed after a

very large number of interactions between the blade and the abradable material.

In order to validate the optimization results, it would be useful to assess the
performance of elastomers and polymers on abradability test rigs and on erosion tests.
These tests will help to understand the limits of these potential abradable material

candidates.

From a modelling point of view, the present multi-mechanism approach is promising.

Taking this method to the next level includes:

- Taking into account the strain rate sensitivity in the models as well as the

effect of temperature.

295 - Conclusions and perspectives



Including additional wear mechanisms, like melting wear, brittle cracking and
thermal shock.

Extending the models to additional tip geometries, including sphere and
cylinder.

Investigating the effect of geometrical imperfections like the bluntness of the tip
or the surface roughness of the base material. Indeed, in some contact situations,
the roughness of the tip or the roughness of the base material is larger than the

penetration depth. In addition, some wear mechanisms like grooving seems to be
the results of an effect of the surface roughness.

Finally, a real blade presents a complex curved geometry. In this work, blades
are modelled as rectangles. It might be interesting to investigate the effect of
the real shape of the blade in terms of contact forces, elastic recovery and wear

mechanisms.

296 - Conclusions and perspectives



Appendix A Additional calculations

This appendix is a compilation of detailed calculations that are considered too

voluminous to enter the main text.

A.1 Indentation calculations

The following calculations complete the models presented in Chapter 3 and Chapter 4.

A.1.1 Elastic contact with a half-wedge tip

The ideal elastic solution of the half-wedge tip presented in Table 3.1 derives from
calculations presented hereunder. The geometry of contact is presented in Figure A.1.
Following the methods proposed by [Johnson 1985] in his book section 2.4, the elastic
displacements of the surface can be related to the normal pressure p(z) and the lateral

pressure ¢(x) through:

(1-2v)(1+v)

@&:_Zﬂ—ﬁ)jq@>

d
OX rE 4 X-s . P(x)
g 2(1-v?)e -
an, _ 2 ;)Ip@m&glzga+wqu)
x 7B A X- Eq. A.1

Here, there is no lateral displacement of the tip, therefore, ¢(z) = 0.

x E P(¥) Eq. A.2
0, 20500,
oX rE 4 X-=s
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vie

Figure A.1: Schematic representation of elastic the indentation of an infinite half space by an half-
wedge tip of width W at a depth 4.

From the geometry of the problem it can be shown that
2b=a=Rsina
e=Rcosa

2b
—=tan «a
&

Eq. A3
b= ftan a
2

se=2bcota

ou,
o —L=cota
OX

Combining Eq A.2 with Eq A.3 gives
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[Change of Varibale : x=aX ,s=aS]

*p X—S _2(1—1/2)
b 2 2
o p(x)— 1 I gvb?—s ds C
72'2\/b2 x> X—S 7[2\/b2 x2
b ’ 2 2
< p(x)= g j b =S 4o, C
N vl PRI <
e p(x)=— 9P JJw b*S? o Cc
72 o> —p2x? 7, aX -aS ;TZJbZ—bzx2
ghb \/l S2 c
< p( = ZJ- 2
21— X n%ﬁfx
& p(X 9 X+ ¢

N 72by1— X2
g X C
T=+

= p(x) = —Xz(gx + P) [Eq.1.10 & 2.42 Johnson 1985]

<:>p(x)= 1 [ﬁEcotzaerP]

o x| 201

Using boundary conditions,

p(b)=0,
1 b7E cota
b)= +P|=0
< p(b) ﬂ\/bz—bz[ 2(1—v2) J
<:>F,:_bﬂEcotoz
2(1-v?)
Therefore,

p(x)=

b2 —x2 2(1—1/2) B 2(1—1/2)

Ecota

N p(X)=m(X—b)

& p(x)= —Ecota«/(b—x)ql(b—x)
2(1-v*)y(b—x)y(b+x)

- p(x)z—Ecota b-x
2@—vﬂdb+x

1 {xzzE cota brE cota]
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[Appendix 1 - (4) Johnson 1985]

Eq. A4

Eq. A5

Eq. A.6



Replacing b by a/2 and translating the half-wedge tip on the right from a/2 gives (see
Figure A.2)

Eq. A7

o] vl [N o

©
—_
>
SN—
|
N ||
= m
| 19
<N9
\_/Q
>
|
[y

v

Figure A.2: Schematic representation of the elastic indentation of an infinite half space by a half-
wedge tip of width W at a depth & translated on the right by a factor b/2.

