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Abstract

This work deals with the mechanical properties and damage mechanisms under contact loading
of dense and porous silicon nitrides materials. These technical ceramics exhibit a very interesting
combination of mechanical properties : low density, high hardness and strength, good corrosion re-
sistance and a low thermal coefficient. They are used in many applications including ball bearings
for the automotive and aerospace industries. The characterization of the local behaviour under
contact loading is then a crucial issue.

Spark plasma sintering technique is used to process silicon nitride ceramics with addition
of different amount of yttrium oxide as sintering aid. Controlling the sintering temperature and
the applied pressure has permitted to obtain materials with fine, medium and coarse microstruc-
tures. In addition, materials with different porosity contents have been obtained. First, we have
investigated the influence of processing conditions (temperature, pressure, amount of yttria on the
microstructure and mechanical properties at the macroscopic scale (elastic parameters, Vickers
hardness, flexural resistance ...).

Hertzian contact tests were then performed to identify the damage mechanisms at the surface
and subsurface of the sintered materials. The use of indenting spheres of different radii permitted
to observe a significant size effect. Brittle mode consisting of surface ring cracks were observed
at large scale (macroscopic scale) while localized plastic deformation with microcracks randomly
distributed was observed at small scale (mesoscopic scale). Transmission electron microscopy
observations of thin foils machined by ion milling were performed to investigate the subsurface
damage. Numerical simulations with a code developed internally in LaMCoS laboratory enabled
to follow the evolution of the plastic zone under pure rolling conditions.

In these simulations, the nonlinear behaviour of ceramics was modelled using a bilinear law
where 0, is the yield stress and K a hardening parameter of the ceramic specimen. Instrumented
indentation tests were performed using a diamond spherical tip of radius 42 pm. Experimental
load versus displacement curves were used as input data for an inverse identification purpose.
Levemberg-Marquart algorithm was used to minimize the gap in the least squares sense.

The work revealed a strong relationship between the damage mechanisms under contact loa-
ding (brittle vs quasi-ductile modes) and the grain sizes. The presence of higher porosity volume
content led to precursor damage initiation. In addition, the obtained nonlinear parameters from in-
verse analysis, i.e 0y, and K, decrease with increasing the microstructure coarseness. This result is
consistent with the literature and the Hall-Petch model. On the other hand, a significant influence
of the porosity on the identified parameters was demonstrated. Finally, the comparison of experi-
mental and numerical indent profiles clearly show the limitations of bilinear law, a more advanced
model is then needed to consider all the damage mechanisms.

KEYWORDS: Silicon nitride, microstructure, porosity, contact damage, inverse identification
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Résumé

Ces travaux de these portent sur la détermination des propriétés mécaniques a différentes
échelles ainsi que les mécanismes d’endommagement des nitrures de silicium denses ou avec dif-
férents taux de porosités. Ces céramiques techniques présentent des propriétés mécaniques forte
intéressantes : une faible densité, une dureté élevée, une bonne résistance a la corrosion et un
faible coefficient de dilatation thermique. Elles sont notamment utilisées dans la fabrication des
billes de roulement pour des applications dans les industries automobiles et aéronautiques. La
caractérisation du comportement local sous un chargement de contact est donc un enjeu majeur.

Les matériaux étudiés ont été obtenus par frittage flash d’une poudre de Nitrure de Silicium
avec différents pourcentages d’oxide d’yttrium comme additif. Le contrdle de la température et
de la pression de frittage a permis d’obtenir des matériaux denses avec différentes tailles de grain
mais aussi avec une porosité résiduelle variable.

La premiere partie de ce travail consistait a caractériser 1’influence des conditions d’élabora-
tion (température, pression, pourcentage d’additif) sur la microstructure (taille des grains, compo-
sitions ...) et les propriétés mécaniques a 1’échelle macroscopique (module élastique, dureté Vi-
ckers, résistance a la flexion ...) des matériaux frittés. Des essais de contact de Hertz ont été ensuite
réalisés afin d’identifier les mécanismes d’endommagement. L’ utilisation de spheres de différents
rayons a mis en évidence un important effet d’échelle : des fissures circonférentielles a échelle
macroscopique (mode fragile) et des déformations plastique localisées a I’échelle mesoscopique
avec des micro fissures distribuées aléatoirement (mode quasi-ductile).

Les tests de nanoindentation permettent de solliciter localement les échantillons pour obtenir
les propriétés élastiques des courbes force-déplacement. Des méthodes d’identification inverses
permettent aussi d’extraire les parametres d’écoulement.

Le comportement non linéaire des céramiques a été modélisé en utilisant une loi bilinéaire ot
oy est la limite d’€lasticité et K un parametre d’écrouissage. Afin d’identifier ces deux parametres,
un modele éléments finis axisymétrique avec une pointe sphérique déformable a été construit
sous Abaqus. Le modele a été couplé a un module d’identification inverse fondé sur 1’algorithme
de Levemberg-Marquart pour minimiser 1’écart (au sens des moindres carrés) entre les courbes
expérimentales et numériques. Les simulations avec le code Isaac développé au sein du laboratoire
LaMCoS ont permis de suivre d’évolution de la zone plastique lors d’un chargement de roulement.

L’étude a révélé une relation majeure entre les mécanismes d’endommagement sous charge-
ment de contact et la taille des grains. En outre, la limite d’€lasticité oy, calculée par analyse inverse
diminue avec I’augmentation de cette taille des grains. Ce résultat est en accord avec la littérature
et le modele de Hall-Petch. Les valeurs élevées pour K confirment la dominance d’une réponse
élastique des matériaux frittés. D’autre part, une influence significative de la porosité sur la nature
de la réponse et les parametres identifiés a été observée. Enfin, la comparaison des profils expéri-
mentaux et numériques des indents a montré les limites de la loi bilinéaire, un modele plus avancé
est donc nécessaire afin de décrire tous les phénomenes.

MOTS CLES : Nitrure de Silicium, microstructure, porosité, contact, identification inverse
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General introduction

In order to satisfy growing needs in terms of energy efficiency and to face increasing competition,
vehicle manufacturers and aerospace equipment makers in particular are continuously looking for
materials characterized by a density as low as possible. The suitable materials should also present
good mechanical and thermal properties. The applications intended are in severe environments
(high temperatures, corrosive media ...). Technical ceramics and especially silicon nitride based
materials are considered as an ideal candidate thanks to a satisfactory toughness, high hardness,
good wear and corrosion resistance. However, when subjected to tribological solicitations where
high pressure and shear stress fields apply, various contact damage modes may initiate on the
surface or subsurface. Accordingly, the lifetime of critical components is sharply reduced which
may generate additional maintenance costs in the best cases and a catastrophic failure in the worst
circumstances.

The main objective of this work is threefold :
(1) investigate the contact damage mechanisms on silicon nitride materials with different micro-
structures, (ii) observe the contact damage and the macroscopic and mesoscopic scale in fully
dense and porous materials and (iii) derive the local nonlinear mechanical properties from the load
versus displacement curves (P-h curves) obtained by instrumented indentation technique (ITT). In
fact, we will experimentally demonstrate that brittle materials can undergo a permanent deforma-
tion at the mesoscopic (small) scale.

Silicon nitride is synthesized through several different chemical reaction methods, conventio-
nal or non-conventional one. The materials considered in the following work were processed by
spark plasma sintering (SPS) technique with addition of small amount of yttrium oxide as sintering
aid. This step was performed within the framework of ElyT Lab, a join French-Japanese research
laboratory. Silicon nitride specimens with fine, medium and large grain sizes and various poro-
sity volume contents were successfully obtained by optimising the processing conditions (additive
amount, temperature and applied pressure).

The manuscript is structured around four main parts :

I- The first chapter is devoted to a general literature review of different issues : we recall some
generalities (mechanical properties, microstructure, phase composition ...) about technical
ceramics and their application domains. Next, the different contact damage mechanisms in
case of brittle materials are recalled and their effects on the lifetime are highlighted. Finally,
the weaknesses of the existing approaches used to derive the stress-strain of hard brittle
materials are pointed up.

II- The second chapter of this manuscript shortly describes the numerical methods and expe-
rimental procedures considered in this work. The experimental side consists of focused ion
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General introduction

beam (FIB) sectioning technique in addition to transmission electron microscopy (TEM) ob-
servation of subsurface damage mechanisms. On the other hand, the numerical work deals
with the inverse identification to get true stress-strain curves from the instrumented inden-
tations tests. Once the plastic parameters obtained, these curves are used as input data to
simulate the evolution of the plastic zone under vertical loading and pure rolling load using
internally developed semi-analytical code.

III- The third chapter is about dense silicon nitride materials. The microstructure and mechani-
cal properties are first characterized and analysed. Inverse identification is performed with
MiC2M, an algorithm developed by Dr F. Richard from Franche-Comté University, will be
coupled with commercial Abaqus software to perform inverse identification. Then, the ef-
fect of grain sizes on the non-linear parameters is presented and discussed. Once uniaxial
0 — € relation obtained, the curves are used as input data in order to simulate the evolution
of the plastic zone under vertical and pure rolling loadings.

IV- The last chapter is dedicated to the specific case of silicon nitride materials presenting some
residual randomly distributed pores. This case is to simulate the event of an unexpected
porosity resulting from not optimized processing conditions. The microstructure and me-
chanical properties are introduced and discussed, then the surface and subsurface damage
phenomena are analysed. Finally, the effect of porosity content on the non-linear mechanical
parameters is discussed.

The manuscript ends with a summary of the main results obtained and an overview of some
possible perspectives.
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Chapter 1

State of the art

In this first chapter, we address a brief bibliographic review
regarding the various fields considered in this work. First, the main
mechanical properties and domains of application of the technical
ceramics are recalled. Then, conventional and non-conventional
processing techniques are introduced and compared to spark
plasma sintering considered to process our materials. Main
developments of silicon nitride is presented. The different surface
and subsurface contact damage mechanisms for dense and porous
silicon nitride under vertical loading are shortly recalled. Finally,
the principles of the inverse identification procedure are presented
and its application to the special case of brittle materials is

discussed.
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Advanced structural ceramics

1.1 Advanced structural ceramics

1.1.1 Generalities

Ceramics are inorganic and non-metallic materials. Their microstructure can be of crystalline
or amorphous nature (in the case of glass for example). Etymologically speaking, the origins of
appellation "ceramic" as we know it today is traced back to the Greek term keramos, meaning pot-
ter’s clay or pottery. Keramos in turn is related to an older Sanskrit root meaning to burn [ACerS,
2014]. This proves that our ancestors were immediately aware of the close relationship between the
processing of this class of materials and heating. Over the centuries, the history of humanity has
been intimately linked to development of ceramic based materials. Figure 1.1 shows the evolution
of ceramic manufacturing and discoveries according to the American Ceramic Society [ACerS,
2014]. The first ceramic objects made by mixing water, clay and other raw materials, were in the
form of simple small animal, human figurines and balls. They tells us and reveal religious beliefs,
cultural and other aspects of human life through the ages. For reference, the oldest ceramic pro-
duction is the Venus of Dolni Vestonice found in a palaeolithic site located in the south of Czech
Republic [Vandiver et al., 1989]. According to the archaeologists, this small figurine date back to
at least 25000 BC making ceramic firing one of the oldest and most widespread of human arts and
activities.

Year Development
24 000 B.C. Ceramic figurines used for ceremonial purposes
14,000 B.C. Firsttiles made in Mesopotamia and India

a000-10,000 Pottery making begins
B.C.

5000-8000 B.C. | Glazes discovered in Egypt

1500 B.C. Glass objects first made

1650 AD. Synthetic refractories (temperature resistant) for furnaces used to make steel, glass,
ceramics, cement

Mid 1800's Porcelain electrical insulation
Incandescent light bulb

1920's High-strength quartz-enriched porcelain far insulators
Alumina spark plugs
Glass windows for automobiles

1940's Capacitors and magnetic ferrites

1960's Alumina insulators for voltages over 220 kV
Application of carbides and nitrides

1970's Introduction of high-performance cellular ceramic substrates for catalytic converters and
particulate filters for diesel engines

1980's High temperature superconductors

FIGURE 1.1: Evolution of Ceramic and Glass Developments [ACerS, 2014]
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1. State of the art

Ceramic materials have been considered for a long time as traditional because of their domain
of applications and production ways. However, over the last decades of 20" century a generation
of technical ceramics also refereed to as engineering or advanced ceramics, has been developed.
The contributions in the development of this new class of ceramic based materials came in large
part from the research programs initiated in the United States, Europe and Japan. According
to the American of Testing and Materials (ASTM), technical ceramic is defined as a highly
engineered, high performance, predominantly non-metallic, inorganic ceramic material having
specific functional attributes.

There are various classification of ceramic materials which may depend on the application or
composition. The technical ceramics are organized around three main families : oxide, non-oxide
and composite materials. We will not go into detail regarding the characteristics of each family,
but just give some examples for illustration purpose :

1. Oxide ceramics : They are inorganic compounds of metallic (e.g., Al, Zr, Ti, Mg) or me-
talloid (Si) elements with oxygen. As example, one can mention aluminium oxide (Al,O3),
zirconium oxide (ZrO,) and aluminium titanate (Al,TiOs).

2. Non-oxide ceramics : they are based on carbon, nitrogen and silicon. This family includes
nitrides (Si3Ny for example) and carbides. This group of materials generally requires quite
high temperatures of sintering.

3. Composite ceramics : This family is rapidly developing and it is most often a combination
of two oxides or two non-oxide but also combinations between members of the two families.
Composite ceramics also include polymers and metals in particulate or matrix form. Cermets
composed of ceramic (cer) and metallic (met) materials are the leading elements of this
class. They are mainly produced by casting and powder metallurgy methods [Kaczmar et al.,
2000].

1.1.2 Mechanical properties

It is well established that the mechanical properties of materials is intimately related to nature
of basic constituents and their bonding at the atomic scale. In the case of ceramic materials, two
types of atomistic bonding are dominant : ionic and covalent. These strong bondings are what
make the specific features of this material class. In fact, technical ceramics exhibit a remarkable
combination of mechanical, electrical, thermal and biochemical properties. Some of them have
good wear, oxidation and corrosive resistance in addition to an excellent thermal shock resistance
[Riley, 2000, Hampshire, 2007]. Furthermore, ceramics are also lightweight when compared
to most metals, which is suitable to reduce the energy consumption and thus the cost in many
applications. In addition, ceramics are also characterized by high melting points, enabling them to
maintain interesting mechanical properties at high temperatures.

The Achilles’ heel of ceramic materials is their low tolerance to the presence of surface or
bulk flaws which can be produced during the processing of the specimens or parts. If a critical
flaw is found in the material volume solicited during loading, it generates stress concentration
high enough to cause cracking and then failure. Fracture occurs instantaneously after small range
of elastic deformation. However, the resistance to crack propagation may be significantly improved
by taking advantage of several possible toughening mechanisms : phase transformation in zirconia
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Advanced structural ceramics

for example [Heuer, 1987, De Aza et al., 2002], crack bridging and deflection [Steinbrech, 1992,
Hutchinson, 1989] for silicon nitride and others. Considerable efforts were made to control the
microstructure by the optimization of the processing conditions of already existed manufacturing
technique or with introducing new ones.

These improvements permitted for example to process ceramics with a high toughness up to
20 MPa m!/2 and elevated strength [Bouville et al., 2014]. As previously mentioned, it was also
found that ceramic materials can also be combined either as a matrix or reinforcements with other
materials to form composites [Christman et al., 1989]. The materials may then exhibit improved
mechanical and electrical properties thereby offering new perspectives [Kaczmar et al., 2000, Ya-
mamoto et al., 2008].

1.1.3 Application domains

As presented in the previous section, technical ceramics present an interesting wide range
of mechanical properties at room and high temperature. This makes possible the use of these
materials in numerous industrial domains. One can cite for example aeronautic and automotive
industry, electronics, medical technology and energy. In addition, the materials are expected to
operate in severe environment. We give thereafter a non-exhaustive list of examples of technical
ceramic products to highlight the importance of this material class. Zirconium oxide for example
finds several application in materials for crowns and bridges in the dental industry. Alumina-
zirconia composites are extensively used for hip joint replacements [Chevalier, 2006].

Silicon carbide (SiC) is another attractive ceramic materials. It is widely used in high
temperature pressure sensors [Wu et al., 2006], room temperature light-emitting diodes [Fuchs
et al., 2013], high microwaves devices [Willander et al., 2006], heat exchangers, fixed and moving
turbine components.

(a) Ceramic filters (b) Rolling elements

FIGURE 1.2: Some applications of technical ceramics

Silicon nitride based materials, which will be the subject of our study, have been widely used
in various industrial domains since 1950s. For example, Kristic [Krstic and Krstic, 2012] mentio-
ned applications in nuclear fusion reactors, construction of thermal conductors and gas turbines.
Hampshire [Hampshire, 2007] cited structural application at high temperatures in turbocharger
rotors while Bal and Rahaman [Bal and Rahaman, 2012] reported recent clinical use of silicon
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1. State of the art

nitride to promote bone fusion in spinal surgery and current developments as femoral heads for
hip joints. Today, rolling bearing manufacturing companies are increasingly turning to Si3N4 with
a growth of about 40% per year. High-pressure turbo-pumps on NASA space shuttles are a repre-
sentative example [Nasa, 2000]. In addition, porous silicon nitride is used for hot gas filtration to
reduce emission of corrosive and toxic particle [ Yang et al., 2003].

Finally, the composites based on ceramic materials are used to reduce the weight and thus fuel
consumption. As application, one can mention cylinder sleeves in engines, piston-recess walls,
brake discs and bearings [Ceramtec, 2015]. More particularly, cermets are used for cutting, drilling
tools and electrical components [Humenik and Parikh, 1956].

1.2 Processing techniques

Sintering is an irreversible thermodynamic process which is used to form different components
and parts of simple or complex geometry from the material starting raw powder. The technology
has its origins in the prehistoric age with the pottery firing. In the ideal case, it is possible to control
the grain sizes of microstructures by optimizing the experimental processing conditions (tempera-
ture and pressure). The size of particle is also of paramount importance on the final microstructure
grain size. It is accepted by scientific community that the driving force behind the sintering process
is the reduction of total free energy of the system A (Y A) [Kang, 2004] :

A(YA) = AYA +YAA (1.1)

Where v is the specific energy of powder particle and A the total area of the particles. Densifi-
cation and grain growth are the main phenomena behind the sintering as schematically presented
in F1G.1.3. It is clear that if a fine microstructure is needed, densification has be promoted over
grain growth. Sintering stops when A(YA) tends to zero.

AyA

Densification

‘ o Al ,;A}
ensification
Coarsening and coarsening

FIGURE 1.3: Mechanisms during sintering [Kang, 2004]

Two kinds of sintering may occur : solid state sintering and liquid phase sintering. This lat-
ter one occurs when more than one component is contained in the powder compacts (addition of
sintering additive for example) [Kang, 2004]. The sintering mechanisms are complex and include
several physical phenomena such as surface diffusion of atoms, vapour transport and grain boun-
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dary transport. These mechanisms and others are schematically represented in F1G.1.4 [Somiya,
2013].

Mechanisms

1. Surface diffusion o .

2. Lattice diffusion 2 Nen-densifying mechanisms 1, 2,
(from the surface) and 3 produce microstructural

3. Vapor transport 4 / change withoul eausing shrinkage

4. Grain boundary ditfusion o "

5. Lattice ditfusion (from ~ D g me 4.5 and 6
the grain boundary) 5\_/ remove material from the grain

6. Plastic flow /{ boundary region leading to shrinkage

(by dislocation maotion) 4

FIGURE 1.4: Mass transport mechanisms during sintering process [Kang, 2004]

1.2.1 Conventional sintering techniques

Over the last century, several techniques have been developed to process ceramic based ma-
terials from the starting powders. All the techniques final aim is to compact the material green
powder to partially or fully dense specimens and parts. It was also found that addition of small
amounts of sintering elements may lead to a higher density [Somiya, 2013]. We present below
three techniques widely used in the of research and industrial fields for the preparation of ceramic
materials.

1.2.1.1 Natural sintering

This technique, also referred to as pressureless sintering, emerged as the easiest approach. It
is widely used in the industry to process ceramic materials for economic considerations as the
component can be formed to near-net shape. Pressureless sintering, as its name suggests, doesn’t
require application of an external mechanical force and it is particularly appropriate for materials
difficult to be sintered. However, fully densification is not often obtained even with addition of
substantial amount of additives [Terwilliger and Lange, 1975] and high sintering temperatures, up
to 2100 °C [Chamberlain et al., 2006].

