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1. Introduction    

This chapter describes the development of novel thermoelectric materials for high-
temperature applications like gas burners, combustion engines, nuclear fuel, or furnaces. 
The goal of this development is to recycle waste heat for energy harvesting in order to 
contribute in saving the environment. The research results are described in the following 
sub-chapters in four different sections.  
After a general review about perovskites and NaTaO3 in section 2, ab-initio-simulations of 
the Seebeck coefficient are described in section 3. The Seebeck coefficient strongly depends 
on the effective mass and carrier concentration. The electronic band-structure calculations 
showed a large electron effective mass for NaTaO3. Heavily doping changes NaTaO3’s band-
structure in a similar way as the well-known thermoelectric material Nb-doped SrTiO3. 
Hence, NaTaO3, which is stable up 2083 K and which is known as a material with excellent 
photo-catalytic properties, was chosen as a candidate for thermoelectric materials.  
Section 4 describes the finding of suitable doping elements by sintering NaTaO3 with 
different raw materials. While both, pure NaTaO3 and NaTaO3 sintered with Fe2O3, are 
almost insulators, it was discovered that sintering with metallic iron increases both, electric 
conductivity and Seebeck coefficient. Microstructural characterization by SEM and XRD 
measurements showed that a NaTaO3-Fe2O3 composite material is formed. The amount of 
Fe solved in the NaTaO3 lattice is much higher when the starting materials consist of Fe 
instead of Fe2O3. Addition of several metals like Mn, Cr, Ti, Ni, Cu, Mo, W, Fe, and Ag were 
tested, but only the later two elements lead to remarkable electric conductivity observed 
above 773 K. 
Section 5 describes the measurement of thermoelectric properties such as Seebeck-voltage at 
a large temperature gradient, a method which is close to applications, but not yet commonly 
used, because the thermoelectric theory is based on small temperature gradients. Thermal 
conductivity is not measured, but only estimated. The doping is achieved by sintering 
metallic iron or silver together with NaTaO3. The results are high negative Seebeck voltages 
up to -320 mV at a temperature difference of 700 K, as well as high closed-circuit currents up 
to -250 A for Fe-doping and positive values for Ag-doping. Besides reporting previous 
results, several new findings are described here for the first time. Composites with Cu yield 
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to a small Seebeck voltage of about -10 mV with a strong response, when heat flow direction 
is reversed.  
In section 6 the thermokinetic measurement by differential scanning calorimetry (DSC) and 
thermoanalysis (TA) clarifies the reaction sintering between Fe and NaTaO3. The 
experimental data obtained at different heating rates were analyzed by Friedman analysis 
and showed a characteristic shape in the plot of energy versus partial area. Further 
directions of improvement, like improving the densification by sintering, are mentioned in 
the last section under discussions.  

     
2. Perovskite structure 

2.1 Functional Engineering Materials based on Perovskite Crystal structure 
The goal of this book chapter is to describe the development of new thermoelectric materials 
(TE), whose most important features are described first. Then the perovskite structure is 
reviewed, before focusing on the main topic, NaTaO3.  
Successful thermoelectrics have to be semiconductors [Sommerlate et al. 2007, Nolas et al. 
2001, Ryan&Fleur 2002, Bulusu et al.2008], so there are two possible approaches in TE 
development, one from the ceramic side, which have large Seebeck coefficients, and one 
from the metal side, which have large electric conductivity, but a rather poor Seebeck 
coefficient. The main goal of development for ceramics, which are the focus in this book, is 
the improvement of the electric conductivity. The engineering targets of such TE-ceramics 
are applications in any combustion engines, gas turbines, power plants including nuclear 
power plants, furnaces, heaters, burners or in combination with solar cells or solar heaters as 
illustrated in fig. 1.  
 

 
Fig. 1. Possible applications for high-temperature thermoelectric ceramics (in blue color) in 
solar cells, solar heaters, combustion engines or gas turbines. 
 
The service temperatures of such devices are usually too high as to be applicable for other 
TE materials. The temperature difference [Ryan& Fleur 2002] between the hot chamber 
inside and the (cold) ambient environment is considered as the energy source for these 
energy conversion devices, which have a long life time and low maintenance costs, because 
there are no rotating parts. The main advantage is that any waste heat can be converted into 
electricity. Hence, advanced thermoelectrics are both, environment-friendly eco-materials 
and energy materials, which main purpose is producing energy.  For a wide range of 
applications, materials with higher energy conversion efficiency than present TEs need to be 
found, in order to be considered as clean energy sources helping to solve the severe CO2- 

 

problem. One important indicator for efficient thermoelectric material is the figure-of-merit 
ZT 
 

ZT=S2T/ (1) 
 
which should have a value significantly larger than 1 to be economically reasonable. 
Improvement of ZT requires a high Seebeck coefficient S and electric conductivity  and a 
low thermal conductivity . For increasing ZT several concepts for materials design of 
thermoelectrics have been introduced [Nolas et al. 2001, Ryan&Fleur 2002, Bulusu et al.2008, 
Wunderlich et al. 2009-c]. These are phonon-glass electron-crystal (PGEC) [Terasaki et 
al.1997], heavy rattling atoms as phonon absorbers, proper carrier concentration [Vining 
1991, Wunderlich et al.2006], differential temperature dependence of density of states, high 
density of states at the Fermi energy, high effective electron mass [Wunderlich et al. 2009-a], 
superlattice structures with their confined two-dimensional electron gas [Bulusu et al. 2008, 
Ohta et al. 2007, Vashaee & Shakouri 2004], and electron-phonon coupling [Sjakste et al. 
2007]. As all these factors can influence also the material focused in this chapter NaTaO3, at 
first basic principles of the Pervoskite crystal structure are briefly reviewed, as this 
interdisciplinary approach is supposed to gain important understanding for future 
improvement.  
The interest on Perovskite structure related materials has dramatically increased in the past 
three decades after the discovery of many superior solid-state properties, which makes 
Perovskite materials or their layered derivatives record holders in many fields of solid state 
physics as shown in fig. 2. The most popular finding was the discovery of superconductivity 
in Y1Ba2C3O7-x (YBCO) for which the Nobel Prize 1987 was provided. The present record 
holder is Bi2212 with a critical temperature of TC=120K. A large scale application of YBCO 
since 1998 is the linear motor train using the magnetic levitation (Maglev) in Yamanashi-ken 
Japan, whose entire rail consists of Helium-cooled superconductors. Present portable phone 
technology is all based on layered (Ba,Sr)TiO3 dielectric material [Ohsato 2001, Wunderlich 
et al. 2000] due to their high dielectric constant (e>10000) and quality factor. During the 
materials development detailed spectroscopic data of the electromagnetic resonance [Bobnar 
et al. 2002, Lichtenberg et al. 2001] have been measured, which further analysis can provide 
more understanding of electron-phonon interactions as one of the key issue for 
thermoelectrics based on perovskites. Piezoelectric materials on Pb(Ti1-xZrx)O3 (PZT) or the 
environmental benign  lead free K0.5Na0.5NbO3 (KNN) materials [Stegk et al. 2009] have an 
increasing application demand in actuators and sensors.  
 

 
Fig. 2. As Perovskite-structure based mate-rials are record holders in many solid-state 
properties, they might become so in thermoelectrics too. 
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The main reason for the good piezoelectric properties with its large d33 shear component is 
that soft modes in the phonon spectrum appear near the morphotrophic phase boundary 
[Stegk et al. 2009]. This derives from the softening of the atomic bonds by adding other 
elements, or from increasing of the lattice constants as described in the next sub-section. The 
Nobel Prize 2007 has been provided for the discovery of the giant magnetic resonance 
(GMR) observed on Heusler-phases, but it also occurs on Perovskite interfaces as in 
(La,Sr)MnO3 [Coey et al. 1999]. Similarly, for thermoelectric materials, like the layered 
Perovskite-relatives called Ruddlesden-Popper phases (SrTiO3)n(SrO)m, large ZT values 
have been reported. 
 

 
Fig. 3. Schematic drawing of the crystal structure of the perovskite structure and of relatives, 
(a) ｐerovskite structure with small lattice constant compared to atomic radius, (b) same 
with large lattice constants, (c) tilted octahedron in LaTiO3, (d) layered Ruddlesden-Popper 
phase with uniaxial distorted TiO6-octahedron, (e) Aurivilius phase.  
 
The Perovskite structure is schematically summarized in fig 3. In pure perovskites there are 
two extreme structural variants, expressed by the tolerance factor f [Imada et al. 1998] 
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where rA, rB, rO are the atom radii or the A-(alkali or rare earth-), B-(transition metal group-
elements), and O-atom in ABO3-perovskites. The first extreme with small f (fig. 3a) has small 
lattice constants compared to the atomic radii. Thus, the atoms fit almost without free 
volume into the cubic unit cell. The second variant with large f (fig. 3b) has large lattice 
constants compared to the atomic radii. Hence, phonon modes especially soft modes can 
easily be excited and this is considered as a beneficial factor for many of the superior solid-
state properties mentioned above [Imada et al. 1998, Stegk et al. 2009]. If the space for the 
octahedron is too large, they start too tilt as shown in fig. 3 c for LaTiO3. This is considered 
as bad for the thermoelectric properties. This holds also true for the case of the uniaxial 
octahedron extension as shown in fig. 3 d for the layered Ruddlesden-Popper phase 
[Ruddlesden & Popper 1958], which is a natural grown nano-composite consisting of SrO 
and SrTiO3. They are explained in the section 2.3, as well as the Auirvillius phases (fig, 3 e), 
but before that the findings on perovskite-based thermo-electrics are briefly summarized.       

 

2.2 Perovskite based thermoelectrics 
Focusing from now on thermoelectric materials, it has been shown [Yamamoto et al. 2007, 
Sterzel & Kuehling 2002] that in the (Sr,Ba,Ca)TiO3 ternary system only specimens at the Sr-
rich corner show a large Seebeck-coefficient. Because pure SrTiO3 is an insulator with a band 
gap of 3.2 eV, it needs to be doped in order to become a semiconductor. N-doping has 
successfully been demonstrated by partially substitution of Sr with La, or Ti with Nb, and a 
rather large thermoelectric figure of merit of 0.34 at 1000K is achieved [Ohta et al. 2005-a,b, 
Wunderlich et al. 2006] As shown in fig. 4, the principle is the same as doping in Si, electron 
donator elements from the right side of the host atoms in the period system are substituted. 
However, in these oxide ceramics, not only an electron is released, but also due to the 
valence change of Ti-atom, oxygen atoms are released (fig, 4 b). Hence, firing in reduced 
atmosphere improves the properties of Nb-doped SrTiO3, as well as NaTaO3 as explained 
later.  
The oxygen deficit introduces an additional electronic state 300 mV below the valence band 
edge, as discussed elsewhere [Wunderlich et al. 2009-a]. In this paper also one of the reasons 
for the good thermoelectric performance of SrTi1-xNbxO3-v, has been discovered. 
 

 
Fig. 4. N-type doping of SrTiO3 for A- and B-side in shown (a) in the period table, (b) as 
reaction equation with either creation oxygen vacancies or changing the oxidation state of 
the Ti-atom. 
 

 
Fig. 5 Effective band mass in Nb-doped SrTiO3 as a function of the Nb-content. The inset 
shows the conduction band features near the bandgap for different concentrations in -Z 
direction, from which the effective mass was estimated [Wunderlich et al. 2009-a].  
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When x, the doping concentration ob Nb increases, the effective electronic mass increases as 
shown in fig. 5. When analyzing the band structure, this fact can be explained by the 
decrease in energy of a flat band as seen in the inset of fig. 5. At the concentration of xNb 
=0.24 the low-mass band stretching becomes too large and it forms an independent band 
section at the -point (inset of fig. 5, case (C)). As a result the band mass suddenly becomes 
small, and in the experiments the bad TE-properties have been confirmed.  
The finding expressed in fig. 5 [Wunderlich et al. 2009-a] can be considered as a kind of 
guideline for any functional material development. In contrary to structural materials, 
where a wide concentration range gives usual good performance, in functional materials 
only a narrow concentration range gives good properties. “A little bit increases the 
performance remarkable, but a little bit too much, deteriorates them”, is a principle 
occurring often in nature, especially in organic or bio-chemistry.  
Another reason for the success of Nb-doped SrTiO3-Perovskite has been suggested by the 
decrease of the bandgap due to phonons [Wunderlich W., 2008-a]. This mechanism explains 
the importance of phonons for electron excitation as the origin of the heat conversion, and 
on the other hand it explains the large Seebeck coefficient due to reduction of 
recombination. Namely, when the excited electron wants to jump back to ground state, the 
phonon has traveled away and the bandgap is large as it is without phonon making a de-
excitation unlikely.  
The following formula [Wunderlich et al. 2009-a] relates the calculated band masses to the 
effective band mass m* as determined in experiments  
 

iBe mmm ,
** 

 
(3) 

 
by taking mB,i with i=1, the next band to the band gap from band structure calculations, as 
an average of high and low band masses mB,i,h  mB,i,l  at two different reciprocal lattice points 
by 
      

  3/22/3
,,

2/3
,,, liBhiBiB mmm 

 
(4). 

 
Through these band mass calculations it was described for the first time [Wunderlich & 
Koumoto 2006], that NaTO3, KTaO3 and others are possible TE-candidates, because they 
possess a large effective mass of m*/me=8, about two times larger than Nb-SrTiO3. Before 
describing NaTO3 in section 2.4., we briefly summarize findings on layered Perovskites. 

 
2.3 Layered Perovskites as thermoelectrics  
The electron confinement at Perovskite interfaces has been demonstrated first in [Ohmoto & 
Hwang 2004]. Due to such 2-dimensional electron gas (2DEG) at interfaces, also 
thermoelectric properties are enhanced as predicted theoretically (see references in [Bulusu 
& Walker 2008]). The confined electron gas has been successfully demonstrated for Nb-
doped SrTiO3, and this discovery leads to Seebeck coefficients ten times higher than bulk 
materials [Mune et al. 2007, Ohta et al. 2007, Hosono et al. 2006, Lee et al. 2008]. Theoretical 
calculations [Wunderlich et al. 2008] showed that the control of the concentration on 

 

atomistic level, diffusion and structural stability is essential, as a SrTiO3-SrNbO3-SrTiO3 
composite is much more effective that an embedded Nb-doped SrTiO3.  
The idea that an insulating nano-layer of SrO inside Nb-doped SrTiO3 reduces the thermal 
expansion of the composite, has been demonstrated for the Ruddlesden-Popper phase [Lee 
et al. 2007-a, Lee et al. 2007-b, Wunderlich et al. 2005], which are naturally grown 
superlattices [Haeni et al.2001]. As mentioned in section 2.2, in such case structural uniaxial 
distortions of the Ti-octahedron can occur, which deteriorate the thermoelectric properties 
due to their larger Ti-O-distance. By additional doping elements the extension can be 
restored and thermoelectric properties are improved [Wang et al. 2007].  
Other Perovskite relatives are the various Aurivilius phases, which consists of Bi2O2 layers 
between Perovskite [Lichtenberg et al. 2001, Perez-Mato et al. 2004]. Their thermoelectric 
conversion power has yet been tested to a certain degree. Other Perovskite relatives are the 
Tungsten-bronze crystals [Ohsato 2001], which have not yet been tested.  

 
2.4 Pure NaTaO3 is a distorted Perovskite  
The interest in NaTaO3 recently increased after the discovery of its photo catalytic properties 
as water splitting [Kato et al. 1998], or degradation of organic molecules, especially when 
doped with rare earth elements like La [Yan et al., 2009]. In spite of its high melting point of 
1810oC [Lee et al. 1995, Suzuki et al. 2004] it has a lattice energy of -940 kJ/mol, but not as 
low as Ta2O5 (-1493 kJ/mol). It can be produced at relatively low temperatures from 
Na2C2O4 and Ta2O5 [Xu et al. 2005] and it reactives with Si3N4 [Lee et al. 1995]. NaTaO3 
forms an eutectic ceramic alloy with CaCO3, which lowers the melting point to 813 K 
[Kjarsgaard & Mtchell 2008]. Ta in NaTaO3 can be exchanged isomorphly by Nb, relating in 
similar properties as NaNbO3 [Shirane et al. 1954, Shanker et al., 2009]. 
Detailed investigations showed that NaTaO3 possesses the Pervoskite structure (Pm-3m) 
only above (893 K) before it lowers its symmetry becoming tetragonal (P4/mbm), and 
orthorhombic (Cmcm, Pbnm) below 843 K and 773 K, respectively [Kennedy et al. 1999]. 
NaTaO3 is more stable compared to NaNbO3, which becomes tetragonal at 653 K and 
orthorhombic at 543 K, or KNbO3, where these transformations occur at 608 K and 498 K, 
respectively [Shirane et al. 1954]. NaTaO3 has a bandgap of 4eV [Xu et al. 2005]. The phase 
transition is caused by the octahedron tilting (fig. 2 c), which can reach up to 8o in the case of 
NaTaO3 [Kennedy. et al. 1999].  
NaTaO3 has been suggested as thermoelectric material [Wunderlich & Koumoto 2006, 
Wunderlich et al. 2009-a, Wunderlich & Soga 2010], as it shows a large Seebeck coefficient. 
The findings are briefly summarized, together with explanation of new research results in 
the following sections.  

 
3. Ab-initio calculations of doped NaTaO3 

First-principle calculations based on the density-functional theory (DFT) are presented in 
this chapter. They should clarify the following topics, namely which doping element sits on 
A- or B-site of the perovskite lattice ABO3, how the lattice constants change, how Fermi 
energy and bandgap change, and finally how the bandstructure and density-of-states (DOS) 
looks like.  
The first principles calculations were performed using VASP software [Kresse & Hafner 
1994] in the LDA-GGA approximation with a cut-off energy E=-280eV, U=0V and sufficient 
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number of k-points. The DOS is convoluted with a Gaussian distribution with a FWHM of 
0.2eV, to approximate the broadening at room temperature. The relevant symmetry points 
in reciprocal space were chosen according to the standard notifications of the Perovskite 
space group Pm-3m, which was assumed as a first approximation to have untitled 
octahedra. The path in reciprocal space was focused on the three directions near the -point, 
see discussion in [Wunderlich et al. 2009-a]. The supercell used in these calculations is a 
2x2x2 extension of the unit cell, allowing calculations of minimal doping concentration steps 
of 0.125 = 1/8 for A- or B-side or 1/24 for O. 
 

 
Fig. 6. The energy-volume dependence for pure NaTaO3 (pink line) is shown and compared 
with different doping elements dissolved in NaTaO3, either on Na- or Ta-side, each for two 
concentration. The variants with lowest energy are (a) Fe on Ta-side, (b) Ag on Na-side, and 
(c) Ti, (d) Mn, (e) Cr all three on Ta-side. 
 

Doping element 
NaTa0.9Me0.1O3 

un-
doped  

Fe Ag Ti Mn Cr   

Lattice constant [nm] 0.3909 0.3948 0.3968 0.3909 0.3952 0.3929   
Band-gap [eV]  2.20 0.74 0.60 2.10 0.95 1.30   
Fermi energy [eV] 2.37 1.91 1.80 2.17 1.95 2.54   

Table 1. Lattice constants, band-gap and Fermi energy for Ta-site doped NaTaO3 as 
estimated from ab-initio calculations 
 

 

The results of the energy-versus-volume (E(V)) calculations are shown in fig. 6 for doping 
elements Fe, Ag, Ti, Mn, and Cr for either doping on A- or B- side. The obtained lattice 
constants are shown in table 1 and exhibit only a small change compared to pure NaTaO3. 
As explained in the following section and in a previous paper [Wunderlich 2009-b], Ag and 
Fe are the two doping elements, which cause the highest Seebeck voltage due to their high 
solubility in the NaTaO3 lattice. The data in fig. 6 show that both, Fe, and Ag, doped on B-
site have a slightly higher energy, while according to the experimental data intuitively one 
would expect a lower energy than pure NaTaO3, as it is in the case for all other doping 
elements. The discrepancy can be explained by the fact that pure NaTaO3 has tilted 
octahedron. Furthermore, Ag shows a slightly lower energy for doping on A-side, but this 
makes no sense, because valence and hence band structure remains unchanged. As in the 
case of Nb-doped SrTiO3 [Wunderlich et al. 2009-a] DFT-calculations of the combined 
defects NaTa0.88Me0.12O3-x might clarify this issue. As explained in fig. 4 b in the previous 
section, an increase in the electron concentration on B-side is always related to a deficit in 
oxygen.  
 

 
Fig. 7. Band structure of (a) NaTaO2.8. (b) NaTa0.88Fe0.12O3 (n-type) (c) NaTa0.88Ag0.12O3 (p-
type). The arrows show the change compared to un-doped NaTaO3. (The band colors are 
just for distinguishing and have no other meaning).  
 
The calculated band structure of Fe-doped NaTaO3 is shown in fig. 7 b, that of Ag-doped 
NaTaO3 in fig 7 c and the oxygen-deficit NaTaO2.8 lattice in fig. 7 a. In all plots the Fermi 
energy level, which is shown in table 1, has been adjusted to 0 eV. In the case of n-doping 
the Ta-2eg bands have lowered their energy and the band gap is reduced remarkably from 
2.2 eV in pure NaTaO3 to 0.74 eV, so that excitations due to phonons become possible. The 
p-doping by Ag shifts the Ta-2eg bands towards the valence band, so that an indirect band 
gap with 0.6 eV occurs. As shown in table 1, the band structures of other doping elements 
show larger band gaps. The band gap widths correspond well to the electric resistivity of 
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The calculated band structure of Fe-doped NaTaO3 is shown in fig. 7 b, that of Ag-doped 
NaTaO3 in fig 7 c and the oxygen-deficit NaTaO2.8 lattice in fig. 7 a. In all plots the Fermi 
energy level, which is shown in table 1, has been adjusted to 0 eV. In the case of n-doping 
the Ta-2eg bands have lowered their energy and the band gap is reduced remarkably from 
2.2 eV in pure NaTaO3 to 0.74 eV, so that excitations due to phonons become possible. The 
p-doping by Ag shifts the Ta-2eg bands towards the valence band, so that an indirect band 
gap with 0.6 eV occurs. As shown in table 1, the band structures of other doping elements 
show larger band gaps. The band gap widths correspond well to the electric resistivity of 
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such specimens as explained in the next section. Hence, the band-gap-reduction will be a 
future engineering challenge for obtaining a large electric conductivity.  
 

 
Fig. 8. Band structure near the conduction band edge at the -point for Na-site doping,  (a) 
Na0.88Ca0.12TaO2.8, , (b) Na0.88Sr0.12TaO2.8, (c) Na0.88Ba0.12TaO2.8, , (d) Na0.88Ce0.12TaO2.8. 
 
