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Ceramic materials and more particularly technical ceramics provide very interesting
mechanical, thermal and electrical properties suitable in various industrial applications. Among these
materials, silicon nitride is considered as an ideal candidate for the development of ball bearings for
the automotive and aeronautic industries. This thesis describes preparation and mechanical evaluation
of yttria-doped silicon nitride ceramics. The potential applications of the silicon nitride ceramics
include tribological elements and components such as ball bearings. Thus, this study focuses on
characterization of their mechanical responses and damage mechanisms under contact loading.
Notable features of this work are the use of spark plasma sintering in sample preparation, which
enables the microstructure control, and sample characterization using focused ion beam (FIB) and
transmission electron microscope (TEM), which provides the information for profound discussion on
contact damage. Emphasis is also placed on the method to deduce the mechanical properties of the
sample by a reverse analysis of the indentation results with the help of numerical simulation. The
thesis is composed of four chapters. The outline of each chapter is presented below.

A bibliographic review of research and development for technical ceramics and their potential
application areas is given in Chapter 1, focusing silicon nitride ceramics as the candidate material.
Then, fabrication methods are examined including spark plasma sintering technigue as well as some
conventional routes. In addition, previous studies regarding the effect of microstructures on
mechanical properties and properties evaluation methods are reviewed and discussed. Based on the



literature review, this chapter sets up two primary objectives for the thesis, (1) Development of
methods for deducing and characterizing the nonlinear deformation response due to contact loading,
and (2) Elucidation of the mechanisms of contact damage at micro- and nano-scale.

The experimental and numerical methods used in this work are described in Chapter 2. In order to
prepare silicon nitride ceramics, a spark plasma sintering technique has been employed throughout this
study. Yttria was used as a sintering agent. Silicon nitride ceramics with different grain sizes and
microstructures were prepared by controlling the sintering temperature and pressure, and the amount
of yttria. A gradual evolution from materials with fine equiaxed grains towards microstructures
containing large elongated rod-like grains has been observed with increasing the amount of sintering
aid form 1% to 5%.

A novel method for determining the elastic and plastic properties of the prepared silicon nitride
ceramics was utilized, which couples instrumented nano-indentation testing and numerical computer
simulation to predict the uniaxial stress and strain relationship of the ceramics material. (The tip radius
of the indenter was 42 m.) A bilinear law was assumed for the uniaxial stress and strain relationship of
the materials tested, and their Young’s modulus E, yield stress y and hardening coefficient K were
determined. Hereafter, the numerical method coupled with indentation testing is referred to as inverse
identification method. Numerical computations were also executed to study the plastic and damage
behavior under contact rolling.

Contact damage was examined by using a bonded-interface (BI) sectioning technique and a
focused ion beam (FIB) sectioning technique. Optical microscopy and scanning electron microscopy
were used to observe the surface and subsurface contact damage for the specimens prepared with the
Bl sectioning technique. For the FIB sectioning technique, investigation using transmission electron
microscopy was carried out.

Several experimental and numerical results obtained for the dense silicon nitride ceramics prepared
by spark plasma sintering at higher pressures are presented in Chapter 3. Dense silicon nitride
ceramics have been successfully prepared controlling the amount of yttria and the temperature in the
SPS technique. The experimental results reported in this chapter include the effects of yittria contents
on the microstructure (in particular, grain size) and phase composition, and mechanical properties such
as Young’s modulus, Vickers hardness, flexural strength, and fracture toughness.

In addition to the above-mentioned mechanical properties, the inverse identification method was
successfully applied to the dense silicon nitride ceramics in order to determine their yield stress and
bi-linear coefficient that represents crucial parameters in the modeling of contact deformation and
damage at microscopic scale. The inverse identification method based on the indentation testing of tip
radius 42 m has yielded the values of Young’s modulus that compare well with those obtained from the
ultrasonic technique, and provided fairly comparable indentation results obtained from a different
indenter tip (0.2 mm of tip radius) such as the load vs. displacement records and the surface profiles.
The results indicate the validity of the proposed inverse identification method, which provides an
effective tool for evaluating the nonlinear mechanical properties of brittle ceramics materials to be
subjected to contact loading. It has also been demonstrated that the grain size effect on the yield
stress revealed by the inverse identification method is analogues to the Hall-Petch relationship.

TEM observations performed using FIB sectioning technique have revealed that the contact
damage in the dense silicon nitride ceramics consists of distributed microcracks and dislocation
motion as revealed by the lattice structure. The direct observation of dislocation motion in the



ceramics may be considered to be the first in the world. The findings offer a new and important
foundation for the characterization of the contact damage in silicon nitride ceramics.

Some experimental and numerical results obtained for porous silicon nitride ceramics are given in
Chapter 4. The silicon nitride ceramics with different porosities were successfully produced by
adjusting the pressure in the spark plasma sintering process. First, the values of Young’s modulus
and Vickers hardness obtained for the porous ceramics were correlated with the porosity based on the
conventional empirical equations. Then, the effects of the indentation tip radius on the contact damage
were examined using the Bl sectioning technique, and the observed size effect was interpreted in light
of the weakest-link theory and the dimensional ratio of intense strain region to porosity.

The inverse identification method was employed to deduce the uniaxial stress and strain
relationship for the porous silicon nitride ceramics. It has been shown that the method allowed us to
determine the nonlinear deformation response for the porous ceramics as well as the dense ceramics
and also reproduces fairly well the surface profiles in the indented specimens using the different tip
radius. The errors in the predicted indent depth were shown to be larger in the case of the porous
ceramics compared to those for the dense ceramics. A plausible explanation for this slight discrepancy
is that no damage mechanisms is taken into account in the current numerical simulation code used for
analyzing the indentation surface profiles.

Experimental observations using the FIB sectioning technique have demonstrated the formation of
distributed microcracks in the damage region and their further propagation parallel to the surface due
to cyclic indentation loading. As described above, the Hertzian contact damages were examined at
macroscopic (large scale) and mesoscopic 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
Si3N4 microstructure was experimentally obtained. The difference with values reported in the
literature is attributed to the strong assumptions made in previous studies. For the 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 the reduced radius, the damage consists only of subsurface
microcracks 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 poresor cluster of pores, and this by ensuring a proper control of the
processing conditions.

Based on the experimental and numerical results, the outcome of this thesis is summarized in the
section of General Conclusions and Prospects. The main results may be highlighted as follows:

1. Novel processing route was developed for preparing silicon nitride ceramics with different
microstructures and densities

2. Coupled method of indentation testing and numerical simulation was proposed for characterizing
the plastic deformation of the silicon nitride ceramics, and its validity was provided by comparison
with experimental results regarding surface profiles of indents

3. TEM observations revealed that the fracture mechanisms in the silicon nitride ceramics under
contact loading is the formation of dislocation and microcracks.



The results of this thesis is expected to provide fundamental and useful knowledge in the research
community, particularly in the field of tribological applications of silicon nitride ceramics.
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