1.2.1.2 Hot pressing HP

The hot pressing is achieved by the simultaneous application of heat and unidirectional me-
chanical pressure, a schematic presentation of the system is presented in FIG.1.5a. Sintering is
conducted by positioning the material powder or mixture into a suitable die. Graphite dies are
usually used because of their excellent creep resistance at high temperature. An uniaxial pressure
is applied while the entire system is held at an elevated temperature. Hot Pressing is only suited to
relatively simple shapes, with the components usually requiring diamond grinding to achieve the
finished tolerances.
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FIGURE 1.5: HP and HIP systems

1.2.1.3 Hot isostatic pressing HIP

It has been reported that hot isostatic pressing technique can lead to fully dense specimens at
lowest temperature in the conventional technique family [Bowles and Witkin, 1979]. This tech-
nique is able to remove both micro and macro porosities. In contrast to the technique described
previously, here the pressure is uniformly applied (isostatic pressure) by an inert gas, see F1G.1.5b.
Argon (Ar) or nitrogen (N) are often used. The most attractive thing about isostatic pressing in the
fact that the powder is compacted with the same pressure in all directions, more homogeneous
microstructures are then obtained. The process is generally used in the production of billets of su-
peralloys, high-speed steels, titanium and ceramics. Finally, HIP can also performed after natural
sintering to enhance the densification without additional grain growth.

1.2.2 Non-conventional techniques : SPS
1.2.2.1 Description

The spark plasma sintering technique (SPS), also known by the acronym FAST (Field Acti-
vated Sintering Technique) belongs to what is referred to as Electric Current Activated Sintering
(ECAS) techniques [Belmonte et al., 2010]. The origins of ECAS go back to the beginning of the
20" century in the Unites States where the first system was patented by G. Taylor in 1933 [Taylor,
1933]. The objective was sintering of cemented carbide and the challenge was to obtain heating
rates as high as possible. A breakthrough in the development of this technique was made in the
early of 1960" in Japan by Inoue [Inoue, 1966] who patented the first SPS apparatus for appli-
cation on low melting point metals. The first commercial spark plasma machine was proposed
much later, in early 1990, by Sumitomo Heavy Industries Ltd. (Japan) after expiration of Inoue’s
patent [Suarez et al., 2013]. The technique offers many several advantages over the cited conven-
tional systems. Figure 1.6a is a schematic representation of the SPS system. The starting powder
mixtures are first enclosed in graphite die with appropriate geometry between two hard punches.
The assembly is then placed inside the machine vacuum chamber. A water circuit serves to cool
the whole system, additional cooling can be performed by introducing a gas. The measurement of
the temperature is performed using thermocouples or optical pyrometers which position (axial or
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radial) depend on the system manufacturer.

It is demonstrated that the SPS technique has the capability to compact the ceramic powders in
a drastically shorter time and at temperatures lower by 200 to 500 °C than the other processing
techniques. In fact, complete sintering may take place in few minutes in contrast with conventional
techniques requiring several hours. These advantages result from the simultaneous application of
a pulsed (on-off) low voltage direct current of a few thousand amperes on the die and a uniaxial
mechanical pressure on the upper and lower punches during the sintering process. Depending
on the system and powder properties, heating rates as high as 1000 °/min can be obtained. The
high current generates highly localized Joule heating at the contact between the powder particles,
see FIG.1.6b. In addition, it is often proposed that pulsed direct current leads to surface clea-
ning and activation of powders which in turn enhance the densification [Belmonte et al., 2010].
Thermal and electrical field evolutions during sintering were simulated based on finite element
models[Vanmeensel et al., 2005, Tiwari et al., 2009, Mondalek et al., 2011]. Depending of the die
and powder electrical properties, different current paths were obtained. During sintering, heating
lead to the evaporation and melting of particle surface and necks are then formed. The applied
pressure takes advantage of this mechanism and permits to rapidly suppress the pores and achieve
full densification with limited grain growth in polycrystalline materials. Therefore, materials with
nano-sized microstructure can be obtained. The short processing time also limits the degradation
of the original characteristics of the compacts. Finally, SPS do not require pre-compaction for the
green powders.

ELECTRIC PARNICLE

Pressure

_ - #————— Graphite punch

1 3

DC Pulse current|
generator

| o— = Graphite die

L lpressure

(a) Schematic representation of an SPS (b) Current path during sintering
system

FIGURE 1.6: SPS system and current path through material powder particles [Suarez et al., 2013]

The number of peer review publications related to material processing using SPS technique
is found to be higher than 500 in 2011 with more than 5000 citations [Suarez et al., 2013]. This
provides evidence of the prominent position of this technique in the material processing field. Ho-
wever, despite this achievement spark plasma sintering technique present several weak points. The
first one concern the mechanisms behind the densification which are still under investigation. In
fact, regardless of the numerous investigations and initial speculations, plasma generation was not
experimentally demonstrated yet at least in ceramics [Hulbert et al., 2008]. It is argued that the vol-
tage concentration is not high enough to create sparks. Secondly, because the most applications of
this technique are dedicated to material development in the research field, several adjustments are
necessary to adapt SPS systems to the industrial applications where more reproducible, sustained
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FIGURE 1.7: Production of multiple parts using SPS [Guillon et al., 2014]

production and near shape processing are necessary. This impediment is currently gradually being
overcome and innovative designs for continuous production by parallel, serial or parallel-serial
alignments were presented as shown for illustration in F1G.1.7.

1.2.2.2 Related materials

Good knowledge of the flash sintering technique by the scientific community and its flexible
power supply make possible processing of wide range of conductive or not conductive materials
from the starting powders. The researchers quickly realized that the system set up is versatile,
various adjustments giving rise to large number of patents were proposed. Example of symmetric
configuration of heating elements (a), asymmetric location of the graphite die (b) and asymmetric
graphite die are shown in F1G.1.8 [Guillon et al., 2014].

(a) (b)

FIGURE 1.8: Different configuration of the SPS system

There is a long list of materials obtained by standard or optimized spark plasma sintering sys-
tems. One cite for example transparent ceramic obtained from high purity powders an appropriate
sintering conditions. In fact, The technique made it possible to limit grain growth [Bonnefont et al.,
2012], see F1G.1.9a Functionally graded or layered material structures (FGM) are innovative ma-
terials with gradual change in the phase composition, grain size or porosity as shown in FI1G.1.9b.
This therefore generates mechanical properties gradients over the volume of the specimen. Ap-
plication of FGM in various fields : cutting tools and machine parts. Composite materials with
ceramic or polymer materials as matrix and carbon nanotube as reinforcements were also suc-
cessfully sintered [Hu et al., 2008, Wang et al., 2015]. The technique was also successfully used
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Hertzian contact damage

to sinter non-equilibrium materials, nanostructured materials in addition to ultra-high temperature
ceramics (UHTC).

(a) Transparent ceramics (b) Functionally graded ma-
[Bonnefont et al., 2012] terials [Watari et al., 2004]

FIGURE 1.9: Materials related to SPS technique

1.3 Hertzian contact damage

1.3.1 Stress field

It is obvious that the material response under Hertzian contact is related to the associated
applied load and thus to the resulting stress field. Let’s consider the fundamental problem of a
contact of spherical indenter of radius R which mechanical behaviour is described by its elastic
modulus E; and Poisson’s ratio v; on a elastic isotropic flat half space characterized by an elastic
modulus E; and Poisson’s ratio vy, see F1G.1.10a. Thereafter, the indices i and s will refer to
the indenter and specimen, respectively. The objective here is to recall only the essential relations
obtained by Hertz [Hertz, 1881]. For more details about the derivation of the equations represented
thereafter, the reader is kindly asked to refer to [Johnson, 1987].

Hertz established in 1886 that the contact region is circular with a radius a given by :

3PR. 13
=[== 1.2
a=13g" (12)
Where P is applied normal load and E, the reduced elastic modulus defined as follows :
1-vZ 1-v?
E. = L) iyl 1.3
=l (1.3)

In contact mechanics, the pressure is one of most important parameter of the problem. This pa-
rameter allows to define equivalent loadings when the other geometrical parameters are different.
The resulting pressure is of a parabolic profile (FIG.1.10b) and may be calculated as a function of
the radial distance from the axis of contact r , the radius a and Py

ENAYIES VRTINS
Prerez[1 (a) ] ifr<a (1.4)
0 ifr>a

Where Py, is the maximum value of the pressure at the center of contact zone (z=0, r =0),
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(a) Hertzian contact of a sphere on a flat specimen (b) Hertzian surface pressure profile

FIGURE 1.10: Schematic representation of a flat surface - sphere contact (a) and resulting pressure
distribution (b)

One must be aware that the equations introduced before are effective only under some restric-
tive hypothesis regarding principally the mechanical behaviour of the two solid in contact, i.e a
< R. In fact, the theory is only valid in the elastic domain which is often the case for the brittle
materials of this study. The second hypothesis concerns the size of the contact area which must
remain small when compared to size of the two bodies in contact. Finally, no friction is taken into
account in the derivation of the theory.

Concerning the stress field, the radial component is compressive at the subsurface level and
tensile on the surface of the specimen (z =0, r > 0) :

_ “N\2
Oy = 2 TCClZ( ) (16)

The maximum of G,, is then reached at the circumference of the contact zone, (r = a). The
value is given by :

1-2v, P
max __ s - 1.7
" 2 ma? (-7
For v, = 0.3 which is a typical value engineering ceramics, 6" ~ 0.2 P / Ta’
On the other hand, the shear stress field is defined as follows :
T= 1 |61 —03 | (1.8)
= 2 1 3 .
The maximum of the shear stress is calculated as follows,
P
Tn = 0.47— (1.9
Ta

This value is reached at subsurface location equal to one half the contact radius, z =~ 0.5 a. An
illustration example of tensile and radial stress contours is given in F1G.1.11.
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(a) Shear stress field (GPa) (b) Tension stress field (GPa)

FIGURE 1.11: Elastic stress contours from Tungsten sphere of radius 1.98 mm under peak load P
=3000 N [Lawn et al., 1994]

1.3.2 Case study : Silicon nitride

The history of silicon nitrides goes back to second half of the 19" century. The ceramic was

first developed by Deville and Wohler in 1859 but remained merely a chemical curiosity for de-
cades. The starting powder may be obtained by means of nitridation of silicon, chemical vapour
deposition and carbon thermal reduction of silica [Hampshire, 2009]. Starting from the second
half of the 20" century, SizNy attracted broad interest. Several ambitious projects have emerged
particularly in the United States in order to use this ceramic in commercial applications [Riley,
2000].
Silicon nitride is chemically Si3Ny, it is available in two main types : reaction bonded and sintered.
Both types are non-oxide ceramic which exist in two major crystalline modifications : «-SizN4 and
[3-Si3Ny (a third phase, cubic Si3N4 was synthesised under high conditions of temperature and
pressure [Zerr et al., 1999]). The most common phases are a trigonal & metastable form at low
temperatures and hexagonal thermodynamically more stable (3 form, see F1G.1.12. Idealised o
and {3 forms have unit cells consisting of Sij2Nj¢ and S¢Ng, respectively. «-SizNy is assigned to
space group P31c and 3-Si3Ny to space group P63 /m [Riley, 2000]. The lattice parameters and in-
trinsic mechanical properties of the «-SizNy4 and 3-Si3Ny are reported in TAB.1.1. The two phases
exhibit a marked difference in cristallography and thus dissimilar mechanical properties. In fact,
it was experimentally demonstrated that the phase {3 itself is highly anisotropic. Different elastic
modulus and yield stress were reported for the basal and prismatic orientations [Csanddi et al.,
2015]. In light of these values, it can be argued that the phase composition, ratio o/ 3 is generally
used, will be a critical parameter on the mechanical properties of the final product. At temperature
higher than 1880 °C, silicon nitride does not melt but dissociate into silicon and nitrogen [Riley,
2000]

SizNy :3Si(g,l)+2N2(g) (1.10)

Because of its high boundary energy and low diffusivity coefficient, sintering of fully dense
SizN4 by means of conventional or unconventional techniques requires addition of small amounts
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(a) o-SigMg

FIGURE 1.12: Structure of « and {3 silicon nitride phases

of various additives (MgO, Al,03,Yb,03, Lay0s3...) [Wang et al., 2014, Goto and Thomas, 1995,
Hirosaki et al., 1988]. During the sintering process, the additives react with the silicon nitride
and the silica present at surface of each single powder to form an intergranular glassy film. This
phase is few nanometres thick, it enhances precipitation and rearrangement mechanisms needed
to achieve full densification but strongly impacts the mechanical and thermal behaviour of silicon
nitride materials at room and elevated temperatures [Tsuge et al., 1975, Kitayama et al., 2001, Satet
and Hoffmann, 2005]. One can here make an important addition about the input from using spark
plasma sintering technique. Indded, by sintering at lower temperatures, the intrinsic characteristics
of silicon nitride are minimally deteriorated.

1.3.3 Damage in dense SizN,4 ceramics

As mentioned previously, because of its high hardness and wear resistance, one of the major
application of silicon nitride is rolling element bearings. They have four components : an inner
race, an outer race, rolling elements and a cage to support and guide them. The various compo-
nents such as rolling balls and raceways are subjected to high contact pressures in normal operating

TABLE 1.1: Properties of silicon nitride polycrystalline phases [Riedel and Chen, 2011]

property a-SizNg  3-SizNy
Lattice parameter a[nm] 0.7748 0.7608
Lattice parameter c[nm] 0.5617 0.2911

Density [g.cm ™3] 3.184 3.187
Elastic modulus E [GPa] 340 310
Poisson’s ratio v 0.3 0.27
Hardness Hv [GPa] 21 16
Toughness K. [MPa m'/2) 2-3 6.8
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conditions. Under some circumstances, higher pressures can result from the presence of inclusions
or impurities issued from lubricant pollution for example. For these reasons, the damage in dense
silicon nitride under contact conditions has been the subject of numerous studies over the last
two decades. One can mention the work of Lee er al.[Lee et al., 1997] who processed materials
with different grain sizes using hot pressing technique. By optimizing the applied temperature,
fine, medium and coarse microstructures were obtained. The specimens were then indented using
large tungsten spherical balls. The resulting surface and subsurface damage in the three mate-
rials is shown in F1G.1.13a. The fracture mode was observed under optical microscopy after gold
coating. This mode is controlled by tensile part of the stress field and surface flaws which act as
stress concentrators. The second mode was considered by means of bounded interface sectioning
technique, we will detail this technique in the next chapter. The results for fine SizNy, classical
cone cracks were observed (F1G.1.13a). Several analytical attempts and finite element models have
been proposed to simulate the downward propagation of such cracks and the influence of material
parameters [Lawn, 1998].

With increasing the microstructure coarseness through the sequence fine — medium — co-
arse, surface cone cracks were gradually suppressed. In parallel, subsurface damage accumulation
was clearly noticed. Indeed, it is well-known that large grains enhance the brittle materials resis-
tance to long crack propagation because of several toughening mechanisms such as crack bridging
and grain pull-outs [Hutchinson, 1989]. However, the resistance to short cracks significantly di-
minished. The second mode is controlled by the deviatoric shear component of the stress field
hence the shape of the damaged area. Optical and scanning electron microscopy observation of
the damaged area revealed the source of shear faults. They mainly consist of the weak points in
the microstructure : grain twining and interphase boundary. Other studies have demonstrated the
effect of the sintering aid used to process the material on the contact resistance of silicon nitride
materials. In fact, it is experimentally observed that the damage accumulation strongly depend on
the processing ways and boundary grain chemistry [Lee et al., 2005].

Based on semi-empirical calculation, Rhee et al.[Rhee et al., 2001] measured the critical loads
for surface crack and subsurface damage initiation for a large set of brittle materials using tungsten
indenters of different radii. The authors introduced the concept of transition radius r*. As mentio-
ned in their paper, the authors made strong assumption in their approach to derive the required
relations which led to the overestimation of the r* value especially in case of silicon nitride as it
will be discussed in chapter 3.

Several models to account for strength degradation in silicon nitride because of contact da-
mage were also proposed [Lawn et al., 1998]. It was demonstrated that in case of specimen with
fine microstructure, the failure occurs from the surface ring cracks. However, in case of coarse mi-
crostructure the fracture had as origin the residual surface indent. Therefore, the bending strength
is related to the subsurface damage because of microcracks coalescence, see F1G.1.13b. The da-
mage modes were also investigated on silicon nitride when subjected to cyclic loading as shown
in F1G.1.14. It is found that brittle modes (cracks) occurred for low number of cycles while quasi-
plastic mode dominated for large number of cycle. This later mode led to initiation of radial cracks
[Kim et al., 1999]. The authors also reported a significant influence of the number of cycles on
the material strength. A model was also proposed afterwards to characterise the evolution of this
property in brittle materials [Lee and Lawn, 1999].
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(a) Optical micrographs showing surface (b) Effect of contact damage on SizNy strength. Boxes
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FIGURE 1.13: Contact damage (a) and strength degradation in silicon nitride with different grain
sizes (b) [Lawn, 1998]

(a) single loading test (b) high number of loading tests

FIGURE 1.14: Contact damage in silicon nitride vertical loading (a) under cyclic loading under
peak load P = 2200 N on WC sphere of 1.98 mm radius (b) [Lee and Lawn, 1999]
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1.3.4 Damage in porous SizN4 ceramics

The porosity is an integral part of ceramic components. In fact, most of the brittle materials
including silicon nitride may contain two kinds of pores : (i) well—controlled and voluntarily in-
troduced into the specimens by addition of a pore—forming agent to the starting powder or by
decreasing the amount of sintering aid for applications such as catalyst supports, gas filters, ther-
mal barrier coatings and biomaterials [Diaz and Hampshire, 2004, Yang et al., 2003], or (ii) un-
controlled and undesirable with random size distribution and morphology as shown in FIG.1.15a
for commercial specimen and in FIG.1.15b for laboratory made one. The second type of porosity
is mainly due to the materials processing conditions and can considerably impact the mechani-
cal properties of the components [Rice, 1998], which in turns significantly reduces their lifetime
[Hadfield, 1998].

(a) Commercial silicon nitride (b) Processed silicon nitride

FIGURE 1.15: Subsurface porosities in commercial (a) and lab-scale silicon nitride observed on
cross-sections performed by Focused Ion Beam (b)

Most of previous studies were interested only on the prediction of the porosity effect on the
mechanical properties and specifically the Young’s modulus and hardness. Several fitting models
were proposed to take into account the porosity volume content in prediction of ceramic properties
[Rice, 1998]. Nevertheless, contrary to alumina [Latella et al., 1997] and zirconia [Chintapalli
et al., 2012] ceramics for example, it is surprising to find that only few works investigated the
damage in porous silicon nitride. We can report here the work of She et al.[She et al., 2003] on
highly porous silicon nitride, i.e. porosity volume content up to 37%. Using bounded interface
sectioning technique, the authors observed the damage resulting from a dry contact of Tungsten
ball of radius 1.67 mm over flat polished SizN4 specimen, the results are shown in F1G.1.16. It was
found that the porosity has a significant effect on the material response. Indeed, the surface cracks
were suppressed and well defined half hemispherical damaged zone was noticed. This later mode is
mainly due to pore collapse and grain microfracture under high compressive and shear stress fields.
The damage intensified with increasing the applied load but still no evident crack was observed
at the surface. The observations confirmed a transition from brittle to quasi-plastic behaviour of
the porous specimens. This transition was evident on the indentation stress-strain curve that we
will discuss in detail in Chapter 4. In addition, the authors performed 3-point bending tests on
pre-indented specimens and found that the damage accumulation gradually decreases the fracture
strength of SizNy, see F1G.1.17.
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FIGURE 1.16: Surface damage (top) and subsurface damage (bottom) in highly porous silicon
nitride (a) P =250 N and (b) P = 500 N [She et al., 2003]

FIGURE 1.17: Fracture from residual surface impressions in highly porous silicon nitride under
bending testing [She et al., 2003]

Figure 1.15a shows example of residual pores and cluster of pores in commercial rolling bea-
rings while F1G.1.15b reveals pores in laboratory processed specimen. It should be noted that
these porosities were observed at the subsurface level. In fact, it is interesting to highlight that
no porosity was evident on the surface and a cross section had to be made. The industrial manu-
facturers rely on the surface observation before the validation of a component based on silicon
nitride, therefore the initial microscopic damage can be missed. This damage may develop under
high loading rate leading to premature catastrophic failure and then increasing the maintenance
costs. To the best of the author’s knowledge, contact damage mechanisms in silicon nitride with
low porosity (< 20 %) was not investigated in the literature, it is therefore necessary to devote a
part of our work to this porosity range.