The mechanism for electron conductivity is similar to that in Nb-doped SrTiO3; for details 
see the discussions in [Wunderlich et al. 2009-a]. The oxygen vacancies introduce electronic 
states about 200 ~ 300 meV below the valence band edge, form which electrons from the 
conduction band can be excited into the valence band. Compared to pure and Nb-doped 
SrTiO3 (m*/m0= 4.8 and 8), in pure NaTaO3 (m*/m0= 8) the effective electron mass increases 
further (m*/m0= 12), as can be seen from the flat bands over the entire region -X in all 
three cases of fig. 7. In un-doped NaTaO3 the hole mass is also large (m*/m0= 8). The mass of 
Ag-doped NaTaO3 (Fig. 7 c) is smaller due to the indirect bands at Z and -points, but the 
large effective mass of the valence band minimum in un-doped regions (m*/m0> 20) seems to 
have also an large influence on the effective mass measured in experiments. Calculations for 
A-site doping analog to La-doped SrTiO3 [Wunderlich et al. 2009-a] are shown for NaTaO2.8 
in fig. 8. In all cases the DOS near the band edge is increased, but for Ce-doping it became 
especially large as can be also seen on the increased number of bands (fig. 8 d). In spite of 
experimental difficulties with sintering of Ce2O3 containing samples [Wunderlich et al. 2009-
d], a large TE-performance by co-doping might be expected. In following experimental 
results about Ta-site doping are reported. 

    
4. Specimen preparation and microstructure characterization of NaTaO3 

NaTaO3 composite ceramics were produced by conventional sintering. Well-defined weight 
ratios of fine powders of NaTaO3 (Fine Chemicals Ltd.) and each of the pure metals Fe, Ag 
and other metals, or Fe2O3, were mixed in different concentration ratios in a mortar for more 
than 10 min. The specimens were pressed with 100 MPa as pellets, 10 mm in diameter and 3 
mm height, and sintered in a muffle furnace in air at 1000 oC for 5h with slow heating and 
cooling rates (50K/h) as sketched in fig. 9. The electric properties of the specimens were 
analyzed as explained in the following section. Thereafter, the sintering was repeated 
several times at the same temperature. During sintering the white color of NaTaO3 

 

specimens turn into dark colors indicating that the band-gap has been reduced, when a 
large amount of metals was dissolved. However, specimens containing metals with low 
solubility such as Al, Cu, Sn, Sb, Mo, W remained white or turned into light orange or 
reddish color (Ti). The specimens were characterized by SEM (Hitachi 3200-N) at 30kV 
equipped with EDS (Noran), which allows chemical mapping. The X-ray diffraction (XRD) 
analysis was performed using a Rigaku Miniflex device with Co-source with 1.7889 nm 
wavelength. Simulation of the XRD-patterns was performed with the Carine V3 software 
(Cristmet). 
 

 
Fig. 9. Flowchart of the specimen preparation 
 

 
Fig. 10 XRD diffraction pattern of NaTaO3 with 50 wt-% Ni. The letters N indicate NaTaO3 
reflexes. 
 
The analysis of XRD-diffraction pattern of Fe- and Ti-doped NaTaO3 showed [Wunderlich, 
Soga, 2010] that the initially mixed Fe or Ti-metallic powder gets oxidized as besides the 
NaTaO3- XRD-peaks also such of FeO3- or Ti2O3 are observed. Hence, during sintering a 
FeO3- and Ti2O3–NaTaO3 composite material is formed by reaction bonded sintering (RBS), 
a mechanism, which supports additional energy for sintering and has been successfully 
applied for many structural ceramics [Claussen et al. 1996]. Weight measurements of 
specimens before and after sintering confirmed the oxidation by weight gain even in 
quantitative manner.  
In the case of Ag, evidences for oxidation have not yet been clearly approved, instead, 
cooling down a sintered specimen, metallic silver balls separated on the specimen surface 
are observed. In the case of Ni-added NaTaO3, in spite of the greenish specimen surface 
color due to NiO, the XRD pattern in fig. 10 shows that the interior of the specimen consists 
of a composite NaTaO3 with metallic Ni. In all specimens with Fe-, Ni-, Mn-, and Ag-doping 
the XRD peaks were indentified as Perovskite with space group Pm-3m as mentioned in 
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section 2.4. Hence, it can be concluded, that the octahedron tilting mentioned in section 2 
was suppressed by the doping.  
 

 
Fig. 12. SEM micrographs of the as-prepared surfaces of different NaTaO3-composites 
processed by adding 40 wt% of (a) Fe, (b) Ag, (c) Ti, (d) Mo, (e) Mn, (e) Cr, (g) Ni, (h) W.  
 
The microstructure of the NaTaO3 composite processed with 50 wt% Fe consists of a 
NaTaO3- 50 mol% Fe2O3 composite as shown in fig. 12 a. It consists of dark Fe2O3 particles, 
on average 10 m in size, and appearing in streaks-like shape, which are embedded in a 
grey NaTaO3 matrix. Detailed explanation is provided in a previous paper [Wunderlich & 
Soga 2010]. When NaTaO3 is initially processed with Fe2O3 instead of Fe, the microstructure 
looks like a sintered ceramic composite with white Fe2O3 besides white NaTaO3 particles. 
The change from black to white color can be explained by oxygen saturation as explained in 
section 6. Such a micrograph is shown in a previous paper [Wunderlich 2009-b]. The white 
areas in fig. 12 a are pores remaining from insufficient compaction during sintering or from 
released oxygen as explained in section 5.  
In NaTaO3-composites containing Ag, Ti, Mn, and Ni the dark, metallic particles are slightly 
bigger (5~10 m). The particles have a volume fraction of about 30% which correspond well 
to the intensity ratios of the XRD-pattern. In specimens, which were produced from Fe2O3- 
instead of Fe-powder, the Fe2O3-particles form round particles as shown in fig. 3 a in 
[Wunderlich 2009-b]. In the case of Cr the dark, metallic Cr-particles are significantly larger 
(20 m), which can be explained by their low diffusivity. The same would be expected for 
Mo and W with their high melting points, but instead they lead to faceted interfaces. By 
chemical mapping homogeneous distribution of Na, Ta, Mo or W was confirmed. The two 
elements, Mo, and W, having their location in the period system and their atomic radii close 
to Ta, and, hence, can inter-diffuse easily with Ta. They lower the surface energy of certain 
crystallographic planes, which is an important fact to be kept in mind when nano-layered 
composite materials based on NaTaO3 are desired.  
The main goal of doping is to increase the carrier concentration of NaTaO3 in order to 
increase the conductivity. In a composite this can only be achieved by increasing the 
concentration of the dissolved element. Composition measurements by EDX in SEM with 

 

lateral resolution of 1 m were performed on the NaTaO3-phase in the NaTaO3-composites 
processed with different metals. For Cr, Mo and W concentrations below 2 at% were 
detected, for Ag, Ti, Mn, and Ni, 5 ~ 10 at% were detected and for Fe 14 at%. This result can 
Is a necessity for a thermoelectric material and explains the success of Fe and Ag for the TE-
performance as explained in the following section.  

    
5. Thermoelectric characterization 

5.1 Measuring device 
The thermoelectric measurements were performed with a self-manufactured device as 
shown in the inset of fig. 13. The specimen was attached to the device, so that its left side lies 
on a copper block as a heat sink and its right side on a micro-ceramic heater (Sakaguchi Ltd. 
MS1000) with a power of 1kW, and was heated up to 1000oC within 3 minutes. Hence, the 
bottom part of the specimen experienced the large temperature difference, while the upper 
part was heated through the heat conductivity of the specimen. The temperature 
distribution as measured by thermocouples is shown in fig. 1c of [Wunderlich & Soga 2010]. 
Seebeck voltages were measured on both, the bottom and top part of the specimen by Ni-
wires, which were connected to voltmeters (Sanwa PC510), marked as V1 and V2 in the inset 
of fig. 13 b. The temperature was measured with thermocouples also attached to voltmeters. 
The data were recorded online by a personal computer.  
Most TE-literature reports TE-data measured under small temperature gradient [Bulusu & 
Walkner 2008], where the theory is valid for. Our device however, measures the data under 
large temperature gradient, which is close to applications. When comparing such measured 
data with literature data on similar specimens (CoTiSb, Fe), in general about 1.5 times larger 
values for the Seebeck voltages are obtained.  
 

 
Fig. 13. Temperature (on the left y-axis), Seebeck Voltage and short-circuit current (both on 
the right y-axis) as a function of time. The inset shows the scheme of the experimental setup 
for measuring the Seebeck voltage and the closed circuit current. (a) Typical measurement 
for NaTaO3 + 50 wt% Fe, (b) Seebeck voltage response for NaTaO3 + 50 wt% Cu, when the 
heater is switched off or on (red line).  
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section 2.4. Hence, it can be concluded, that the octahedron tilting mentioned in section 2 
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Fig. 12. SEM micrographs of the as-prepared surfaces of different NaTaO3-composites 
processed by adding 40 wt% of (a) Fe, (b) Ag, (c) Ti, (d) Mo, (e) Mn, (e) Cr, (g) Ni, (h) W.  
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By putting the specimen completely above the ceramics heater, the temperature dependence 
of the electric resistivity was measured with the same device as shown previously 
[Wunderlich 2009-b, Wunderlich ＆ Soga 2010]. The reason, why the Seebeck voltage only 
appears when heated above 500°C, can be explained by the poor electric conductivity at low 
temperatures. The room temperature resistivity of such samples decreases from about 10 
M to 0.1 M when sintered in at least five sintering steps (1000oC, 5h) [Wunderlich & Soga 
2010]. The temperature dependence of the resistivity  was measured. The activation energy 
EA for thermal activation of the charge carriers ne in this n-doped semiconductors was 
estimated according to ne = N exp (-EA/2kT) by a suitable data fit. This analysis yield to an 
activation energy for charge carriers of about 1 eV during heating and 0.6 eV during cooling 
[Wunderlich 2009-b].  
Another option of this device is the measurement of the closed circuit current. For this 
option, the wires below the specimen are connected with resistances of 1, 10, 100, 1k, 
or 1M in a closed circuit condition as seen in the inset of fig. 13 a. As the measured electric 
current is a material dependent property, it is recorded too. As shown in fig. 13 a or fig. 3 in 
[Wunderlich 2009-b], as soon as the circuit is closed, the voltage of the NaTaO3- 30mol% 
Fe2O3 specimen drops down, and the current increases according to the amount of load with 
a short delay time of a few ms. The detection limits are about U=1mV and I=0.8A.  

 
5.2 Time-dependence of Seebeck voltage  
For the most specimens, the Seebeck voltage is not time-dependent and only depends on the 
temperature gradient. Time-dependent effects of the Seebeck-voltage occurrence have been 
reported for Co-based rare-earth Perovskite-composites (for example Gd2O3+CoOx) [Wunderlich 
& Fujizawa. 2009-d] and were explained as a combined occurrence of pyro-electricity and 
thermoelectricity. In some Co-based perovskite specimes remarkable non-linearities in the plot 
Seebeck voltage versus temperature difference appear, but not in NaTaO3.  
A time-dependent Seebeck voltage behavior appears at specimens NaTaO3 + x Cu, with x from 
30 to 50 wt%, as shown in fig. 13 b for x= 50wt%. On such specimens in general only a small 
Seebeck voltage of only -5 mV is measured, even at temperatures above 500 oC, when a 
sufficiently high charge carrier concentration is reached. However, when then the heater is 
switched off suddenly, a sharp pulse, a few milliseconds in length, of the Seebeck voltage with a 
value of 20 mV is measured with a negative sign. When switching on the heater again, the sign 
reverses to a positive pulse of Seebeck voltage with the same absolute value of 20mV. The 
Seebeck voltage on the backside of the specimen, which experiences the temperature gradient 
only indirectly through heat conduction, is not so high in its absolute value (12 mV for a 5 mm 
thick specimen), but it appears with the same sign and at the same time. In fig. 13 b this is shown 
in dark-green, while the pulse of the specimen side with the large temperature gradient is shown 
in light-green. The value of the Seebeck pulse is independent on the time-interval between the 
heat flow reversals, just the Seebeck voltage between the pulses fluctuates between 2 and 10 
times of its absolute value. Only when the temperature gradient decreases (right side of fig. 13b), 
the absolute value of the pulse becomes smaller.  
This heat flow dependent Seebeck pulse in time appears also in NaTaO3 + x Ag specimens, 
which were sintered only for a short time (1000oC, 5h). The reason is not yet completely 
investigated, but the interface between NaTaO3 and metallic particles, which are not reactive 
with NaTaO3, is responsible for this effect. It is different from pyroelectricity, which showed 
a similar behavior like an electric capacitor. The heat-flow dependent Seebeck voltage pulse 

 

can be utilized for building a heat-flow meter, which would be able to detect the forward or 
backward direction of the heat flow, due to the sign of the voltage pulse. By micro 
fabrication several such specimens could be arranged under different angles to heat flow, so 
that the vector of the heat flow can be determined, and when such devices are arranged in 
an array, even the heat flow tensor can be measured.  

 
5.3 Seebeck voltage measured under large temperature gradients  
The measurements of the Seebeck voltage USee are shown in fig. 14, where a temperature 
gradient of up to T = 800 K was applied to the specimens and the Seebeck voltage 
measured as explained in section 5.1. The specimens with NaTaO3+x Fe were measured for 
x = 30, 40, 50, 60, 70, 80, 90 wt%. The specimen with x= 50, 60, 70 wt% showed the high 
Seebeck voltages of about -300 mV as shown in fig. 14 a, details are explained in previous 
publications [Wunderlich 2009-b, Wunderlich & Soga 2010]. From the plot temperature 
difference dT versus Seebeck voltage US a Seebeck coefficient S of 0.5 mV/K was estimated 
by the slope S = dUS/dT.  
As the XRD results showed the formation of Fe2O3, also NaTaO3 + r Fe2O3 specimens were 
sintered, were r was 30, 50, 70, 90 wt%. These specimens showed all a Seebeck voltage of +60 
mV at T = 800K with a slightly nonlinear T-dependence. Hence, different processing 
causes a different oxidation state of the second component in this composite, and changes 
the n-type NaTaO3+x Fe into a p-type NaTaO3 + r Fe2O3 composite. As mentioned above, 
the microstructure looks slightly different for both composites and the thermo-kinetic 
measurements in section 6 too. 
When metallic Ni is added to NaTaO3, the sintered composites with x= 30 wt% Ni showed 
the highest value of -320 mV with a Seebeck coefficient of 0.57 mV/K, as shown in fig. 14 b. 
In this case non-linear behavior at T = 650 K during heating, and T = 600K during cooling 
appears at all Ni-specimens, but not at other elements, and is probably related to some 
phase transitions. In the case of W additions to NaTaO3 the specimens showed only a small 
Seebeck voltage of -30 mV for all concentrations in the range 30 to 90 wt% (fig. 14 c). A 
similar behavior is seen for Mo, where the 50 wt% sample showed a Seebeck voltage of -10 
mV during heating and +10 mV during cooling. The plots of Seebeck voltage versus 
temperature difference are linear. 
 

 
Fig. 14. Seebeck Voltage as a function of the temperature difference for (a) NaTaO3+50 wt% 
Fe, (b) NaTaO3+30 wt% Ni, (c) NaTaO3+50 wt% W, (d) NaTaO3+50 wt% Mo. The slope of 
the plots yield to the Seebeck-coefficients as mentioned.  
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Fig. 14. Seebeck Voltage as a function of the temperature difference for (a) NaTaO3+50 wt% 
Fe, (b) NaTaO3+30 wt% Ni, (c) NaTaO3+50 wt% W, (d) NaTaO3+50 wt% Mo. The slope of 
the plots yield to the Seebeck-coefficients as mentioned.  
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Na Mg           Al Si P 

-- / /          0 / / 
K * Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As 

-30 / / -20 / -200 -30 -320 -20 -360 -20 / / / / 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb 

/ / / / / -10/+10 / / / / +250 / / 0 0 
Cs Ba  Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi 

/ /  / -- -20 / / / / / / / / 0 

* KTaO3+Fe             

Fig. 15. Part of the periodic table showing the elements which were tested as doping 
additives for NaTaO3. The vale refers to the Seebeck voltage in mV at T = 750K. In the case 
of K it means KTaO3 with Fe-additions. Only the two elements in bold letters (Fe, Ag) 
showed a remarkable closed-circuit current.  
 
Such measurements were performed by adding several metallic elements Me from the 
periodic system NaTaO3+x Me specimens with x = 30, 50, 70, 90 wt%. Fig. 15 shows the 
largest Seebeck voltage at T=800 K among these specimens, where the best results usually 
were achieved for x around 50 wt%. Al and those semiconducting elements which were 
measured did not dissolve in NaTaO3 and such specimens remain white, a sign that they are 
still insulators.  
Specimens sintered from NaTaO3- x Ag powders with x= 30, 50, 60 wt% lead to p-type 
thermoelectrics. The Seebeck coefficient as deduced from fig. 14 a, Fe as n-type, and the 
corresponding plot for Ag as p-type [Wunderlich 2009-b] yield for both composites to 
almost the same value, namely +/- 0.5mV/K. In the case of NaTaO3 + x Fe specimens, the 
Seebeck voltage increases during the first three sintering cycles (1000 oC 5h), and reached 
this saturation value, which was confirmed to be stable even after eight sintering cycles. In 
the case of Ag-doped NaTaO3, the value also increases, however, after the fourth sintering 
cycle the Seebeck voltage drops to less than 30mV and the color turns into white again, 
indicating a structural instability of the NaTaO3-Ag compound probably due to silver 
evaporation. The temperature dependence of the electric resistivity was shown previously 
[Wunderlich 2009-b, Wunderlich & Soga 2010] for both, n- and p-type specimens, with x= 50 
wt%, which was found as the optimum concentration for low resistivity. According to the 
thermal activation of the carriers an activation energy in the order of the band gap (1 eV) can 
be estimated by fitting the data as shown in [Wunderlich 2009-b, Wunderlich & Soga 2010] 
by the formula = N0 exp(-E0/2kT) |e| e. with E0 activation energy.  
There are further promising doping candidates, not yet checked, as Nb, or rare earth. As a 
conclusion, it can be stated that only the light transition metals like Fe, Cr, Mn, Ni showed 
remarkable Seebeck voltages. Among them, the closed-circuit measurements described in 
the following section, lead to further restrictions.  

 
5.4 Electric current under closed circuit conditions  
For power generation the performance under closed circuit conditions is important. Fig. 16 
shows the measured current when different electric resistances as load are connected. While 
both composites, the one processed from NaTaO3+x Fe and the NaTaO3- x Ag one, showed 

 

large Seebeck voltage in the range of x = 50 to 70 wt%, the closed circuit current 
measurements showed the highest value only for the specimen processed from NaTaO3+x 
Fe with x= 50 wt%, which corresponds to NaTaO3+r Fe2O3 with r = 32 mol% after sintering.  
In the silver added composite, the specimen with 40 mol% Ag (about 50 wt%) yields to the 
optimum between large Seebeck coefficient and low resistivity. For the NaTaO3-x Fe2O3-
composite, the specimen with x = 32 mol % shows the highest current of 320 A, but for the  
 

 
Fig. 16. Seebeck Voltage and closed circuit current for n- and p-type NaTaO3 with Fe- or Ag-
additions with the Mol-% as shown. The horizontal and vertical arrows indicate the target 
for current and voltage increase, the inclined ones indicate the target for power 
improvement. P- and n-type materials should have the same Seebeck voltage as expressed 
by the target-line. 
 
NaTaO3-x Ag-composite, it is only 1.2 A. For the silver added composite, a part of Ag gets 
dissolved, another part gets oxidized as NaTa1-xAgxO3-y + t AgOu, when sintered  in three 
cycles (1000 oC 5h). While NaTaO3- Fe2O3 is a stable composite, the metallic Ag in the p-type 
composite with its low melting point decomposes into an insulating oxide after four 
sintering cycles (1000 oC, 5h), and metallic silver balls at the surface.  
The microstructure of the p-type material needs to be stabilized and optimized for 
improving both, Seebeck voltage as well as resistivity. When this is realized, and the p-type 
material would have had the same short-circuit current as suggested by the target line in fig. 
16, it is expected that modules with both n- and p-type materials work optimal. As p- and n-
type material has been found, NaTaO3 is suggested as a new thermoelectric for power 
generation suitable for applications in an upper range of application temperatures (500 to 
1100 oC), when a sufficient performance is achieved as described in the next section.  

 
5.5 Estimation of the figure-of-merit  
The absolute value of the negative Seebeck Voltage increases linearly with the temperature 
and reaches -320 mV at a temperature difference of 800 K as shown in fig. 14 a for the 
specimen NaTaO3-50mol% Fe2O3. From the slope of the Seebeck voltage versus temperature 
a Seebeck coefficient of -0.5 mV/K was estimated. Specimens in the range of 20 mol to 70 
mol% Fe2O3 showed all a Seebeck coefficient larger than -0.45 mV/K. From these data the 
figure of merit can be deduced, a little bit more promising as previously [Wunderlich 2009-
b]. For the thermal conductivity in the worst case a high value of 5 W/(m K) was assumed 
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the following section, lead to further restrictions.  

 
5.4 Electric current under closed circuit conditions  
For power generation the performance under closed circuit conditions is important. Fig. 16 
shows the measured current when different electric resistances as load are connected. While 
both composites, the one processed from NaTaO3+x Fe and the NaTaO3- x Ag one, showed 

 

large Seebeck voltage in the range of x = 50 to 70 wt%, the closed circuit current 
measurements showed the highest value only for the specimen processed from NaTaO3+x 
Fe with x= 50 wt%, which corresponds to NaTaO3+r Fe2O3 with r = 32 mol% after sintering.  
In the silver added composite, the specimen with 40 mol% Ag (about 50 wt%) yields to the 
optimum between large Seebeck coefficient and low resistivity. For the NaTaO3-x Fe2O3-
composite, the specimen with x = 32 mol % shows the highest current of 320 A, but for the  
 

 
Fig. 16. Seebeck Voltage and closed circuit current for n- and p-type NaTaO3 with Fe- or Ag-
additions with the Mol-% as shown. The horizontal and vertical arrows indicate the target 
for current and voltage increase, the inclined ones indicate the target for power 
improvement. P- and n-type materials should have the same Seebeck voltage as expressed 
by the target-line. 
 
NaTaO3-x Ag-composite, it is only 1.2 A. For the silver added composite, a part of Ag gets 
dissolved, another part gets oxidized as NaTa1-xAgxO3-y + t AgOu, when sintered  in three 
cycles (1000 oC 5h). While NaTaO3- Fe2O3 is a stable composite, the metallic Ag in the p-type 
composite with its low melting point decomposes into an insulating oxide after four 
sintering cycles (1000 oC, 5h), and metallic silver balls at the surface.  
The microstructure of the p-type material needs to be stabilized and optimized for 
improving both, Seebeck voltage as well as resistivity. When this is realized, and the p-type 
material would have had the same short-circuit current as suggested by the target line in fig. 
16, it is expected that modules with both n- and p-type materials work optimal. As p- and n-
type material has been found, NaTaO3 is suggested as a new thermoelectric for power 
generation suitable for applications in an upper range of application temperatures (500 to 
1100 oC), when a sufficient performance is achieved as described in the next section.  

 
5.5 Estimation of the figure-of-merit  
The absolute value of the negative Seebeck Voltage increases linearly with the temperature 
and reaches -320 mV at a temperature difference of 800 K as shown in fig. 14 a for the 
specimen NaTaO3-50mol% Fe2O3. From the slope of the Seebeck voltage versus temperature 
a Seebeck coefficient of -0.5 mV/K was estimated. Specimens in the range of 20 mol to 70 
mol% Fe2O3 showed all a Seebeck coefficient larger than -0.45 mV/K. From these data the 
figure of merit can be deduced, a little bit more promising as previously [Wunderlich 2009-
b]. For the thermal conductivity in the worst case a high value of 5 W/(m K) was assumed 
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according to the range of usual ceramics. This leads to an estimation of the figure-of merit 
ZT at 1000oC as: 
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This estimated value of ZT is at the moment much lower than state-of-the-art materials, for 
example SiGe, or the above mentioned Nb-doped SrTiO3, but materials development, like 
improved sintering, higher solubility of Fe, higher conductivity etc., will definitely increase the 
performance of NaTaO3, for which the following thermokinetic investigations are helpful.  

