
Abstract 

Understanding material behavior largely benefits from a microstructural analysis targeting at so-called material 

phases, i.e. at pseudo-homogeneous subdomains found at different length scales. Such phases may enter 

multiscale mathematical models which are useful for the identification of (micro)structure-(mechanical) 

property relations. The latter may also serve as design tools for optimising a variety of material properties. This 

thesis presents different experimental methods for the identification and characterisation of the 

microstructure found in fired clay ceramics. Particular focus is thereby on the roles played by poreforming 

agents, by the clay composition, and by the firing temperature. In addition, the mechanical properties of the 

phases (such as quartz, feldspar, pores, or amorphous matrix) are identified from a model analysis of very 

many nanoindentation results (“statistical grid nanoindentation"). A similar method is applied to extracellular 

bone matrix, and to the bone-replacement material “baghdadite", so as to avoid the influence of cracks in the 

assessment of the elasticity of the undamaged bone (or baghdadite) matrix phase. 

In Chapter 2, a method based on micro-CT measurements and statistical X-ray attenuation analysis for 

determining the double porosity in fired clay samples is presented. The influence of different pore-forming 

agents, namely EPS, sawdust, and paper sludge, the latter two in mass-% of 10%, 20% and 40%, the former in 

mass-% 10% and 20%, were investigated. For reference purposes, ceramic samples without pore-forming 

agents, fired at 880 ◦C, which is the same temperature as the samples including pore-forming agents, and at 

1100 ◦C, were also examined. The macroporosity was obtained by thresholding the microCT image stack, which 

enabled the characterization of the pore morphology. Furthermore, the macropore orientation and volume 

distribution were determined. Intravoxel analysis on the basis of statistical X-ray attenuation analysis gave 

access to the microporosity. The total porosity results gained by micro-CT measurements were validated by 

two independent 

experimental methods. 

Chapter 3 presents a novel method to identify and characterize the mineralogical phases of the microstructure 

of fired clay ceramics. Scanning Electron Microscopy (SEM) images and elemental maps obtained from Energy 

Dispersive X-ray spectrometry (EDX), in combination with digital image processing, were used to identify and 

quantify phases of samples from two different clays, one of the carbonate-bearing, fired at 880 ◦C and 1100 ◦C. 

The samples were prepared considering the extrusion-direction, and both directions normal to it in order to 

examine any spatial differences. The characterization of the microstructure was completed with X-ray 

diffraction measurements, which gave access to the amorphous fraction. 

The elastic- and viscoelastic properties of the phases determined in Chapter 3 were investigated with statistical 

grid nanoindentation in Chapter 4. A nanoindentation testing protocol was developed that enabled 

decomposing the indentation response to its plastic-, elastic-, viscoelastic constituents. The single indents were 

assigned to the corresponding phase according to the SEM-EDX images. Thus, the reduced elastic moduli of the 

single phases were obtained. Furthermore, three creep models were fitted into the 20 s holding phase of the 

indentation test. The simplest model with only two fitting parameters, namely the non-linear dashpot, 

delivered the best results. The obtained two fitting parameters were then used to compute the loading 

segment, which also fitted with the experimentally gained data. 

In Chapter 5, experimental methods are employed to determine the mechanical properties of ceramic 

materials for bone tissue engineering scaffold production, namely baghdadite (Ca3ZrSi2O9). Ideally, such 

scaffolds should reproduce the properties of bone as closely as possible. In the case of baghdadite, scaffolds 

seeded with bone cells have shown good biological properties in vivo, but research on their mechanical 

properties is scarce. By means of ultrasonic tests and homogenization theory, the elasticity of porous 

baghdadite is characterized across a wide range of porosities. Statistical nanoindentation was used as an 

independent method to validate the results of the zero porosity case. Thereby, a new method based on an 

evolutionary algorithm was developed to distinguish between nanoindentation results obtained from damaged 

and undamaged material phases, considering the brittle and high porosity nature of baghdadite. 



Finally, in Chapter 6 statistical nanoindentation in combination with the evolutionary algorithm developed in 

Chapter 5, were used to obtain the elastic modulus of undamaged bovine extracellular bone. Microcracks were 

present in the samples, as imaged with scanning electron microscopy, which caused a high inconsistency in the 

obtained nanoindentation results. Thus, simply averaging over all results does not deliver the correct value. 

Therefore, the distinction between damaged and undamaged material phases is essential in accessing the 

correct material elasticity. 