1.4 Inverse identification methods

1.4.1 Introduction

The fragile nature of ceramic materials characterized by a low tolerance to surface or bulk
flaws acts as a hindrance to tensile-testing. We have mentioned that specimens with coarse mi-
crostructure are likely to exhibit quasi-ductile behaviour. Therefore, in case of brittle materials
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alternative testing methods have to be used to model this mechanical behaviour. In other words,
true stress-strain curves have to be determined. The first alternative consists of reducing the size
of the requested volume, so the probability to meet a critical flaw which can cause an early failure
is drastically decreased. In this sense, in-situ compression of pillars machined by ion beam was
recently considered. In this technique, the specimens are of cylindrical shape 2-3 pm in diameter
and 4-6 um hight, F1G.1.18. These tests provide interesting insights regarding the local behaviour
of the materials. However, as the sample size is still very small compared to the size of the grains,
a representative elementary volume is not obtained. Thus, the values obtained are not representa-
tive of the macroscopic mechanical behaviour of the ceramic matyerial as shown for example in
TAB.1.2 in case of silicon nitride. In addition, most of the machined the pillars inside the grains
neglecting any effect from the boundary phase. Thus, the derivation of the mechanical behaviour
at larger scale, imperative to predict the mechanical response of macroscopic products is not fully
addressed yet.

FIGURE 1.18: Micropillar compression in (3-Si3N4 grains [Csanadi et al., 2015]

TABLE 1.2: Elastic modulus and yield stress of 3 SizNy grains [Csanadi et al., 2015]

Orientation  Elastic modulus (GPa) Yield stress (GPa)
Prismatic 424 +38 11.2 +0.1
Basal 664 + 57 2.0+0.2

The second possibility consists of taking advantage of a particular stress distribution that al-
lows to test this class of materials without causing a premature rupture of the specimens. It turns
out that a contact loading perfectly meets this condition. As previously reported, the stress is
compressive under the contact site thereby allowing to observe different damage phenomena. In
addition, except the specific case of so called "mystical materials", i.e. materials with different
stress-strain curves but showing same indentation curve for different sharp indenters [Chen et al.,
2007], two different materials have clearly distinct indentation curves. The approach requires to
consider the problem in a inverse manner : from the effects one has to identify the causes, see
F1G.1.19.

Indeed, the procedure requires to know well the geometrical aspects of the problem, to set the
boundary conditions, apply the experimental loading path to the numerical model in order to be as
close as possible to the experimental conditions. Most importantly, one must select a mechanical
law that can best describe the response of materials to take into account the maximum of pheno-
mena, while having the minimum of unknown parameters. Indeed, as the procedure requires finite
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element calculations or iterative computations, it is better to minimize the number of searched
coefficients.

Inverse problem

Forward problem
FIGURE 1.19: Forward problem and inverse problem [Buljak and Maier, 2011]

The described approach has been applied to a wide range of materials. One can mention here
the work of Gu et al.for elastic-plastic graded materials [Gu et al., 2003], Constantinescu and
Tardieu for viscoplastic [Constantinescu and Tardieu, 2001] materials. The human skin was also
successfully characterised by Delalleau et al.[Delalleau et al., 2006, Delalleau et al., 2008].

1.4.2 Dimensional analysis

Dimensional analysis is based on the concept of representative strain, also called characte-
ristic strain, introduced in early work for metals by Atkins and Tabor [Atkins and Tabor, 1965].
Because the strain field around a contact between an indenter and the surface is heteregenous, the
cited authors introduced €,. In the general case, the value of the representative strain depends the
tip geometry and loading conditions. In case of Vickers indenter, Tabor proposed a value of €,
= 8% . This value is independent of the applied load because of the geometrical self-similarity
characterizing sharp indenters.

The concept of representative strain was later extended by Dao et al.[Dao et al., 2001] who
proposed a universal value of €, = 3.3%. The concept of representative strain makes independent
the indentation loading curvature, the reduced modulus on the strain hardening in the power law
model. In fact, this description of the material plastic behaviour reduces the number of unknown
parameter to two : the plastic yield stress o, and strain hardening n.

o = Eg, ifo <o,
(1.11)

n

E .
Gzcy(H—G—SP) ifo > o,

Y

For an elasotplastic material, the loading can be given as a function of the indenter elastic
modulus E; and Poisson’s ratio v; of the indenter in addition the specimen elastic (E;, v,) and
plastic parameters (oy, n) :

P =P(h,Es,Vs,E;,Vi,G,,n) (1.12)

Which can be rewritten in equivalent form using the reduced modulus E* and representative
stress O :
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By

F(Load)

h (Depth) E m

FIGURE 1.20: Typical load versus displacement curve for an elastoplastic material [Dao et al.,
2001]

P = P(h,E*,6.,n) (1.13)

The objective is to derive the unknown parameters from the load versus displacement curve
(F1G.1.20) obtained using instrumented indentation technique. The loading part of the curve is
described using a power law with C the curvature coefficient. :

P=CH (1.14)

All needed elements were introduced, the necessary mathematical tool is the I1-theorem which
is based on the work of the French mathematician A. Vaschy and English physicist E. Buckingham
[Buckingham, 1914]. Dimensionless variables are then introduced to reduce the number of unk-
nown parameters.

Applying successively the I1-theorem allows finally to derive the following equations :

P E*
C= =0l <Gn> (1.15)
dp E*
— = E*h, L | =, 1.16
dh |, ? <0r n> (110
h G,
=T (3=m) (1.17)

The values on the left-hand side of the equals sign in Eq.1.15, Eq.1.16 and Eq.1.17 can be
experimentally measured. However for more precision, Dao and co-workers [Dao et al., 2001]
performed finite element calculations for a large set of the elastic modulus E*, yield o, and harde-
ning parameter 7, data fitting was then performed and formula for I1;, I, and I3 obtained.

This set of presented dimensional functions was afterwards extended by Chollacoop et
al.[Chollacoop et al., 2003] to other indenter tip geometries (50°, 60°, 80° cones) and Bucaille
et al.[Bucaille et al., 2003] to take into account the friction coefficient in the determination of the
material parameters.
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1.4.3 Uniqueness of the solution

We have seen that mechanically speaking, the set of unknown parameters is unique once the
study material selected. Even in the case of reported mystical materials, identification procedure
combined with measurement of the residual imprint allows to remove the doubt regarding the
material considered. From a mathematical point of view, things are more complicated than they
appear. Figure 1.21a shows the result of identification procedure from single conical indenter
(fixed apex angle 0) using Eq.1.11 for highly elastic and highly plastic materials [Cheng and
Cheng, 2004]. With fixed Young’s modulus E and Poisson’s ratio v, one can observe that different
sets of material parameters, the yield stress here Y and hardening coefficient n, lead to exactly the
same load versus displacement curve.

Different approaches have been proposed to overcome this problem : combining inverse ana-
lysis on indentation curves with residual indent profile measurements [Tunvisut et al., 2002], or
Vickers hardness and the amount of pile-up and sinking-in around sharp indenters [Mata and Al-
cala, 2003] and finally use of dual sharp indenters [Chollacoop et al., 2003].

According to Cheng and Cheng [Cheng and Cheng, 2004], the problem of uniqueness of the
solution is not an issue in the specific case of spherical indenters. This advantage over the other
indenters is due to the fact that the representative strain €, characterizing the indenter geometry
and introduced in the previous section, is not of constant value. In fact, it depends on the indent
and indenter diameter d and D, respectively :

d
F=02— 1.18
€ D (1.18)

This dependence makes application of dimensional analysis to the spherical geometry very
delicate. To work around this problem alternative approaches have been proposed. Some of them
extended the earlier definition of the representative strain [Cao and Lu, 2004] while other ap-
proaches used neural networks [Huber and Tsakmakis, 1999, Tyulyukovskiy and Huber, 2006].

The authors mentioned that the major difficulty with the tip spherical is to obtain experimental
proper results with minimal noise. This problem should be partially resolved thanks to the im-

Hd 40
-~ FE=200, Y=19, n=0.0 S r_a

80 H o E=200. Y=18, n=0.1 ) = E=200), Y=2.36, n=0.0
f— | * E=200, Y=15, n=0.3 e 30 e E=200, Y=2.00, n=0.1 |
ZE 60 1 o E=200, =12, n=0 Z o | Lo B0 Y120 003 ?
M 40 | =

-
20 o L
0 0 |
{a) h (pm) [ h (pum)
(a) Highly elastic material (b) Highely plastic material

FIGURE 1.21: Identification procedure for highly elastic material using a conical indenter [Cheng
and Cheng, 2004]

26

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0075/these.pdf
© [N. Azeggagh], [2015], INSA de Lyon, tous droits réservés
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provements in nanoindentation instruments. In fact, the thermal drift is automatically corrected
and the vibrations of the machine are made minimal. The only remaining problem is then the
preparation of the samples.

1.4.4 Application to brittle materials

Regarding brittle hard materials, a different approach is generally considered to characterize
the non—linear behaviour : a spherical indenter with a radius, R, mounted on a standard tensile
machine is pressed on the polished surface of the specimen. Afterwards, the contact radius of the
permanent indent, a, is measured under optical or Nomarski microscopy after gold coating. The
indentation stress or mean pressure, po, is defined as the maximum applied load, P, divided by
the contact area after complete unloading, i.e. po = P/ T a2, and the indentation strain, a/R, as the
contact radius a divided by the sphere radius R. In the elastic domain, pg is proportional to a/R
[Johnson, 1987].

Using a set of indenters with various radius, a scatter-plot is obtained as shown in F1G.1.22a
for silicon nitride with fine, medium and coarse microstructures. Because of the deviation from
linearity, po(a/R) relations were successfully used to derive the nonlinear mechanical behaviour of
the brittle materials, see F1G.1.22b. In fact, Fischer Cripps and Lawn [Fischer-Cripps and Lawn,
1996] analysed the stress field in tough ceramics and proposed simple relations based on finite
element calculations to determine the work hardening coefficient A (this coefficient ranges between
0 and 1 : O for perfect plasticity without hardening and 1 for pure elasticity).

o = E¢, ifo<Y
. (1.19)
c=Y+MEe—-Y) ifc>Y

In this equation, the yield stress Y corresponding to the first plastic flow is experimentally de-
termined. Indeed, by combining the critical shear stress criterion and Hertzian theory, it is possible
to correlate the yield stress Y with the mean pressure of subsurface damage initiation. From the
micromechanics point of view, it is found that the yield stress Y is related to the intrinsic shear
stress of the different materials while A is determined by the damage intensity NI> where N is the
density and / the size of the faults [Lawn, 1998].

However, for hard materials such as silicon nitride, the deviation from linearity in the inden-
tation stress—strain curve is overestimated because of the flattening of the indenting spheres [Lee
et al., 1997]. In fact, it is found that the yield stress and hardening coefficient of Tungsten carbide
(WC) indenters are below the identified values of tested specimens. The deviation is accentuated
because of the flattening of the indenters. In addition, the described technique requires optical
measurements of the remaining contact radius and subsurface damage observation increasing the
uncertainty of parameter values.

The indentation and inverse analysis were recently considered to characterise gypsum based
materials with different porosity volume contents. The authors succeed to obtain Drucker-Prager
constitutive model parameters based on spherical indentation and numerical simulations [Clément
etal., 2013]. In case of dense ceramics, an approach was recently proposed by Luo et al. [Luo et al.,
2014] to calculate the true o — € curve of Si;N,O—Si3N4 composites based on nanoindentation
tests using a Berkovich rounded tip and finite element calculations. However, because of the size
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FIGURE 1.22: Indentation and true stress-strain curves for fine (F), medium (M) and coarse (C)
silicon nitride [Lee et al., 1997]

of the indenter considered by the authors, Rp,,+ ~ 500 nm, only ultra-fine-grained microstructures
were tested and characterized.

1.5 Conclusions

In this chapter, we have presented without going into details some general aspects related to
technical ceramics, their remarkable mechanical properties and listed some industrial application
domains. We have focused on silicon nitride based materials as illustrating example. We discussed
the damage in fully dense SizNy4 with different grain sizes and with high porosity volume content.
A transition from brittle to quasi-plastic damage mode was experimentally demonstrated with
increasing the microstructure coarseness. We presented the principle of inverse analysis to derive
the material parameters from the load versus displacement curves. The problem of uniqueness of
the solution using sharp indenters was also highlighted.

In light of this background, there is possibility to go further on the understanding of damage
mechanisms in case of silicon nitride. This includes dense materials with different grain size and
specimens containing a few percent of porosity volume content (< 20 %). To the best of our
knowledge, application of this inverse technique to silicon nitride has not been addressed yet,
despite the fact it is conceivable to use the reverse analysis to obtain the material parameter of
Si3Ny. Studying the effect of porosity on the mechanical resistance of brittle materials to contact
damage seems interesting.
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Chapter 2

Materials and techniques

This second chapter is devoted to the presentation of the
experimental procedure and numerical methods utilized in this
work. It is divided into four sections : (i) the experimental
conditions to process the materials of this study, their
microstructural and mechanical characterization ; (ii) the
investigation of the contact damage at the macroscopic and
mesoscopic scale using diamond spheres with different radii ;

(iii) the preparation of thin foils from the damaged area beneath the
indents by Focused lon Beam milling (FIB) and observation by
Transmission Electron Microscopy (TEM); (iv) the instrumented
indentation testing technique and experimental-numerical coupling
to derive the yield stress o, and hardening coefficient K for the
sintered materials.
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Materials

2.1 Materials

2.1.1 Processing conditions

Commercially available high purity nanosized silicon nitride powder (SN-ESP, UBE Indus-
tries, Japan) with high o/f3 ratio (> 95 %) was selected as starting material in this study. Powders
with high «-phase content are known to lead to materials with better mechanical properties thanks
to the 3 elongated grains resulting from the « to 3 phase transformation at high temperatures
during sintering [Park et al., 1997]. The physical properties and composition of SN-ESP powder
are summarized in TAB.2.1. In order to study the effect of an oxide additive additions on the grain
sizes and mechanical behaviour, various amounts of yttrium oxide (Y203 : 99.99 % high purity,
Wako Pure Chemical Industries, Japan) ranging from 1% to 5 % were added to the starting silicon
nitride powder. This permits to easily control the microstructure of the materials, as it will be dis-
cussed in chapter 3 and 4. The batches were ball mixed as slurry in ethanol with alumina balls as
media and finally dried in an electric oven at 80 °C.

TABLE 2.1: Physical properties of starting silicon nitride SN-ESP powder

Grade SN-ESP SSA (BET) 6-8 m2/g density(g cm ) 3.19
Purity 0<2.0% C <0.2 %, C1 < 100ppm
CI < 100ppm Fe <100ppm,Al, Ca < 50ppm
. phase o-phase crystal > 95% |

Consolidation of the mixtures was carried out using SPS apparatus (SPS-1050, SPS Syntex,
Inc., Japan) under vacuum conditions. In order to investigate the effect of the spark plasma pro-
cessing conditions on the Si3Ns mechanical behaviour, batches containing 1 and 5% of Y;03
were sintered at different final sintering temperatures Ty : 1600, 1650, 1700 and 1700°C. During
the processing , the heating rates were as follows : 120°C/min from room temperature to 600°C,
100°C/min from 600°C to 1600°C, then 20°C/min from 1600°C to the suitable temperature T.
A typical example of sintering cycle until 1700 °C is presented in F1G.2.1. All the processing
conditions considered in this work are summarized in TAB.2.2.

Finally, to investigate the effect of the porosity content on the microstructure, mechanical
properties and contact damage, the maximum applied pressure during the sintering process was
also decreased from 40 MPa to 20 then to 10 MPa for a selected set of batches (A, B and C,
respectively). Note that in addition to pressure, the amount of yttrium oxide was decreased to 1%
for specimen C in order to increase further the porosity volume fraction.

2.1.2 Microstructural characterization

The bulk densities p of the sintered disks were measured using Archimedes method with dis-
tilled water as the immersion medium according to ASTM-C20 standard [ASTM, 1981]. The
relative density reported is the experimental density p divided by the theoretical one p;p.. A rough
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FIGURE 2.1: Sintering temperature cycle

approximation of p,, is calculated using the mixture law from the theoretical densities of the star-
ting «—SizNy (3.19 g cm3) and Y,0; (4.47 g cm™3) powders. This is due to the fact that no
change in the phase composition was taken into account during the calculation of p;;,.. However,
because both silicon nitride phases have very similar bulk densities, the induced error remained
acceptable.

Five measurements were performed for each material to calculate the average value and the
standard deviation.

The top surfaces of the prepared samples were polished on progressively finer SiC disks then fi-

TABLE 2.2: List of the sintered materials and corresponding processing conditions

Material Yttria,wt % Temperature (°C) Time (min) Pressure (MPa) ‘

Y1T1600 1 1600 15 40
Y1T1650 1 1650 15 40
YIT1700 1 1700 15 40
Y2T1700 2 1700 15 40
Y3T1700 3 1700 15 40
Y4T1700 4 1700 15 40
Y5T1700 (A) 5 1700 15 40
Y5T1650 5 1650 15 40
B 5 1700 15 20

C 1 1700 15 10
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nal polishing performed using diamond pastes (3 pm, 1 pum and 1/4 um). Final roughness of about
0.1 pm was evaluated using scratch tests under low applied normal loads on Agilent nanoindenta-
tion apparatus. After polishing, chemical attacks were conducted using sodium hydroxide solution
(NaOH) at 500°C (FM27, Yamato Scientific Co, Japan) to highlight the grain structures. Etching
time was optimised for each considered material. After etching, the samples were carbon coated
to avoid charge-up during image acquisition. The materials were then observed under scanning
electron microscopy (SEM 7500F, JEOL, Japan). Additional electron backscattering diffraction
observations (EBSD, TSL, USA and SEM 8503F, JEOL, Japan) were also performed to examine
different crystallographic orientations of the grains. Finally, the different crystalline phases for
each processing condition set were examined by X-ray diffraction (XRD) measurements with Cu
K radiation at 40kV—40mA (Ultima IV, Rigaku). Continuous scanning was performed from 10
to 100° with an angle increment of 0.02°. The acquired data was analysed using Jade 5.0 and To-
pas softwares for Rietveld refinement. Rietveld refinement was performed to determine precisely
the o/f3 ratio, considering some textural effects.

2.1.3 Mechanical properties
2.1.3.1 E, H and flexural strength

The elastic properties were calculated on SPSed disks using standard ultrasonic method
(TMS506A, Hitachi). First, the thickness of the disks was measured with an accuracy of a micron.
Young’s modulus and Poisson’s ratio values are then given by following relations :

VA(14+v)(1-2v)

E=p 1—v

2.1

_1=2(Vp/Vp)?

V= TV VY 2V VL) , 2.2)

In eq. 2.1, Vr is the shear (transverse) velocity, V the longitudinal velocity of the waves and
p the bulk density of the tested materials.

Concerning the hardness of the sintered materials, it was measured with a Vickers diamond
indenter which is a four sided pyramidal tip. The tests were performed on well polished surfaces
using a Buehler Micromet 5104 machine. After complete unloading, the final imprints were ob-
served under optical objectives attached to the testing machine at magnification of x 10 and x40.
Primary tests were completed to investigate load and dwell time effects on hardness values, then
they were set to 19.6 N (2kgf) and 15 s, respectively. A serie of ten tests was performed for each
material in order to improve the confidence in the results. Indent locations were spaced by at least
five times the diagonal length to avoid any mutual influence.

Flexural strength &, values were measured at room temperature on standard Instron 5965
machine. Three point-bending tests were performed with an outer span L= 20 mm. The disk-
shaped specimens measuring 30 mm in diameter and 3 mm in thickness were cut using a diamond
saw into rectangular specimens with depth »=2 mm and width d= 3 mm. Each specimen was
ground with 600 diamond disc and edges chamfered to eliminate machining flaws that can be
precursor fracture origins. In order to obtain a representative value, five bars were tested for each
material of TAB.2.2 at cross-head speed of 0.05 mm/min.
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The bending strength value 6, was then calculated using the standard formula :

3FL

Or = 2bd?