     
6. Thermo-kinetic characterization 

In order to clarify the sintering behavior of the NaTaO3-Fe2O3 composite differential 
scanning calorimetry (DSC) and thermo-gravimetric (TG) measurements were performed. 
The development in the field of thermo-kinetics in the last decade allows the estimation of 
activation energies for chemical reactions, when DSC and TG are measured simultaneously 
with at least three different heating rates [Opfermann et al. 1992, Opfermann 2000]. The 
analysis of the different sintering steps of alumina [Baca et al. 2001], and the oxidation of 
Magnetite to Fe2O3 [Sanders & Gallagher 2003] are examples, where this technique has 
successfully been applied for ceramics. 
 

 
Fig. 17 Results of (a,b) DSC and (c,d) TGA measurements of (a,c) NaTaO3 + 50 wt% Fe-, and 
(b,d) NaTaO3 + 50 wt% Fe2O3-powder specimens. The numbers in the inset refer to heating 
rates in [K/min]. The red and blue arrows indicate heating and cooling, respectively.  
 
Simultaneous DSC-TG measurements were performed on a SDT Q600 (T.A.instruments) by 
heating two different sets of mixed powder samples (26 mg NaTaO3 + 50 wt% Fe, and 60 mg 
NaTaO3 + 50 wt% Fe2O3) under air with five different heating rates up to 1000 OC. The 

 

results are shown in fig. 17. The thermo-gravimetric measurements showed that the 
NaTaO3-50wt% Fe powder gains 0.13 mg in weight (fig. 17c, increase of 0.5%) and the 
NaTaO3-50wt%Fe2O3 powder looses 0.05 mg in weight (weight reduction of 0.2%). The fact 
that the weight gain in fig. 17c is not the same for all heating rates can be explained by 
concentration inhomogeneities in each specimen.  
The interpretation of these results is that Fe gets oxidized forming Fe2O3 which was 
observed in the XRD pattern, see section 4 and [Wunderlich & Soga 2010]. The experimental 
results showed that a part of Fe gets dissolved in NaTaO3, about 14 %. Assuming that the 
same amount of Fe is dissolved in NaTaO3 in both composites (NaTaO3 + 50 wt% Fe and 
NaTaO3 + 50 wt% Fe2O3), this fact can explain why the weight decreases for the NaTaO3 + 
Fe2O3 mixture. Namely, the dissolved Fe needs to be reduced from the initial Fe2O3 and the 
excess oxygen is released.  
 

 
Fig. 18. Analysis of the (a,b) DSC-, (c,d) TG-data from fig. 17 for (a,c) NaTaO3 + 50 wt% Fe 
and (b,d) NaTaO3 + 50 wt% Fe2O3 using ASTM and Friedman method yielding to the 
activation energy from the slope in the logarithmic plot heating rate versus inverse 
temperature. The inset shows the distribution of the activation energy as a function of the 
partial fraction.  
 
The DSC measurements showed an exothermic peak for NaTaO3 + 50 wt% Fe (fig. 17 a), 
namely a positive heat flow, with a broad maximum at 500oC and small wiggles at 690 oC 
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The DSC measurements showed an exothermic peak for NaTaO3 + 50 wt% Fe (fig. 17 a), 
namely a positive heat flow, with a broad maximum at 500oC and small wiggles at 690 oC 
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and 700 oC, present in data obtained at all heating rates at the same temperature. On the 
other hand, at the NaTaO3-Fe2O3 mixture the main exothermic peak shifts from 410 OC at 
slow heating rates (1 K/min, 3 K/min) to 510 oC at the fastest heating rate (50 K/min). At 
these temperatures the corresponding TG-data showed a large decrease in weight, 
indicating a chemical reaction.  
The Netzsch Thermokinetics software package version 3 [Opfermann 2000] was used for 
data analysis. All four sets of data were analyzed separately and only the data during 
heating were used. For each set, the parameter-free analysis of the activation energy 
according to ASTM E698 was performed as shown in fig. 18. Then Friedman analysis 
[Opfermann et al. 1992, Opfermann 2000] of the activation energy as a function of the partial 
area was performed as shown in the insets of fig. 18.  
The results show an activation energy of 56.8 kJ/mol for the NaTaO3 + 50 wt% Fe- specimen 
(fig. 18a). The activation energy increases to 103.8 kJ/mol, when only the three data points 
with best correlation are used, as shown with the circles. In this case the Friedman analysis 
yields a curve, which looks in its shape like a resonance curve (inset of fig. 18a, upper part, 
fig. 5). As a function of partial area the energy increases to a partial area of 50%, then 
suddenly drops down and increases asymptotically. The pre-factor a of the logarithm shown 
in blue in the inset of fig. 18a has a maximum at the transition point at the partial area 0.5.   
The activation energy of DSC of the Fe specimen (fig. 18a) is estimated as 118.4 kJ/mol, 
when also the fourth data point with good matching is included. This energy is exactly the 
formation enthalpy for Fe3O4 magnetite, but concerning the oxidation states (0, +2, +3, +4), 
the sequence is [Majzlan et al.2004]: 
 

Fe  –  FeO (-266.3 kJ/mol)  –  Fe2O3 (-824.2 kJ/mol)  –  Fe3O4 (-118.4 kJ/mol) (6) 
 
Such a change in oxidation state is impossible, and the formation of Fe3O4 magnetite is 
unlikely; instead, the formation of FeO could explain the change of the color from white to 
black for the NaTaO3 + Fe composite and from brown to black for the NaTaO3 +Fe2O3 
composite. The XRD spectrum, which was measured on bulk specimens, however, showed 
only evidence for the presence of Fe2O3. Also, the other activation energies (fig. 18 c, d) do 
not fit to the mentioned sequence. The small activation energy of 36 kJ/mol estimated from 
TG on Fe is explained by the solution of Fe into the NaTaO3 lattice. The Friedman analysis of 
this data shows the smoothest fit, almost constant energy for the entire region of the partial 
area (inset of fig. 18b).  
As summarized in the following section, the sintering behavior of the NaTaO3-Fe2O3 
composite produced from Fe or Fe2O3 is a combined reaction between Fe-solution in the 
Perovskite lattice, the oxidation of Fe and the reaction bonding, so the quantitative analysis 
of the DSC and TG data remains a challenge, but some preliminary suggestions are made 
during the following discussion.  

    
7. Discussion: Micro-structural and electronic model of NaTaO3 

In this section the above mentioned data are discussed and ideas for further development 
are provided. A detailed understanding for the reaction behavior and thermoelectric 
properties of NaTaO3 + Fe composite would provide the opportunity to increase its 
performance. Two facts are obvious and should be tried first. The first task is to improve the 

 

sintered density as the present material still contains pores (fig. 12). The next step is the 
increase in electric conductivity, which is considered as the main factor for the poor figure-
of-merit. Thereafter, the Ag-doping need to be stabilized.  
The quantitative explanation of the doping requires detailed understanding of the defect 
chemistry of iron oxides and Perovskites and is still a challenge. In the following, we present 
a suggestion for the coupled reaction equation, where the quantitative values are more or 
less rough estimations. NaTaO3 sintered with Fe reacts in the following way to the n-type 
composite: 
 

NaTaO3 + x Fe   ->  NaTa1-xFexO3-y + y O + 2x e-   with x = 0.14, y = ~ 2/3 x 
 

z Fe +  (y + w) O  ->  (z-x)/2 Fe2O3-u            with u = f(v, w, y, x, z) 

(7) 
 

(8) 
 
where z is the molar ratio of the amount of NaTaO3 relative to Fe in the mixed powder 
specimens before sintering. y is the estimated amount of oxygen released by the reduction of 
NaTaO3 when Fe is dissolved, which gives two electrons and releases instead one of the 
three oxygen atoms. The value of x=0.14, maximum solubility of Fe in NaTaO3, is an 
experimental result of the SEM-EDX analysis (section 4). w the weight gain in oxygen taken 
from air in order to oxidize metallic Fe, and is estimated from the TG –data measurements 
as w = 0.1. u is a complicate function of the other quantities and estimated from the 
differences between TG-data of the NaTaO3 + z Fe and NaTaO3 + x Fe2O3 u composites as u = 
0.2…0.6, while u=1 would yield to FeO, which was not observed in the XRD data. The sum 
formula yields to  
 

NaTaO3 + z Fe + w O -> NaTa1-xFexO3-y + t Fe2O3-u + 2x e-  with t = (z-x)/2 (9) 
 
Similarly, sintering from a certain amount m of Fe2O3 instead of Fe yields to the p-type 
composite: 
 

NaTaO3 + m Fe2O3  -> NaTa1-rFerO3-s + v Fe2O3-q + s h+ + (q+s) O 
with r < x, s < y, q =~ 0.5 < u 

(10) 

   
The ab-initio calculations explained in section 3, as well as the experiments, confirmed that 
Fe is a n-type dopant, and Ag a p-type dopant. In conventional semiconductors like Si as in 
SrTiO3 the doping situation is straight-forward as illustrated in fig. 4 (section 2.2). Added 
elements from the right side in the periodic table provide one additional electron, so the 
material becomes n-type, those from the left side provide a hole and the material becomes p-
type. In pure NaTaO3 the valence of each elements are Na1+Ta5+O2-3. Doping with Fe, which 
has usual the valence Fe3+, would create two holes. In contrary, as this material is a n-type 
material in TE-experiments, electrons are released, which cause the oxygen reduction, the 
same mechanism as it happens for Nb-doped  SrTiO3 illustrated in fig. 4 b. On the other 
hand, oxygen reduction of the specimens occurs, when NaTaO3 is sintered with Fe2O3, then 
yielding to p-type behavior. Thus, it is concluded that the reaction path and the related 
oxygen partial pressure decide, whether this material is an n- or p-type material. 
The thermoelectric data measured on the composite NaTa1-xFexO3-y + z Mol% Fe2O3 with 
z=32 % and produced from Fe, showed the highest n-type Seebeck voltage (-320mV at 
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and 700 oC, present in data obtained at all heating rates at the same temperature. On the 
other hand, at the NaTaO3-Fe2O3 mixture the main exothermic peak shifts from 410 OC at 
slow heating rates (1 K/min, 3 K/min) to 510 oC at the fastest heating rate (50 K/min). At 
these temperatures the corresponding TG-data showed a large decrease in weight, 
indicating a chemical reaction.  
The Netzsch Thermokinetics software package version 3 [Opfermann 2000] was used for 
data analysis. All four sets of data were analyzed separately and only the data during 
heating were used. For each set, the parameter-free analysis of the activation energy 
according to ASTM E698 was performed as shown in fig. 18. Then Friedman analysis 
[Opfermann et al. 1992, Opfermann 2000] of the activation energy as a function of the partial 
area was performed as shown in the insets of fig. 18.  
The results show an activation energy of 56.8 kJ/mol for the NaTaO3 + 50 wt% Fe- specimen 
(fig. 18a). The activation energy increases to 103.8 kJ/mol, when only the three data points 
with best correlation are used, as shown with the circles. In this case the Friedman analysis 
yields a curve, which looks in its shape like a resonance curve (inset of fig. 18a, upper part, 
fig. 5). As a function of partial area the energy increases to a partial area of 50%, then 
suddenly drops down and increases asymptotically. The pre-factor a of the logarithm shown 
in blue in the inset of fig. 18a has a maximum at the transition point at the partial area 0.5.   
The activation energy of DSC of the Fe specimen (fig. 18a) is estimated as 118.4 kJ/mol, 
when also the fourth data point with good matching is included. This energy is exactly the 
formation enthalpy for Fe3O4 magnetite, but concerning the oxidation states (0, +2, +3, +4), 
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this data shows the smoothest fit, almost constant energy for the entire region of the partial 
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As summarized in the following section, the sintering behavior of the NaTaO3-Fe2O3 
composite produced from Fe or Fe2O3 is a combined reaction between Fe-solution in the 
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T=800K). As the exact oxygen content has not yet been measured, the reason for the 
Seebeck voltage remains unknown. One explanation can be found by considering 
percolation theory for composite materials consisting of the main phase A and inserted 
minor phase B. The volume fraction of 32% is the border line, where the entire connection 
between A-particles is changed, and connection between B-particles become dominant. In 
other words, around this concentration range the interfaces between A-B phase are 
dominant for the materials properties, while at lower concentrations A-phase and at higher 
concentrations the B-phase properties are dominant. This fact emphasizes that interface 
properties of this composite material are important.  
At composite materials, the Fermi level of phase A and B are adjusted at the interface 
leading to a p-n-junction, when a remarkable difference between the Fermi level exists. In 
semiconductor engineering this is known as space charge region (SCR) which forms a large 
electric field on nano-scale at the p-n junction. In material science this has been emphasized 
also for improving properties [Gleiter et al. 2001]. In Co-based perovskite thermoelectric 
composite material this leads to time-dependent pyroelectric behavior [Wunderlich et al. 
2009-d]. The strong electric field at the space charge region sucks the electrons towards the 
boundaries, in which they can travel due to the confinement of the two-dimensional electron 
gas (2DEG) faster than in usual ceramics. A difference in the electric field at grain 
boundaries between hot and cold end is necessary to explain the Seebeck voltage leading to 
a small net electric field macroscopically. The improvement of TE-properties due to 2DEG 
has been mentioned in section 2.3 especially the discovery of an ultra-high Seebeck-
coefficent at the Nb-SrTiO3 monolayer embedded in SrTiO3 [Mune et al. 2007]. Another 
evidence that interfaces play an important role, is the finding that certain interfaces can filter 
crossing electrons according to their energy [Vashaee & Shakouri 2004]. This filtering 
behavior can explain enhanced thermoelectric performance, because electron-phonon 
interaction is changed and recombination of excited electrons is suppressed. Such 
consideration together with future improvement of the NaTaO3 composites, such as nano-
structuring or proper doping are expected to yield to materials with large Seebeck 
coefficient.   

  
8. Conclusions 

Historically, the intensive research and development of perovskite ceramics as microwave 
resonators in portable phones has accumulated much knowledge, from which Nb-SrTiO3 
was developed as semiconductor with high performance suitable for thermoelectric 
applications. The search for materials with large effective mass yielded then from Nb-SrTiO3 
to NaTaO3. The following findings have been described in this book chapter: 
(1) At present, the best n-type TE material is NaTa1-xFexO3-y + t Fe2O3-u with x = 0.14, t = 32 
Mol-% and a Seebeck coefficient of 0.5 mV/K and a high closed circuit current of 0.25 mA. 
(2) This material can be processed by reaction sintering of NaTaO3 + z Fe with z =50 wt%, 
while sintering of NaTaO3 + r Fe2O3 with r = 50 wt% leads to a p-type thermoelectric 
material.  
(3) The remarkable conductivity above 500 oC can be improved by denser sintering (several 
cycles 1000oC 5h), as well as the ZT, in order to make NaTaO3 + z Fe compatible with other 
materials.  

 

(4) The Seebeck coefficient of the p-type-TE material NaTa1-xAgxO3-y + t AgOu is also 0.5 
mV/K with a yet small closed circuit current of 0.001 mA.  
(5) The NaTaO3 + z Cu composite shows +/-20 mV high Seebeck voltage pulses when the 
heat flow is reversed, which might be utilized in a phonon flow-meter.  
Further improvement of this promising material is expected. The goals for further materials 
development of NaTaO3 – Fe2O3 composite are: 
(1) Improvement of the sintering density, 
(2) Improvement of the electric conductivity, 
(3) Increase of the solubility of Fe or other elements into the cubic structure of NaTaO3,   
(4) Search for co-doping methods to increase of the charier concentration, 
(5) Stabilization of the solubility of Ag in NaTaO3 for example by co-doping of other 
elements 
(6) Clarification of the reaction path during sintering.  
(7) Finally the ultimate goal is most important: Search for n- and p-type TE-materials with 
higher efficiency. 
This material has a great potential as thermoelectric material, especially when nano-layered 
composites are considered.  
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1. Introduction    

 1.1 Glass and Crystal 
Inorganic glass materials generally possess high transparency, good formability, and 
tuneable chemical composition range.  Since glass has no grain boundary, which is a 
characteristic of liquid, attained high transparency of glass makes it to be a fundamental 
material for our daily life, for examples, window, display panel glass and optical glass 
fibres. The good formability is originated from the random network structure with 
interstitial free volume, and therefore, large and long glassy material can be prepared much 
easier than inorganic crystal.  Note that the term “random” in glass means a lack of the long-
range ordering.  Actually in glass there is a short-range ordering of atoms that constitute 
various coordination polyhedra.  Thus, the short-range ordering in amorphous is basically 
identical to that in crystal.  On the other hand, the random network of glass closely 
correlates with the chemical composition diversity, which in turn allows us to tailor physical 
property and various functionalities.  The diversity is also a unique characteristic of 
amorphous glass materials. 
The most conventional definition of glass is ″an amorphous material possessing the glass 
transition behaviour”. Figure 1 shows a typical volume change of glass and crystal as a 
function of temperature. In the case of crystal, transition from liquid to solidified crystal 
occurs at the melting temperature, Tm. On the other hand, a glass material takes the 
supercooled state below the Tm, and shows the transition to glass in the temperature range 
where the viscosity of glass increases to 1013 dPa·s.  Temperature at which transition from 
supercooled liquid to glass occurs is mentioned as the glass transition temperature, Tg.  In 
the temperature region, some physical parameters of glass material show “some steep” 
change.  Since the Tg is a fictive temperature that depends on the fabrication process, a glass 
can take several values of Tg depending on the cooling rate.  As shown in Fig. 1, there is a 
volume difference between crystal and the glass, which originates from the free volume of 
glass material possessing the random network.  Because of the random network structure, 
the Gibbs free energy of a glass material is inherently larger than that of the corresponding 
crystal, and glass materials exist as a metastable state.  It means that phase transition of glass 
to crystalline phase can progress above the Tg, at which migration of the compositional units 
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starts.  The thermal transition process from glass to the corresponding crystal is called 
crystallization of glass.  On the other hand, the resulted glassy material containing some 
precipitated crystallites is designated as a “glass-ceramic”.  Since the short-range ordering of 
glass is basically identical to that of crystal, the glass-ceramic can be said as a glassy material 
possessing partially long-range and/or medium-range ordering.  Such glassy material 
containing both ordered and disordered parts is the main target of this chapter.  
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Fig. 1. A typical volume change of glass and crystal as a function of temperature. 
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Fig. 2. Schematic images of (A) glass, (B) crystal, and (C) glass-ceramic. 

 
1.2 Crystallization of Glass & Glass-Ceramic 
It is natural that thermodynamically metastable amorphous glass changes into stable 
ordered crystal above the Tg. In earlier years, crystallization of glass was called 
devitrification of glass, because there is a difference in refractive index between the 
precipitated crystallites and the residual amorphous regions.  The formation of boundary 
within a matrix by crystallization often brings about a loss of transparency of the material 
due to the Mie scattering.  To overcome this problem, two approaches can be used: (I) tuning 
the refractive index by addition of various kinds of oxides, and (II) controlling the size of 
precipitated crystallites. The former approach is realized by using a database of optical 
property of glass matrix.  Since the additivity between property and compositions usually 
holds in glass material, tailoring of refractive index can be attained empirically.  On the 
other hand, the later approach is of importance even in a glass possessing the same chemical 
composition as the crystal, in that case the mismatch of refractive index between crystallites 
and residual amorphous is relatively small.  Crystallization from a supercooled liquid state 
above the Tg progresses via two processes; i.e. nucleation and crystal growth.  The rates of 
nucleation and crystal growth depend on the heat-treatment temperature as well as 
crystalline composition.  Figure 3 shows a schematic depiction of rates of nucleation and 
crystal growth in glass.  Although the details of these two processes are not mentioned here 
(please see some treatises, for examples, McMillan, 1979 or Strnad, 1986), an important point 

 

is that nucleation and crystal growth can be independently controlled by careful heat-
treatment procedure. As shown in Fig. 3, the maximum rates of nucleation and crystal 
growth occur at different temperatures.  In addition, nucleation preferentially occurs in the 
low-temperature region above the Tg.  Precipitation of either large crystallites (> several m) 
or small crystallites (< several nm) is effective for maintaining the transparency of the glass 
after crystallization. The latter crystallization, in which nano-sized crystallites are 
precipitated, is often referred to as “nano-crystallization”.  In the case of precipitation of 
crystallites from the glass matrix that possesses chemical composition different from the 
stoichiometric composition of crystal, the nano-crystallization process is quite of importance. 
Glass-ceramic, which is usually obtained by heat-treatment, i.e. crystallization, of a 
precursor glass, is a kind of glassy material consisting of disordered glass regions and 
ordered precipitated crystalline regions.  Since glass-ceramic permanently shows both glassy 
and crystalline characteristics without any temporal change below the Tg, it may be 
mentioned that glass-ceramic is an inorganic composite material possessing not only merits 
of glass materials but also its unique physical properties of the corresponding crystals.  
Conventional glass-ceramic is superior to the precursor glass in terms of strength, heat-
resistance, and thermal shock resistance, because the nano-crystallites precipitated in the 
glass matrix.  In addition, a combination of the physical properties of glass and crystal gives 
rise to novel functions.  For example, commercially available low expansion glasses consist 
of both crystallites with negative thermal expansion and the residual amorphous parts that 
possess positive one.  For obtaining desired glass-ceramic, control of the crystallization 
behaviour is needed as mentioned above.  Indeed, several crystalline phases are sometimes 
simultaneously created from the same mother glass, and thus, the thermodynamic and 
kinetic control is necessary for obtaining the glass-ceramic with practical functions.  
However, in another respect, such diversity is the origin of various functionalities even in a 
glass-ceramic possessing the simple nominal chemical composition.  A variety of properties 
of glass-ceramic, therefore, have motivated many researchers to fabricate novel functional 
devices (Beall & Pinckney, 1999, Takahashi et al., 2001, 2004, Masai et al., 2006). 
In the chapter, the authors have described our recent works on fabrication of oxide 
semiconductor-containing transparent glass-ceramics. Such glass-ceramics will be a 
functional composite using the unique property of precipitated crystal.  In addition, it is 
expected that physical property of precipitated crystallites in glass-ceramic is different from 
that of single crystal, because there is interface, which affects both the structure and physical 
property, between these materials.  In the following sections, examination of correlation 
between chemical composition of glass and the precipitated crystal has been reported. 
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Fig. 3. Schematic depiction of rates of nucleation and crystal growth in glass. 
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starts.  The thermal transition process from glass to the corresponding crystal is called 
crystallization of glass.  On the other hand, the resulted glassy material containing some 
precipitated crystallites is designated as a “glass-ceramic”.  Since the short-range ordering of 
glass is basically identical to that of crystal, the glass-ceramic can be said as a glassy material 
possessing partially long-range and/or medium-range ordering.  Such glassy material 
containing both ordered and disordered parts is the main target of this chapter.  
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1.2 Crystallization of Glass & Glass-Ceramic 
It is natural that thermodynamically metastable amorphous glass changes into stable 
ordered crystal above the Tg. In earlier years, crystallization of glass was called 
devitrification of glass, because there is a difference in refractive index between the 
precipitated crystallites and the residual amorphous regions.  The formation of boundary 
within a matrix by crystallization often brings about a loss of transparency of the material 
due to the Mie scattering.  To overcome this problem, two approaches can be used: (I) tuning 
the refractive index by addition of various kinds of oxides, and (II) controlling the size of 
precipitated crystallites. The former approach is realized by using a database of optical 
property of glass matrix.  Since the additivity between property and compositions usually 
holds in glass material, tailoring of refractive index can be attained empirically.  On the 
other hand, the later approach is of importance even in a glass possessing the same chemical 
composition as the crystal, in that case the mismatch of refractive index between crystallites 
and residual amorphous is relatively small.  Crystallization from a supercooled liquid state 
above the Tg progresses via two processes; i.e. nucleation and crystal growth.  The rates of 
nucleation and crystal growth depend on the heat-treatment temperature as well as 
crystalline composition.  Figure 3 shows a schematic depiction of rates of nucleation and 
crystal growth in glass.  Although the details of these two processes are not mentioned here 
(please see some treatises, for examples, McMillan, 1979 or Strnad, 1986), an important point 