The mean pressure under the tip can be calculated using
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4(1-7) Eq. A.8

A.1.2 Elastoplastic contact with a half-wedge tip

In order to derive the elastoplastic contact equation of the half-wedge, the rigid
perfectly plastic solution is combined with the ideal elastic solution (see Table 3.1)
using Yu and Blanchart approach [Yu 1996]. The idea is that part of surface under the
tip enters plasticity and follows the rigid plastic model, the rest of the contact surface
is elastic and follows the ideal elastic model. The intersection between the two

correspond a distance b from the center of the tip which follows
pel (b) = pmp,

Etanj /é_ -
<:>2(1_V2) b 1=Co,

Eq. A9

From there, the force acting on the tip is the sum of the pressure acting on the elastic

part and on the plastic part integrated over their respective surfaces.
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P =_[ p(x)ds , ds=wdr

S

Vivzipe,(x)dr+zpp,(x)dr

Qviv izE(ltanvﬁ)\/l‘J_dHICG dr

gl +atan1[ ijn}c(;yb

@V%:zi;anvﬂ)_[fmmn [ Ja j [«/_x/_b+atan [ Jf_bmmayb
op-fos :a%— J6/aTh +atan’ Jffbmmyb

o a2 B ( f%m "

RN o L )mcb

oA T e e

<:>p :i: Z_tan’l ;
Toaw 2(1-v?)| 2 Wf)-1

op :i: Etan g %—tan’l Etan g H

Eq. A.10

A.1.3 Elastoplastic contact with a flat-wedge tip

Regarding the elastoplastic solution of the rectangular flat wedge tip, the same
strategy is followed. The intersection between the two correspond a distance b from the

center of the tip which follows
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pel (b) = pmpl

wld B 1 5
2|n2(1_V2),/a2_b2 /
16 E 1 _ o0

“22(1-7)Co,

2
@az_bz:[lii 1

2In2(1-v*)Co,

2
R :az_(liLL]

a 2aln2(1-v*)Co Eq. A.11

2
oy b Jl_[iiLL] PN
y

1 6 E 1

with N = Z_aE—(l_VZ) C_o-y

From there, the force acting on the tip is the sum of the pressure acting on the elastic

part and on the plastic part integrated over their respective surfaces.
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P:J'p(r)ds , ds=2wdr

S
P b a
V—vsze,(r)Zdr+jppl(r)2dr

0 b

P % 6 E 1 °

—=|= 2d Co,2d
<:>W -L[Za|n2(1—v2)\/1-r2/a2 I’+_h[ o, 2ar

b

P 0 E . a(r
@V—v:m(l_vz)[sln I(E\JJO-I—(ZCO'Y [a—b])

P_o B (Gafb) _gni(© ]
@W—Inz(l_vz)[sm (aj sin (ajj+(2Cay(a b))
@E:i E__gint b +2Co,a 1—9

W In2(1-v?) a / a

P 6 E .,

—=— 1-f)+2
W In2(1_‘/2)sm (1-f)+2Co,af
=3* P o sin(1- f)+Co,

“2aW  2ain2 (1)

op=n E sin*(V1-N?)+Co, (1-1-N?)

:2aln2(1—v2)

h E _ 2
-c H(N)+1-y1-(N
= P Gy[2aln2Coy(l—vz)cos S )]

Eq. A.12

h E -1 1 2
= N)+—(1-+1-N
< P 2aln2(1—vz)[coS ( )+N( )}
where
Nolh E 1

2a In2 (1—1/2) Co

y
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A.2 Plowing calculations

A.2.1 Conical tip plowing solution (elastoplastic)

Integration of Eq. 4.41 is described step by step hereunder

h aC 2
j( e""]ZhHeV,“;,dh j(aun'm]zhHW(ﬁ)dhwhzzzHe,p,[ ;‘;"]

0

h " h W ac 2
= [2h| =2 |H{sdh - j 2hHY, B | g 4 phPHG, | —2
o h heI h h
al as Y
=h?H}, :']"' —Hg,vp,[hWJ[a:"'](hW) +uh’TH, {%J
ay w at Y
—eHy [ B | HW( ;'p'J[hh )+,uh27rHe,p,[ h]
2
A
(o 2]
a\e{v N ac 2
I elpl
:hZH::lpl T (TPJJ’_ILIhZﬂHEHﬂ( hp]
= elpl aip'] [ elpl J:elpl - +/”]
eIpI elpl T
h elpl ][ J Helpl 1
elpl elpl T +'u
H " V [( a'eclplj ( Helpl T

A.2.2 Conical tip plowing solution (rigid perfectly plastic)

Integration of Eq. 4.44 is described step by step hereunder

h pW
F'f':pl :J.Pp;/\fh) h+,qu(;
0

h a¥ a Y
jzr{Tp'j H‘;V,dh+yh2[7p'] 7H§
0
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A.2.3 Half-wedge tip plowing solution (elastoplastic)

Integration of Eq. 4.47 is described step by step hereunder

PR, (h) R (h)
FH*QZI:_([ - dh— | VE'W dh+ uR™ (h)