(2.3)

Where F is the maximum applied load.

2.1.3.2 Fracture toughness

The measurement of the fracture toughness K¢ (resistance to crack propagation) of the obtai-
ned materials was performed by means of Vickers Indentation Fracture technique (VIF). Contrary
to Single Edge Notched Beam (SENB) or Single Edge Pre-cracked Beam (SEPB), VIF has the
advantage of being simple to set up without any special preparation of the tested samples and can
be performed on small samples as it is the case of SPS disks. The method is often disputed [Quinn
and Bradt, 2007] to give an exact, relevant measure of the toughness but it was used here mainly
for comparison purpose.

Broadly speaking, this approach relies the applied load P, the elastic modulus E, the hardness
H, and the geometrical parameters of the residual surface impression, i.e. half diagonal length
a and crack extension from the corners of the imprints to the material toughness K¢. The crack
system developing under Vickers indentation is shown in F1G.2.2.

Indentation tests were performed on the polished surface of the specimen using diamond Vi-
ckers indenter on standard hardness testing machine (Buehler Micromet 5104). The cracks and
diagonal lengths were measured by optical microscope (VK100, Keyence) with a resolution of
0.1um. Numerous models exist in the literature based on the pioneer work of Evans and Charles
[Evans and Charles, 1976]. Because the derivation of exact analytical solution for the crack system
seems out of reach, most of proposed equations are based on experimental data fitting. In case of
silicon nitride based materials, two semi-analytical models are usually used :

Niihara model [Niihara, 1983] for Palmqvist system (//a < 2.5) under an applied load of 19.6

N (2 kgf) :
Radial Crack —————

Top

View | |
[ T [
| |
| |
| I
| |
| |
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FIGURE 2.2: Crack formation by Vickers indentation [Strecker et al., 2005]
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/
(0Kc/Ha'?)(H /EQ)* = 0.035(~) /2 (2.4)
a
where ¢ is the constraint factor (= H/c, ~ 3).
For median cracks (c/a > 2.5), a load of 196 N (20 kgf) was applied and K¢ given by the
Miyoshi model [Miyoshi, 1985] (Japanese Industrial Standard) :
KC—O.018(E) (W) (2.5
To highlight potential mechanisms of reinforcement, the crack paths after indentation were
observed in detail under electron microscopy (SEM 7500F, JEOL, Japan).

2.2 Contact damage

2.2.1 Macroscopic scale

The usual procedure to study the subsurface contact damage under single or cycling loading
in brittle materials is the bonded-interface sectioning (BIS) technique. Here, we recall a brief
description and principle derivations, more details about this technique are given in reference
[Guiberteau et al., 1994]. The approach consists of two polished surfaces clamped face to face
using a thin layer of strong adhesive (F1G.2.3). The specimens are then mounted on a flat rigid
substrate using a thin layer of commercial crystalbond to lock any rigid body displacement.

Indentation tests are afterwards symmetrically made on the specimen polished top surface
using hard balls under cross—head speed of 0.05 mm/min (Model 5965, Instron). After complete
unloading the adhesive is dissolved to separate the two halves, their surfaces cleaned with acetone.
They are then dried and finally gold coated to observe the damage under optical or electronic
microscopy.

Obervation of the
subsurface damage

Indentation

__

Polished half surfaces

FIGURE 2.3: Schematic illustration of the bonded-interface technique

2.2.2 Mesoscopic scale

The method described in the previous section is easily implemented and pertinent in case of
large contacts (few millimetres diameter). However, the use of this technique for very small indents
(few micrometers diameter) is complicated and may affect the observed damage (stress concen-
tration on the edge flaws, asymmetric loading ..). Another observation approach is then needed to
deal with these problems due to the contact area reduced size. Here, examination of the damage
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below the indents was performed using focused ion beam cross—sectioning technique (Versa 3D
Dual Beam, FEI company). It consists of three successive steps : firstly, one micrometer carbon
layer deposition is made on the top surface of the indent to prevent etching during milling. The
second step is digging using a focused beam of accelerated gallium ions (Ga™) beneath the contact
zone to the desired depth. A first approximation of this depth is given by the Hertz theory [John-
son, 1987]. The interaction of the incident beam (electron beam or ion beam) generates secondary
electrons and secondary ions which can be collected to simultaneously perform micrograph ac-
quisition within the zone of interest (SEM or SIM images). This latter step can provide abundant
information about the local damage mechanisms at high resolution.

Intermediate cleaning steps at moderate electron beam with current up to 3 nA were also made
to minimize ion/surface interactions. The advantage of using the described technique is the ability
to observe beneath small indents with a minimum influence on the damaged zone when compared
to standard polishing or cutting techniques [Uchic et al., 2007, Zaefferer et al., 2008]. This diffe-
rence is due to the fact that no mechanical stress is applied on the sample. In addition, machining
and observation steps are simultaneously performed in the vacuum chamber. 3D reconstruction of
the damaged area can be also obtained (slice & view technique).

Because of the low conductivity coefficient and brittle nature of the silicon nitride materials, it
is necessary to optimize the experimental conditions (acceleration voltage, current, exposure time)
in order to minimize charge-up and possible damage artifacts.

With this aim in mind, preliminary work was performed on Si3N4 specimens free of indents.
It is important to report that no microcracking or any other damage mechanisms were observed.
Therefore, we can clearly assert that the damage results only from the mechanical load applied to
the top surface of the specimens.

Surface indent  ¢5110n deposition

Electron beam

Gallium

FIGURE 2.4: Schematic illustration of the focused ion beam sectioning technique
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TEM observations

2.3 TEM observations

Transmission Electron Microscopy (TEM) is a very versatile and powerful technique for high
resolution observation (nanometric scale) to highlight the nature of the subsurface contact damage.
In case of material science specimens, the use of Annular Dark-Field (ADF), High Resolution
Electron Microscopy (HREM) and High Angle Annular Dark Field (HAADF) modes are feasible.

Having said that, the challenge consists of preparing specimens as thin as possible (typical re-
quired thickness is about 100 nm) to enable the penetration of analysing electron beam. This diffi-
culty is accentuated by the hard brittle behaviour of the materials considered in this study. Usually
for the sake of time and resources savings, conventional H-bar technique (F1G.2.5) is commonly
used. It requires initial preparation of the specimen. In fact, tripod grinding and polishing up to
30-20 microns thickness using diamond films is performed, then the microchip is mounted to a
special support and moved to a FIB instrument. Final thinning to the suitable thickness is then
performed using ion beam.

FIGURE 2.5: H bar sample using FIB [Schlesinger and Paunovic, 2011]

Here we use an alternative method referred to as in situ lift-out technique requiring no spe-
cimen preparation. In continuity of the damage observation presented in section 2.2.2, cross-
sectioning of the opposite side is made to machine thin lamellas from the damaged area under
the residual impressions, an example is given in FI1G.2.6. Here lies another advantage of the FIB
technique : high spatial accuracy (up to 50 nm) of target selection. The procedure is detailed in
annex A. We sum up below the main steps of the TEM thin foil machining. One should add that
a part of the preparation can be automated to get a better reproducibility and minimize the work
time spent by the operator.

A) Surface impression left after unloading is marked and a carbon layer is deposited to prevent
etching. The suitable dimensions of specimen are about 20 wm length x 20 pm width x 1
pum thickness. The bottom and edges of the lamella are cut.

B) A manipulator probe is introduced in the chamber and linked to the lamella, then the last
specimen-bulk body connection is removed

C) The specimen is glued to a TEM grid using carbon deposition and its connection with the
probe is cut.

D) The sample is tilted and final thinning under acceleration voltage of 5kv and beam current
of 16 pA with an incidence angle of +2°. The final specimen dimensions are about : 20 pm
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2. Materials and techniques

length x 20 pm width x 100 nm thickness. The sample is then introduced into the TEM
instrument (Titan3™G2 60-300, FEI campany) for the observations.

FIGURE 2.6: Transmission Electron Microscopy thin foils preparation from the damaged area (a)
edges and bottom cutting (b) lift-out (c) TEM grid (d) rotation and final thinning

2.4 Indentation technique

2.4.1 Indentation stress-strain curves

The indentation testing is one of the most popular techniques used to characterize the mecha-
nical behaviour of brittle materials. In fact, the indentation stress or mean pressure, pg, defined as
the ratio between the applied load P and the contact area S, i.e, po=P/ Ta> can be plotted versus the
indentation strain, a/R, where a and R represent the contact and sphere radius, respectively. In the
elastic domain, Hertz (1881) have demonstrated that pg is proportional to a/R [Hertz, 1881]. If a
deviation from this linear relation occurs, the first point corresponds to the yield stress Y. Combi-
ning the critical shear stress criterion (T, ~ 0.5 Y) and Hertz theory for elastic contacts (t,, ~ 0.47
po) provides a first approximation value for the yield point, pp=1.1 Y [Guiberteau et al., 1994].

Two diamond spheres of radii Rj= 0.2 mm and R, = 1 mm were used to produce indents at the
polished surfaces of the sintered materials. An assembly system was specially machined to attach
the tip on an Instron 5965 standard tensile testing machine. After complete unloading, the indented
surfaces were gold coated for 60 seconds then observed under optical microscopy at x 10, 20 and
50 magnification for an accurate measurement of the contact radius a. Because of limited number
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Indentation technique

of indenters, one expect the deformation range a/R to be limited. However, the general trend could
be obtained.

For comparison purpose, 3D scanning of the residual surface depressions was performed and
the indent profile along a symmetry axis was extracted, see F1G.2.7.

FIGURE 2.7: 3D indent profile (keyence VK-100)

2.4.2 Instrumented indentation technique

To assess the local mechanical behaviour of a large variety of materials including hard cera-
mics, instrumented indentation technique is generally used [Hay and Pharr, 2000, Doerner and
Nix, 1988]. It consist of a hard indenter of a given geometry is pushed into a flat well—polished
surface. The applied load, P, and the vertical displacement of the indenter, A, are simultaneously
recorded during testing to obtain a P—h curve. A typical profile of this latter one is shown in
F1G.2.8. Standard configuration of the instruments commercially available is presented in F1G.2.9.
The force is applied through electromagnetic actuation transducers. High load module available
on some devices allows working with maximum loads up to 10 N. The indenter displacement
has a resolution of few nanometers while the applied load resolution is of few millinewtons. The
samples are mounted on a vibration isolator which reduces the noise and increases the accuracy of
the measurements. This highlights the importance of measuring experimentally the true tip radius
to obtain accurate values of E and H. .

Oliver and Pharr method [G.M Pharr, 1992] improved the earlier work of Downer and Nix
[Doerner and Nix, 1986] to capture the Young’s modulus and surface hardness from the unloading
part of the measured curves assumed to be purely elastic. We recall thereafter the main relations
without getting into too much details. The interested reader can easily refer to the articles cited a
bit earlier.

. \ﬂ“) S
b= A(he) 20
Pmax
~ A(ho) @D

Equation (2.6) relates the contact stiffness S, the reduced modulus E, and the projected area A,
while Eq.(2.7) permits to derive the hardness H to the applied load P,,,, and again, the projected
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FIGURE 2.8: Indentation technique

area A. 3 is a geometrical correction factor related to the type of the indenter (3 = 1 for a spherical
shape). One can note that the Poisson’s ratio is not calculated in indentation technique, a value
of 0.3 is commonly used. For better accuracy, we will use the value determined by the ultrasonic
measurements.

The determination of the contact area A(h.) between the indenter and the specimen is critical
to obtain the desired parameters. A geometrical analysis permitted to obtain A for a spherical
indenter :

A(h.) = (2Rh, — h?) (2.8)

With h. derived from the maximum of the indenter displacement and loads, h,,, and P4y,
respectively,

P
he = hpax — € rgax (29)

Again € is a geometric parameter related to the indenter geometry, a value of 0.72 was obtained in

Coil/magnet assembly

Leaf spring
Capacitance gauge
Lateral force probe

Indenter

Sample

FIGURE 2.9: Schematic diagram of the actuating and sensing mechanisms of the Nano Indenter
G200
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Indentation technique

case of spherical tip [G.M Pharr, 1992].

The previous set of equations allows to obtain a single value for E and H at the peak indentation
load, i.e, for P =P,,,,. With the recent developments in the measuring instruments, a CSM (Conti-
nuous Stiffness Measurement) technique was developed. It consists of superimposing a small har-
monic oscillation to the main applied load and continuously measure the contact stiffness S. The
evolution of elastic modulus and hardness depending on the penetration depth is obtained, see for
example F1G.2.10. It allows to obtain a profile for specimen mechanical properties along vertical
axis z and therefore more representative average values and evaluate the influence of the surface
roughness.

400

E (GPa)

o L L L L
) 0.5 1.5 2 2.5 3
Contact depth (pm)

FIGURE 2.10: Evolution of Young’s modulus with contact depth for dense SizN4

A spherical diamond tip of radius of 50 pm manufactured by Synton-MDP (Switzerland) was
utilized. The selection of indenter geometry is driven by the parameters which one aims to identify
from the experimental data.

This issue is made easier by the concept of representative strain €, introduced by Tabor [Tabor,
1996]. The Berkovich and Vickers tips are standard products and can be machined more precisely.
However, they are characterized by constant representative strain

g, =0.2cot0 (2.10)

Where 0 is the half apex angle of the equivalent conical indenter (70.3 and 68°, respectively).
In case of spherical shape, €, varies with increasing the contact radius a making possible a smooth
transition from an elastic to plastic regime :

g, =0.2a/R 2.11)

The use of diamond material for the tip is imposed by the high hardness of ceramic materials
to minimize the tip deformation. Indentation experiments were conducted using Agilent Nano
Indenter G200 system. All the tests were performed under constant strain rate of 0.05 s~! and
allowed thermal drift rate of 0.05 nm s~!. To obtain a representative curves, arrays of 5 by 5 with
an inter-indentation spacing of 100 microns along the x and y directions were performed or each
material, see F1G.2.11. The initial distance between the tip and the specimen surface is 1000 nm
and the surface approach velocity was fixed to 10 nm.~!. The spherical tip used in this study was
observed with a high resolution digital microscope (KH-7700, Hirox) for a 3D reconstruction of
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2. Materials and techniques

the tip profile. No deviation from the spherical shape or surface defects were noticed. However, it is
found that the true tip radius is 42 pm. The difference between this "true" value and one proposed
by the manufacturer is due to the difficulty of polishing a hard anisotropic diamond crystal into
spherical shape.

FIGURE 2.11: Indents made by spherical tip

The calibration of the indentation system was performed by indenting a reference material with
well—known elastic modulus and hardness. Standard silica specimen (E =69—72 GPa, v=0.17 and
H=10 GPa) was used in this work to calibrate the tip.

2.4.3 Finite Element Model

In order to perform the indentation test simulations, an axisymmetric two-dimensional Finite Ele-
ment Model (FEM) was constructed under the commercial package Abaqus v6.11 [Simulia, 2011].
The model is composed of a diamond (E; =1140 GPa, v;=0.07) coni—spherical indenter with a ra-
dius R of 42 pm and a large homogeneous domain, see F1G.2.12. The indenter tip was assumed to
be purely elastic while the specimen was considered as an elastoplastic material with an isotropic
hardening.

The contact between the indenter and the sample was assumed to be frictionless as no in-
fluence of friction coefficient was noticed on the global response of the model within the load
range considered in the nonindentation tests (0 -10 Newton) as shown in F1G.2.13.

; Spherical indenter

Silicon Nitride sample

Ux=0 Ux=Uy=0

FIGURE 2.12: Abaqus model for a Hertzian contact of a sphere indenter on a flat ceramic specimen
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FIGURE 2.13: Influence of the friction coefficient on the load-displacement curve for an elasto-
plastic material

Bilinear four-node axisymmetric elements (CAX4R) with reduced integration and hourglass
control were used to mesh the model. Fine meshing was considered in the contact area to ensure
the convergence of the contact simulation and meshes gradually increasing coarseness further from
the contact zone were generated.

In order to optimize the computation time, the sensitivity to the mesh refinement was studied.
It was found that 5000 elements in the contact zone are enough to reproduce well the indentation
response of model within a large interval of the penetration depth. The Von Mises yield criterion
(J, flow theory of plasticity) is assumed in all the numerical part of the study to represent the yield
surface.

1 2 2 2
12:8[(0'1—0'1) +(0y—03)"+ (0] — 03)7] (2.12)
Where o1, 07 and o3 are the principal stresses. This criterion is preferred over that of Tresca
and maximum reduced stress criterion because of its easier implementation in the numerical ap-
proaches. The last criterion has the disadvantage of having discontinuous normals on the corners
of the yield surface. However, it is well admitted that the predictions obtained using the three

models are very similar [Johnson, 1987].

042 [ m Hertz equation
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FIGURE 2.14: Comparison between Hertz equations and abaqus model
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2. Materials and techniques

2.4.4 Uniaxial stress-strain curves
2.4.5 Minimization approach

The objective of this approach is to minimize the error between the experimental data and nu-
merical data from finite element simulations. The minimization procedure aims to find the set of
material parameters p which better describe the mechanical response of the tested specimen.

We define F5” and F5 £ as the numerical and experimental force of the model under the same
imposed vertical displacement, the gap is then :

n FexP_Fz(p)FE
]

i~

12 (2.13)

Expanding %2 by its Taylor series to the second order about the initial value of pg selected as a
starting point for the identification process,

1
X’ (po+4p) = X*(po) + 8" Ap+ S Ap" HAp (2.14)
Where g is the gradient of % with respect to p and H the Hessian matrix calculated as follows :
p} 2
gi:% fori=1,..n
P o 2.15)
l]:m for l,]:1,n

The minimization of Eq.(2.14) is obtained when its gradient with respect to p vanishes. This
gives us the equation enabling to calculation of the new increment for the searched parameters :

Ap = —H'g (2.16)

And thus the input values at iteration i+/ are obtained : p;;1 = p; + Ap. These operations are
repeated until the stopping condition is satisfied, i.e. x> < € with e set according to the desired
accuracy on the constitutive parameters. The study showed that € = 1 % is a good compromise
between the computation time needed for the iterative process and the error on the parameters.

Equation (2.16) shows that the computation of each increment requires determining the Hes-
sian matrix, which is not always an easy task. In fact, the direct inversion of H is often infeasible
or can be numerically costly in terms of computation time. It is therefore necessary to find a sa-
tisfactory approximation to avoid any explicit calculation. It turns out that by definition, ? is the
sum of positive terms. Thus, it can be re-rewritten as follows :

1 & 1
2 2 T
=— f=—ff 2.17
=5 LI =3 2.17)

with f = s - e where s and e are the experimental data from the indentation tests and numerical
model output, respectively. One can use Gauss-Newton technique to obtain an approximation for
H. In fact, let’s J be the Jacobian matrix of f, it is found that the Hessian matrix can be approxi-
mated by Gauss-Newton matrix G :

H~G=]"]. (2.18)
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Indentation technique

Because the matrix H can be poorly conditioned, Levenberg-Marquardt algorithm [Levenberg,
1944, Marquardt, 1963] uses a damping factor A (adjusted at every iteration) modifying Eq.(2.16)
to recalculate the parameter increment :

Ap=—[H+M]|'g (2.19)

Finally, to take into account the boundary constraints of the considered material parameter, the
cost function is penalized.

2.4.5.1 Validation

In this study, the indented ceramic specimens are considered to behave as elastoplastic mate-
rials. Hooke’s law describes the elastic part of the mechanical response while a bilinear law was
used to describe the plastic regime :

o = E¢, ifo <o,
) (2.20)
c=o0,+Keg, ifc>o0,
The total strain consists of two parts,
eE=¢, 1§, 2.21)

where €, and €, are the elastic (reversible) and plastic (irreversible) parts of the total strain.
The unknown material parameters in Eq.2.20 are the uniaxial yield stress ¢, and the coefficient
K describing possible hardening of the specimens. To test the consistency of the method, elastic
modulus E was also considered as unknown in the identification procedure. The values obtained
for this parameter are compared to the experimentally measured ones.

A flow chart of the numerical algorithm considered in this study is presented FI1G.2.16. It was
developed by F. Richard [Richard, 1999] for application on the reliability of composite materials.
First, the searched material parameters are initialized and first numerical simulation using the Aba-
qus model described before is made. The gap between the numerical and experimental load versus
displacement curves is then calculated. Levemberg-Marquart is applied to get best descent direc-
tion and the parameters are updated. This operation is repeated until suitable agreement between
input and output P-h curves is obtained, i.e the gap is less the convergence criterion €.