 

is that nucleation and crystal growth can be independently controlled by careful heat-
treatment procedure. As shown in Fig. 3, the maximum rates of nucleation and crystal 
growth occur at different temperatures.  In addition, nucleation preferentially occurs in the 
low-temperature region above the Tg.  Precipitation of either large crystallites (> several m) 
or small crystallites (< several nm) is effective for maintaining the transparency of the glass 
after crystallization. The latter crystallization, in which nano-sized crystallites are 
precipitated, is often referred to as “nano-crystallization”.  In the case of precipitation of 
crystallites from the glass matrix that possesses chemical composition different from the 
stoichiometric composition of crystal, the nano-crystallization process is quite of importance. 
Glass-ceramic, which is usually obtained by heat-treatment, i.e. crystallization, of a 
precursor glass, is a kind of glassy material consisting of disordered glass regions and 
ordered precipitated crystalline regions.  Since glass-ceramic permanently shows both glassy 
and crystalline characteristics without any temporal change below the Tg, it may be 
mentioned that glass-ceramic is an inorganic composite material possessing not only merits 
of glass materials but also its unique physical properties of the corresponding crystals.  
Conventional glass-ceramic is superior to the precursor glass in terms of strength, heat-
resistance, and thermal shock resistance, because the nano-crystallites precipitated in the 
glass matrix.  In addition, a combination of the physical properties of glass and crystal gives 
rise to novel functions.  For example, commercially available low expansion glasses consist 
of both crystallites with negative thermal expansion and the residual amorphous parts that 
possess positive one.  For obtaining desired glass-ceramic, control of the crystallization 
behaviour is needed as mentioned above.  Indeed, several crystalline phases are sometimes 
simultaneously created from the same mother glass, and thus, the thermodynamic and 
kinetic control is necessary for obtaining the glass-ceramic with practical functions.  
However, in another respect, such diversity is the origin of various functionalities even in a 
glass-ceramic possessing the simple nominal chemical composition.  A variety of properties 
of glass-ceramic, therefore, have motivated many researchers to fabricate novel functional 
devices (Beall & Pinckney, 1999, Takahashi et al., 2001, 2004, Masai et al., 2006). 
In the chapter, the authors have described our recent works on fabrication of oxide 
semiconductor-containing transparent glass-ceramics. Such glass-ceramics will be a 
functional composite using the unique property of precipitated crystal.  In addition, it is 
expected that physical property of precipitated crystallites in glass-ceramic is different from 
that of single crystal, because there is interface, which affects both the structure and physical 
property, between these materials.  In the following sections, examination of correlation 
between chemical composition of glass and the precipitated crystal has been reported. 
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Fig. 3. Schematic depiction of rates of nucleation and crystal growth in glass. 
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2. Glass-Ceramics Containing TiO2 Nano-Crystallites 

 2.1 Background 
Titanium dioxide, TiO2, has attractive characteristics, such as chemical stability, high 
refractive index, and it is used in electronic devices or as a photocatalyst.  In particular, the 
photocatalysis of TiO2 is industrially applied in many fields owing to its strong oxidation 
capability and high hydrophilicity (Fujishima & Honda, 1972).  TiO2-containing transparent 
materials are usually prepared by vapour deposition (Yeung & Lam, 1983), sputtering 
deposition, or by coating using a TiO2-containing sol.  However, the properties of TiO2 
produced by these deposition or coating techniques change over time by surface damage 
and thus a re-coating process of the material is necessary.  In other words, there is the 
limitation of permanent performance in the TiO2 deposition or coating materials.  On the 
contrary, if the TiO2 crystallites exist in the glass matrix, the TiO2 crystallites dispersed in the 
glass matrix will exhibit a stable characteristic property even with surface polishing. 
However, literature on crystallization of glass containing TiO2 crystallites by a heat-
treatment is scarce.  Although studies of phase-separated TiO2 glass have been reported, the 
obtained bulk glass is usually heterogeneous with a mixture of TiO2 crystallites and other 
crystallites (Hosono et al., 1990).  Indeed, it is extremely difficult to obtain selective 
crystallization of TiO2, because a TiO2 crystal acts as a nucleus of other crystalline phases 
and also because it forms another crystal structure with other glass forming oxides, such as 
Al2O3 or SiO2 (as mentioned in 1.2).  For example, there is a patent about the glass-ceramic 
containing TiO2, in which rutile is crystallized by a heat-treatment (Brydges & Smith, 1976).  
Although it reported that the obtained glass-ceramics, which contained fibrous crystals of 
rutile, presented improvements of mechanical strength compared with the original mother 
glass, it also reported that additional crystallites Al4B2O9 was coincidentally crystallized.  In 
addition, it is difficult to attain a high degree of transparency in a TiO2-crystallite-containing 
transparent glass, because of light scattering by TiO2 crystallites with a large refractive 
index. 
We can propose TiO2 glass-ceramic as a promising material for several applications.  First 
application is as a photocatalytic transparent material in which precipitated TiO2 crystallites 
will play permanent photocatalytic property because of the fully dispersion.  Second 
application is use in an optical element as a lasing optical device (Lawandy et al., 1994).  The 
TiO2 nano-crystallites in the glass matrix can confine light, which is suitable and interesting 
for random lasing, because the refractive index of TiO2 is 2.52 (anatase) ~ 2.728 (rutile).  Ling 
et al. demonstrated laser oscillation in a polymer film containing TiO2 particles and an 
organic dye (Ling et al., 2001).  If the host matrix of random media is an inorganic material, 
which has advantage in terms of durability better than organic material, it will break though 
the wall for the practical application of random lasing devices. On the other hand, if 
periodic nano-structure of TiO2 can be fabricated, such material will be a photonic crystal 
that can control the lightwave.  Since TiO2-precipitated glass-ceramic can be a hybrid 
material such as solar sell (O’Regan, B. & Gratzel, 1991), there is wide diversity of the matrix 
using the unique physical property. 
As a matter of fact, we have accidentally discovered the TiO2-precipitated glass-ceramic.  
Different from a target Aurivillius CaBi4Ti4O15 (Kato et al., 2004), unexpected TiO2 
crystalline phase was observed in the glass-ceramics in 2006. In other words, the present 
study was delivered by serendipity. The fact that such unexpected crystalline phase shows 

 

the unique physical property in glass-ceramics is also an interesting point of study on glass-
ceramics. 

  
2.2 CaO-B2O3-Bi2O3-Al2O3-TiO2 (CaBBAT) Glass 
At an early stage, we investigated a glass forming region of the precursor glass using CaO-
B2O3-Bi2O3-Al2O3-TiO2 (CaBBAT) system.  The molar ratio of CaO : Bi2O3 : TiO2 was fixed at 
1 : 2 : 4, which was a nominal stoichiometric composition ratio of CaBi4Ti4O15, whereas that 
of B2O3, which belongs to network forming oxide group, was changed to obtain 
homogeneous transparent precursor glass.  Glass samples were prepared by conventional 
melt-quenching method using alumina crucibles, and the eluted amount of Al2O3 from the 
crucible was estimated to be about 20 mol% using a fluorescence X-ray analysis.  Table 1 
shows the chemical compositions of the CaBBAT precursor glasses and their apparent 
transparencies.  No homogenous precursor glass was obtained with the amount of B2O3 
lower than 50 mol% (1, 2, and 3).  On the other hand, we also found that about 10 mol% of 
Bi2O3 and 5 mol% of CaO were needed to prepare transparent precursor glasses (7 and 8).  
Note that only rutile crystallites were precipitated in all opaque precursor glasses after melt-
quenching (Fig. 4).  Therefore, it suggests that crystallization of rutile easily occurs in the 
glass system, and that quasi phase separation occurs during the crystallization process.  
Although the prepared 5CaO-65B2O3-10Bi2O3-20TiO2 glass melted in a platinum crucible 
was opaque because of crystallization of rutile TiO2, the crystallization was prevented by 
addition of Al2O3 as a starting material.  It indicates that Al2O3 was also essential for the 
transparency and homogeneity of the glass.   
 

 

No. 
 Chemical composition (mol%) Apparent 

transparency Tg (C) Precipitated 
crystalline phase CaO Bi2O3 B2O3 TiO2 

1 12.5 25 12.5 50 Opaque – Rutile 
2 10 20 30 40 Translucent – Rutile 
3 7 14 51 28 Translucent – Rutile 
4 5 10 65 20 Transparent 569 – 
5 5 10 75 10 Transparent 572 – 
6 5 10 85 0 Transparent 510 – 
7 5 5 70 20 Opaque – Rutile 
8 0 10 70 20 Opaque – Rutile 

Table 1. Several CaO-Bi2O3-B2O3-Al2O3-TiO2 (CaBBAT) precursor glasses prepared using 
alumina crucible: Each value of Tg was measured using differential thermal analysis.  
 

 
 
 
 
 
 

Fig. 4. Photograph of the CaBBAT glass (3).  Rutile was selectively precipitated even in the 
precursor glass prepared by melt-quenching method. 
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2. Glass-Ceramics Containing TiO2 Nano-Crystallites 

 2.1 Background 
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However, literature on crystallization of glass containing TiO2 crystallites by a heat-
treatment is scarce.  Although studies of phase-separated TiO2 glass have been reported, the 
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the unique physical property in glass-ceramics is also an interesting point of study on glass-
ceramics. 
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1 : 2 : 4, which was a nominal stoichiometric composition ratio of CaBi4Ti4O15, whereas that 
of B2O3, which belongs to network forming oxide group, was changed to obtain 
homogeneous transparent precursor glass.  Glass samples were prepared by conventional 
melt-quenching method using alumina crucibles, and the eluted amount of Al2O3 from the 
crucible was estimated to be about 20 mol% using a fluorescence X-ray analysis.  Table 1 
shows the chemical compositions of the CaBBAT precursor glasses and their apparent 
transparencies.  No homogenous precursor glass was obtained with the amount of B2O3 
lower than 50 mol% (1, 2, and 3).  On the other hand, we also found that about 10 mol% of 
Bi2O3 and 5 mol% of CaO were needed to prepare transparent precursor glasses (7 and 8).  
Note that only rutile crystallites were precipitated in all opaque precursor glasses after melt-
quenching (Fig. 4).  Therefore, it suggests that crystallization of rutile easily occurs in the 
glass system, and that quasi phase separation occurs during the crystallization process.  
Although the prepared 5CaO-65B2O3-10Bi2O3-20TiO2 glass melted in a platinum crucible 
was opaque because of crystallization of rutile TiO2, the crystallization was prevented by 
addition of Al2O3 as a starting material.  It indicates that Al2O3 was also essential for the 
transparency and homogeneity of the glass.   
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2 10 20 30 40 Translucent – Rutile 
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4 5 10 65 20 Transparent 569 – 
5 5 10 75 10 Transparent 572 – 
6 5 10 85 0 Transparent 510 – 
7 5 5 70 20 Opaque – Rutile 
8 0 10 70 20 Opaque – Rutile 

Table 1. Several CaO-Bi2O3-B2O3-Al2O3-TiO2 (CaBBAT) precursor glasses prepared using 
alumina crucible: Each value of Tg was measured using differential thermal analysis.  
 

 
 
 
 
 
 

Fig. 4. Photograph of the CaBBAT glass (3).  Rutile was selectively precipitated even in the 
precursor glass prepared by melt-quenching method. 
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The Tgs of TiO2-containing transparent glasses were almost 570C whereas TiO2-free glass 
was 510C.  The result shows that Tg of the TiO2-containing glass is dominated by local 
structure that correlates with titanium species.  The obtained transparent precursor glasses 
were vinous in colour, and there was an absorption band around 490 nm (see Figs. 6A or 
8B). These absorption bands are attributed to Bi-radical-like species or Bi2 clusters 
(Khonthon et al., 2007, Murata & Mouri, 2007, Masai et al., 2009).  Since shift of the 
absorption band in the visible region was observed by changing chemical composition, it is 
suggested that a structure consisting of several atoms affects formation of such Bi species.   
Using the nominal composition of B2O3, we have called the CaBBAT glasses (4), (5), and (6) 
as CaBBAT65, CaBBAT75, and CaBBA85, respectively.  Figure 5 depicts XRD patterns of the 
CaBBAT65, CaBBAT75, and CaBBA85 glass-ceramics heat-treated at 630C for 3 h.  Here, we 
have distinguished several samples by using an abbreviation, Cx: a glass-ceramic with the 
heat-treatment temperature at xC for 3 h.  Compared the obtained patterns to the JCPDS 
pattern of rutile (JCPDS No. 01-084-1283), it is found that rutile was selectively precipitated 
in these glass-ceramics.  Until 2007, there was no report on the selective crystallization of 
TiO2 from glass matrix after heat-treatment.  The obtained XRD patterns show the 
characteristic of the glass-ceramics.  
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Fig. 5. XRD patterns of the CaBBAT65, CaBBAT75, and CaBBA85 glass-ceramics after heat-
treatment at 630C for 3 h: 4C630, 5C630, and 6C630, respectively. 
 
Figure 6A shows the absorption spectra of the CaBBAT65 glass (4), and the glass-ceramics 
(4C620, 4C630, and 4C640).  The absorption coefficient increases with increasing heat-treatment 
temperature in the whole wavelength range covered.  The apparent colour of the sample 
drastically changes after the heat-treatment above 625C from transparent vinous to 
translucent blue.  Figure 6B shows the photograph of the precursor glass (4) and the glass-
ceramics (4C620 and 4C640) whose thickness was about 500 m.  The colour of glass-ceramics 
depends on the heat-treatment temperature.  On the other hand, Fig. 6C shows the 
photograph of the same samples with a white lighting from the backside.  We can observe 
Chinese characters through these obtained glasses with backside lighting.  Since the 
transmitted light is observable through these crystallized samples, it is suggested that this 
blue colour is scattered light originating from the microstructure consisting of nanoparticles.  
Moreover, the reflected light shows specific blue colour that originates with the specific 
microstructure in nano-scale.  Since refractive index of the CaBBAT65 glass was 1.754 at 633 

 

nm, there was a difference of refractive index, n, 0.8 or larger between the crystallized 
rutile and the surrounding glass matrix.  Therefore, it is suggested that the nano-scale 
crystallization is the dominant factor for the transparency of the TiO2 containing glass-
ceramic even in such a large n situation.  Note that such nanostructure was created using a 
conventional heat-treatment in an electric furnace.  The nano-crystallization of TiO2 is a kind 
of self-organization, and it is effective for making nano-scale particles in the matrix.  
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Fig. 6. (A) Absorption spectra of the CaBBAT65 glass 4 and the glass-ceramics (4C620, 4C630, 
and 4C640). (B), (C) Photographs of several samples exposed by white light from front side 
(6(B)) and from the back side (6(C)). 
 
Figure 7A shows XRD patterns of the CaBBAT65 glass-ceramics (4C620, 4C630, and 4C640) 
together with that of the precursor glass (4).  The glass-ceramics showed a mixture of the 
diffraction pattern of anatase (JCPDS No. 00-021-1272) and rutile.  Since no diffraction peak 
assignable to other phases was observed, the obtained patterns show that TiO2 crystallites 
were selectively formed as a single phase.   
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Fig. 7. (A) XRD patterns of the CaBBAT65 precursor glass 4, and the glass-ceramics (4C620, 
4C630, and 4C640).  (B) TEM image of the CaBBAT65 glass-ceramic (4C640).  Inset shows the 
electron diffraction pattern in which many satellites attributed to rutile are observed. 
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The Tgs of TiO2-containing transparent glasses were almost 570C whereas TiO2-free glass 
was 510C.  The result shows that Tg of the TiO2-containing glass is dominated by local 
structure that correlates with titanium species.  The obtained transparent precursor glasses 
were vinous in colour, and there was an absorption band around 490 nm (see Figs. 6A or 
8B). These absorption bands are attributed to Bi-radical-like species or Bi2 clusters 
(Khonthon et al., 2007, Murata & Mouri, 2007, Masai et al., 2009).  Since shift of the 
absorption band in the visible region was observed by changing chemical composition, it is 
suggested that a structure consisting of several atoms affects formation of such Bi species.   
Using the nominal composition of B2O3, we have called the CaBBAT glasses (4), (5), and (6) 
as CaBBAT65, CaBBAT75, and CaBBA85, respectively.  Figure 5 depicts XRD patterns of the 
CaBBAT65, CaBBAT75, and CaBBA85 glass-ceramics heat-treated at 630C for 3 h.  Here, we 
have distinguished several samples by using an abbreviation, Cx: a glass-ceramic with the 
heat-treatment temperature at xC for 3 h.  Compared the obtained patterns to the JCPDS 
pattern of rutile (JCPDS No. 01-084-1283), it is found that rutile was selectively precipitated 
in these glass-ceramics.  Until 2007, there was no report on the selective crystallization of 
TiO2 from glass matrix after heat-treatment.  The obtained XRD patterns show the 
characteristic of the glass-ceramics.  
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Fig. 5. XRD patterns of the CaBBAT65, CaBBAT75, and CaBBA85 glass-ceramics after heat-
treatment at 630C for 3 h: 4C630, 5C630, and 6C630, respectively. 
 
Figure 6A shows the absorption spectra of the CaBBAT65 glass (4), and the glass-ceramics 
(4C620, 4C630, and 4C640).  The absorption coefficient increases with increasing heat-treatment 
temperature in the whole wavelength range covered.  The apparent colour of the sample 
drastically changes after the heat-treatment above 625C from transparent vinous to 
translucent blue.  Figure 6B shows the photograph of the precursor glass (4) and the glass-
ceramics (4C620 and 4C640) whose thickness was about 500 m.  The colour of glass-ceramics 
depends on the heat-treatment temperature.  On the other hand, Fig. 6C shows the 
photograph of the same samples with a white lighting from the backside.  We can observe 
Chinese characters through these obtained glasses with backside lighting.  Since the 
transmitted light is observable through these crystallized samples, it is suggested that this 
blue colour is scattered light originating from the microstructure consisting of nanoparticles.  
Moreover, the reflected light shows specific blue colour that originates with the specific 
microstructure in nano-scale.  Since refractive index of the CaBBAT65 glass was 1.754 at 633 

 

nm, there was a difference of refractive index, n, 0.8 or larger between the crystallized 
rutile and the surrounding glass matrix.  Therefore, it is suggested that the nano-scale 
crystallization is the dominant factor for the transparency of the TiO2 containing glass-
ceramic even in such a large n situation.  Note that such nanostructure was created using a 
conventional heat-treatment in an electric furnace.  The nano-crystallization of TiO2 is a kind 
of self-organization, and it is effective for making nano-scale particles in the matrix.  
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Fig. 6. (A) Absorption spectra of the CaBBAT65 glass 4 and the glass-ceramics (4C620, 4C630, 
and 4C640). (B), (C) Photographs of several samples exposed by white light from front side 
(6(B)) and from the back side (6(C)). 
 
Figure 7A shows XRD patterns of the CaBBAT65 glass-ceramics (4C620, 4C630, and 4C640) 
together with that of the precursor glass (4).  The glass-ceramics showed a mixture of the 
diffraction pattern of anatase (JCPDS No. 00-021-1272) and rutile.  Since no diffraction peak 
assignable to other phases was observed, the obtained patterns show that TiO2 crystallites 
were selectively formed as a single phase.   
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Fig. 7. (A) XRD patterns of the CaBBAT65 precursor glass 4, and the glass-ceramics (4C620, 
4C630, and 4C640).  (B) TEM image of the CaBBAT65 glass-ceramic (4C640).  Inset shows the 
electron diffraction pattern in which many satellites attributed to rutile are observed. 
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The average particle diameter measured by the Scherrer equation was 10~20 nm.  Since no 
apparent change of the XRD pattern was observed after surface polishing of 500 m, we can 
conclude that the bulk crystallization took place by the heat-treatment.  Figure 7B shows the 
TEM image of the glass-ceramic (4C640).  Crystalline domains that have less than 10 nm 
diameter, which is comparable to the particle size of TiO2 crystallites estimated by the XRD 
patterns, are observed.  Inset shows the electron diffraction pattern of the glass-ceramic. The 
diffraction satellites attributable to rutile (110), (101), and (211) confirm the result of the XRD 
measurement.  It is, therefore, suggested that the TiO2 domains with small size distribution 
are the origin of the blue scattering from the glass matrix.   

  
2.3 Sn-Doped CaBBAT Glass 
As mentioned above, our group has prepared oxide semiconductor TiO2-precipitated glass-
ceramic for the first time in 2007.  However, the CaBBAT precursor glass possesses a strong 
absorption band, which is correlated with the bismuth species, in the visible region.  Since 
drastically compositional change was thought to be demerit for both a transparent glass and 
the glass-ceramic, addition of a small amount of other elements was considered to improve 
the transparency in the CaBBAT65 glass, and to maintain the selective crystallization 
behaviour of TiO2 from the glass matrix.  
Figure 8A shows the photograph of the CaBBAT65 glasses (4) and the SnO-containing 
CaBBAT glasses (9), (10), and (11), where the amounts of SnO were (4) 0, (9) 0.1, (10) 0.5, and 
(11) 1 mol%, respectively.  The colours of the samples changed with increasing amount of 
SnO, and transparent glasses were obtained with SnO contents ranging from 0.1 to 1 mol%.  
On the other hand, precipitation of SnO2 crystallites was observed in the sample containing 
2 mol% of SnO, suggesting a limitation of SnO content.  Figure 8B shows the absorption 
spectra of these glasses.  The absorption coefficient in the visible region decreases drastically 
with addition of SnO and saturates with SnO of 0.5 mol%.  The transmittance at 500 nm of 
the sample (4) was 10% whereas that of the glass (10) was about 70%, showing a clear 
improvement of the transparency by addition of SnO.  If the change of valence of the Sn ion, 
from divalent to tetravalent in a glass melt or glass matrix, is responsible for the suppression 
of optical absorption, addition of oxides of multi-valent transition metals is expected to be 
also effective in improving the transparency.  However, no improvement of transparency 
was observed in the CaBBAT glass containing such metal oxides as CeO2, Cu2O and Sb2O3 in 
which the valences of the metals are changeable.  This indicates that the effect of SnO 
addition is not a simple redox-reaction.  Since the absorption band depends on the chemical 
composition of a bismuth-containing glass, a structural change consisting of several ions 
should be considered for clarification of the mechanism.  
In the Sn-doped CaBBAT glass, selective crystallization of TiO2 was also attained by 
conventional heat-treatment.  The Sn-doped CaBBAT glass-ceramic showed not only better 
transparency but also better photocatalytic property than the non-doped glass.  Although 
the underlying mechanisms for the above effects remain to be clarified, the obtained results 
show that the SnO addition enhances both the transparency and the photocatalytic activity 
without any derogatory effect on the selective nature of TiO2 precipitation. 
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Fig. 8. (A) Photograph of the CaBBAT65 glasses with SnO-addition of (4) 0 mol%, (9) 0.1 
mol%, (10) 0.5mol%, and (11) 1 mol%.  (B) Absorption spectra of these CaBBAT65 glasses. 