Velpi
2 0 2

:Igﬁvﬁv@iz){cosl( £ )4 ! (1— 1- (17 Hdh

FW -2

HW
T s [
“"h E . 1
:-([E l_vz){cosl(fFW2)+m(l— 1—(fFW2)2Hdh
Qupl |y hw
‘Om—d(l_VZ) h W | 28 |H L
h
gl o
0

aHW

elpl
j —d + hw[ hp ]HQDV,V
0

=EL2( £ 7o ( Fh) dh+jwcFW2<7 (1-J1-(gFth)zjdh

HW

i

1 FW, 1 )2 FW, e FW, 1 |2

|n2( jhsm (/ ~(g™h) jdh+WCp, ayj;[l—,ll—(g h) jdh
HW

hey
E a
. dh+ ghw | 2 | B

! 2n2 (1) - [h o

j —dh+,th[

Integrating gives

306 - Appendix A Additional calculations

Eq. A.15



:WgFWZC;WZGy Wsinl(ngzh)+h_ZZCOS1(g|:wzh)_4gtlwz 1—(gFW2h)2
0

h
+WC o h h—Lsin'l(gFWZh)—lh 1—(gFth)2 |z _E +uhw ] H
Ty 2g™ 2 4In2 (1-v?) h |

0

FW, 12

=WC7 o, Lg%wzsin1(gFW2h)+%cosl(gFW2h)—% 1—(gFWZh)2 + h}

2 2 hz E A
S (97h) -2 1_(gFW2h)2} [an(l v )1 ﬂhw[ r;pl]H:”v'v
FW, 1.2

o (17 5 e (174 {17 e

+WCp'E|WZ o, {— 2

1
FW,
:WCF” gy _4g|=w

4,2
|t 22 4

:WC;WzUy _4glFWZ Sinfl( f FWZ)+$COSA( £ PV )_% 1_( £ P, )2 +h}

21 1 a
-W | (Ha ) = =g |+ #hW | == [HY
|:( elpl ) - gpwchwplo_y:i /,l [ h J elpl

2
1 & Fep? 3h 2 HY: Y1 1
Ipl HW sz 1§ FW, g 1§ FW, W, elpl
[ ]Helpl +WC? 0'[ i (f )+Tcos (f )—7 1—(f ) +h_[c;W2c,vy P
2 2
WC FWZG f P P
= _ae Hop +— 5 —Esin’l(fpwz)wt—( ) cos’l(fFWZ)_fFWz§ 1_(fFWz)2+fFWz_ AL 1
h 4 2 4 Chio, | 7
_ , )
CFW2 fFW2 HFWZ
LI —lsw(fw( e S RN L
Fy Aol Helpl 4 2 C o, | ®
i 2
E h CFWQ o, 1 f W2 H FW 1
S =ut| g sin (7% )+ ——cos ™ (™ ) - fFW2 g |
Fy " a H:,';’,V 4™ ( ) 2 C;Wzo.y £
i 2
R h |Cs o 9y 1 i crw FW, Fw § FW H 4
S—==u+ - f™%)+2f™ cos™ f Z 2 - —
Fo e S| e () )17 4| i |

2
h |Ci%o, 1 Hiv Hi 4
HW, _ = HW, HW, 2 2 - z elpl elpl
P = R+ R ( ] 4H“W ~r Sin” H(f7) - P cost (£ )+3CFW2pay +1- C;W:Gy .

eIpI elpl

where

Etand | 7 Etano
Ho =———| = —tan™
o 2(1—v2){2 [CHWO' 2(1- vz)ﬂ

HFWz—cFWZG[fFWZCOS (F7) 1o fim(£7%) }

elpl

fw_1h E 1
Wln2(1 v )CFWZO'

f FW,
FW, _
g h
Eq. A.16
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A.2.4 Flat wedge tip plowing solution (elastoplastic)

Integration of Eq. 4.55 is described step by step hereunder

le f L
Heipi ,([ 2

1
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Eq. A.17
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A.3 Cutting calculations

A.3.1 Orthogonal cutting (perfectly plastic)

Integration of Eq. 4.68 is described step by step hereunder

o Fuy
otang W
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1+B;°Z +By°
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From there,
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Eq. A.19
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Appendix B Characteristic size (hseg)

In a volume that contains spherical particles A and B, the number of spherical

particles A and B is given by

— 3\/A
a 47rl’:
A Eq. B.1
B 47rI’B3

3 3
@n—B:VB/rB :V rA

_B_A
Na VA/rA3 VA re

B

n

A

n

B

is the volume fraction of A in the mix(fya) can be expressed through

A Eq. B.2

The number fraction of particles A in the mix is given by.
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A n
1+-%8
nA
1
s f o=

A B Eq. B.3

From there, the mean radius can be found by a simple rule of mixture

r =r f, +5 (1— an) Eq.

meanmiy

B.4
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