Here, we study the influence of the the initial value on the final identified parameters. We
consider a fictive material whose mechanical behaviour is governed by the following parameters :
E =320 GPa, 0y= 6.0 GPa and K = 16 GPa. The obtained values and convergence trend are shown
in F1G.2.15. One can notice that :

— the same final value of 0 is reached after ten iterations and this regardless of the input

value confirming the unicity of identified parameters.

— the algorithm returns exactly the expected values for o, and K i.e, 6 and 16 GPa, respecti-
vely.
2.4.5.2 Application to the SPSed materials

At this stage of the project, the finite element model of the contact sphere / plan and the
identification procedure were validated. It is therefore possible to put them into practice on the
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FIGURE 2.16: Flow chart of the numerical algorithm

different materials prepared. This will allow us to study the influence of processing conditions
(temperature, additive amount, sintering pressure...) on the true o-€ curves of silicon nitride.

We can more accurately simulate the stress and strain fields within the bulk SizN4 and pressure
distribution at the interface under vertical or pure rolling loading (no sliding). For the latter case,
all the simulations were performed using in—house developed software Isaac which is based on
semi-analytical approach of the contact problem [Jacq et al., 2002, Chaise and Nélias, 2011].
The conjugate gradient method (CGM) and Fast Fourier Transform (FFT) drastically reduce the
computation time when compared to finite element software packages. The performed simulations

K (GPa)
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Conclusion

consist of three successive steps as shown in FI1G.2.17 : (1) vertical loading to the maximum
contact pressure, (2) rolling over a distance of 6 times the elastic contact radius and (3) unloading
to zero

Loading

Rolling
I

Unoading

FIGURE 2.17: Rolling steps

An elastic diamond ball (E; =1140 GPa, v;=0.07) of radius 0.2 mm was considered as rolling
element over a flat homogeneous Si3N4 body. A maximum load of 45 N was applied corresponding
to a maximum contact pressure Pj,,,, of about 24 GPa and elastic contact of about 30 um.

2.5 Conclusion

We have briefly presented the different standard experimental techniques used to characterize
the microstructure (density, grain size, phase composition) of silicon nitride materials processed
by SPS. The mechanical property measurement techniques were also recalled. Bounded interface
sectioning technique principles and the contribution of ion milling on the damage observation
were emphasized.

We have also presented the preparation of the TEM electron transparent thin foils using FIB
lift-out procedure. This approach is more costly because of the high hardness of Si3N,4 but provides
better accuracy in the selection of the area of interest. Finally, the instrumented indentation testing
conditions were described.

The second part concerns the different numerical methods. A finite element model was build
with the Abaqus commercial package and validated. Application of the Levenberg-Marquardt mi-
nimization algorithm to identify the plastic material parameters 0, and K was also presented.
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Chapter 3

Dense Silicon Nitride

Here, we present the microstructure, the mechanical properties and
contact damage mechanisms (at surface and subsurface levels) of
the fully dense materials with different grain sizes. FIB and high
resolution TEM observation techniques are used to investigate the
mechanisms of the subsurface damage. The load versus
displacement curves are presented and the uniaxial stress-strain
curves determined. Effects of grain size on the non-linear
parameters, yield stress and hardening coefficient, are then
analysed. Experimental and numerical indent profiles are compared
for validation. We also performed pure rolling simulations to
investigate the evolution of the plastic strain.
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Material characterisation

3.1 Material characterisation

Table 3.1 summarizes all the samples with their processing conditions and names. The yttria
amount and sintering temperature are variable, while the sintering pressure and time are maintai-
ned constant, their values are 40 MPa and 15 min, respectively.

TABLE 3.1: List of the sintered materials and corresponding processing conditions

Material Yttria,wt % Temperature(°C) Relative density (%)
Y1T1600 1 1600 98.3
Y1T1650 1 1650 98.3
Y1T1700 1 1700 98.3
Y2T1700 2 1700 98.9
Y3T1700 3 1700 > 99
Y4T1700 4 1700 > 99
Y5T1700 5 1700 > 99
Y5T1650 5 1650 > 99
3.1.1 XRD

X-ray diffraction patterns obtained for the silicon nitride materials sintered with addition of 1,
3 and 5 % of yttria are shown in F1G.3.1 as illustration example. It can be observed that diffraction
peaks corresponding to «-Si3N4 become fewer with increasing the amount of sintering aid. Figure
3.2a shows the evolution of (3-SizN4 phase in the sintered materials as a function of the volume
additive used during the sintering process. In addition, we illustrate in F1G.3.2b the evolution of 3
phase volume fraction as a function of the maximum processing temperature for 5 % of additive.

Intensity

A p-phase

B g-phase

A

10 20 30

(8)

40 50 60 70

20 (Degree)

20

FIGURE 3.1: X-ray diffraction patterns of silicon nitride sintered with addition of 1, 3 and 5%

Y503 at 1700 °C

In the first case, it can be easily noted that the « — 3 phase transformation is enhanced through
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3. Dense Silicon Nitride

the sequence 1% Y203 — 3% Y203 — 5% Y;03. In the second one, the volume of 3 silicon
nitride phase is relatively constant in the temperature range considered here, 1650°C - 1750°C.

# phase vol (%)

100—— 2 - 2

80 ;

60 4

40 .

20

1 2 3 4
Y,0, (wt)

(a) Effect of yttria amount

p phase vol (%)

100
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%00 1650 1700 1750
SPS temperature (°C)
(b) Effect of SPS temperature

FIGURE 3.2: Effect of processing conditions on 3 phase composition of silicon nitride materials

3.1.2 Microstructures

From the table, one can report that fully dense materials were obtained when the amount of added
Y,03 was at least 3%, and more than 98% of the theoretical density was reached when only 1%
and 2% of yttrium oxide were used. The evolution of the relative density in function of yttria
amount is plotted in F1G.3.3. Also, one can notice that the relative density p / ps;. (experimental
density divided by the theoretical one) was not affected by the sintering temperature as it exceeded
1600°C, see TAB.3.1. It is due to a enough supply of intergranular liquid phase through which the
mass transport takes place during spark plasma sintering.

Figures 3.4a, 3.4b and 3.4c show Electron Backscattered Diffraction (EBSD) maps of the
silicon nitride materials processed with addition of 1, 3 and 5% of oxide additive at 1700°C,
respectively. As expected, the resulting materials have microstructures showing significantly
different grain sizes and morphologies. In fact, we can notice that gradual increase of the yttrium
oxide amount from 1 to 5% caused a clear evolution from a fine microstructure with equiaxed
fine grains to a coarse microstructure with random elongated grains. A quantitative measurement
on electronic micrographs using commercial software ImageJ (National Institute of Health, USA)
showed that for 3% Y,03, the elongated {3 grains are of length 4.4 um and diameter 1.0 um
while for 5 % Y,03, they are of length 7.7 pm and diameter 1.5 pm. Thus, the aspect ratio, which
commonly defined as length / diameter, is 5.4 and 7.7, respectively. It should be added that the
elongated grains are of random spatial distribution in the matrix.

EBSD observations in FI1G.3.5a, 3.5b and 3.5¢ provide some insights about the evolution of the
number of elongated grains based on the sintering temperature for a fixed amount of additive, here
5 %. It is interesting to note that this evolution is not of monotonic manner : the number of large
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FIGURE 3.3: Evolution of the relative density of Si3sN4 samples sintered at 1700 °C depending on
the Y,O3 content

grains increases when the temperature is raised from 1650 °C to 1700 °C where the maximum is
reached then decreases thereafter. In summary, having analysed XRD data and the microstructural
evolution, we can draw the following conclusions : (i) for given sintering temperature, the number
of elongated 3 grains increases with increasing the amount of yttria, (ii) for 5 % Y,O3, increasing
the sintering temperature enhances grain precipitation so larger number of (3 grains are formed.

L

(a) 1% wt Y503 (b) 3% wt Y,03 (¢) 5% wt Y,03

FIGURE 3.4: EBSD microcrographs of the materials sintered with addition of (a) 1% wt, (b) 3%
wt and (¢) 5% wt of Y,0O3 at 1700 °C

(a) 1650 °C (b) 1700 °C (c) 1750 °C

FIGURE 3.5: EBSD microcrographs of the materials sintered with addition of 5% of Y,0O3 at 1650
(a), 1700 (b) and (c) 1750 °C
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3. Dense Silicon Nitride

3.2 Mechanical properties

3.2.1 Influence of Yttria amount
3211 Eand H

As for the grain sizes, we have noticed a significant influence of Y,03; amount on the mechanical
properties of the processed silicon nitride based materials. The measured values for the Young’s
modulus and Vickers hardness are shown in F1G.3.6. One can observe that the elastic modulus
linearly decreases from a maximum value of 336 GPa to a minimum value of 317 GPa when the
amount of yttrium oxide increases from its minimum value of 1% to its maximum value of 5%.
Concerning the Poisson’s ratio, a constant value of 0.2740.01 is obtained for all the materials.
This parameter is characterized by small variation in case of fully dense silicon nitride ceramics
and thus regardless of the processing method. The hardness increases for 1% of yttria to 2 % where
the maximum is reached (~2000 Hv) and then linearly decreases with increasing the amount of
the oxide additive to a minimum value of 1500 Hv.

Measured values using ultrasonic technique of the elastic modulus for materials with different
additive amounts ranges between 336 and 317 GPa. The values are coherent with those already
reported in the literature for fine, medium and coarse dense silicon nitride microstructures [Rhee
et al., 2001]. The decrease of this main property is in large part related to difference of intrinsic
elastic properties of «-SizNy and 3-Si3N4 phases. In fact, it was reported in the first chapter that
E lies between 340 and 362 GPa while approximate value of 312 GPa was reported for 3-Si3Ny
[Yeheskel and Gefen, 1985]. Therefore, an empirical mixture law can be used to relate the phase
composition to the elastic modulus of final SizN4 sample :

The maximum gap between the values predicted using the previous approximation and the
experimentally measured ones by ultrasonic technique is found to be about 3% (F1G.3.6a), a
difference that remains acceptable in all application domains. Equation 3.1 is thus a very good
approximation.

Regarding now the measured Vickers hardness, it is strongly dependent on the phase compo-
sition of silicon nitride materials thus, to the amount of sintering aid. In fact, it is found that
the «—Si3N4 grains have an intrinsic hardness which is about 25 % higher than the hardness of
3—Si3Ny grains [Rice, 1998], values of 21 GPa and 16 GPa were reported. Materials containing
larger fraction of a—phase, i.e. small amount of yttrium oxide or sintered at lower temperatures
have a higher Vickers hardness. A similar mixture law can be used to get a first estimation of the
hardness value. In this study, even the small anomaly in the phase compositions at 2% of Y,Oj3 is
recovered in the measured hardness value.

Hgin, = Ho(1 — fp) + Hp f3 3.2)

However, it may be noted that the difference between the estimation based on Eq.(3.2) and
the experimental values increases with for microstructures with larger grain sizes, see F1G.3.6b.
Indeed, this latter one is an important parameter when dealing with the hardness of ceramic ma-
terials but it is not taken into account in the fitting equation. In this case, it was reported that
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FIGURE 3.6: Evolution of Young’s modulus and Vickers hardness for sintered materials

Hall-Petch law better describes the dependence between Vickers hardness and the inverse square
root of microstructure grain sizes [Trunec, 2008].

3.2.1.2 Bending strength

At room temperature, the 3-point flexural strength linearly increases with addition of larger quan-
tities of Y,0O3 from its minimum value of 600 MPa to the maximum value of 1000 MPa (3 %
Y;,03) and a constant value is observed thereafter, see F1G.3.7. The improvement of the material
strength up to 3% of Y,O3 may be attributed to the gradual elimination of the residual porosity
which fosters initiation and propagation of the cracks. After the full density is reached, increasing
of additive amount and led to self reinforced silicon nitride materials with high flexural strength
[Steinbrech, 1992].

Figure 3.8 shows SEM micrographs of fracture surfaces of the SizN4 specimens containing
1% Y»03, 3% Y>03 and 5% Y,O3 after failure on bending tests. The surfaces are fairly rough
for the three materials, which therefore demonstrates a predominance of intergranular crack pro-
pagation. Such mode is typical for brittle materials especially when characterized by a fine micro-
structure (F1G.3.8a). Pulled-out grains can be clearly observed in case of medium (F1G.3.8b) and
coarse microstructures (F1G.3.8c). This partially explains better flexural strengths for the materials
containing elongated 3 grains.

3.2.1.3 Fracture toughness

Values of fracture toughness obtained using Niihara model for Palmqvist crack (Eq.(2.4)) sys-
tem are shown in F1G.3.9a. The tests were performed under maximum loads P = 9.8 N and 19.6
N to estimate the influence of the maximum applied load. One can observe that relatively similar
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FIGURE 3.7: Evolution of fracture strength from 3-point flexural testing in function of yttrium
oxide for sintering temperature of 1700 °C

(a) 1% wt Y503 (b) 3% wt Y,03 (©) 5% wt Y,03

FIGURE 3.8: Fracture surface of a bending specimen sintered with different Y,0O3 amounts

toughness values were obtained for both loads indicating no influence of P. On the other hand,
values for K¢ measured using Miyoshi model for median cracks (Eq.(2.5)) under a maximum load
of 196 N are given in F1G.3.9b.

One can notice that the curve profiles are very similar for both models used in this work. Frac-
ture toughness K¢ slightly increases from 1 % to 2 % Y,0O3 where maximum values of 6.75 and
8.75 MPa m'/? were obtained when considering Miyoshi and Niihara model, respectively. Then a
relatively constant value for K¢ were measured and thus independently of the amount of sintering
additive. However, we can observe that Miyoshi model provides lower values when compared to
Niihara model for each Y,03 amount although no lateral fissure appears during testing to distort
the crack length measurements and thus the toughness F1G.3.10a.

Toughening mechanisms such as crack deflection and bridging because of the elongated grains
after crack propagation can be clearly observed under scanning electronic microscopy (F1G.3.10b
and F1G.3.10c). The crack path is tortuous and propagate following the grain boundaries characte-
rised by a lower toughness compared to the intrinsic &-Si3Ny4 and 3-Si3Ny grains. This behaviour
is likely to dissipate more energy and increase the fracture toughness of brittle materials up to fac-
tor two [Hutchinson, 1989] and leads to so-called in-situ composites or self-reinforced materials.
However, it was also noted that when grain size becomes excessively large, it is energetically more
favourable to the crack to propagate from a trangranular way, F1G.3.10c (see large [3 grain which
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FIGURE 3.9: Toughness values measured by VIF under different applied loads using Niihara equa-

tion for Palmqvist cracks and for different amounts of yttria using Niihara and Miyoshi models for
median cracks

(a) Residual imprint after VIF testing ~ (b) SEM micrograph (x 5000) (c) SEM micrograph (x 8500)

FIGURE 3.10: Observation of the crack path for the measurement of the fracture toughness

is traversed, on the right).

It is to note that Vickers indentation technique was used here to obtain a first approximation
regarding the resistance of ceramic materials to cracks propagation. If more precise values are
required or if there is a need to investigate the effect of grain size on K¢, other techniques such
as single edge notched beam or chevron-notched beam, are to be preferred. They provide a more
accurate values for the toughness but require more careful sample preparations.

3.2.2 Influence of SPS temperature

Table 3.2 summarizes the evolution of elastic modulus E, surface hardness H, bending strength
o, and toughness by Niihara model for Palmqvist cracks regarding the spark plasma sintering
temperature which ranges between 1600 and 1750 °C for 1 and 5 % of Y,0Os.

It is clear that E is slightly affected by the sintering temperature for the two additive amounts
with a mean standard deviation of less than 7 %. The maximum values 336 GPa and 317 GPa

are reached at the highest temperature, i.e, 1700 °C, this temperature is optimal to maximize the
Young’s modulus.
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TABLE 3.2: Effect of sintering temperature on the elastic modulus, hardness, flexural strength and

toughness of SizNy

Yttria,wt 1 5
Sintering temperature (C) 1600 1650 1700 1650 1700 1750
E (GPa) 308 315 336 311 317 311
H (GPa) 15.8 14.2 18.2 17.2 15.5 14.2
or (MPa) 638 £ 116 677+£82 585474 || 744 £118 999 +£74 621 £62
Kc (MPam'/?) 4.65+0.12 4.344+0.11 5.72+0.13 || 5.52+0.18 5.52+0.14 5.57+0.13

Concerning the Vickers hardness, one can observe a significant influence of the temperature for
1% and 5% Y,03 with maximum values of 1813 and 1761 Hv at 1700 and 1650 °C, respectively.
The measured flexural strength depends on the sintering temperature. The maximum values of 677
MPa and 999 MPa are reached at 1650 and 1700 °C for 1 and 5% of Y,O3, respectively. Finally,
the toughness value remains fairly constant throughout the temperature range considered in this

work.
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3.3 Contact damage

Having characterized the processed materials under different aspects, we are now interested
in the following section on their response under a contact loading on the surface and under the
residual indents. The observations were performed at two different scales (macroscopic and me-
soscopic) by using indenters of various radii. We will not go into detail regarding the mechanics
at macro scale. On the other hand, we took a closer look about the mechanisms at the mesoscopic
scale by means of advanced techniques such as Focused Ion Beam and Transmission Microscopy.

3.3.1 Surface damage

The tests were performed using a diamond indenter of radius R, = 1.0 mm. For fine silicon
nitride, one can clearly observe from optical observations in F1G.3.11 that increasing the applied
load enlarges the contact area. In addition, scanning of the residual depressions revealed that they
are of increasingly depths, 1.2, 1.7 and 2.5 pm for 750, 1000 and 1500 N, respectively. Conse-
quently, these measurements indicate a more important subsurface damage. In addition, we could
observe that the first ring crack initiate when the applied load is 750 N (F1G.3.11a). The initiation
of the cracks is controlled by the pre-existing surface flaws or defects under the influence of the
radial part of stress and occurs during the loading step. Some models have been proposed to take
advantage of this form of crack to easily measure the brittle material toughness [Warren, 1978].
Going back to the critical load for crack initiation, P, : it corresponds to a maximum contact pres-
sure Py, of about 21.9 GPa. This loading level is not reached during a normal service but can be
observed in the presence of hard inclusions or impurities.

If the applied load is gradually increased up to 1000 N (F1G.3.11b) then to 1500 N (F1G.3.11c),
the surface cracks develop in a significant way until the failure of the specimen.

(a) 750N (b) 1000 N (c) 1500 N

FIGURE 3.11: Optical observation of surface damage under increasing loads for Si3sN4 with fine
microstructure

Regarding the coarse Si3zNy4, the observed fracture mechanisms are quite similar, except for
highest load, i.e, 1500 N. Indeed, in addition to the classical ring cracks well developed radial
cracks were also observed, see F1G.3.12. They are similar to those characterizing sharp indenters
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3. Dense Silicon Nitride

such as Berkovich or Vickers tips. Contrary to the first type, the initiation of radial fissures occurs
during the unloading step [Swain and Hagan, 1976]. We do not show here the response of the
material with an average microstructure (sintered with 3% of Y,0Os3) because the evolution of
surface cracks was very similar to the one with fine microstructure.

(a) 1500 N (b) 1500 N-higher magnification

FIGURE 3.12: Surface damage in coase Si3N4 at peak load P = 1500 N

3.3.2 Subsurface damage
3.3.2.1 FIB observations

Because the bearing ball radii can vary by several orders from one application to another, it would
be attractive to study the influence of the indenter size on the response of the materials developed.
The tests in the following section were performed using a smaller diamond indenter of R; of 0.2
mm radius under maximum load of 70 N on standard Instron tensile machine. At this scale no
cracks were observed on the surface for the three materials as illustrated for example in case of
coarse SizNy (F1G.3.13a). However, there were permanent indents as shown in (F1G.3.13b). In
addition, figure 3.14a illustrates the evolution of indent profiles as function of the peak load. The
surface depressions are of increasingly depth, which indicates an accumulation of the subsurface
damage as plotted in F1G.3.14b.

Because of the technical limitation regarding the maximum observable depth, it is mandatory
to make a compromise between the size of the area and quantity of damage. We decided to apply
a maximum load of 45 N equivalent to maximum pressure Py, = 24.0 GPa. This charge also
corresponds to the first easily observable residual imprint on the sample surface.