 
2.4 Bi-free TiO2-Precipitated Glass-Ceramic 
The CaBBAT glass, whether it contained SnO or not, contains a large amount of Bi2O3 as an 
essential component for TiO2-glass-ceramic as well as transparent mother glass.  Bi2O3 is, 
however, a hazardous material and there should be excluded from both environmental and 
industrial view point.   
For fabrication of Bi-free TiO2 glass-ceramics, we have focused on the bond dissociation 
energy of metal oxide in glass matrix (Sun, 1947).  The concept is substitution several 
components, which have similar bond dissociation energy, for Bi2O3 in the CaBBAT glass.  
Since bond dissociation energy of Bi2O3 was not reported, we have calculated the single 
bond strength using the Born-Haber cyclic process (Lide & Kehiaian, 1994).  The calculated 
value is shown as Eq. (1). 
 

BiO1.5(s)   → Bi(g)  + 1.5O(g)  + 868.2 kJ/mol (1) 
 

Since the Bi unit in the oxide glass is reported as BiO3 or BiO6, we have estimated the single 
bond strength as 288.8 kJ/mol (BiO3) and 142.3 kJ/mol (BiO6), respectively.  It follows that 
the former belongs to the intermediate group whereas the latter network modifier group.  
For substitution of Bi2O3, we have focused on ZnO that can belong to both intermediate 
(ZnO2: bond dissociation energy 301.4 kJ/mol) or network modifier (ZnO4: bond 
dissociation energy 150.7 kJ/mol) among several metal oxides.  Since the bond dissociation 
energy of BiO6 is similar to that of several alkaline earth oxides, RO, we have selected RO 
and ZnO for preparation of transparent Bi-free glass (R= Ca, Ba and Zn).   
Table 2 shows the chemical composition of the obtained precursor glasses.  Sample 4 depicts 
the previous CaBBAT65 glass whereas samples (12, 13, 14, and 15) were transparent Bi-free 
glasses without devitrification during melt-quenching process.  On the other hand, no 
homogeneous glass sample possessing composition of (16) or (17) was obtained.  Therefore, 
it was found that neither direct substitution ZnO for Bi2O3 nor substitution without ZnO is 
effective for formation of transparent glass.  The obtained results show that ZnO, which can 
play as an intermediate group or a network modifier group, has key for transparent 
homogeneous glass matrix. 
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The average particle diameter measured by the Scherrer equation was 10~20 nm.  Since no 
apparent change of the XRD pattern was observed after surface polishing of 500 m, we can 
conclude that the bulk crystallization took place by the heat-treatment.  Figure 7B shows the 
TEM image of the glass-ceramic (4C640).  Crystalline domains that have less than 10 nm 
diameter, which is comparable to the particle size of TiO2 crystallites estimated by the XRD 
patterns, are observed.  Inset shows the electron diffraction pattern of the glass-ceramic. The 
diffraction satellites attributable to rutile (110), (101), and (211) confirm the result of the XRD 
measurement.  It is, therefore, suggested that the TiO2 domains with small size distribution 
are the origin of the blue scattering from the glass matrix.   

  
2.3 Sn-Doped CaBBAT Glass 
As mentioned above, our group has prepared oxide semiconductor TiO2-precipitated glass-
ceramic for the first time in 2007.  However, the CaBBAT precursor glass possesses a strong 
absorption band, which is correlated with the bismuth species, in the visible region.  Since 
drastically compositional change was thought to be demerit for both a transparent glass and 
the glass-ceramic, addition of a small amount of other elements was considered to improve 
the transparency in the CaBBAT65 glass, and to maintain the selective crystallization 
behaviour of TiO2 from the glass matrix.  
Figure 8A shows the photograph of the CaBBAT65 glasses (4) and the SnO-containing 
CaBBAT glasses (9), (10), and (11), where the amounts of SnO were (4) 0, (9) 0.1, (10) 0.5, and 
(11) 1 mol%, respectively.  The colours of the samples changed with increasing amount of 
SnO, and transparent glasses were obtained with SnO contents ranging from 0.1 to 1 mol%.  
On the other hand, precipitation of SnO2 crystallites was observed in the sample containing 
2 mol% of SnO, suggesting a limitation of SnO content.  Figure 8B shows the absorption 
spectra of these glasses.  The absorption coefficient in the visible region decreases drastically 
with addition of SnO and saturates with SnO of 0.5 mol%.  The transmittance at 500 nm of 
the sample (4) was 10% whereas that of the glass (10) was about 70%, showing a clear 
improvement of the transparency by addition of SnO.  If the change of valence of the Sn ion, 
from divalent to tetravalent in a glass melt or glass matrix, is responsible for the suppression 
of optical absorption, addition of oxides of multi-valent transition metals is expected to be 
also effective in improving the transparency.  However, no improvement of transparency 
was observed in the CaBBAT glass containing such metal oxides as CeO2, Cu2O and Sb2O3 in 
which the valences of the metals are changeable.  This indicates that the effect of SnO 
addition is not a simple redox-reaction.  Since the absorption band depends on the chemical 
composition of a bismuth-containing glass, a structural change consisting of several ions 
should be considered for clarification of the mechanism.  
In the Sn-doped CaBBAT glass, selective crystallization of TiO2 was also attained by 
conventional heat-treatment.  The Sn-doped CaBBAT glass-ceramic showed not only better 
transparency but also better photocatalytic property than the non-doped glass.  Although 
the underlying mechanisms for the above effects remain to be clarified, the obtained results 
show that the SnO addition enhances both the transparency and the photocatalytic activity 
without any derogatory effect on the selective nature of TiO2 precipitation. 
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Fig. 8. (A) Photograph of the CaBBAT65 glasses with SnO-addition of (4) 0 mol%, (9) 0.1 
mol%, (10) 0.5mol%, and (11) 1 mol%.  (B) Absorption spectra of these CaBBAT65 glasses. 

 
2.4 Bi-free TiO2-Precipitated Glass-Ceramic 
The CaBBAT glass, whether it contained SnO or not, contains a large amount of Bi2O3 as an 
essential component for TiO2-glass-ceramic as well as transparent mother glass.  Bi2O3 is, 
however, a hazardous material and there should be excluded from both environmental and 
industrial view point.   
For fabrication of Bi-free TiO2 glass-ceramics, we have focused on the bond dissociation 
energy of metal oxide in glass matrix (Sun, 1947).  The concept is substitution several 
components, which have similar bond dissociation energy, for Bi2O3 in the CaBBAT glass.  
Since bond dissociation energy of Bi2O3 was not reported, we have calculated the single 
bond strength using the Born-Haber cyclic process (Lide & Kehiaian, 1994).  The calculated 
value is shown as Eq. (1). 
 

BiO1.5(s)   → Bi(g)  + 1.5O(g)  + 868.2 kJ/mol (1) 
 

Since the Bi unit in the oxide glass is reported as BiO3 or BiO6, we have estimated the single 
bond strength as 288.8 kJ/mol (BiO3) and 142.3 kJ/mol (BiO6), respectively.  It follows that 
the former belongs to the intermediate group whereas the latter network modifier group.  
For substitution of Bi2O3, we have focused on ZnO that can belong to both intermediate 
(ZnO2: bond dissociation energy 301.4 kJ/mol) or network modifier (ZnO4: bond 
dissociation energy 150.7 kJ/mol) among several metal oxides.  Since the bond dissociation 
energy of BiO6 is similar to that of several alkaline earth oxides, RO, we have selected RO 
and ZnO for preparation of transparent Bi-free glass (R= Ca, Ba and Zn).   
Table 2 shows the chemical composition of the obtained precursor glasses.  Sample 4 depicts 
the previous CaBBAT65 glass whereas samples (12, 13, 14, and 15) were transparent Bi-free 
glasses without devitrification during melt-quenching process.  On the other hand, no 
homogeneous glass sample possessing composition of (16) or (17) was obtained.  Therefore, 
it was found that neither direct substitution ZnO for Bi2O3 nor substitution without ZnO is 
effective for formation of transparent glass.  The obtained results show that ZnO, which can 
play as an intermediate group or a network modifier group, has key for transparent 
homogeneous glass matrix. 
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No. 
  Chemical composition (mol%) 

Tg (C) 
TiO2 ZnO B2O3 CaO BaO Bi2O3 

4 20 0 65 5 0 10 570 

12 20 10 65 5 10 0 580 

13 20 10 65 0 15 0 589 

14 20 20 65 5 0 0 587 

15 20 25 65 0 0 0 608 

16 20 10 65 5 0 0 – 

17 20 0 65 25 0 0 – 

Table 2. Chemical composition and Tgs of precursor glasses prepared with an alumina 
crucible.  Homogeneous glasses possessing chemical composition of (16) and (17) were not 
obtained. (For easy comparison to the glass (4), the total amount of oxides exceeds 100 mol% 
in glasses (12) – (17).) 
 
Figure 9A shows absorption spectra of the mother glasses: the CaBBAT65 glass (4), the SnO-
doped CaBBAT65 glass (10), and the Bi-free glass (12).  Figure 9B shows photograph of these 
glasses. The previous glasses were coloured (4, 10) whereas the Bi-free glass (12) shows 
better transparency in the wavelength region.  The result also confirms that Bi species are 
the origin of the absorption band around 500 nm as reported in several papers.  Therefore, 
we can conclude that the substitution of Bi is effective for the improvement of transparency 
of the mother glass.  
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Fig. 9. (A) Absorption spectra of (4) the CaBBAT65 glass, (10) the SnO-doped CaBBAT65 
glass, and (12) the Bi-free glass.  (B) Photograph of these mother glasses. 
 
Figure 10A shows the XRD patterns of the previous CaBBAT (4C630 and 10C630) and the Bi-
free (12C630) glass-ceramics together with photograph of these glasses.  The JCPDS patterns 
of anatase and rutile are also shown in the figure for reference.  The diffraction patterns of 
Bi-containing glass-ceramics (4C630 and 10C630) show precipitation of rutile whereas the 
pattern of the Bi-free glass-ceramic (12C630) shows a mixture of anatase and rutile.  We can 
estimate the average diameter of TiO2 crystallites in the glass-ceramic (12C630) as about 10 
nm using the Scherrer equation.  Note that the previous glass-ceramics (4C630 and 10C630) 
shows the blue colour, which is originated from the microstructure consisting of nano-
particles, whereas the Bi-free glass-ceramic (12C630) shows good transparency.  The XRD 

 

pattern and appearance of the glass-ceramic indicate that a TiO2 nano-crystallization has 
been also attained without Bi2O3.  Figure 10B shows the TEM image of the glass-ceramic 
(12C630).  The dashed circles show that the diameter of domains is several nanometres, 
which is comparable to the particle size of anatase crystallites estimated by the XRD patterns.  
Inset shows the electron diffraction pattern of the TiO2 glass-ceramic at the circled region.  
The diffraction satellites attributable to anatase (101) confirm the result of the XRD 
measurement.  These domains, therefore, are attributed to the anatase nano-crystallites in 
the glass matrix.  It is also of interest that (101) diffraction of anatase is clearly observed in 
the Bi-free glass-ceramic (12C630).  Since anatase is metastable phase, we could observe no 
clear diffraction pattern of anatase in the Bi-containing CaBBAT glass-ceramics with various 
heat-treatment conditions.  Therefore, we can conclude that the addition of ZnO improves 
the transparency of the TiO2 glass-ceramics, and affects the crystallization of metastable 
phase. 
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Fig. 10. (A) XRD patterns and photograph of TiO2 glass-ceramics: the CaBBAT (4C630), the 
SnO-doped CaBBAT (10C630), and the Bi-free (12C630) glass-ceramics.  JCPDS patterns of 
anatase and rutile are also shown.    (B) TEM image of the Bi-free glass-ceramic (12C630).  
Inset shows electron diffraction pattern of the circled region. 
 
Since the present approach for substitution of Bi2O3 is based on the bond dissociation energy, 
it can be said that the attempt is a kind of thermodynamically approach in homogeneous 
glass materials.  We have hypothesized that Bi2O3 exists conjugated state of network 
modifier and intermediate.  Although there is no clear evidence for coordination state of 
Bi2O3, our hypothesis is plausible, because (1) intermediate TiO2 that possesses dissociation 
energy of 305.6 kJ/mol could not be substituted for ZnO, and (2) network modifier CaO 
makes no homogeneous glass without ZnO (see sample 17).  Therefore, ZnO, which can also 
play both roles, is effective for fabrication of Bi-free glass and the glass-ceramics.  In the 
substitution, we have decided that amount of Bi cation should be equal to that of sum of 
other cations.   
We examined the photocatalytic property of the TiO2 glass-ceramics using a conventional 
decomposition reaction of methylene blue.  Details of the measurement are shown in the 
paper (Masai et al. 2008).  The decomposition reaction coefficient, k, of the previous glass-
ceramic (4C630) was 0.59 h-1 m-2.  On the other hand, k of the 12C630 glass-ceramics, in which 
anatase was crystallized, was 0.78 h-1 m-2.  If we consider the effective decomposition 
reaction rate per TiO2, the rate of the previous glass-ceramic is 0.0295 h-1 m-2 mol-1 whereas 
that of the present glass-ceramic is 0.056 h-1 m-2 mol-1.  The obtained result shows that 
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No. 
  Chemical composition (mol%) 

Tg (C) 
TiO2 ZnO B2O3 CaO BaO Bi2O3 

4 20 0 65 5 0 10 570 

12 20 10 65 5 10 0 580 

13 20 10 65 0 15 0 589 

14 20 20 65 5 0 0 587 

15 20 25 65 0 0 0 608 

16 20 10 65 5 0 0 – 

17 20 0 65 25 0 0 – 

Table 2. Chemical composition and Tgs of precursor glasses prepared with an alumina 
crucible.  Homogeneous glasses possessing chemical composition of (16) and (17) were not 
obtained. (For easy comparison to the glass (4), the total amount of oxides exceeds 100 mol% 
in glasses (12) – (17).) 
 
Figure 9A shows absorption spectra of the mother glasses: the CaBBAT65 glass (4), the SnO-
doped CaBBAT65 glass (10), and the Bi-free glass (12).  Figure 9B shows photograph of these 
glasses. The previous glasses were coloured (4, 10) whereas the Bi-free glass (12) shows 
better transparency in the wavelength region.  The result also confirms that Bi species are 
the origin of the absorption band around 500 nm as reported in several papers.  Therefore, 
we can conclude that the substitution of Bi is effective for the improvement of transparency 
of the mother glass.  
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Fig. 9. (A) Absorption spectra of (4) the CaBBAT65 glass, (10) the SnO-doped CaBBAT65 
glass, and (12) the Bi-free glass.  (B) Photograph of these mother glasses. 
 
Figure 10A shows the XRD patterns of the previous CaBBAT (4C630 and 10C630) and the Bi-
free (12C630) glass-ceramics together with photograph of these glasses.  The JCPDS patterns 
of anatase and rutile are also shown in the figure for reference.  The diffraction patterns of 
Bi-containing glass-ceramics (4C630 and 10C630) show precipitation of rutile whereas the 
pattern of the Bi-free glass-ceramic (12C630) shows a mixture of anatase and rutile.  We can 
estimate the average diameter of TiO2 crystallites in the glass-ceramic (12C630) as about 10 
nm using the Scherrer equation.  Note that the previous glass-ceramics (4C630 and 10C630) 
shows the blue colour, which is originated from the microstructure consisting of nano-
particles, whereas the Bi-free glass-ceramic (12C630) shows good transparency.  The XRD 

 

pattern and appearance of the glass-ceramic indicate that a TiO2 nano-crystallization has 
been also attained without Bi2O3.  Figure 10B shows the TEM image of the glass-ceramic 
(12C630).  The dashed circles show that the diameter of domains is several nanometres, 
which is comparable to the particle size of anatase crystallites estimated by the XRD patterns.  
Inset shows the electron diffraction pattern of the TiO2 glass-ceramic at the circled region.  
The diffraction satellites attributable to anatase (101) confirm the result of the XRD 
measurement.  These domains, therefore, are attributed to the anatase nano-crystallites in 
the glass matrix.  It is also of interest that (101) diffraction of anatase is clearly observed in 
the Bi-free glass-ceramic (12C630).  Since anatase is metastable phase, we could observe no 
clear diffraction pattern of anatase in the Bi-containing CaBBAT glass-ceramics with various 
heat-treatment conditions.  Therefore, we can conclude that the addition of ZnO improves 
the transparency of the TiO2 glass-ceramics, and affects the crystallization of metastable 
phase. 
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Fig. 10. (A) XRD patterns and photograph of TiO2 glass-ceramics: the CaBBAT (4C630), the 
SnO-doped CaBBAT (10C630), and the Bi-free (12C630) glass-ceramics.  JCPDS patterns of 
anatase and rutile are also shown.    (B) TEM image of the Bi-free glass-ceramic (12C630).  
Inset shows electron diffraction pattern of the circled region. 
 
Since the present approach for substitution of Bi2O3 is based on the bond dissociation energy, 
it can be said that the attempt is a kind of thermodynamically approach in homogeneous 
glass materials.  We have hypothesized that Bi2O3 exists conjugated state of network 
modifier and intermediate.  Although there is no clear evidence for coordination state of 
Bi2O3, our hypothesis is plausible, because (1) intermediate TiO2 that possesses dissociation 
energy of 305.6 kJ/mol could not be substituted for ZnO, and (2) network modifier CaO 
makes no homogeneous glass without ZnO (see sample 17).  Therefore, ZnO, which can also 
play both roles, is effective for fabrication of Bi-free glass and the glass-ceramics.  In the 
substitution, we have decided that amount of Bi cation should be equal to that of sum of 
other cations.   
We examined the photocatalytic property of the TiO2 glass-ceramics using a conventional 
decomposition reaction of methylene blue.  Details of the measurement are shown in the 
paper (Masai et al. 2008).  The decomposition reaction coefficient, k, of the previous glass-
ceramic (4C630) was 0.59 h-1 m-2.  On the other hand, k of the 12C630 glass-ceramics, in which 
anatase was crystallized, was 0.78 h-1 m-2.  If we consider the effective decomposition 
reaction rate per TiO2, the rate of the previous glass-ceramic is 0.0295 h-1 m-2 mol-1 whereas 
that of the present glass-ceramic is 0.056 h-1 m-2 mol-1.  The obtained result shows that 
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precipitation of anatase is effective for high photocatalytic property of the glass-ceramics.  
The obtained result shows that precipitation of anatase is effective for high photocatalytic 
property of the glass-ceramics. 
In summary, we have fabricated anatase precipitated glass-ceramics that possesses high 
transparency.  The anatase nano-crystallites in the glass, confirmed by XRD and TEM 
measurements, show higher photocatalytic activity than the rutile nano-crystallites. It is also 
clarified that difference of precipitated TiO2 phase is caused by the surrounding amorphous 
region.  Our study has emphasized the potential of the transparent Bi-free glass-ceramic 
containing anatase nano-crystallites for transparent photocatalytic applications without any 
coating process.  The result is a strong backup for fabrication of TiO2 transparent glass-
ceramics for photocatalytic application.   

  
3. Glass-Ceramics Containing ZnO Nano-Crystallites 

 3.1 Background 
ZnO is a kind of oxide semiconductors. As mentioned in many reports (Look, 2001, Özgür at 
al. 2005), semiconductor ZnO has attracted attention as a promising material for 
optoelectronic, optical, electronic, and photocatalytic devices.  For examples, excitonic lasing 
that originates from the large exciton binding energy from ZnO thin film (Bagnall at al. 1998, 
Tang at al. 1999, Huang at al. 2001), luminescence from p-i-n ZnO junction (Tsukazaki et al., 
2005), or green luminescence by oxygen vacancies in ZnO (Vanheusden et al., 1996) have 
been reported.  On the other hand, using high refractive index of ZnO, random lasing from 
ZnO crystallites has been also reported (Cao et al., 2000).  Although there have been many 
reports on the ZnO in thin film, powdered, or ceramic shape (Gupta, 1990), there is little 
report on the ZnO glass-ceramics that possesses both unique property of ZnO and good 
formability of glass material.  Since Zn cation tends to form binary zinc crystallites with 
B2O3, SiO2 during the crystallization process of glass matrix, it is difficult to obtain glass-
ceramics with ZnO nano-crystallites.  Recently, Pinckney has reported transparent glass-
ceramics, in which ZnO nano-crystallites of 5-20 nm were selectively precipitated, by heat-
treatment of SiO2-Al2O3-ZnO-K2O glass (Pinckney, 2006).  The material was one of the few 
transparent glass-ceramics containing a semiconductor crystal phase.  However, since 
amount of SiO2 was 40-55 mol%, the melt temperature of the glass was relatively high (1575-
1650C), which is disadvantage for shaping process as well as crystallization process.   
In this study, we have fabricated ZnO glass-ceramic based on borate glass.  The CaO-B2O3-
ZnO-Al2O3-K2O-SiO2 glass was prepared by conventional melt-quenching method with melt 
temperature at 1350C, which was 200C lower than the previous melt temperature.  By 
investigation of chemical composition, we have found that Al2O3, alkali metal oxide and 
alkaline earth metal oxide are needed for obtaining transparent mother glass.  On the other 
hand, precipitation of Zn3B2O6 (Chen et al., 2006) or KZn4B3O9 (Chen et al., 2005) was 
observed in glass-ceramics without SiO2.  According to the classification of oxide reported 
by Sun, SiO2, Al2O3, and B2O3 belong to glass network former group that possess strong 
metal-oxygen bond whereas K2O and CaO glass network modifier group that possess weak 
metaloxane bond.  Since ZnO play intermediate group or network modifier group, it is 
suggested that ZnO can exist in the glass network in a diversified state.  Considering the 
precipitation of ZnO phase after heat-treatment, we assume that ZnO disperses with weak 
bonding to main glass network.   

 

 3.2 CaO- B2O3-ZnO-Al2O3-K2O (CaBZAK) Glass 
For determination of chemical composition, we consulted the previous reports on TiO2 
glass-ceramics as mentioned above (Masai et al., 2007, 2008, 2009).  Although we have 
investigated the crystallization behaviour of several glass systems, such as CaO-B2O3-Bi2O3-
Al2O2-ZnO, CaO-B2O3-Al2O3-ZnO, CaO-B2O3-Al2O3-ZnO-SiO2, crystallization of ZnO was 
hardly observed.  Therefore, we firstly investigated the CaO-B2O3-ZnO-Al2O3-K2O 
(CaBZAK) system for attainment of ZnO-precipitated glass-ceramics. 
 Glass samples were prepared by conventional melt-quenching method using alumina 
crucibles or platinum crucible.  Table 3 shows the chemical compositions of the CaBZAK 
precursor glasses (18–22) together with their Tg values. Asterisks indicate that the 
corresponding glasses were prepared by alumina crucibles. Figure 11 shows XRD patterns 
of the 10CaO-40B2O3-40ZnO-Al2O3-10K2O glass-ceramics.  JCPDS pattern of ZnO (JCPDS No. 
00-021-1272) was also shown.  Heat-treatment of these glass-ceramics was performed at Tg 
+70~100 K for 3 h.  It clearly shows that precipitated crystalline phase depended on the 
amount of Al2O3.  Glass-ceramics with small amount of Al2O3 shows KZn4B3O9 (18C570) and 
-Zn3B2O6 (19C550).  On the other hand, ZnO was precipitated together with -Zn3B2O6 in 
the glass-ceramic containing over 10 mol% of Al2O3 (20C595, 21C597, and 22C590,).  Compared 
XRD pattern of glass-ceramic prepared with platinum crucible with that of glass-ceramic 
prepared with alumina crucible, the amount of Al2O3 eluted from crucible was estimated 
about 10~12 mol%. Compared ZnO-precipitated glass-ceramics with TiO2-precipitated 
glass-ceramics, we have noticed that precipitation of oxide crystallites depends on the 
coordination state in glass matrix.  In other words, even if oxide semiconductor was 
selectively precipitated from borate-based glasses, TiO6 octahedra in glass cannot be directly 
substituted by ZnO4 tetrahedra.  The obtained XRD patterns show that Al2O3 strongly 
affects the crystallization behaviour of glass-ceramics.  Since ZnO works as intermediate 
(ZnO2: bond dissociation energy 301 kJ/mol) or network modifier (ZnO4: bond dissociation 
energy 151 kJ/mol), it is suggested that additional Al2O3, which can work as a network 
former, affects coordination state of ZnO into a network modifier.  Note that Zinc takes 4-
coordination state in precipitated crystallites, such as KZn4B3O9, -Zn3B2O6, or ZnO. 
 

No. Chemical composition (mol%) Tg  
CaO K2O SiO2 B2O3 ZnO Al2O3 (C) 

18 10 10 0 40 40 0 483 
19 10 10 0 40 40 5 485 
20 10 10 0 40 40 10 492 
21 10 10 0 40 40 12 503 
22 10 10 0 40 40 * 495 
23 10 10 10 25 45 * 525 
24 10 10 20 20 40 * 544 
25 5 5 15 25 50 * 542 
26 10 10 5 30 45 * 507 
27 10 10 20 25 35 * 526 

Table 3. Chemical composition and Tgs of precursor glasses for precipitation of ZnO.  
Asterisks indicate that the corresponding glasses were prepared by alumina crucibles.   
 



Glass-Ceramics Containing Nano-Crystallites of Oxide Semiconductor 41

 

precipitation of anatase is effective for high photocatalytic property of the glass-ceramics.  
The obtained result shows that precipitation of anatase is effective for high photocatalytic 
property of the glass-ceramics. 
In summary, we have fabricated anatase precipitated glass-ceramics that possesses high 
transparency.  The anatase nano-crystallites in the glass, confirmed by XRD and TEM 
measurements, show higher photocatalytic activity than the rutile nano-crystallites. It is also 
clarified that difference of precipitated TiO2 phase is caused by the surrounding amorphous 
region.  Our study has emphasized the potential of the transparent Bi-free glass-ceramic 
containing anatase nano-crystallites for transparent photocatalytic applications without any 
coating process.  The result is a strong backup for fabrication of TiO2 transparent glass-
ceramics for photocatalytic application.   

  
3. Glass-Ceramics Containing ZnO Nano-Crystallites 

 3.1 Background 
ZnO is a kind of oxide semiconductors. As mentioned in many reports (Look, 2001, Özgür at 
al. 2005), semiconductor ZnO has attracted attention as a promising material for 
optoelectronic, optical, electronic, and photocatalytic devices.  For examples, excitonic lasing 
that originates from the large exciton binding energy from ZnO thin film (Bagnall at al. 1998, 
Tang at al. 1999, Huang at al. 2001), luminescence from p-i-n ZnO junction (Tsukazaki et al., 
2005), or green luminescence by oxygen vacancies in ZnO (Vanheusden et al., 1996) have 
been reported.  On the other hand, using high refractive index of ZnO, random lasing from 
ZnO crystallites has been also reported (Cao et al., 2000).  Although there have been many 
reports on the ZnO in thin film, powdered, or ceramic shape (Gupta, 1990), there is little 
report on the ZnO glass-ceramics that possesses both unique property of ZnO and good 
formability of glass material.  Since Zn cation tends to form binary zinc crystallites with 
B2O3, SiO2 during the crystallization process of glass matrix, it is difficult to obtain glass-
ceramics with ZnO nano-crystallites.  Recently, Pinckney has reported transparent glass-
ceramics, in which ZnO nano-crystallites of 5-20 nm were selectively precipitated, by heat-
treatment of SiO2-Al2O3-ZnO-K2O glass (Pinckney, 2006).  The material was one of the few 
transparent glass-ceramics containing a semiconductor crystal phase.  However, since 
amount of SiO2 was 40-55 mol%, the melt temperature of the glass was relatively high (1575-
1650C), which is disadvantage for shaping process as well as crystallization process.   
In this study, we have fabricated ZnO glass-ceramic based on borate glass.  The CaO-B2O3-
ZnO-Al2O3-K2O-SiO2 glass was prepared by conventional melt-quenching method with melt 
temperature at 1350C, which was 200C lower than the previous melt temperature.  By 
investigation of chemical composition, we have found that Al2O3, alkali metal oxide and 
alkaline earth metal oxide are needed for obtaining transparent mother glass.  On the other 
hand, precipitation of Zn3B2O6 (Chen et al., 2006) or KZn4B3O9 (Chen et al., 2005) was 
observed in glass-ceramics without SiO2.  According to the classification of oxide reported 
by Sun, SiO2, Al2O3, and B2O3 belong to glass network former group that possess strong 
metal-oxygen bond whereas K2O and CaO glass network modifier group that possess weak 
metaloxane bond.  Since ZnO play intermediate group or network modifier group, it is 
suggested that ZnO can exist in the glass network in a diversified state.  Considering the 
precipitation of ZnO phase after heat-treatment, we assume that ZnO disperses with weak 
bonding to main glass network.   

 

 3.2 CaO- B2O3-ZnO-Al2O3-K2O (CaBZAK) Glass 
For determination of chemical composition, we consulted the previous reports on TiO2 
glass-ceramics as mentioned above (Masai et al., 2007, 2008, 2009).  Although we have 
investigated the crystallization behaviour of several glass systems, such as CaO-B2O3-Bi2O3-
Al2O2-ZnO, CaO-B2O3-Al2O3-ZnO, CaO-B2O3-Al2O3-ZnO-SiO2, crystallization of ZnO was 
hardly observed.  Therefore, we firstly investigated the CaO-B2O3-ZnO-Al2O3-K2O 
(CaBZAK) system for attainment of ZnO-precipitated glass-ceramics. 
 Glass samples were prepared by conventional melt-quenching method using alumina 
crucibles or platinum crucible.  Table 3 shows the chemical compositions of the CaBZAK 
precursor glasses (18–22) together with their Tg values. Asterisks indicate that the 
corresponding glasses were prepared by alumina crucibles. Figure 11 shows XRD patterns 
of the 10CaO-40B2O3-40ZnO-Al2O3-10K2O glass-ceramics.  JCPDS pattern of ZnO (JCPDS No. 
00-021-1272) was also shown.  Heat-treatment of these glass-ceramics was performed at Tg 
+70~100 K for 3 h.  It clearly shows that precipitated crystalline phase depended on the 
amount of Al2O3.  Glass-ceramics with small amount of Al2O3 shows KZn4B3O9 (18C570) and 
-Zn3B2O6 (19C550).  On the other hand, ZnO was precipitated together with -Zn3B2O6 in 
the glass-ceramic containing over 10 mol% of Al2O3 (20C595, 21C597, and 22C590,).  Compared 
XRD pattern of glass-ceramic prepared with platinum crucible with that of glass-ceramic 
prepared with alumina crucible, the amount of Al2O3 eluted from crucible was estimated 
about 10~12 mol%. Compared ZnO-precipitated glass-ceramics with TiO2-precipitated 
glass-ceramics, we have noticed that precipitation of oxide crystallites depends on the 
coordination state in glass matrix.  In other words, even if oxide semiconductor was 
selectively precipitated from borate-based glasses, TiO6 octahedra in glass cannot be directly 
substituted by ZnO4 tetrahedra.  The obtained XRD patterns show that Al2O3 strongly 
affects the crystallization behaviour of glass-ceramics.  Since ZnO works as intermediate 
(ZnO2: bond dissociation energy 301 kJ/mol) or network modifier (ZnO4: bond dissociation 
energy 151 kJ/mol), it is suggested that additional Al2O3, which can work as a network 
former, affects coordination state of ZnO into a network modifier.  Note that Zinc takes 4-
coordination state in precipitated crystallites, such as KZn4B3O9, -Zn3B2O6, or ZnO. 
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18 10 10 0 40 40 0 483 
19 10 10 0 40 40 5 485 
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Table 3. Chemical composition and Tgs of precursor glasses for precipitation of ZnO.  
Asterisks indicate that the corresponding glasses were prepared by alumina crucibles.   
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Fig. 11. Bulk XRD patterns of the CaBZAK glass-ceramics whose chemical compositions are 
listed in Table 3.  Diffraction pattern of ZnO (JCPDS No. 00-021-1272) is also shown. 
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Fig. 12. IR spectra of the CaBZAK glasses (18–22) 
 
Figure 12 shows IR spectra of the 10CaO-40B2O3-40ZnO-Al2O3-10K2O glasses (18–22).  
Spectra are normalized using band around 1160 cm-1, which belongs to the B–O–B vibration 
mode of the trigonal BO3 unit.  Band at 400~600 is attributed to ZnO4 tetrahedra whereas the 
band around 700 cm-1 is assigned to the bending vibration of the B–O–B linkage.  Band 
attributed to ZnO4 increased by addition of Al2O3.  On the other hand, signals from 800 to 
1200 cm-1 that are assigned to tetrahedral BO4 unit decrease with increasing amount of Al2O3.  
Observed band attributable to B-O-B was shifted to longer wavelength with increasing 
amount of Al2O3.  The IR spectra of the glasses show that glass network has changed after 
addition of Al2O3.  Since Al2O3 can make glass network, trigonal BO3 unit that possess 
weaker network than tetrahedral BO4 unit increases by addition of Al2O3 as a counterpart.  
Concurrently, band attributed to ZnO4, which is similar structure of ZnO crystal, increased.  
Thus, it is speculated that isolated ZnO4 was formed in glass matrix after addition of Al2O3.  
On the other hand, observed band around 1170 cm-1 attributable to B-O-B was shifted to 

 

longer wavelength with increasing amount of Al2O3.  Since the stretching force constant of 
Zn–O bond is lower than that of B–O, the frequency of Zn–O–B might appear at lower 
region.  Thus, it is suggested that observed shift by addition of Al2O3 reflects the change 
from Zn-O-B bond to B-O-B bond in the glass.  The decrease of number of Zn-O-B bond will 
affect the crystallization behaviour with precipitation of ZnO.  That is a plausible 
mechanism for precipitation of ZnO instead of -Zn3B2O6.   

  
3.3 CaO-B2O3-ZnO-Al2O3-K2O-SiO2 (CaBZAKS) Glass 
Although we found that Al2O3 affected the crystallization behaviour of glass-ceramics, there 
was a limit of Al2O3 content for vitrification of glass.  To attain selective crystallization of 
ZnO after heat-treatment, precipitation of -Zn3B2O6 should be prevented.  Since 
homogeneous transparent glass was not obtained by addition over 12 mol% of Al2O3, we 
used partially substitution of network former from B2O3 to SiO2.  Here, we called the CaO-
B2O3-ZnO-Al2O3-K2O-SiO2 glass system as CaBZAKS.  Figure 13A shows photograph of the 
CaBZAKS mother glass (23) and the glass-ceramics (23C610).  The obtained glass-ceramics 
showed transparency despite of large difference of refractive index between ZnO and 
surrounding glass matrix.  Figure 13B shows TEM image of the CaBZAKS glass-ceramics 
(23C610).  Rod-like ZnO crystallites were precipitated from the surface of the sample, and the 
crystal size was less than 1 m.  It is noted that the obtained glass-ceramic shows 
transparency despite a difference of refractive index, n, 0.4 between the precipitated ZnO 
(~2.0) and surrounding glass matrix (1.59~1.63).  Figure 13C depicts XRD patterns of several 
CaBZAKS glass-ceramics (23C610, 24C660, 25C660, 26C610, and 27C620) together with diffraction 
pattern of ZnO.  Although diffraction intensities of each sample are different from the 
JCPDS pattern, we have confirmed that ZnO was selectively crystallized in all cases. 
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Fig. 13. (A) Photograph of the CaBZAKS glass-ceramic (23C610) and the mother glass (23).  
(B) TEM image of the CaBZAKS glass-ceramic (23C610).  (C) XRD patterns of several 
CaBZAKS glass-ceramics together with JCDPS pattern of ZnO. 
 
We have found the emission property of the ZnO precipitated glass-ceramics similar to that 
of ZnO single crystal.  Figure 14 shows photoluminescence spectra of the ZnO glass-
ceramics (23C600, 23C610, and 23C640) and the mother glass (23).  The spectra were measured 
at room temperature using a He-Cd laser as a light source.  The glass-ceramic 23C640 was 
opaque because of scattering by surface crystallized ZnO.  The glass-ceramic shows emission 
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Fig. 12. IR spectra of the CaBZAK glasses (18–22) 
 
Figure 12 shows IR spectra of the 10CaO-40B2O3-40ZnO-Al2O3-10K2O glasses (18–22).  
Spectra are normalized using band around 1160 cm-1, which belongs to the B–O–B vibration 
mode of the trigonal BO3 unit.  Band at 400~600 is attributed to ZnO4 tetrahedra whereas the 
band around 700 cm-1 is assigned to the bending vibration of the B–O–B linkage.  Band 
attributed to ZnO4 increased by addition of Al2O3.  On the other hand, signals from 800 to 
1200 cm-1 that are assigned to tetrahedral BO4 unit decrease with increasing amount of Al2O3.  
Observed band attributable to B-O-B was shifted to longer wavelength with increasing 
amount of Al2O3.  The IR spectra of the glasses show that glass network has changed after 
addition of Al2O3.  Since Al2O3 can make glass network, trigonal BO3 unit that possess 
weaker network than tetrahedral BO4 unit increases by addition of Al2O3 as a counterpart.  
Concurrently, band attributed to ZnO4, which is similar structure of ZnO crystal, increased.  
Thus, it is speculated that isolated ZnO4 was formed in glass matrix after addition of Al2O3.  
On the other hand, observed band around 1170 cm-1 attributable to B-O-B was shifted to 

 

longer wavelength with increasing amount of Al2O3.  Since the stretching force constant of 
Zn–O bond is lower than that of B–O, the frequency of Zn–O–B might appear at lower 
region.  Thus, it is suggested that observed shift by addition of Al2O3 reflects the change 
from Zn-O-B bond to B-O-B bond in the glass.  The decrease of number of Zn-O-B bond will 
affect the crystallization behaviour with precipitation of ZnO.  That is a plausible 
mechanism for precipitation of ZnO instead of -Zn3B2O6.   

  
3.3 CaO-B2O3-ZnO-Al2O3-K2O-SiO2 (CaBZAKS) Glass 
Although we found that Al2O3 affected the crystallization behaviour of glass-ceramics, there 
was a limit of Al2O3 content for vitrification of glass.  To attain selective crystallization of 
ZnO after heat-treatment, precipitation of -Zn3B2O6 should be prevented.  Since 
homogeneous transparent glass was not obtained by addition over 12 mol% of Al2O3, we 
used partially substitution of network former from B2O3 to SiO2.  Here, we called the CaO-
B2O3-ZnO-Al2O3-K2O-SiO2 glass system as CaBZAKS.  Figure 13A shows photograph of the 
CaBZAKS mother glass (23) and the glass-ceramics (23C610).  The obtained glass-ceramics 
showed transparency despite of large difference of refractive index between ZnO and 
surrounding glass matrix.  Figure 13B shows TEM image of the CaBZAKS glass-ceramics 
(23C610).  Rod-like ZnO crystallites were precipitated from the surface of the sample, and the 
crystal size was less than 1 m.  It is noted that the obtained glass-ceramic shows 
transparency despite a difference of refractive index, n, 0.4 between the precipitated ZnO 
(~2.0) and surrounding glass matrix (1.59~1.63).  Figure 13C depicts XRD patterns of several 
CaBZAKS glass-ceramics (23C610, 24C660, 25C660, 26C610, and 27C620) together with diffraction 
pattern of ZnO.  Although diffraction intensities of each sample are different from the 
JCPDS pattern, we have confirmed that ZnO was selectively crystallized in all cases. 
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Fig. 13. (A) Photograph of the CaBZAKS glass-ceramic (23C610) and the mother glass (23).  
(B) TEM image of the CaBZAKS glass-ceramic (23C610).  (C) XRD patterns of several 
CaBZAKS glass-ceramics together with JCDPS pattern of ZnO. 
 
We have found the emission property of the ZnO precipitated glass-ceramics similar to that 
of ZnO single crystal.  Figure 14 shows photoluminescence spectra of the ZnO glass-
ceramics (23C600, 23C610, and 23C640) and the mother glass (23).  The spectra were measured 
at room temperature using a He-Cd laser as a light source.  The glass-ceramic 23C640 was 
opaque because of scattering by surface crystallized ZnO.  The glass-ceramic shows emission 
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at 3.28 eV, which is assigned to free exciton emission of ZnO.  The emission spectrum of 
ZnO glass-ceramic is similar to that of ZnO single crystal.  It indicates that crystal growth of 
ZnO occurred enough to show the exciton emission. We can find several characteristics in 
the obtained emission spectra of the ZnO glass-ceramics and the mother glass.  The mother 
glass roughly consists of two broad bands at 1.4~2.6 eV.  The emission at 1.4-2.6 eV is 
attributable to oxygen vacancies of ZnO (Vanheusden et al., 1996, Djurisic et al., 2007).   On 
the other hand, the intensity of emission at 3.28 eV, which is assigned to free exciton 
emission of ZnO, clearly observed in the glass-ceramic.  Since the thickness of crystallized 
region in the ZnO-precipitated glass-ceramics was about 1 m from the surface, the volume 
percentage of ZnO crystals shown in Fig. 14 was less than 1 volume %.  The results indicate 
that emission from the glass-ceramics depends on the state of precipitated ZnO crystallites, 
and that unique property of ZnO can be equipped in the glass-ceramics by optimized 
crystallization process (Masai et al., 2009).  
In summary, we have obtained transparent ZnO-precipitated glass-ceramic.  The ZnO nano-
crystallites that were precipitated at the surface of the glass showed both broad emission 
and free exciton emission.  The observed emission depends on the precipitated state of ZnO 
in the glass matrix, and has great potential for optical devices.  The large n between ZnO 
crystallites and the surrounding glass matrix warrants the localization of photon, which is 
also attractive as optical ceramic devices.  Note that crystallization behaviour, such as 
orientation of precipitated phase, or size of crystallites, in the glass matrix can be controlled.  
The present ZnO glass-ceramics could be an attractive functional material using the 
advantage of the amorphous glass material, which is quite different from conventional ZnO 
material. 
 

3.53.02.52.01.51.0

Photon energy (eV)

S
ig

na
l i

nt
en

si
ty

  (
ar

b.
 u

ni
ts

)

Glass-ceramic (23C610)

Mother glass 23

Glass-ceramic (23C640)

Glass-ceramic (23C600)

 
Fig. 14. Photoluminescence spectra of ZnO glass-ceramics (23C600, 23C610, and 23C640) and the 
mother glass (23) using a He-Cd laser as a light source. 

  
4. Current and Future Trends in Glass-Ceramics 

Our results above-mentioned were achieved by examination of both the chemical 
composition and the crystallization process by traditional heat-treatment using electric 
furnace.  Since the crystallization of glass by conventional heat-treatment is based on the 
self-organization of crystal above the Tg, the crystallization technique is favourable for 
industrial process in which simplified process and mass production are required.  However, 
the method is not suitable for microstructuring of glass-ceramics consisting of locally 

 

crystallized region at less than micrometres.  Recently, there have been many reports on 
another process for space selective crystallization: laser-induced crystallization. The 
crystallization has been attained by several kinds of lasers, such as ultra-fast (e.g. femto-
second) pulsed laser (Kondo et al., 1998, Yonesaki et al., 2005), nano-second pulsed laser 
(Fujiwara et al., 2002, Mizuno et al., 2006, Masai et al., 2008), or continuous wave (CW) laser 
(Sato et al., 2001, Honma et al., 2003 & 2006).  Laser irradiation can induce a geometrically 
selective structural change, which is quite different from uniform bulk structural change 
caused by a conventional heating process using a furnace.  If laser irradiation can induce a 
change of refractive index or crystallization in a glass matrix, such laser-induced structures 
provide unique properties without temporal decay.  However, there is a difference between 
a femto-second laser and a nano-pulsed laser and a CW laser from the view point of the 
mechanism of laser-induced change in the irradiated material.  The former can induce local 
changes with little thermal effect whereas the latter two actively exploits the thermal effect 
for laser-induced change.  If we use the crystallization of oxides for functionalization of glass, 
control of the thermal process should be necessary.  Irradiation of glass materials with a 
laser having a thermal effect, therefore, is thought to be effective in preparing functional 
devices using controllable crystallization behaviour.  In using a thermal effect for a laser-
induced structural change, the change depends on temperature and holding duration above 
the Tg.  If we can control the temperature and a holding duration of the temperature, we can 
control the formation of crystallite nuclei and the growth of crystallites the respective, which 
is of great importance in creating tailored local structures.  For example, nano-second pulsed 
laser irradiation can induce surface structural change of glass, in which nanostructure at 
tens or hundreds of nanometres are formed (see Fig. 15A & 15B).  On the other hand, 
irradiation of not only a femto-second pulsed laser but also a CW laser (Fig. 15C) can induce 
crystallization inside the matrix.  Such glass-ceramics are expected to be functional devices 
possessing lightwave controllability that is not inherent property of amorphous glasses. 
By using the laser-irradiation technique, it is expected that above-mentioned oxide 
semiconductor-precipitated glass-ceramics will show the novel development.  Designed 
nanostructure at the surface of glass-ceramic is effective not only for photocatalyst that 
requires large surface area but also light controllable device, such as photonic crystal, using 
the high refractive index.  Control of orientation of precipitated crystallites at the surface is 
also of interest for applied science.  On the other hand, internal structural change will work 
as an integrated circuit or an origin for emission centre.   
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Fig. 15. Various laser-induced structural changes: AFM and SEM images of structural 
change of glass induced by a pulsed laser with (A) uniform and (B) interfering irradiations. 
(C) Photograph of the internal crystallization in a multi-structured fibre by irradiation of 
CW laser (reported by Ohara et al., 2009). 
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at 3.28 eV, which is assigned to free exciton emission of ZnO.  The emission spectrum of 
ZnO glass-ceramic is similar to that of ZnO single crystal.  It indicates that crystal growth of 
ZnO occurred enough to show the exciton emission. We can find several characteristics in 
the obtained emission spectra of the ZnO glass-ceramics and the mother glass.  The mother 
glass roughly consists of two broad bands at 1.4~2.6 eV.  The emission at 1.4-2.6 eV is 
attributable to oxygen vacancies of ZnO (Vanheusden et al., 1996, Djurisic et al., 2007).   On 
the other hand, the intensity of emission at 3.28 eV, which is assigned to free exciton 
emission of ZnO, clearly observed in the glass-ceramic.  Since the thickness of crystallized 
region in the ZnO-precipitated glass-ceramics was about 1 m from the surface, the volume 
percentage of ZnO crystals shown in Fig. 14 was less than 1 volume %.  The results indicate 
that emission from the glass-ceramics depends on the state of precipitated ZnO crystallites, 
and that unique property of ZnO can be equipped in the glass-ceramics by optimized 
crystallization process (Masai et al., 2009).  
In summary, we have obtained transparent ZnO-precipitated glass-ceramic.  The ZnO nano-
crystallites that were precipitated at the surface of the glass showed both broad emission 
and free exciton emission.  The observed emission depends on the precipitated state of ZnO 
in the glass matrix, and has great potential for optical devices.  The large n between ZnO 
crystallites and the surrounding glass matrix warrants the localization of photon, which is 
also attractive as optical ceramic devices.  Note that crystallization behaviour, such as 
orientation of precipitated phase, or size of crystallites, in the glass matrix can be controlled.  
The present ZnO glass-ceramics could be an attractive functional material using the 
advantage of the amorphous glass material, which is quite different from conventional ZnO 
material. 
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Fig. 14. Photoluminescence spectra of ZnO glass-ceramics (23C600, 23C610, and 23C640) and the 
mother glass (23) using a He-Cd laser as a light source. 