Let’s take a closer look at the tensile stress, o, given by :

1-2v
—sPhertz (33)

Oy = 3

Which gives 0,, = 3.2 GPa, a value much higher than the measured macroscopic strength o for
all the elaborated materials which maximum is slightly higher than 1.0 GPa as discussed in section
about the mechanical properties. The fact that no cracking mode on the surface of the sample is
related to the volume sollicited in the indentation is much smaller than the one considered in 3
point bending tests.
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(a) Surface observation (b) 3D profile of the indent

FIGURE 3.13: Surface contact damage observation in coarse Si3N4 after indentation with a sphere
of radius 0.2 mm at peak load P=70 N
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FIGURE 3.14: (a) Evolution of indent depth in coarse silicon nitride after indentation with sphere
of radius 0.2 mm, (b) plastic strain profiles under 45 N and 70 N

In addition, it is admitted that elongated (3 grains improve the resistance of ceramics with co-
arse microstructures to the propagation of long cracks leading to materials with R-curve behaviour,
i.e increase of toughness with increase of crack length. So, the resistance to short cracks is found
to be deteriorated [Rhee et al., 2001]. We know from the Hertz theory that for vy = 0.3 the value
of the maximum principal shear stress T, :

T = 0.31 Pyey, (3.4)

o
Therefore, T, = 7.7 GPa, a value higher than —2_ The exact values of uniaxial material yield
stress 0, will be given and discussed later (section 3.4).

At smaller scale, the material underwent a permanent deformation without evidence of ring
cracks at the surface, see F1G.3.15a. The deformation is accompanied by high density of short
cracks (F1G.3.15b). The size of the microcracks is found to be about few micrometers, order of
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3. Dense Silicon Nitride

grain sizes, they initiated from the weak grain boundaries and propagate along and across the
adjacent grains. We can also observe a uniform distribution of the cracks in the damaged zone.

(a) Carbon deposition at the surface of the(b) FIB cross section beneath the residual impression
sample

FIGURE 3.15: Subsurface damage in coarse silicon nitride after indentation with a sphere of radius
0.2 mm at peak load P=45 N

For a better estimation of the lifetime time of the rolling elements, damage modes which
occur under contact loading should be better quantified. In this context, Rhee et al.[Rhee et al.,
2001] assumed that shear and tensile stresses lead to quasi plastic and fracture modes in brittle
materials, respectively. The authors then experimentally measured the critical loads for fracture
P. and localized deformation P, and finally introduced a transition radius r* for various brittle
ceramic materials. Quasi plastic mode occurs if the indenter radius R is smaller than r*, i.e. P, <
P. while fracture occurs when R is larger than r*, i.e. Py > P.. The authors calculated a value
r* of 12 mm for coarse SizN4 having approximatively the same mechanical properties. We have
experimentally demonstrated that the transition radius for the sintered material with heterogeneous
grain size ranges between 0.2 and 1 mm. This value is significantly lower than that predicted by
the previous model. The deviation from the obtained results of Rhee et al. is probably due in one
hand to the hypothesis of perfect plasticity used to build the described model. In fact, we have
demonstrated that the constraint factor H / Y depends on the grain sizes (no longer a material
invariant), and on the other hand to the microstructural properties especially the 3 grains and
the glassy boundary phase which nature has a significant effect on the degree of contact damage
and the crack initiation critical load [Lee et al., 2005]. According to Lawn [Lawn, 1998], the
plasticity dominates for sharper i.e, smaller, indenters because the load to initiate cracks becomes
high enough that plasticity occurs first. The assumption concerning the distribution of critical flaws
has also been put forward then rapidly abandoned.

3.3.2.2 TEM observations

In order to go through the damage mechanisms at the nanometre scale, thin specimens for
transmission electron observations were prepared from the damage zones under the residual in-
dents. High resolution TEM observations (Titan3 G2 60-300, FEI Company) under acceleration
voltage of 300kV and beam current of 0.060 nA revealed both intergranular and transgranular pro-
pagation of the microcracks (F1G.3.16). These cracks were not observed in the matrix away from
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the indents or in blank specimens. The observation confirms that the different damage modes are
caused by the charge applied to the SizNy solid surface.

FIGURE 3.16: TEM observations of the damaged area

Evident traces of sliding system activation in the elongated grains located in the damaged area
can be observed, F1G.3.16. According to Evans and Sharp [Evans and Sharp, 1971], the most
stable dislocations in elongated (3-SizNy are expected to have ( 0 0 0 1 ) Burgers vector and {1
0 1 0} primary slip system. In spite of the strong covalent bonds which characterize the ceramic
materials, contact loading generates shear stress high enough to overcome apart the atomistic
links. An illustration example of the observed line defects under high magnifications is shown in
F1G.3.17. A large part of the crystal remain free of defects while other are severely distorted. It
should be noted that this type of defects was observed in the center and boundaries of the damaged
area.

(a) Magnification x 3.8 10° (b) Magnification x 7.2 10°

FIGURE 3.17: High-angle annular dark-field imaging of the lattice defects
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3.4 Mechanical behaviour laws

We have seen in the previous section that the developed materials have a nonlinear behaviour.
In the following sections, we will attempt to model this behaviour for representative materials. To
assist in the reading of the following sections, we recall here the main information regarding the
materials selected :

— F-Si3Ny : it has a bimodal fine microstructure consisting of 45.3 vol % of equiaxed « grains
and 54.7 vol % of fine 3 grains;

— M-Si3Ny : the microstructure is bimodal and consists of 30 vol % of equiaxed o grains and
70 vol% of 3 with mean of length 4.4 um and diameter 1.0 um

— C-Si3Ny : the microstructure is coarse and consists of 15.5 vol % of equiaxed « grains and
84.5 vol % of 3 with mean of length 7.7 um and diameter 1.5 pum.

The mechanical properties such elastic modulus and hardness of the above listed materials will
be given if needed.

3.4.1 Plastic parameters

Typical load—displacement curves for the three materials obtained using the spherical tip of 42
um radius up to a maximum load of 9 N are plotted in F1G.3.18. For illustration purpose, the
Hertz solution (elastic) is plotted for each material. The fits were calculated using the identified
elastic moduli. A good correlation between the initial loading stage of the experimental curves and
the Hertz fits was observed. Substantial deviation from linearity in the high load region indicates
plastic deformations. In fact, despite the large elastic recovery in the unloading part of the in-
dentation curves, residual irreversible displacements after unloading still subsisted. Furthermore,
the residual displacement is more pronounced and the deviation from linearity occurs earlier with
increasing the heterogeneity of the microstructure, i.e. the grain sizes.

Table 3.3 summarizes the identified yield strength o, and hardening parameter K values of
sintered silicon nitride specimens. For comparison purpose, we have also reported the elastic mo-
dulus measured by ultrasonic technique E s and yield stress Y given by the Tabor’s relation [Tabor,

TABLE 3.3: Plastic parameters for F-Si3N4, M-SizNy and C-Si3Ny4. The values and standard de-
viations are based on 4 different identifications for each material

Material YIT1700 Y3T1700 YS5T1700 Ref. [Lee et al., 1997]
(F-Si3Ny) (M-Si3Ny) (C-SizNy)
E,s(GPa) 336 327 317 315-335
E;:(GPa) 330 + 3.0 322 4+2.3 357+ 1.9
Y (GPa) 594+0.1 57402 51402
Yield stress 10.0+0.3 94+ 0.1 7.8 +£0.1 7.3-11.7
0,(GPa)
Hardening K(GPa) 41.5 £1.0 25.8 £1.1 314 459
H/o, 1.82 1.87 1.99 1.79 - 2.16
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FIGURE 3.18: Experimental and numerical P-% curves for fine, medium and coarse Silicon Nitride
specimens

1951] :

Y=H,/c (3.5)

where H, is the Vickers hardness and ¢ ~ 3.

One can notice a good agreement between the identified elastic modulus E;; and the experi-
mental one for F-SizN4 and M-Si3Ny4. The gap between the experimental values and numerical
simulations is more pronounced for C-Si3N4 for which a difference of about 15% was observed.
The yield stress o, decreases by about 20 % with increasing the heterogeneity of the microstruc-
ture through the sequence F-Si3sN4 — M-Si3Ny — C-SizNy. The Tabor’s relation with ¢ ~ 3 gives
an overestimated value for oy especially in the case of the silicon nitride with a fine microstruc-
ture. From the experimentally measured Vickers hardness and numerically identified yield stress,
the estimated constraint factor H / 0y was calculated and reported. It can be seen that the values
obtained for the factor range between 1.8 and 2.0 depending on the grain sizes. We calculated
about 10 % increase through the sequence F-Si3sNg — M-SizNg — C-SizNy.

For ductile materials, well known Hall-Petch [Hall, 1951] or Orowan equations describe an
inverse relation between the yield stress and grain size d in the metals at room temperature,

Ky

3.6
7 (3.6)

0y =0p+
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3. Dense Silicon Nitride

where 0y and k, are material coefficients.

We noted the same trend for the materials of this study identified as brittle in the literature :
SPSed silicon nitride ceramics with small grains have the highest yield strength. The latter property
diminishes with increasing the microstructure coarseness and the minimum obtained for C-Si3Ny.
One can theorize that the mechanisms are similar for both material classes : the effect of the grain
boundary density on the movement of dislocations for which the mean free paths depend on the
grain size.

Grain boundary chemistry play also an important role in the mechanical response of studied
materials. Indeed, it is recognized that these last are susceptible to be weakened and their compo-
sition changed by the addition of a significant amount of a sintering additive as it is the case for
C-SizNy [Xu et al., 1995]. The weakening enhances the quasi-plastic deformation and partially
suppress cracking at the surface as it was experimentally demonstrated.

The hardening parameter K does not point to a clear trend. However, typical high values superior
to 20 GPa were obtained regardless of the grain sizes with a maximum value of 40 GPa in case of
F-Si3Ny4. The high values of K indicate that SisN4 behaviour is largely dominated by the elastic
part. The result agrees well with the conclusions of Lee et al. [Lee et al., 1997].

The high values of the work hardening parameter K, typical for brittle materials, contradict
the perfect plasticity assumption for silicon nitride ceramics under the Hertzian contact. This ob-
servation is confirmed by the discrepancy between the values of o, and that given by the Tabor’s
relation, especially in the case of the finest microstructure. At least 30% deviation from the value
of ¢ = 3 usually considered for silicon nitride constraint factor was calculated. Nevertheless, the
values obtained by inverse identification must be compared to other characterization techniques
before final validation.

The P-h curve profiles are very similar for the three materials sintered with addition of 5% of
Y03 and processes under maximum temperatures of 1650, 1700 and 1750 °C, see F1G.3.19. Table
3.4 summarizes the phase composition in the materials and the different parameters previously
introduced. The initial slope is not very different which is consistent with the measured value of
the elastic modulus. The maximum displacement seems also to be the same for the three materials.
The identification method was also applied to these different temperatures, the results are reported
in TAB.3.4.

The values obtained for the three materials are very close, and this independently of the para-
meter considered. We recall from the section 3.1.2, that these materials are fully dense but have
microstructure with dissimilar grain sizes.

3.4.2 Validation

Although the identified parameters seem consistent with the microstructure grain size gradual evo-
lution, the theory based on Hall-Petch prior work and the values of previous studies reported in
published papers, additional tests are needed for final validation. TEM nanoindentation of ceramic
nanoparticles [Calvié et al., 2014] or nanocubes [Issa et al., 2015] and compression of micropillars
[Ostlund et al., 2011] may be considered. But in each case, a sophisticated in-situ nanomechanical
testing system is required and the derivation of behaviour laws at larger scale has not been addres-
sed yet. Here, we will use a simpler approach. The profiles of the permanent indents on F-Si3Ny,
M-Si3Ny4 and C-SizNy4 were obtained using keyence VK-100 profilometer. The indentation tests
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FIGURE 3.19: Experimental and numerical P-A curves silicon nitride specimens sintered at dif-
ferent temperatures

were performed on standard tensile machine using the diamond sphere of radius R = 0.2 mm un-
der maximum load of 45 N. The first observation concerns the experimental depth of the residual
impressions : it increases through the sequence F-SizNg — M-Si3Ny — C-Si3Ny. This result is
consistent with the decrease in hardness as function of grain sizes as discussed in section related
to the mechanical properties (cf. sec 3.2.1).

In parallel, we have used the true stress-strain curves previously identified on Abaqus software
to numerically estimate the material response under the same contact conditions. The results about
the vertical displacement U, of slave surfaces (part of the specimens in contact with the indenter)
at the end of the unloading step are plotted in F1G.3.20.

One can notice that the numerical model reproduces well all the general experimental profile
features for the three indented materials. The radius of the numerical profiles can be slightly unde-
restimated by the model but the error remains acceptable, error less than 5 %. What is interesting is
that the height of pile-up, which can generate a significant overpressure under rolling conditions,
is well captured by the numerical simulations. On the other hand, it is found that the maximum
depths were overestimated by FE calculations in all cases. In fact, the experimentally measured
and numerically simulated maximum depths are reported in TAB.3.5. One can observe that the
higher deviation is reached for C-Si3Ny4 with a gap ~ 18%. A large part of this mismatch is due to
the unavoidable experimental and numerical uncertainties (exact indenter shape, smooth surfaces,
isotropic assumption...).

However, one can rightly think that the supplementary part in the gap may be attributed to
the limited number of parameters introduced to describe the non-linear behaviour of the ceramic
materials. In fact, in the bilinear law we recall below, all the damage is modelled thanks to the
plastic deformation.
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3. Dense Silicon Nitride

TABLE 3.4: Plastic parameters for silicon nitride with 5% Y,03 SPSed at 1650, 1700 and 1750
°C. The values and standard deviations are based on 4 different identifications for each material

Material Y5T1650 C-SizNy Y5T1750
{3 phase vol(%) 84 85 85
E,s(GPa) 311 317 311
E;s(GPa) 320+ .0 357+ 1.9 314+ 1.0
Y (GPa) 5.7+£0.1 51+£02 3.55+0.2
Yield stress 0,(GPa) 8.0+ 0.1 7.8 +0.1 7.3 £0.1
Hardening K(GPa) 34.5 +1. 314459 321423
H/ oy 2.15 1.99 1.94
{ c =Eg, ifo<o,
. 3.7
c=o0,+Keg, ifoc>o,

Indeed, in addition to slip system activation and dislocation motions, FIB and TEM observa-
tions revealed other damage phenomena consisting of short cracks initiation at the weak points,
i.e, grains boundaries, in the microstructures. It is clear that the proposed model based only on
plastic deformation can not describe all the damage modes. More complex constitutive laws inclu-
ding different mechanisms (microcracks initiation and coalescence) may correct the discrepancy
between the experimental and numerical profiles.
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FIGURE 3.20: Experimental versus simulated profiles for materials sintered with 5% Y,03, 3%
Y503, 1% Y03
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Mechanical behaviour laws

TABLE 3.5: Experimental depth versus numerical calculation under vertical load P= 45 N with
sphere of radius R; = 0.2 mm

Materials F-SizNy M-SizNy C-SizNy
Experimental depth (pum) 0.42 0.49 0.69
Numerical depth (pm) 0.48 0.53 0.81
Gap (%) +14.0 +9.3 +17.6

3.4.3 Strain and stress fields

We have seen in the section describing the FIB technique that it is technically impossible to
image the whole damaged area at the mesoscopic scale. We will inevitably turn towards numerical
modelling to estimate the extent of the subsurface damaged area at the small scale. In fact, taking
advantage on the identification of silicon nitride nonlinear parameters, it is possible to quantify the
subsurface plastic zone as shown in F1G.3.21 for fine (F-SizNy) and coarse (F-Si3Ny4) microstruc-
tures. The plastic deformation remains confined to a small zone which dimensions are in the order
of the elastic contact radius, i.e = 30 um for applied load P = 45 N and sphere radius R = 0.2 mm.
The shape of this plastic area also confirmed that this damage mode follows the contours of the
principal shear stress

1
T:§\01—03\ (3.8)

To quantify the damage degree in the three materials, we plot the plastic strain profile along the
symmetry axis in FIG.3.22a. The maximum values of plastic strain slightly depend on the grains
size. In fact, value of 2.5 %, 3 % and 3.5% at depth z approaching half the elastic contact radius
were measured for F-Si3N4, M-SisNy and C-SizNy, respectively. These results are consistent in
relation to the variation of the yield strength and indent depths that were discussed in the previous
section.

In addition to plastic strain, we are able to plot the surface pressure profiles when taking into
account the nonlinear part of o - € curves, the results are shown in F1G.3.22b for the three mate-
rials. One can observe a clear deviation of the all profiles from the Hertz solution based on elastic
assumptions. The deviation is about 35, 30 and 25 % for the fine, medium and coarse micro-
structures, respectively. This result is not surprising with respect to previous paragraph. In fact,
damage accumulation reduces the surface pressure until a plateau is reached in the case of perfect
plasticity.

Similar numerical simulations were performed for the materials Y5T1650, C-Si3N4 and
Y5T1750 which, it should be remembered, were sintered at 1650, 1700 and 1750°C, respecti-
vely. The profiles of the resulting plastic strain after the ball is discharged are plotted in F1G.3.23.
We clearly observe that the response of the three materials is very close with slight variation for
maximum deformations and contact radii.
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3. Dense Silicon Nitride
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FIGURE 3.21: Plastic zone in fine and coarse specimens from Abaqus simulations taking into
consideration the nonlinear behaviour of materials
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(a) Equivalent plastic strain after complete unloading (b) Contact pressure at maximum load

FIGURE 3.22: Equivalent plastic strain profile in depth at the center of the contact and pressure
profiles under maximum load for the three materials

3.4.4 Rolling simulations

Because the first application for which are designed the silicon nitrides is bearings in the auto-
motive or aeronautic industries where the materials are subjected to high number of cycles up to
several millions. It is therefore crucial to keep a close look on the evolution of subsurface plastic
strains. Here, the plastic zones at the maximum of vertical load of 45 N and after pure rolling
(friction neglected) over a distance of 6 times the elastic contact a. The same maximum load is
applied during the rolling step as shown in (F1G.3.24). The movement of the ball has an important
effect on the damaged (plastic) area. In fact, it is well known that in the plastic regime, the zone
size with a permanent deformation is slightly larger than the Hertz contact radius, see F1G.3.25
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FIGURE 3.23: Evolution of the plastic deformation as a function of the sintering temperature under
vertical loading , P=45 N and R = 0.2 mm

(A). At the end of the rolling loading, the size of this zone is found to be greater than 6 times the
elastic contact, see F1G.3.25 (B).
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FIGURE 3.24: Loading steps in the numerical simulations of rolling over SizN4 specimens

With this in mind, we have picked out the maximum of the equivalent plastic strain at each time
increment of the simulation. It was found that the vertical position for this maximum is close to
that predicted by the Hertz theory, z = 0.47 a, the result is plotted in F1G.3.26. One can notice four
distinct parts in these curves : in the first domain, the stress field in the solids is purely elastic.
When the von Mises equivalent stress is higher than the material yield stress oy, then maximum
of €, increases with increasing the applied load. Once the maximum load is reached, i.e 45 N, the
motion of the ball starts in the horizontal direction and €, increases further. It is interesting to note
that the increasing rate of €, varies significantly from material to material. After the maximum of
deformation is reached, a steady state is obtained when the rolling distance is higher than 4 times
the contact radius. Finally, the unloading step is carried with no variation of the plastic strain.
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3. Dense Silicon Nitride

Even if the curve profiles are similar for the three materials considered in the simulation, it can
be noticed that the residual deformation strongly depends on the grain sizes. In fact, more than
6% of plastic strain is achieved for C-SizN4 while the maximum is only about 3.5% for F-SizNy.
Finally, M-Si3zN4 behaviour is intermediate to these two cases with 4.5% of maximum plastic
strain. Although a single pass was simulated, one could argue that the resistance of the Si3N4 to
rolling contact fatigue is significantly different from one microstructure to another.