  
4. Current and Future Trends in Glass-Ceramics 

Our results above-mentioned were achieved by examination of both the chemical 
composition and the crystallization process by traditional heat-treatment using electric 
furnace.  Since the crystallization of glass by conventional heat-treatment is based on the 
self-organization of crystal above the Tg, the crystallization technique is favourable for 
industrial process in which simplified process and mass production are required.  However, 
the method is not suitable for microstructuring of glass-ceramics consisting of locally 

 

crystallized region at less than micrometres.  Recently, there have been many reports on 
another process for space selective crystallization: laser-induced crystallization. The 
crystallization has been attained by several kinds of lasers, such as ultra-fast (e.g. femto-
second) pulsed laser (Kondo et al., 1998, Yonesaki et al., 2005), nano-second pulsed laser 
(Fujiwara et al., 2002, Mizuno et al., 2006, Masai et al., 2008), or continuous wave (CW) laser 
(Sato et al., 2001, Honma et al., 2003 & 2006).  Laser irradiation can induce a geometrically 
selective structural change, which is quite different from uniform bulk structural change 
caused by a conventional heating process using a furnace.  If laser irradiation can induce a 
change of refractive index or crystallization in a glass matrix, such laser-induced structures 
provide unique properties without temporal decay.  However, there is a difference between 
a femto-second laser and a nano-pulsed laser and a CW laser from the view point of the 
mechanism of laser-induced change in the irradiated material.  The former can induce local 
changes with little thermal effect whereas the latter two actively exploits the thermal effect 
for laser-induced change.  If we use the crystallization of oxides for functionalization of glass, 
control of the thermal process should be necessary.  Irradiation of glass materials with a 
laser having a thermal effect, therefore, is thought to be effective in preparing functional 
devices using controllable crystallization behaviour.  In using a thermal effect for a laser-
induced structural change, the change depends on temperature and holding duration above 
the Tg.  If we can control the temperature and a holding duration of the temperature, we can 
control the formation of crystallite nuclei and the growth of crystallites the respective, which 
is of great importance in creating tailored local structures.  For example, nano-second pulsed 
laser irradiation can induce surface structural change of glass, in which nanostructure at 
tens or hundreds of nanometres are formed (see Fig. 15A & 15B).  On the other hand, 
irradiation of not only a femto-second pulsed laser but also a CW laser (Fig. 15C) can induce 
crystallization inside the matrix.  Such glass-ceramics are expected to be functional devices 
possessing lightwave controllability that is not inherent property of amorphous glasses. 
By using the laser-irradiation technique, it is expected that above-mentioned oxide 
semiconductor-precipitated glass-ceramics will show the novel development.  Designed 
nanostructure at the surface of glass-ceramic is effective not only for photocatalyst that 
requires large surface area but also light controllable device, such as photonic crystal, using 
the high refractive index.  Control of orientation of precipitated crystallites at the surface is 
also of interest for applied science.  On the other hand, internal structural change will work 
as an integrated circuit or an origin for emission centre.   
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Fig. 15. Various laser-induced structural changes: AFM and SEM images of structural 
change of glass induced by a pulsed laser with (A) uniform and (B) interfering irradiations. 
(C) Photograph of the internal crystallization in a multi-structured fibre by irradiation of 
CW laser (reported by Ohara et al., 2009). 



Ceramic Materials 46

 

However, besides examination of crystallization of glass by laser-irradiation technique or 
conventional heat-treatment, deeper understanding of glass material itself is of necessity.  
The glass-ceramics can open up an application field for functional glass-based device, and 
therefore, the design and control of nanostructure in these materials will be of great 
importance. 

 
5. Conclusion 
 

In the present study, we have demonstrated fabrication of glass-ceramics containing two 
oxide semiconductors, TiO2 and ZnO.  It is notable that selective crystallization of these 
crystallites was successfully attained by examination of both the chemical composition of 
glass and the heat-treatment procedure.  Moreover, the obtained glass-ceramics possessed 
transparency despite of large difference of refractive index.  Our results mentioned were 
demonstrated by conventional heat-treatment using an electric furnace that is favourable for 
industrial process.  As mentioned in the introduction and the last sections, crystallization of 
glass can take wide diversity of structure and the related physical property.  The 
investigation of the novel property using glass-ceramics will be continued now and for the 
future. 
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However, besides examination of crystallization of glass by laser-irradiation technique or 
conventional heat-treatment, deeper understanding of glass material itself is of necessity.  
The glass-ceramics can open up an application field for functional glass-based device, and 
therefore, the design and control of nanostructure in these materials will be of great 
importance. 

 
5. Conclusion 
 

In the present study, we have demonstrated fabrication of glass-ceramics containing two 
oxide semiconductors, TiO2 and ZnO.  It is notable that selective crystallization of these 
crystallites was successfully attained by examination of both the chemical composition of 
glass and the heat-treatment procedure.  Moreover, the obtained glass-ceramics possessed 
transparency despite of large difference of refractive index.  Our results mentioned were 
demonstrated by conventional heat-treatment using an electric furnace that is favourable for 
industrial process.  As mentioned in the introduction and the last sections, crystallization of 
glass can take wide diversity of structure and the related physical property.  The 
investigation of the novel property using glass-ceramics will be continued now and for the 
future. 
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1. Introduction 

1.1. General 
The objective of this book chapter is to detail how to apply an a priori easy to implement 
shaping technique to fabricate high temperature fuel cell elements. High temperature fuel 
cells (SOFC for Solid Oxide Fuel Cell, PCFC for Proton Ceramic Fuel Cell) are sophisticated 
objects, made of thin active elements differing in composition and microstructure  
( 50-300 µm porous cathode, 10 to 50 µm dense electrolyte, 50-300 µm porous anode, 
typically) that are operated at high temperature (from 500 °C to 1000 °C, typically) and that 
are supposed to last some 40000 hrs under oxidizing atmosphere on the cathode side and 
reducing atmosphere on the anode side. The fabrication costs of high temperature fuel cells 
remains the major brake against their rapid development. Tape-casting is a supposedly low 
cost and simple shaping process, but it appears to become quickly complicated to 
implement if it aims at producing a thin tri-layer ready for co-sintering as it can the case in 
high temperature fuel cells. The operability of tape-casting requires that one understands 
clearly each step of the process, from the slurry formulation to the final sintering treatment 
via the drying step. The present text offers a discussion about tape-casting and co-sintering 
of the bi- or tri-layers components of SOFCs and PCFCs, and gives some indications on how 
to circumvent the difficulties in certain cases. It raises several important issues and problems 
regarding aqueous and organic tape-casting. It shows that each step of the process is 
important, but that the formulation of the slurry is crucial for the final product. It gives also 
evidence that this process requires to be backed by modelling and computer simulation to 
take into account all the mechanisms that lead to instabilities and residual deformation. This 
book chapter is illustrated by concrete examples and micrographs from the fabrication of 
YSZ based SOFC and BCY10 based PCFC, but also from the first attempts to realize a new 
type of high temperature fuel cell (IDEAL-Cell) based on an innovative new concept under 
intensive research in a European consortium today; they show that in some cases tape-
casting and co-sintering are impracticable, and that a sequence of processes is highly 
preferable than a single process. 
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1.2. High Temperature Fuel Cells context 
Solid Oxide Fuel Cells are promising power generating systems which are currently based 
on anionic solid conductors (SOFC), mostly Yttria-Stabilized Zirconia (YSZ), or more 
recently on protonic conductors (PCFC) in which the electrolyte may be an yttrium doped 
barium cerate (BCY) or zirconate (BZY) (see Fig. 1 and 2). The operating temperature of 
YSZ-based SOFC is usually high (> 900 °C) in order to reach the highest anionic conduction 
performance. This presents significant advantages (chemical stability with CO and CO2, 
direct CH4 feeding, etc…), but also severe pitfalls (thermomechanical failure of components, 
sophisticated glass seals, chemical instabilities during ageing and cycling…). These 
difficulties can be significantly diminished if the operating temperature is reduced to 600 
°C - 700 °C; but then the loss of conductivity associated with the temperature drop must be 
compensated either by changing the electrolyte material (i.e. shifting to Ceria) or by 
drastically diminishing the electrolyte thickness. 
 

 
Fig. 1. SOFC, water at the anode side 
 

 
Fig. 2. PCFC, water at the cathode side 
 
PCFCs are quite credible alternatives, though at a much less mature state of development 
than SOFC. Among all the perovskite based proton conductors, 10% Yttria-substituted 

Barium cerate (BCY10) is widely studied for its high level of protonic conduction below  
700 °C under hydrogen-and/or water-containing atmospheres (10-2 S cm-1 at 600 °C under 
wet hydrogen). But this class of materials displays some particularities (high basicity, high 
sensitivity to water and CO2, high refractarity, chemical decomposition at high temperature, 
residual oxygen conduction under certain conditions…), which make them requiring still a 
certain amount of basic research prior to development. An innovative design is under 
scrutiny for a couple of years now (IDEAL-Cell); it consists of a mixed conducting cell that 
will potentially eliminate all the problems associated with the presence of water at 
electrodes in both SOFCs and PCFCs since the water is formed and evacuated from a porous 
central membrane made of a composite of the two types of electrolytes (Fig.3)(see 
www.ideal-cell-eu; Thorel et al, 2009a; Thorel et al, 2009b). 

 

 
Fig. 3. IDEAL-Cell concept, water production in the central compartment 

 
1.3. Designs and Fabrication Processes 
The general geometries for these high temperature cells -at least SOFCs and PCFCs, IDEAL-
Cell being just at the proof of the concept step- are either planar or tubular, industrials 
giving their own twist between these two basic designs. Though less tested on the long 
term, planar designs provide a higher current density than tubular designs, between 0.50 
and 1.5 W cm-2. The major brake to the development of high temperature fuel cells is the 
cost of fabrication compared to the market requirements. Whatever the geometry, a single 
cell is a complex quasi-2D multilayered structure made of different sophisticated materials 
having different microstructures and functions. If one focuses on the planar geometry, many 
processing routes can be envisioned, but the community considers only a limited number of 
low cost shaping processes. They can be divided into 2 classes, i/ those that require the use 
of a slurry (tape-casting, screen-printing, slip-coating, dip-coating…), and ii/ those in which 
the powder is projected on a target (essentially plasma spraying related deposition 
processes). Other excellent processes (PVD-CVD, SPS, hot-pressing…) are a priori too 
expensive and difficult to scale-up, and therefore not competitive enough to meet with the 
market constraints (i.e. US SECA program cost target = $400/kW by 2010). Plasma-spraying, 
tape-casting and screen-printing have given first-rate results for fabrication of SOFCs [Hui et 
al, 2007; Syed et al, 2006; Grosjean, 2004; Bitterlich et al, 2001;Xia et al, 2001). Surprisingly, 
very few studies have been carried out so far on shaping PCFC via these processes (Costa et 
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al, 2009; Hafsaoui, 2009; Costa, 2009), which are all presently considered for shaping IDEAL-
Cell (Presto et al, 2009). 
Ideally, a low-cost process that allows co-sintering the multilayer would be very profitable 
in terms of fast development of SOFCs or PCFCs; but this is an extremely difficult problem 
that aims at obtaining flat well bonded layers with appropriate densities and fine-tuned 
microstructures, with no appearance of cracks, secondary phases, chemical reactivity, 
unwanted allotropic transformations. Apart from processes derived from the plasma 
deposition and if we focus on the more traditional ceramic processes, the previous 
characteristics are all being governed ultimately only by three common parameters: 
sintering temperature, duration of the treatment and atmosphere. Obviously, this very 
limited number of levers that we can act on for-co-sintering can only trigger a differentiate 
evolution of the layers only if the green layers have the potential to allow for it, that is to say 
exhibit an appropriate geometry, composition, grain size distribution, initial density… The 
green layers characteristics are in turn completely determined by the slurry composition and 
powders morphology, the way the layers are superimposed and bonded, and how the 
multilayer is being dried prior to sintering. In the present paper, that gathers results from 
different projects (Grosjean, 2004; Costa et al, 2009; Hafsaoui, 2009; Costa, 2009), we will 
focus on the problems encountered when one fabricates SOFC and PCFC by tape-casting 
and co-sintering, and will detail some of the ideas suggested above. 

 
2. Shaping by tape-casting 

2.1. General considerations on tape-casting 
Tape-casting is a low cost process particularly well-suited for the fabrication of thin (10 µm 
up to 500 µm) flat components for high temperature fuel cell. It allows producing a wide 
variety of controlled morphologies, from highly porous to fully dense microstructures, such 
as electrodes and electrolytes. Green layers can be easily superimposed if one wants to co-
sinter the multilayer in a one-step operation. As seen in Fig. 4, the whole process gathers 
consecutive steps: the first one and probably the most important is the fabrication of the 
slurry with the powder under consideration, which is previously formulated, calcined and 
eventually sieved to reach appropriate phase content, grain size distribution and 
morphology.  
Organic and/or inorganic additives, which role will be described below, are added to the 
powder to form the slurry. The slurry is then mixed and grinded mostly by ball-milling to 
ensure homogenization and destruction of agglomerates. Then the solution is de-aired 
under primary vacuum depending on which level of porosity/density is desired at the end 
of the process. The slurry is then ready for the casting of a green tape, which thickness is 
governed by the height of the Doctor blade above the substrate (Fig. 5 and Fig. 6). The ratio 
between the green and the sintered sample thicknesses depends on the properties of the 
slurry and on the degree of freedom of the system when the layers shrink during drying and 
during sintering, which in turn depends on numerous intrinsic parameters (i.e. those taken 
into account in a dilatometry curve, such as powder nature, size, composition and 
formulation of the slurry, temperature and duration of sintering…), but also on extrinsic 
parameters linked to the nature of the substrates for drying or sintering, that may lead to 
friction and wear inhibiting radial shrinkage and increasing then the level of 
vertical/longitudinal shrinkage. 

This may even be more effective if a light weight is deposited on top of the samples to 
maintain its flatness. The different wet layers can then be cast on top of the others via 
dedicated technical systems (i.e. series of Mylar masks) if the solvent is organic; if the 
solvent is water, then the layers must go through a gel-forming step prior to 
superimposition since otherwise they do not exhibit any mechanical strength. Technical 
adjustments can be carried out between these two solutions, but it is important to note that a 
good final bonding between two layers requires that at least one layer is wet. Drying single 
layers or multilayers is also a prime importance step. Any geometric deformation or defect 
occurring during the drying process will only worsen during sintering. It is therefore 
essential that the flatness be maintained, depending on how isotropic the mechanism of 
humidity withdrawal is, above, below and along the radius of the sample. If one uses a 
dense substrate, then humidity cannot escape from the bottom and the dried sample is 
usually warped with strong deformation in the z+ direction, along with edge sinusoidal 
deformation. Sandwiching the sample between two dense substrates does not usually help 
and ends up with extensive cracking. We have had excellent results when sandwiching the 
layers or multilayers between two light honeycomb Mullite substrates left at 70 °C (Fig. 7). 
 

 
Fig. 4. Flowchart for organic or aqueous tape-casting and co-sintering of multilayers 
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good final bonding between two layers requires that at least one layer is wet. Drying single 
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layers or multilayers between two light honeycomb Mullite substrates left at 70 °C (Fig. 7). 
 

 
Fig. 4. Flowchart for organic or aqueous tape-casting and co-sintering of multilayers 
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We have shown thus that the drying mechanism was related to the evacuation of liquid 
water facilitated by capillary forces acting across the sample, thanks to the porous 
honeycomb supports, which in addition were efficient to maintain the flatness of the sample 
(Grosjean, 2004; Costa et al, 2009). 
Obviously, the sintering step is the key-moment of the whole process. One should not use 
more time and temperature than what is needed; therefore the level of the sintering 
temperature and duration will be as little as possible.  
 

 
Fig. 5. Schematic of a laboratory tape-casting set-up 
 

 
Fig. 6. Tape-casting experimental set-up 
 

 
Fig. 7. Drying of a YSZ layer sandwiched between two Mullite honeycomb substrates (left); 
detail of the capillary mechanism acting across a SOFC trilayer during drying between 2 
honeycomb substrates 

 
Fig. 8. Shrinkage curve for BCY10; left: shrinkage (%), right: shrinkage rate (% mm-1) (from 
Bassano et al, 2009) 
 
The sintering temperature is usually chosen as to correspond to the temperature where the 
sintering rate is maximum (i.e. 1250 °C for BCY10 in Fig. 8 from Bassano et al, 2009); in that 
case a density higher than 95% of the theoretical density is attained rapidly with very 
limited grain coarsening if the slurry has the characteristics for a fully dense final material. 
This may be adapted if one wants to obtain a porous final material or in the case of co-
sintering of multilayers. The choice of the support is of uttermost importance since it must 
obviously not react with the sample and must not present any roughness that could 
generate unwanted friction and interference with the radial shrinkage. Ideally the support 
should be made with the same material as the layer in contact with it. Sometimes a powder 
bed is used as a buffer for reactivity, but in that case the powder bed has to be thin and very 
flat. 

 
2.2. Details on the slurry formulation 
For a given powder or mixture of powders the sintering behaviour of green tapes, and hence 
their final microstructure, depends on the arrangement, dispersion and homogeneity of the 
starting ceramic particles in the slurry (Moreno, 1992a); therefore, the slurry formulation is a 
crucial step for tape-casting, as it is also for related processes such as screen-printing, spin or dip-
coating. Roughly, a good slurry is the one in which the ceramic grains are electrostatically 
interacting so that the particles are the farthest away from each other, that no agglomerates are 
formed, that gravity is negligible, hence no sedimentation occurs, and so that the viscosity is low 
enough to allow for an easy casting, and high enough for the green tape to have a sufficient creep 
resistance to maintain its geometry. As a rule of thumb, and respecting the indications given 
above, the highest possible the ratio solid/liquid, the highest the density of the green tape, hence 
the highest the density of the sintered tape. 
Generally, the slurry is composed of a mixture of numerous organic compounds (binder, 
dispersant, plasticizer (Moreno, 1992b), solvent if organic tape-casting, and possibly wetting 
agents, defoamers, pore formers if needed) and inorganic compounds (ceramic powder to be 
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shaped, sintering additives, water if aqueous tape-casting). All the organic components remain in 
the green tape after drying. Since they are removed when heated at elevated temperature in air 
(between 300 °C and 700 °C, from polymers to graphite), they give rise to pores, which cannot -or 
must not- always be eliminated during the sintering treatment. Consequently, the ratio of the 
amount of powder to the organic compounds, and hence the final formulation of the slurry, must 
be fine-tuned in order to tailor the final microstructure and density. Concerning water based 
tape-casting, the slurry is gelled after casting and the water is removed during drying; the gel is 
decomposed at 350 °C at the onset of the thermal treatment giving place to porosity. Here again 
the ratio between the solid phase and the liquid in the slurry will tailor the level of porosity, in 
addition to pore formers. In both cases, organic or aqueous tape-casting, the ratio of the solid 
phase to the liquid/or organic phases will lead to the control of a 1-2 µm size interconnected 
porosity, which can be extremely useful for increasing the quantity of triple phase boundaries. 
Amongst the slurry characteristics, the stability is of utmost importance. Polarization interactions 
must take place at the solid-liquid interface, interactions whose intensity governs the slurry 
stability (Moreno, 1992). Consequently, the value of the dielectric constant of the liquid 
determines the slurry stability, and hence the choice of solvent, which in turn determines the 
choice of all the other additives. The other forces acting on the particles in the slurry are gravity, 
which depends on the particles mass (and indirectly size), and the attractive Van der Waals 
interactions, which promote flocculation and act against the stability of the slurry. On the other 
hand, thermal agitation, electrostatic and steric repulsive forces promote the dispersion of the 
particles and therefore increase the stability of the slurry. The role of the dispersant agent is 
precisely to enhance the intensity of these dispersive forces. The second important slurry 
characteristic is the viscosity, which determines the operability of the process to cast green tapes. 
The slurry viscosity varies as a function of the amount of solvent per unit volume; the solvent 
quantity needs to be precisely adjusted to allow for a good dispersion of the powder as well as 
for an efficient dissolution of the binder. 