Concerning referenced materials YST1650, C-Si3N4 and Y5T1700, because of the close values
obtained for the elastoplastic parameters (TAB.3.4), a very similar response for the three materials
under the rolling conditions outlined above is expected. Figure 3.27 illustrates the evolution of the
maximum plastic strain €,. It can be seen that varies by about 15 % from a material to another,
the maximum is obtained for Y5T1750, sintered at 1750 °C. This is consistent with the fact that
this material has the lowest yield strength. Here, we clearly observe the effect of rolling on the
damage accumulation. While the materials are equivalent after pure vertical load, one can note a
significant difference at the end of the rolling simulation.
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FIGURE 3.25: Evolution of the plastic zone under : (a) vertical loading, (b) rolling over a distance
of 6 times the contact radius. Simulations were performed using sphere of radius R; = 0.2 mm at

load P=45N
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FIGURE 3.27: Evolution of the plastic deformation as function of the sintering temperature
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3. Dense Silicon Nitride

3.5 Conclusions

Fully dense silicon nitride ceramics with different grain sizes were processed using spark plasma
sintering technique at temperature of 1700°C with addition of 1, 3 and 5% of Y,03. A gradual
evolution from materials with fine equiaxed « grains to microstructures containing large elongated
[3 grains was observed. Significant effect of the processing conditions such as temperature and aid
amount on the mechanical properties was also noticed. The mechanical behaviour at small scale
was investigated using indentation testing technique with spherical diamond tips. Load versus
displacement indentation curves were coupled with identification algorithm to take into account
the non-linear part of the mechanical behaviour. A good agreement is found between the measured
elastic modulus and the calculated one.

The yield stress oy, significantly depends on the grain size and high values were obtained for the
hardening parameter K. The identified parameters were afterwards used to simulate the mechanical
response of materials under vertical or rolling loadings. It was numerically demonstrated that these
latter conditions enlarge the damage zone independently of the material microstructure.

Finally, Hertzian contact tests at macroscopic and mesoscopic scales were performed to inves-
tigate damage modes at the surface and beneath the indents. Experimental observations revealed a
remarkable size effect in the damage mode for coarse microstructure : fracture at large scale and
quasi—plastic deformation at smaller scale. In addition, the transition radius for a coarse silicon
nitride microstructure was experimentally obtained. The mechanisms at small scale were inves-
tigated by means of focused ion beam and transmission microscopy. They consist of distributed
short cracks in addition to dislocation motion due to slip system activations.
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Chapter 4

Porous Silicon nitride

The purpose of this last chapter is to introduce the particular case
of porous silicon nitride materials. They were obtained by sintering
at pressure lower than required for a full density. The results about
the microstructures are reported and the influence of porosity
content on the mechanical properties are analysed. The damage
mechanisms at the surface and subsurface levels are presented and
discussed. In addition, numerical simulations on the size effect in
contact damage are performed. Finally, the indentation stress-strain
and true uniaxial stress-strain curves were obtained and analysed.
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Materials

4.1 Materials

4.1.1 Microstructure

Materials with three different degrees of porosity volume content were obtained depending on the
imposed uniaxial pressure during the sintering process. The temperature profile and the sintering
hold time were the same for all the materials, 1700°C and 15 min, respectively. As previously
reported, the batch A (95% SizN4 + 5% Y,03) sintered under a pressure of 40 MPa led to fully
dense specimen showing no residual pores. It will be considered as the reference material in the
subsequent study. On other hand, the specimens from powder mixtures B (95% Si3N4 + 5% Y203)
and C (99% SizNy4 + 1% Y,03) sintered under 20 and 10 MPa respectively showed 3 and 18 % of
residual pores (TAB.4.1). This porosity is defined as :

Pexp
=1--—" 4.1

Where p.,, and p are the experimental and theoretical densities, respectively.
The sintering pressure plays an important role in the powder consolidation. Therefore, insufficient
pressure leads to an incomplete densification of the starting batches.

TABLE 4.1: Materials and corresponding processing conditions

Material  Yttria,wt % Pressure (MPa) Porosity ¢ (%)

A 5 40 0
B 5 20 3
C 1 10 18

Optical micrographs of the material surfaces under x20 objective combined with a quantitative
processing of the acquired data using commercial ImageJ software revealed that the voids are of
irregular shape and random spatial distribution in the materials with 3% and 18% of voids, the
observations are shown in F1G.4.1. The random distribution of the residual cavities allows to assign
an isotropic behaviour to materials considered in this chapter. This distribution is due to the fact
that no pore morphology control was made and the incomplete densification results exclusively
from the insufficient pressure applied during the sintering process of the starting batches. Increased
pore interconnectivity was also observed for the materials with the highest amount of porosity, i.e.
material C. In addition, it is found that the size of the largest cavities in both materials ranges
between 1 and 2 pm. This results will have a major importance in indentation tests as it will be
discussed somewhat later.

Figure 4.2 shows scanning micrographs of the porous Si3N, specimens after chemical etching
with NaOH at 500°C for 10 seconds. One can observe that the two porous materials, i.e, B and C,
exhibit a relatively similar microstructure features. These latter ones consist of randomly oriented
rodlike grains with high aspect ratio (> 10 from the photographs in F1G.4.2) embedded in a glassy
phase. Materials B and C have approximatively the same grain size even if the mechanisms behind
the elongated grains are quite different. In fact, in material B, the elongated grains result from the
& — [3 phase transformation leading to grain growth and rearrangement at elevated temperatures.
These transformations mechanisms were enhanced by the relatively large amount of Y,03 (5% )
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4. Porous Silicon nitride

FIGURE 4.1: Surface porosities in Si3N4 sintered at 20 MPa (a) and 10 MPa (b)

and elevated temperatures used in the sintering process. Regarding the material C, the grain growth
was not impeded by the insufficient pressure applied. Because of this similarity in microstructure
features, the difference in mechanical properties and behaviour under contact conditions will be as
first approximation attributed to the residual porosity content. However, one has to keep in mind
that the other microstructural parameters such the glassy phase for example may play a role on
mechanical properties values.

FIGURE 4.2: Microstructure of silicon nitride materials with 3 % (a) and 18% of pores (c)

In addition to the microstructural aspects, the fracture surface of materials B and C were also
observed under electronic microscopy to reveal the different fracture mechanisms of these ma-
terials. The micrographs are shown in F1G.4.3. Note that the presence of 3% of pores does not
radically change the surface texture when compared to the dense materials of chapter 3.

4.1.2 XRD

The last step on the characterization of the microstructure consists of determining the phase
composition. X—ray measurements followed by a phase identification revealed that materials A
and B have the same diffraction pattern, whereas material C shows a slightly different pattern (see
F1G.4.2). Concerning the phase composition, x—Si3Ny is less present in material C with 18% of
porosity, while o« — 3 phase transformation was enhanced for the specimen with 3% of porosity
leading to more 3 grains. We can therefore attest the fact that the phase composition is more
significantly related to the amount of yttrium oxide used to process the materials, here 5 and 1 %
than the sintering pressure which had no significant effect on the phase content.
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Mechanical properties

FIGURE 4.3: Fracture surface in materials with 3% (left) and 18% (right) porosity volume content
at different magnifications : (A) x 1000 and (B)x5000

(C) A P-phase
B a-phase
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FIGURE 4.4: X-ray diffraction patterns of SPSed silicon nitride with different porosity content

4.2 Mechanical properties

4.2.1 Effect of the porosity content

The experimentally measured bulk density, porosity fraction, Young’s modulus and Vickers hard-
ness of materials A, B and C are reported in TAB.4.2. The bulk density p linearly decreases with
increasing the porosity volume content ¢. Consequently, the density of the SizNy4 specimens can
be estimated by a simple mixture law as follows : p = p, (1 — ¢) where p,=3.25 g/em? is the
porosity of the dense material A. One can also notice that the elastic modulus E and the Vickers
hardness of the SizN4 specimens strongly depends on the porosity, ¢. In fact, E and H decreases
by about 50 % from their maximum values of 317 GPa and 1580 Hv (material A, zero porosity)
to their minimum values of 170 GPa and 725 Hv (material C, 18% porosity). Even if they are not
reported here, there is a strong likelihood that the other mechanical properties such the flexural
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4. Porous Silicon nitride

strength and fracture toughness to be significantly impacted [Diaz and Hampshire, 2004].

TABLE 4.2: Density and mechanical properties of porous silicon nitride specimens

Porosity ¢  Density (g/cm3) Elastic modulus (GPa) Poisson’s ratio Hardness (Hv)

0 3.25 317 0.27 1580 £ 14
0.03 3.16 282 0.25 1219 £7
0.18 2.69 170 0.22 725 +£23

4.2.2 Data regression

Several empirical and semi empirical models based on the minimum solid area (MSA) concept
have been proposed to predict the effect of porosity on the elastic properties of brittle bodies. Other
models combining the porosity volume fraction and phase composition of the silicon nitride cera-
mics have been also proposed [ Yeheskel and Gefen, 1985]. In the current work, we consider the
three following models, with two adjustable parameters, widely used in the literature for moderate
porosity volume fraction range, 0 < ¢ < 0.3 :

(1) A Linear empirical approximation proposed by Dean and Lopez [Dean and Lopez, 1983]
E=Ey(1-ho) 4.2)
(ii) An empirical exponential relation by Spriggs [Spriggs, 1961]
E =Eyexp(—bo) (4.3)

(iii) A semi— empirical power law based on the work of Phani and Niyogi [Phani and Niyogi,
1987a]
E=Ey(1—cd)" 4.4)

Where E and E( are the elastic moduli at porosity ¢ and zero respectively. The positive
constants /1, b, ¢ and n are related to the studied material. The parameters of each model could
be determined from experimentally obtained results by performing data fitting [Luo and Stevens,
1999]. For the considered silicon nitride materials, the identification of early mentioned parameters
was performed using the Excel solver which is based on generalized reduced gradient algorithm
(GR@G?2) for non-linear problem optimization.

The results of the fitting procedure are presented in TAB.4.3. We can remark that the expe-
rimental elastic modulus data are well fitted by the three models considered in this work. The
mean error reached in the regression process is found to be less than 2%. From x? values, the
best approximation of the considered mechanical properties was obtained when considering the
exponential model (Eq.4.3) with a mean error of 0.7 %. Zero—porosity moduli Eq values obtai-
ned with the three models are nearly the same. In addition, they are in very good agreement with
the experimental Young’s modulus of the fully dense material A reported previously (E4 = 317
GPa). It is found that the best fitting of the experimental data is obtained for Eq.4.3 with 5=3.42
and Eg = 314 GPa. A theoretical value of b = 3 is expected for spherical voids with an ideal pa-
cking geometry [Rice, 1998]. The deviation from this exact value (+ 11 %) is probably because
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FIGURE 4.5: Experimental and estimated values of Young’s modulus as function of porosity vo-
lume fraction

TABLE 4.3: Summary of parameters of regression models

Equation Eo  Other parameters Mean error (%) x> value

E =Eo(1-h ) 311 h=2.58 1.5 65

E =Eg exp (-b §) 314 b =348 0.7 10

E =Ey(1-c ) 313 c=1.00 1.0 25
n=23.16

of the non—spherical geometry of pores, their random spatial distribution within the bulk body
of the samples and finally due to the limited number of points used for the regression process.
Concerning the equation 4.4, the value ¢ = 1 confirms the random spatial distribution of grains in
the materials. Regarding the other parameters i.e. & and n, they are in same range of values than
those reported for porous silicon nitride materials [Diaz and Hampshire, 2004, Phani and Niyogi,
1987b]. In fact, the author obtained values for / ranging from 2.11 to 3.11, and for n ranging from
1.21 to 2.56.

The influence of the porosity on hardness values is generally approximated by a relation similar
to Eq.4.3 with Hg corresponding to the hardness of the fully dense material A and b as fitting
parameters.

Using the same data fitting procedure, final values of 1502 Hv and 4.42 are obtained for Hy
and b, respectively. The mean error in data regression is found to be less than 6%. We can also
notice that Hy is in very good agreement with the hardness of dense material A (1580 Hv) as
expected. The value obtained for fitting coefficient b is larger than the theoretical value of 3 but it

81

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0075/these.pdf
© [N. Azeggagh], [2015], INSA de Lyon, tous droits réservés



4. Porous Silicon nitride

is coherent with values ranging from 3.1 to 5.7 reported in the literature for hot-pressed and hot
isostatic pressed silicon nitride bodies [Rice, 1998].

Finally, increased porosity slightly affected the Poisson’s ratio v, which showed values of 0.25
and 0.22 for 3% and 18% porosity, respectively. However, it is well-known in the literature that
both a reduction of the Poisson’s ratio [Rouxel et al., 2008] and increase of the porosity may
enhance the densification capability of brittle materials.

4.3 Brittle to quasi-plastic transition

4.3.1 Macroscopic scale

In this section, we propose a study of mechanical response of sintered materials under pure
vertical contact loading. The optical half-surface and side views of Hertzian contact damage on
material B and C are reported in F1G.4.6 after single indentation testing with a sphere of radius 1
mm at peak vertical load P= 500 N. Material B with 3% of porosity content showed several deep
circular ring cracks. They initiate outside the contact site then extend into cone cracks propagating
downwards. The mechanisms are similar to those already reported for fully dense brittle mate-
rials. In addition to surface cracks, one can notice some damage accumulation below the contact
zone. On the other hand, for the material with 18% porosity volume content, a clear depression
was observed without any evident of fracture at the surface. A significant deformation of half he-
mispherical shape extends beneath the indent. It can be also observed a pronounced crack at the
boundary between the damaged area and the undamaged one. According to Latella et al.[Latella
etal., 1997], the crack is due to the material compaction during loading then it is pulled out because
of the large elastic recovery during the unloading step.

FIGURE 4.6: Optical micrographs of surface and subsurface contact damage in silicon nitride materials
with porosity (i) 18% and (ii) 3% under maximum load of 500 N, (iii) specimen with 18% of porosity under
750 N. Indentation tests were made by diamond sphere of radius R,=1 mm

Both surface and subsurface damage mechanisms are intimately related because of stress re-
distribution. Figure 4.7 shows the radial stress field o, at the surface of the Si3N4 porous materials
previously introduced. The numerical simulations were performed with Abaqus software with ta-
king into account the nonlinear part of the mechanical behaviour due to the subsurface damage,
more details are given in section 4.4.2. The applied load and indenter radius correspond exactly to
the experimental conditions, 500 N and 1.0 mm, respectively. One can observe that tensile stresses
(positive part) are released for 18 % of porosity volume content when compared to the less porous
material. In fact, a decrease of about 10% of the maximum stress value is observable. This has the
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effect of delaying the initiation of surface ring cracks when increasing the porosity volume content
in brittle materials.

radial stress ﬁ'Pa

=-3 % porosity 1
e i i \ : i i —+ 18 % porosity
- -1.6 - -0.5 1] 0.5 1 156 2

xla

FIGURE 4.7: Radial stress distribution at the surface of the porous silicon nitride materials

If the maximum applied load is increased further, up to 750N, optical observations of the
contact sites revealed the initiation of ring and radial cracks (F1G.4.6 (iii)). Finally, it should be
noted that the catastrophic failure of the specimens from instantaneous cracks initiation and pro-
pagation occurred at 1700 N and 1200 N for materials B and C. Thus, the failure loads correspond
to maximum contact pressure of 23.3 and 17.7 GPa , respectively.

Repeat loading under maximum force P= 500N of diamond ball of radius R, = 1 mm have
been performed on the highly porosity material, i.e. with 18 % of porosity content. First, we can
observe that no cracks are present at the surface and thus independently of the number of cycles
n. However, for n = 8, more damage consisting of pore increased interconnectivity on the sides of
the surface impressions can be noticed (FI1G.4.8 (ii)).

Using a laser profilometer VK100, the residual indent profiles after n = 1, 4 and 8 could be
determined and plotted. it is found that the measured maximum depth was about 5 um after one
cycle and 6 pum after 4 cycles. On the other side, the contact radius is almost constant. If the number
of cycles is increased up to 8, no additional surface depression was measured (F1G.4.8 (iii)). This
phenomenon can be attributed to a complete pore closure and full material compaction after only
few cycles.

Finally, additional contact tests were performed at gradually increased peak load, P = 50, 80
and 100 N using the spherical ball of radius R; = 0.2 mm. The indent profiles are shown in F1G.4.9.
We can observe that the contact radius and the maximum surface depression continuously increase
reflecting an increasingly important damage accumulation. In fact, it is found that the maximum
depth is 2, 4.5 and 6.5 um , and respectively. We can therefore conclude that the maximum applied
load is more on the contact critical damage accumulation than a moderate number of cycles.

4.3.2 Mesoscopic scale

The subsurface damage in the porous materials B and C (3 and 18 % of porosity, respec-
tively) was investigated by means of the FIB sectioning technique described in chapter 2. The
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FIGURE 4.8: Effect of cycling on the surface damage and indent depth of 18% porous SizN4 under
P=500 N : (i) single cycle, (ii) 8 cycles, (iii) residual indent profiles
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FIGURE 4.9: Effect of increasing the applied load on the indent profile

observations were carried out on polished silicon nitride specimens free of indents and the re-
sults are shown in F1G.4.10. One can observe no evidence of crack initiation or propagation at the
subsurface sections. Therefore, the evolution of the damage will be strictly attributed to stresses
generated by the contact loading.

e et Y ¥
e

(a) 3 % of porosity content (b) 18 % of porosity content

FIGURE 4.10: FIB observation on porous silicon nitride free of indents
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Brittle to quasi-plastic transition

The damage under loading was investigated using the diamond sphere of 0.2 mm radius at
peak load P=45 N. The corresponding maximum contact pressure is 23.2 GPa for 3% of porosity
and 17.4 GPa for 18% of porosity volume content.

The observations under residual indents are shown in F1G.4.11. One can remark that the sub-
surface damage in the low porosity material B consists of few short cracks departing from the pores
and the weak intergranular glassy phase at grain boundaries. The observed area remains smooth
showing no evidence of densification. Regarding the more porous material C, evident densifica-
tion can be observed in addition to microcracks. Due to this densification, the surface depression
is more pronounced for 18% porosity with a maximum depth of 3 pm compared to only 1 um for
3% porosity, see F1G.4.12. The microcracks are mostly inclined in the direction of maximum com-
pressive stress [Sammis and Ashby, 1986] and initiate from the existing pores. The short cracks
extend stably, deviate towards each other then coalesce to from a long macroscopic crack which
propagation leads to a catastrophic failure of the specimen, see F1G.4.11. It should be mentioned
that no cracks were observed at the surface and thus despite the high pressure applied, Pop=23 and
17 GPa on material B and C, respectively.

FIGURE 4.11: Subsurface damage after indentation with a sphere of 0.2 mm radius under 45 N for
materials with 3% (left) and 18% of porosity content

The damage was also investigated after 8 loading-unloading steps up to 45 N on diamond
sphere of radius 0.2 mm on silicon nitride wtih 18% of porosity, the FIB observations are shown in
F1G.4.13. Although the texture of the surface is not very different from that of a monotonic loading,
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FIGURE 4.12: Indent profile for material 3 and 18 % of porosity content under 45N
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FIGURE 4.13: Subsurface damage in silicon nitride under 8 cyclic loading under 45 N on sphere
radius of 0.2 mm

longer cracks parallel to the sample surface are apparent. If the number is increased further, one
expect these cracks to extend then lead to material removal or failure of specimen.

The numerical simulation conducted considering a distribution of voids can give some expla-
nation about the damage under contact sites. Of course, this is a simplified academic case with a
spherical geometry shape and a uniform spatial distribution of the pores. These geometrical sim-
plifications have been deliberately introduced in the model to reduce the total computation time.
However, the presence of cavities and taking into account the mutual interactions are expected to
have an important impact on the different stress fields in the massive and provide useful insights
about the damage development. Thereafter, a cluster of 10 x 5 x 3 inclusions was generated in an
isotropic elastic half space. More details about the semi-analytical model used to solve the contact
problem will be provided in the following sections.

The influence of the residual porosity is clearly illustrated for example in case of von Mises
equivalent stress, see F1G.4.14. We recall below the maximum Hertzian value for oy ;s when consi-

86

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0075/these.pdf
© [N. Azeggagh], [2015], INSA de Lyon, tous droits réservés



Brittle to quasi-plastic transition

dering only elastic homogeneous materials with Poisson’s coefficient v = 0.3 :

Ooypm = 0.62 PHertz (45)

a, _\rjPU Tyar HH‘DU

N

r/a
(a) homogeneous (b) porous

FIGURE 4.14: Equivalent von Mises stress distribution for homogeneous (a) and porous materials

(b)

This theoretical value is in very good agreement with the numerically simulated one in case of
the non-porous material. For the inhomogeneous case, it may be noted that the maximum value of
the equivalent stress is highly magnified. Indeed, an increase up to 100 % was calculated for oy,
at the matrix / pore interface as shown in F1G.4.14. Thus, it is conceivable that this over-stressing
generate short cracks departing from the pores within the solid as it was experimentally observed
using FIB cross sectioning.

4.3.3 Size effect
4.3.3.1 Experimental results

Indentation using spheres of two different radii revealed a significant size effect : at the ma-
croscopic scale, ring crack initiation and propagation were observed at the top surface of the
porous materials after indentation by a large sphere. In addition, significant damaged areas were
observed under the indents. At the mesoscopic scale, i.e. for small indenting spheres, the damage
mode consists of microcraking at the subsurface level while the surface remained free of cracks.
The size effect was also evidenced by the capability of the porous specimens to withstand higher
contact pressures for reduced indenter radius. The formula ’smaller is stronger’ widely used for
metals [Maass et al., 2009] is still valid for brittle materials, even if the mechanisms behind are
quite different. For ductile materials, lattice defect (dislocation motion) reductions when the spe-
cimen become smaller and smaller is behind this behaviour. For the specific case of porous brittle
materials, such behaviour can be attributed to two different mechanisms. The first concerns the
probability P of meeting a critical defect which size and / or spatial orientation at the surface ge-
nerate enough stress concentration to initiate cracking. It follows that volume of solicited material
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4. Porous Silicon nitride

is one of most critical parameters in determining the mechanical strength. P is generally related to
the specimen volume thanks to Weibull theory for example. Unfortunately, this theory can not be
used in the case of contact conditions because of the complexity of the stress field, but it is then
obvious that the failure probability increases with increasing the indenter size.

The second hypothesis that may explain the size effect in damage mode considers the influence
of the contact size on the radial stress field 6;; in presence of porosities. As mentioned earlier, 61}
positive (tensile) at the surface controls the initiation of classical ring cracks

4.3.3.2 Numerical simulations

A robust three dimensional semi-analytical code developed in the laboratory where interactions
between inclusions are taken into account was used to run the numerical simulations. Because
it is practically impossible to model the real geometry of pores and to reduce the cost of the
3D numerical calculation, we have considered the academic case of spherical holes uniformly
distributed along the three directions x, y and z.

Two configurations were generated (see F1G.4.15) with a total number of 50 inclusions with
a radius r=1 um and spacing between two neighbouring inclusions d= 6 um : the first one with
R; =0.2 mm and P;=45 N corresponds to the case of small diamond indenter (mesoscopic scale)
while the second configuration with R, = 1.0 mm and P= 1125 N corresponds to the case of large
indenter (macroscopic scale).

To consider only the scale effect in the problem, the corresponding maximum contact pressure
Pher;=23.2 GPa resulting from the applied loads P and P, is the same (for ideally homogeneous
material). The elastic properties are also similar in both configurations with E = 282 GPa, v=0.3
for Si3N4 materials and E = 1141 GPa, v=0.07 for the purely elastic spherical balls considered in
the simulations. It should be added that no crack initiation and propagation criteria was introduced.

Py

P

Ry Rz
/ = 000006 GO000 0000 GO000
> r=1 pm d=6 um r=1 pm d=6 pm

FIGURE 4.15: Configurations considered in the numerical simulation

Figure 4.16 represents the distribution of radial stress 61 for the two configurations introduced
above. The stress and distance from the contact center were reduced by Py, ,,, and the elastic contact
in the two configurations, respectively.
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It is found that the maximum of &y increases by 10 % for the larger indenter sphere. This
over-stressing is due to the fact that, for the small indenter radius, the spherical porosities are
located in an area with a sharp stress gradient, whereas for the larger indenter radius the size of
the porosity becomes smaller relatively to the contact size, leading to porosity located in a more
uniform and slightly higher stress field, which in turns produces higher stress concentration.
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FIGURE 4.16: The obtained profile of the radial stress in the porous material for the two indenter
radii

4.4 Mechanical behaviour

4.4.1 Indentation stress-strain curves

The indentation stress—strain curves, i.e. pg versus a/R, for single cycle indentation on spe-
cimens with 3% and 18% are plotted in F1G.4.17. For comparison purpose, we also reported the
results for 37% of porosity from the work of She et al.[She et al., 2003] on hot pressed silicon
nitride. Concerning the dashed line, it represents the Hertzian relation (linear) for elastic bodies.
One can notice a clear deviation from linearity for three porosity contents. A plateau was also
obtained in the high strain region, i.e. a/R > 0.1. It indicates a constant indentation stress in this
region. This results from the competition between the stress redistribution in the bulk specimen
because of pore collapses under the contact site and progressive increase of the applied load.

It is obvious from the experimental data that the mean contact pressure corresponding to the
first deviation point, py, is strongly related to the porosity volume fraction. Combining the critical
shear stress criterion and Hertzian theory, it is possible to relate the yield stress Y to py as follows
[Rhee et al., 2001, Fischer-Cripps and Lawn, 1996] :

Py

Y~ — 4.6
1.1 (4.6)

The measured Y values from Eq.4.6 are then approximately 10 GPa, 6.36 GPa and 1.5 GPa
for 3%, 18% and 37% of porosity content, respectively. It should be noted that these values are in
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good agreement with the measured hardness of the porous SizNy4, see TAB.4.2. A larger plateau
quantified a higher capability of the porous materials to deform without crack initiation. This result
confirms the effects of subsurface damage accumulation on the tensile radial stress. In fact, cracks
were found to initiate for indentation a /R = 0.15 and 0.34 for samples with 3 and 18 % of porosity,
respectively.

12 ® 3% porosity
& n
_ m mER 4 18 % porosity
m
o # 37% porosity, She etal
3
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o Y a A 4 A A A L4
= : ala .
w
=
]
®
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O ] 4
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Indentation strain, a/R

FIGURE 4.17: Indentation stress-strain for the porous materials

4.4.2 Stress - strain curves

Load versus displacement curves obtained by instrumented indentation testing for the porous ma-
terials using the diamond spherical tip of 42 pum radius are illustrated in F1G.4.18. The applied
load was increased up to 9 N for both materials. The slope of the curves is significantly different
for the two materials which is consistent with the reported value of elastic moduli. In addition, the
maximum displacement measured is 2.5 pm and 5 um for 3 and 18 % of porosity, respectively.
These curves were averaged over the 25 tests performed on the polished surface of each materials.
The first observation is about the curves allure for which no sudden discontinuities due to cracking
or other damage mechanisms were noticed.

In addition, one can notice that the residual displacement after complete unloading is signifi-
cantly higher for 18% then for 3% of residual porosity. Mean values of about 3.5 pm and 1.5 pm
were obtained. This results quantitatively demonstrates the higher capacity to undergo locally a
permanent deformation and therefore a more pronounced tendency for transition from elastic to
elastoplastic behaviour in the mechanical response with increasing the porosity content.

The elastic modulus and hardness values derived from the P-4 curves using Oliver & Pharr me-
thod described in section 2.4.2 are reported in TAB.4.4. They are representative of the materials
properties because the size of the indents is large enough when compared to the size of the pores.
For comparison purpose, we have also reported values for E and H from standard techniques (ul-
trasonic measurement and Vickers hardness, respectively). We find the same tendency concerning
the influence of pores : the different mechanical properties deteriorate when the porosity content
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FIGURE 4.18: Effect of porosity on load versus displacement curves

increases. In addition, the low standard deviation values confirms a good reproducibility in the
obtained P-h curves. The values derived from spherical indentation testing are in very good agree-
ment ( mean error less than 5% ) with the standard techniques. The low discrepancy observed can
be attributed to variation of the indenter radius with increasing the indentation depth.

Figure 4.19 shows the experimental and numerical load-displacement curves for the porous
Si3N4 materials at the end of the identification process. The elastic response (Hertz fit) is plotted
for each material using the identified elastic moduli. Usually the first deviation point is used to
derive the plastic parameters of hard materials and to investigate the effect of the porosity volume
content on the yield strength for example [Chintapalli et al., 2012]. However this approach requires
accurate knowledge of the indenter geometry, which is a difficult task for small depths. The reverse
method based on Levenberg-Marquardt algorithm is applied to identify the true o — € curves.

The obtained values for Young’s modulus E, uniaxial yield stress o, and hardening parame-
ter K are reported in TAB.4.5. We report also the constraint factor H / o calculated from the
experimentally measured Vickers hardness and identified yield stress.

The identification of the parameters o, and K highlighted a gradual loss of stiffness of porous
Si3Ny. In fact, the yield stress sharply decreases when the indented materials become more porous.
Concerning the constraint factor, it gradually increases to be close to the value of 3 for the more
porous specimens. This demonstrate one again the mechanical transition from a nearly elastic

TABLE 4.4: Elastic modulus and hardness of porous SizN4 materials

Porosity volume content ¢ 3% 18 %
Hardness;,;, (GPa) 12.14+0.4 6.6 1+0.3
Hardness (GPa) 11.9+0.1 7.1£0.2
Elastic modulus;,,(GPa) 263 +3.7 184 +3.4
Elastic modulus,;(GPa) 282 170
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behaviour for the dense material to much plastic behaviour without hardening for 18% of porosity
content. This trend is confirmed by the sharp decrease of the hardening coefficient K from 44 GPa
to a value close to zero.

10000 10000 =
[ 18 % .
L = 3% porosity - exp L parcu?lty exp
X i —18% porosity - abaqus
[ —3% porosity - abaqus
8000 8000 | —Hertz fit
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FIGURE 4.19: Experimental and numerical load versus displacement curves after identification for
the materials with 3% (left) and 18% (right) of porosity content

TABLE 4.5: Elastic modulus and hardness of porous SizN4 materials

Porosity volume content 0% 3% 18 %
E;s(GPa) 357 +£1.9 294 + 0.4 183+ 7.9
E,s(GPa) 317 282 170
0,(GPa) 7.8+ 0.1 5.14+0.2 2.6 £0.1
K(GPa) 31.4 £5.9 444 +1.0 0.8 £0.6
H/ oy 2.0 2.33 2.53

We have previously reported that the intensity of the subsurface damage in silicon nitride
ceramics strongly depend on the porosity volume content (see F1G.4.6). The evolution of the
damage is numerically studied here. In fact, we plot the evolution of the von Mises plastic strain €,
after complete unloading along the symmetry axis z for the two porous materials (F1G.4.20a). The
maximum applied load was 500 N on the spherical indentor of radius R;. The Plastic behaviour of
the Si3N4 was modelled with the corresponding identified values of o, and K previously discussed.
For 18% of residual porosity, the maximum of the damage is about 6 % whereas it reaches only 3%
for the material with low porosity. In addition, we must add that value for 3% may be overestimated
by the absence of surface ring or cone cracks in the numerical simulation. However, the curves
obtained are in good agreement with experimental observations.

In addition to the subsurface damage quantification, we plotted in F1G.4.20b the evolution
of the contact pressure profile along the radial axis x in function of porosity volume content.
These results correspond to the experimentally applied load, P = 500 N under indenter size R, =
1 mm. One can notice from the numerical simulations the significant effect of nonlinear part of
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profile under a maximum vertical load of 500 N for 3 and 18 % of porosity content (b)

(@)3 % (b) 18 %

FIGURE 4.21: Contact sites in 3 (a) and 18 % (b) porous silicon nitride after indentation under

peak load P=100 N

the mechanical behaviour on the deviation from the theoretical profile. In fact, it is found that the
highest value of the contact pressure decreases by a factor 2 when the porosity increases from 3 to

18 %.

To test the identified parameter relevance, we performed contact tests on the porous materials
under a pure vertical loading up to 100 N using tip of radius R; = 0.2 mm. Figure 4.21 shows
the residual impressions after complete unloading. We can notice the absence of surface cracks.
This observation result states that only subsurface damage mechanisms were activated under the

reported experimental conditions.
Figure 4.22 shows comparison between the experimental and numerically simulated profiles
for the two porous materials. The experimental one was obtained by scanning the residual surface
impressions. The indentation tests were performed on Instron testing machine using the diamond
sphere of radius 0.2 mm under a peak load P = 100 N. In the numerical simulations, the mecha-
nical behaviour of SizN4 was modelled using the identified true o — € curves from the inverse
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FIGURE 4.22: Experimental and simulated indent profiles on silicon nitride specimens with 3%
(a) and 18% of pores (b) under peak load P=100 N with sphere of radius R = 0.2 mm

TABLE 4.6: Experimental depth versus numerical calculation under vertical load P= 100 N with
sphere of radius R; = 0.2 mm

Porosity volume content 3% 18 %
Experimental depth (pm) 2.48 8.2
Numerical depth (pm) 3.37 10.2

identification procedure already discussed.

The numerical simulations reproduce well the general geometric features (contact radius, pile-
up...) of the surface indents. It is therefore clear that we can easily go back to the indentation stress-
strain curve presented in the previous section. On the other side, it is observed that the maximum
indentation depth is overestimated. To illustrate this crucial point, the experimental and numerical
values of the residual depths for 3% and 18% of porosity are given in TAB.4.6. As discussed in
case of dense silicon nitride materials, a part of the deviation can be attributed to experimental
error but this is not the only explanation. Indeed, a large part of the overestimation of the indenter
maximum penetration can be attributed to the fact that no crack initiation or propagation criterion
was introduced in the simulations.
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Conclusions

4.5 Conclusions

Silicon nitride materials with 3% and 18% of residual porosity were obtained when lower pres-
sures were applied during the sintering process and their mechanical behaviour compared to the
dense materials obtained in the previous chapter. The influence of porosity content on the elastic
modulus and Vickers hardness were characterised thanks to empirical models widely used in the li-
terature. It was found that the zero—porosity modulus Eq values and other fitting parameters are in
very good agreement with those reported in the literature for porous silicon nitride ceramics. The
observed deviation from the expected theoretical values may be attributed to the heterogeneous
grain geometry packaging and random pore morphology in the specimens.

The Hertzian contact damage mechanisms have been examined at the macroscopic and me-
soscopic scales using diamond spheres of different sizes. Bonded interface and focused ion beam
sectioning technique have been used to image the contact mechanisms. For the larger radius, it is
found that increasing the porosity induced a transition from fracture at the surface to quasi-plastic
damage mode, while for a reduced radius the damage consists only of subsurface microcracks
initiated from the residual pores. The microcracks extend stably, interact with others and finally
coalesce to form a macroscopic fissure leading to the catastrophic failure of the specimens.

Two hypotheses have been suggested to explain this size effect. The first one is the probability
to find a critical flaw and the second one relates the contact size to stress field in presence of
pores. Numerical simulations using semi-analytical code showed an increase of the maximum
tensile stress with increasing the sphere radius. Finally, the true uniaxial stress-strain curves were
obtained by means instrumented indentation and reverse identification. Critical stiffness loss was
noticed while increasing the porosity volume content.

It is worth noting that subsurface damage mode is not easily detectable but can seriously re-
duces the lifetime of components. Therefore, it is essential to avoid the presence of pores or cluster
of pores in the final product, and this by ensuring a proper control of the processing conditions.
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General conclusions and prospects

Ceramic materials and more particularly technical ceramics present very interesting mechanical,
thermal and electrical properties suitable in various industrial applications. Among these mate-
rials, silicon nitride is considered as an ideal candidate for the development of ball bearings for the
automotive and aeronautic industries. The main objective of this thesis consists of in the investiga-
tion of the contact damage mechanisms of silicon nitride materials with different grain sizes (fine,
medium and coarse) and porosity volume contents. This work aims also to identify the nonlinear
parameters of the processed materials and study the effect of the density and other microstructural
features.

The materials were processed by spark plasma sintering technique with addition of different
amount of additive. Yttrium oxide was selected as additive. A gradual evolution from materials
with fine equiaxed grains towards microstructures containing large elongated rodlike grains was
observed with increasing the amount of sintering aid form 1% to 5%. In addition, a significant ef-
fect of the processing conditions (temperature, yttria amount) on the mechanical properties (elastic
modulus, hardness, bending strength and toughness) was noticed. The contact damage is a crucial
issue in case of brittle materials for bearings applications which can cause extra maintenance
costs. The damage modes have therefore been extensively examined at different scales using stan-
dard methods such as bonded interface sectioning technique in addition to more sophisticated
approaches like Focused Ion Beam milling and Transmission Electron Microscopy.

The Hertzian contact damages have been examined at macroscopic (large scale) and mesosco-
pic scales (small scale) by using diamond spheres of different radii on dense and porous materials.
At the large scale, experimental observations revealed a remarkable size effect on the damage
mode for coarse microstructure : fracture at large scale and quasi—plastic deformation at smaller
scale. In addition, the transition radius for a coarse Si3Ns microstructure was experimentally ob-
tained. The difference with values reported in the literature is attributed to the strong assumptions
made in previous studies. For porous materials, it was found that increasing the porosity induced
a transition from fracture at the surface to quasi-plastic damage mode at the macroscopic scale.
For a reduced radius, the damage consists only of subsurface micro—cracks initiated from grains
boundaries and residual pores. It is worth noting that this damage mode is not easily detectable
but may deteriorate the lifetime of components. Therefore, it is essential to avoid the presence of
pores or cluster of pores, and this by ensuring a proper control of the processing conditions.

The inverse analysis is a fundamental approach to fully characterize the mechanical beha-
viour of brittle materials. The technique was first applied to fully dense silicon nitride materials.
A simple bilinear law was proposed as a first approach with the yield stress and hardening coef-
ficient as unknown nonlinear parameters. They were obtained from the experimental load versus
displacement curves from nanoindentation tests and minimization module based on the Levenberg-
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General conclusions and prospects

Marquardt algorithm. The identified parameters were used to simulate the mechanical response of
materials under a vertical or rolling loadings. It was numerically demonstrated that these latter
conditions enlarge the damage zone independently of the material microstructure.

Although the results obtained with the proposed model (bilinear) are consistent, they are only
a first approximation of the true mechanical behaviour of the processed materials. In fact, the
bilinear law with two unknown parameters is also too simple to capture all the damage mecha-
nisms observed experimentally. The weakness of the model has arisen at the comparison between
experimental and numerical profile of indents. More advanced models can be proposed to take
into account the microcracks events or incorporate a damage variable during the identification
procedure. One can also think that Drucker-Prager model that takes into account the hydrostatic
pressure can improve the numerical answer. Load versus displacement curves can also be obtai-
ned using indenter of larger radius. In fact, a new testing system has to be developed based on
standard tensile machine where the displacement is measured using digital image correlation. The
identification procedure will then be applied and results compared to those obtained by means of
commercial nanoindentation machine. Another interesting perspective will be to investigate crack
propagation and coalescence, also considering size effects.

Regarding the experimental side of the future work, one has to identify the exact physical
characteristics of the dislocations (the burgers vectors and slip system) observed for coarse silicon
nitride materials. Same work has to be done in case of materials with fine microstructure where
plastic mode is dominant. It was also reported in previous studies dealing with contact damage
that the sintering additive nature is of paramount importance on the material response. However,
the state of the art has shown that only oxide additives were considered until now. Silicon nitride
with non-oxide additive presents a very interesting alternative especially for high temperature
applications. Finally, the porous materials can be tested under larger number of cycles to track
changes in the short crack network.
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Appendix

As presented in the second chapter, the observation of the damage under the contact sites was
performed using Focused Ion Beam and Transmission Electron Microscopy. FIB is sufficient for
porous specimens, however FIB + TEM are more suitable in case of dense specimens. In this
annex, we want to give more details about the preparation of thin foil from the damaged area in
fully dense silicon nitride materials. Prior to introducing the samples in the FIB, Hertzian contact
tests were performed using diamond sphere of radius 0.2 mm. These experimental conditions are
a good compromise between the accumulated damage and FIB instruments capacity. The surface
indents were first observed under optical microscopy and the surface depression profiles obtained
using a profilometer (VK100, Keyence). Sequentially scannng mode allows a 3D reconstruction
of the surface depression as shown in the figure below.

(b)

FIGURE 4.23: 3D indent profile after indentation of silicon nitride specimen with sphere of radius
0.2 mm under peak load P =45 N

After having measured the dimensions of the indent, the challenge consisted of investigating
at the damage mechanisms under such small indents. This work was made more difficult by the
fact that the silicon nitride is a very hard and not electrically conductive ceramic. The observations
were made using Versa 3D DualBeam (FIB/SEM) system from FEI company. Before beginning
with the steps shown on the next page, the surface of the indents was carbon coated to prevent
etching.
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