 
2.3. Co-sintering 
- co-sintering parameters 
To fabricate such sophisticated multilayered objects -SOCFs, PCFCs or IDEAL-Cells- one must 
have in view that the first order outcome parameter is the function of the object, and the second 
order outcome parameter is its long-term thermomechanical behaviour necessary to accomplish 
this function. Therefore efforts have to be put first on reaching the highest possible level of 
electrochemical properties, and once it is reached one must work on the optimization of the 
mechanical properties. This is a general frame that might be amended when interests converge, 
i.e. quality of the bonding at interfaces, cracking… 
Obviously, during co-sintering all the layers will have to face the same treatment characterized 
by a given sintering temperature, duration and specific atmosphere. To a certain extent there is 
interchangeability between time and temperature of co-sintering through the Fick’s laws and 
temperature dependant diffusion coefficients, provided that no unexpected thermo-activated 
mechanism occurs (phase change, precipitation…). This means that the common temperature is 
necessarily a compromise between the highest and the lowest sintering temperature of the 
different layers taken separately, which compromise can be smoothed to a certain extent by 
playing on the sintering time (i.e. sintering the multilayer at a temperature intermediate between 
the lowest and the highest sintering temperature, but for a longer time than necessary for the 
sintering of the less refractory layer). For a standard composition of YSZ based SOFCs and BCY 

based PCFCs the usually lowest refractory layers (anode and cathode, i.e. respectively NiO/YSZ 
and NiO/BCY, lanthanum-strontium manganites and lanthanum-strontium-iron cobaltites) are 
also those which must be highly porous; since they will be co-sintered at a temperature higher 
than their normal sintering temperature, and for a longer time than necessary (so that the 
electrolyte can reach full density), then the slurry formulation for electrodes must be thought for 
correspondingly (higher Liquid/Solid ratio, addition of pore formers…) to inhibit any tendency 
for over densification. 
The thermal treatment may also present second order parameters, such as heating and cooling 
rates, plateaus…; heating ramps and cooling ramps are not equivalent since at the onset of the 
sintering the materials are just shaped and cast powders, with no capability to transfer any elastic 
stress within the ceramic, whereas at the end of the sintering the material is a rigid body highly 
sensitive to elastic stress originating from the differential mismatch of thermal expansion 
coefficients between layers. The role of heating ramps and plateaus at the onset of the sintering 
has more to do respectively with the plastic deformation of the green layers, due to a differential 
behaviour with temperature, and with the complete combustion of the organic slurry 
compounds. It is highly important that the combustion occurs gently and completely at the 
lowest possible temperature so that the evacuation of gas is rendered easy via the still widely 
open porosity that the combustion has just created. Any increase of gas pressure inside the layers 
is obviously highly detrimental for the sample integrity (deformation, stresses, cracking…). The 
length of all the plateaus is determined by thermal analysis so that the corresponding organic 
compounds can totally disappear. 
In most cases co-sintering necessitates reaching a certain level of compromise that can be 
adjusted by playing on the slurry composition and geometry of green layers (Bitterlich et al, 2001; 
Costa et al, 2009; Hafsaoui, 2009; Costa, 2009; Yoon et al, 2007) on the basis of the modelling of 
polarization mechanisms as a function of microstructural parameters (Yoon et al, 2007; Ou et al, 
2009). In some cases, co-sintering appears highly impracticable, such as in SOFCs between YSZ 
and LSM when co-sintering above 1150 °C leads to resistive pyrochlore phases (Grosjean et al, 
2006), and in PCFCs between BCY10 and NiO since we showed that there is a significant 
diffusion of Ni in the electrolyte material (Costa, 2009). When such difficulties arise, one must 
consider changing the materials or implementing a sequence of processes and consecutive 
sintering treatments starting from the fabrication of the layer having the highest sintering 
temperature and finishing with the one having the lowest (Fontaine et al, 2009). As an example, 
screen-printing or plasma-spraying can easily be performed on top of tape cast layers. This may 
be at the expenses of cost, but in that case there are less compromises to carry out and probably 
higher functional properties can be achieved. 
- differential sintering kinetic 
Deformation during sintering is composed of four terms: elastic deformation, thermal 
deformation, visco-plastic deformation and shrinkage due to the densification. The latter is by far 
the largest contribution to the overall deformation; its driving force is the reduction of surface 
energy and curvatures, hence the disappearance of the porosity. Different materials and/or 
different slurry formulations lead to strong differences in the shrinkage kinetic. Co-sintering bi-
layers is extremely difficult since there is almost no way to compensate for this shrinkage kinetic 
differential; this is a general rule for an even number of layers. An odd number of layers is much 
more favourable since the deformation on one side (i.e. due to the bi-layer anode/electrolyte) can 
be compensated by the deformation on the other side (i.e. by the cathode) by playing on the 
thickness, and to a certain extent on the slurry composition (i.e. pore formers amount). 
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Obviously, one must seek a situation where deformations at both electrodes put the electrolyte 
layer under compression, as seen in Fig. 9.  
 

 
 
 
 
 
 
 
 
 
 

Fig. 9. Schematic of the compensation of the deformation during sintering across a tri-layer 
 
The compensation of the deformation by the third layer may be very difficult to evaluate since it 
results from several mechanisms acting at different steps of the sintering. Useful information can 
be drawn from the observation of the final deformation of bilayers having different thicknesses, 
but much more efficient is the modelling of the deformation kinetic by a finite elements 
approach; when followed carefully, this route can reveal phenomena that occur in the furnace 
during the sintering, which are by essence extremely difficult to detect. 
Thus, we have quantitatively detected a strong deformation peak very early at the sintering 
temperature originating in the differential shrinkage kinetic between a YBC10 PCFC electrolyte 
layer and a YBC10 + NiO PCFC anode layer; in that case, the sintering rate of the electrolyte was 
higher than that of the anode, whose deformation caught up little by little during the remaining 
time. We have also given evidence for a scale effect, the large the diameter of the bi-layer the 
larger the final deformation (Costa et al, 2009). The deformation transforms into stresses if the 
multilayer is topped by a substrate, which aims at maintaining it flat. The weight of this substrate 
must be carefully tuned for allowing only planar deformation to occur, that is to say large 
enough to block the vertical deformation, but light enough to allow for a radial deformation. If 
this support is too light or too heavy, the final object will be either warped or cracked. 
But nothing is free of charge regarding sintering ceramics; if one wants to identify and model 
quantitatively the pertinent mechanisms taking place during sintering, one must feed the model 
with microstructural information related to these mechanisms; this means that either we are able 
to gather microstructural observations during sintering -which is extremely difficult considering 
the high sintering temperature -, or rather that we make these observations after interrupted 
sintering tests. In that case, one must pay attention that these interruptions do not bring 
additional interference to the observations (cooling rate high enough to efficiently stop quickly all 
the mechanisms related to the diffusion of species, but low enough to avoid any cracking). The 
most pertinent parameter to follow through these interrupted tests is the surface fraction of 
porosity, which equals the volume fraction of porosity, provided that the material is stationary in 
a statistical sense. Therefore, we will associate the speed of deformation, hence the densification 
rate, with the evolution of the porosity versus time drawn from interrupted tests (Costa et al, 
2009; Costa, 2009). 2D porosity information can easily be evaluated by SEM observations of 
polished surface after appropriate segmentation and binarization; better, 3D information can 
directly be obtained by microtomography (Costa et al, 2009). Experimental preparation of the 
samples for the analysis of interrupted tests is quite straightforward when exploring the end of 

Green tri-layer Differential shrinkage Final tri-layer 

the sintering, but is quite delicate at the onset of the consolidation, i.e. just after the plateaus for 
the calcination of the binders. If non-consolidated samples are embedded in resin prior to 
observation (Fig. 10), one must pay a careful attention on the choice of the polymer that must not 
retract significantly, otherwise the surface (or volume) fraction of pores will be highly 
underestimated. 
Observation of the microstructure after interrupted tests has allowed us to detect an unexpected 
second order deformation mechanism, that acts also in single layers (in that case, no differential 
shrinkage kinetic between different materials can possibly be invoked): this mechanism 
originates from a shrinkage kinetic difference within the anode itself associated with a porosity 
gradient (from the top to the bottom of the sample) that is caused by the sedimentation of the 
larger BCY10 grains from the moment the tape is cast until it is totally dried (Fig. 11). The 
effectiveness of the slurry stability is essentially a function of the grains surface since electrostatic 
forces intensity derived from the adsorbed species. Large grains present an unfavourable 
surface/volume ratio in that respect, and then are more sensitive to gravity. This effect is 
effective when the grains size distribution is not narrow enough, and it aggravates the 
differential shrinkage kinetics when multilayers are concerned. 
 

       
Fig. 10. SEM observation of the polished surface of a PCFC anode (50 vol.% BCY10 = white phase 
+ 50 vol.% NiO = grey phase; dark areas are porosity) taken from the same dried green tape 
about 100 µm thick; left: test was interrupted at 1000 °C during heating (surface fraction or pores 
= 62%); right: test was interrupted after 10 hours at 1450 °C (surface fraction of pores = 35%); 
scales are on the micrographs; note the large shrinkage of the thickness (Costa et al, 2009; Costa, 
2009) 
 

         
350 °C / 1 hour                              1450 °C / 1 hour 
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second order deformation mechanism, that acts also in single layers (in that case, no differential 
shrinkage kinetic between different materials can possibly be invoked): this mechanism 
originates from a shrinkage kinetic difference within the anode itself associated with a porosity 
gradient (from the top to the bottom of the sample) that is caused by the sedimentation of the 
larger BCY10 grains from the moment the tape is cast until it is totally dried (Fig. 11). The 
effectiveness of the slurry stability is essentially a function of the grains surface since electrostatic 
forces intensity derived from the adsorbed species. Large grains present an unfavourable 
surface/volume ratio in that respect, and then are more sensitive to gravity. This effect is 
effective when the grains size distribution is not narrow enough, and it aggravates the 
differential shrinkage kinetics when multilayers are concerned. 
 

       
Fig. 10. SEM observation of the polished surface of a PCFC anode (50 vol.% BCY10 = white phase 
+ 50 vol.% NiO = grey phase; dark areas are porosity) taken from the same dried green tape 
about 100 µm thick; left: test was interrupted at 1000 °C during heating (surface fraction or pores 
= 62%); right: test was interrupted after 10 hours at 1450 °C (surface fraction of pores = 35%); 
scales are on the micrographs; note the large shrinkage of the thickness (Costa et al, 2009; Costa, 
2009) 
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1450 °C / 8 hours                          1450 °C / 24 hours 

Fig. 11. Morphology of a PCFC anode (50 vol.% BCY10 + 50 vol.% NiO = white phase; dark areas 
are porosity); 2D surfaces taken from 3D microtomography (ESRF, Grenoble, France) 
corresponding to interrupted sintering tests; initial anode thickness = 250 µm, upper surface 
during test is up on the micrographs; sedimentation of large BCY10 grains is easily detected at 
the bottom of the anode, especially on the top left and bottom right images; note the high level of 
shrinkage of the thickness (Costa et al, 2009; Costa, 2009) 
 
Owing to the transport of matter during sintering (diffusion, visco-plastic flow, densification…), 
one may assume that the multilayer is free of stresses at the end of the sintering plateau. When 
the flatness of the multilayer is maintained by a weight, thermo-elastic stresses due to thermal 
expansion mismatch and different elastic constants will develop upon cooling, which will cause 
either remnant deformation or cracking when removing the weight. When the flatness is 
maintained by counterbalancing the deformation (in multilayers with an odd number of 
components) during all the length of the plateau, residual deformation will also develop. In 
either cases this residual deformation can be eliminated to a certain extent by playing again on 
the layers thickness if possible, and/or on the apparent Young’s modulus, i.e. by the addition of 
more pore formers (Grosjean, 2004). 

 
3. Experimental examples 

3.1. Aqueous tape-casting of SOFCs 
We have used standard commercial powders for this study [6] as described below: 
• Electrolyte: YSZ (TZ8-Y, Tosoh), 
• Anode: porous Ni-YSZ cermet (Ni precursor = NiO, Novamet A Type), 
• Cathode: composite YSZ-La0.80Sr0.20MnO3-δ (LSM, Rhodia). 
Following what has been extensively discussed above, the slurry composition for each layer 
was formulated to obtain the same final shrinkage for the three components of the cell; the 
thickness of the cast tape was adjusted so that the thermoelastic mechanical stresses were 
minimized during the cooling following Timoshenko’s bilayer model (Timoshenko and 
Gere, 1991). The slurries composition was based on the following chemicals: 
• Water (solvent)/sodium alginate (binder) in the ratio (100:1), 
• Dispersant: Dolapix ET85 (droplets), 
• Macro pore-former when needed: acrylic polymer. 
Slurries for the electrodes and for the electrolyte were cast separately, with appropriate thickness, 
on a glass support. Green tapes were then obtained by the chemical gelation of the sodium 

alginate through the complexation of Ca2+ ions in the presence of a CaCl2 solution. The three 
different green tapes were then cut and stacked to obtain a full green single cell. The three-layer 
stacks obtained in this way were then dried between two hydrophilic honeycomb supports at 70 
°C so that the water could be desorbed symmetrically from the two surfaces to avoid any 
warping of the stack. After the drying was completed, the stacks were placed between two 
Mullite alveolar supports, whose weight was appropriate to maintain the flatness of the cell 
without interfering with the planar shrinkage. Two-inch flat SOFC single cells with high quality 
interfaces between electrolyte and electrodes were routinely obtained after sintering at 1350 °C 
for 8 hours (Fig. 12 and Fig. 13). 
Nevertheless, co-sintering the whole cell at 1350 °C led to poor electrochemical properties owing 
to reactivity between YSZ and LSM [6,18]. In that specific case, we have developed a sequential 
organic tape-casting approach to cast the cathode layer on top of an already sintered 
Anode/Electrolyte half-cell prepared by the water based process described above. It is to be 
noted here that, owing to surface tension considerations, water-based tape-casting does not lend 
itself to the successful deposit of a layer on top of an already sintered material. With this method 
the cathode could be heat-treated at a lower temperature (1200 °C for 1 hour), conditions where 
reactivity with YSZ does not appear significant. 
 

 
Fig. 12. SEM observation of a cross section of a SOFC (YSZ + LSM/YSZ/YSZ + NiO) 
obtained by tape-casting (from Grosjean, 2004) 
 

 
Fig. 13. SEM observation of a polished cross section of the interface between the anode and the 
electrolyte in a SOFC (YSZ + LSM/YSZ/YSZ + NiO) obtained by tape-casting (from Grosjean, 
2004) 
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°C so that the water could be desorbed symmetrically from the two surfaces to avoid any 
warping of the stack. After the drying was completed, the stacks were placed between two 
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Nevertheless, co-sintering the whole cell at 1350 °C led to poor electrochemical properties owing 
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organic tape-casting approach to cast the cathode layer on top of an already sintered 
Anode/Electrolyte half-cell prepared by the water based process described above. It is to be 
noted here that, owing to surface tension considerations, water-based tape-casting does not lend 
itself to the successful deposit of a layer on top of an already sintered material. With this method 
the cathode could be heat-treated at a lower temperature (1200 °C for 1 hour), conditions where 
reactivity with YSZ does not appear significant. 
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3.2. Organic tape-casting of PCFC 
In this study only the fabrication of bi-layers or symmetrical cells Anode/Electrolyte/Anode 
was attempted since no cathode material for PCFC was available at this time (Costa et al, 
2009; Costa, 2009). The following materials were either home made or commercially 
supplied: 
• Electrolyte: BCY10 was produced via a chemical route based on oxalate co-

precipitation following exactly the procedure described by Almeida de Olivera et 
al (Almeida de Oliveira et al, 2007), 

• Anode: porous Ni-BCY10 cermet (Ni precursor = NiO, Novamet A Type) in the 
volume ratio 1:1 (corresponding weight ratio = 1:1.08). 

Water-based tape-casting was not applicable for BCY10 shaping because BCY10 exhibits a 
strong basic behaviour; since water is an amphoteric electrolyte, the pH of such a 
suspension is quite high and hydrolysis of the material occurs rapidly. Therefore, tape-
casting of PCFC based on BCY powder must be carried out with an organic solvent totally 
deprived of water. Among all of the organic solvent/binder possible couples, we have 
chosen the couple Ethanol/PVB: it limits the toxicity of the slurries and makes BCY10 
suspensions stable rather easily. The following products were used: 
•  Absolute Ethanol (Fisher Scientific), 
•  Poly(Vinyl Butyral) (PVB) (Acros Organics) as the binder (and as a pore former for 

the anode), 
•  PolyEthylene Glycol-400 grade (PEG) (Fisher Scientific) as the plasticizer. 
Table 1 below gives the quantity of products for the electrolyte and anode slurries for a 
typical tape-casting experiment; the compositions are optimized for the anode and 
electrolyte in respect with the desired final microstructures (dense BYC10, porous anode 
with interconnected Ni particles, BCY10 and network of pores). Slurries were ball-milled for 
4 hours prior to casting in order to obtain homogeneous suspensions. 
Slurries were cast on a glass support coated with glycerol to prevent the adhesion of the 
green tapes. First a 500 µm thick anode layer was cast, and left twenty minutes at room 
temperature for the drying process to start taking place. Then a 150 µm thick electrolyte 
layer was cast on top of the anode tape. For the fabrication of symmetric half-cells, a second 
500 µm thick anode layer was cast on top of the electrolyte layer, again twenty minutes later. 
The stack of green tapes was then dried at room temperature for two hours before being cut 
into discs. Since BaCeO3 based perovskite reacts at high temperature (> 1200 °C) with most 
of the materials used as sintering supports (Al2O3, ZrO2), the sintering of BCY10 was made 
on a BCY10 powder layer. After a plateau of 1 hour at 350°C for burning the organic 
products, the sintering was carried out at 1450°C for 24 hours for a full densification of the 
electrolyte (Fig. 14 and Fig. 15). 
 

Table 1. Composition (in g) of optimized slurries in regards to the final microstructure 

Chemicals Anode / g Electrolyte / g 
BCY10 2.5 6.0 
NiO 2.7 - 
Ethanol 4.5 4.8 
PVB 2.0 0.60 
PEG 0.70 0.30 
Glycerol 0.45 - 

 

Flat symmetrical half-cells 20 mm in diameter were routinely obtained via this procedure. 
Bi-layers anode/electrolyte could not be obtained without a very strong warping for the 
reasons discussed in section 2.3. Solutions range from narrowing the BCY10 grain size 
distribution, adding an effective dispersant to the slurry, or compensating the deformation 
by that of the cathode when such material is available. 
 

       
1450 °C / 10 hours       1450 °C / 24 hours 

Fig. 14. SEM observation of a cross section of a PCFC half-cell anode/electrolyte/anode 
sintered at 1450 °C for different durations (from Costa et al, 2009; Costa, 2009) 
 

 
Fig. 15. SEM observation of a cross section of a PCFC half-cell Anode/Electrolyte/Anode 
sintered at 1450 °C (from Costa et al, 2009; Costa, 2009) 

 
3.3. First realizations of IDEAL-Cell 
This new innovative concept is described here, and its characteristics, specificities and 
advantages compared to SOFCs and PCFCs are given. This concept has just reached the Proof 
of Concept step at the end of the year 2009, in the frame of a 4-years FP7 European project. The 
major difference of this concept compared to the others is that it is based on a central porous 
membrane that displays a mixed conduction (proton and oxygen). This section will show how 
tape casting is applied to shape the different elements of this new cell. 
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green tapes. First a 500 µm thick anode layer was cast, and left twenty minutes at room 
temperature for the drying process to start taking place. Then a 150 µm thick electrolyte 
layer was cast on top of the anode tape. For the fabrication of symmetric half-cells, a second 
500 µm thick anode layer was cast on top of the electrolyte layer, again twenty minutes later. 
The stack of green tapes was then dried at room temperature for two hours before being cut 
into discs. Since BaCeO3 based perovskite reacts at high temperature (> 1200 °C) with most 
of the materials used as sintering supports (Al2O3, ZrO2), the sintering of BCY10 was made 
on a BCY10 powder layer. After a plateau of 1 hour at 350°C for burning the organic 
products, the sintering was carried out at 1450°C for 24 hours for a full densification of the 
electrolyte (Fig. 14 and Fig. 15). 
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Flat symmetrical half-cells 20 mm in diameter were routinely obtained via this procedure. 
Bi-layers anode/electrolyte could not be obtained without a very strong warping for the 
reasons discussed in section 2.3. Solutions range from narrowing the BCY10 grain size 
distribution, adding an effective dispersant to the slurry, or compensating the deformation 
by that of the cathode when such material is available. 
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Fig. 14. SEM observation of a cross section of a PCFC half-cell anode/electrolyte/anode 
sintered at 1450 °C for different durations (from Costa et al, 2009; Costa, 2009) 
 

 
Fig. 15. SEM observation of a cross section of a PCFC half-cell Anode/Electrolyte/Anode 
sintered at 1450 °C (from Costa et al, 2009; Costa, 2009) 

 
3.3. First realizations of IDEAL-Cell 
This new innovative concept is described here, and its characteristics, specificities and 
advantages compared to SOFCs and PCFCs are given. This concept has just reached the Proof 
of Concept step at the end of the year 2009, in the frame of a 4-years FP7 European project. The 
major difference of this concept compared to the others is that it is based on a central porous 
membrane that displays a mixed conduction (proton and oxygen). This section will show how 
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The basic ideas behind the IDEAL-Cell concept consists in isolating the hydrogen and oxygen 
compartments from the exhaust water to avoid the main problems associated with the 
presence of water at electrodes in SOFC (Fig. 1) and in PCFC (Fig. 2). In the IDEAL-Cell design 
each compartment has a single role to play, for which it can be fully optimized. Such a three 
independent compartments system is being developed by an European consortium 
(ARMINES, France; Université de Bourgogne, France, CNR, Italy; DLR, Germany; IEES, 
Bulgaria; AGH, Poland; Marion Technologies, France; Naxagoras, France; Visimbel, germany) 
by joining the cathode part of a SOFC to the anode part of a PCFC, rejecting thus the 
production of water toward a common central compartment (Fig. 3). The protons created at 
the anode side and the оxygen ions produced at the cathode side diffuse through the 
corresponding electrolytes toward the central membrane, where they combine. The electrons 
that are torn off atomic hydrogen at the anode will go to the external circuit and feed atomic 
oxygen to create oxygen ions at the cathode side. The central membrane is a mixed proton and 
oxygen composite conductor with highly porous microstructure to allow the evacuation of 
water. 
Unlike in SOFCs and PCFCs, this design will avoid gas dilution, condensation of water on the 
catalytic sites, inhibition of mass transfer, corrosion by oxygenized water at high temperature. 
In addition, it allows for an easy and independent application of gas pressure on both 
electrodes to enhance the overall efficiency. The concept, patented by ARMINES/Mines-
ParisTech, has been proved in 2009 via four criteria: i/ a stable OCV, ii/ a stable polarization 
curve, iii/ complex impedance fingerprint typical of water formation, iv/ measurement of 
water formation as a function of the current across the cell. Up to now, as first attempts to 
prove the concept, different processes have been implemented (SPS, HP, tape casting) (Thorel 
et al, 2009a; Thorel et al, 2009b, Presto et al, 2009); the shaping technique developed at 
ARMINES/Mines-ParisTech (Abreu, 2011) is based on the cold-pressed and sintered BCY 
electrolyte support, on which all additional layers are deposited by tape-casting (Fig. 16). The 
cell is not yet at all optimized and is still very thick for experimental purposes (about 2 mm), 
but already shows highly attracting performances (5 mW/cm2). Extrapolation towards typical 
cell thickness indicates that the level of performances attained by IDEAL-Cell after 2 years of 
operation of the project is even better than that of PCFCs. In addition, modelling shows that 
the concept exhibits very little electrodes overpotentials and extremely high potentialities for 
improvements. 
 

 
Fig. 16. Left: SEM observation of a cross section of the IDEAL-Cell Proof of Concept sample 
with Pt electrodes; right: full BCY supported IDEAL-Cell with : cathode = LSCF; oxygen 

electrolyte = YDC15; central membrane = YDC15 + BCY15; proton electrolyte = BCY15; 
anode = BCY15 + Ni (Abreu, 2011) 

 
4. Conclusion 

High temperature fuel cells are very sophisticated objects, and as such are very complicated 
to shape. The fabrication costs constitute the major brake to their development in a highly 
competitive segment where competitor alternative power sources progress at a high rate. 
Decades of efforts and accumulated knowledge on one of the most known ceramic 
(Zirconia) did not allow putting yet a low cost operating SOFC on the market. 
Taking into account the numerous parameters that define the operability of a process such 
as tape-casting for shaping ceramic fuel cells becomes very difficult. Empiricism should be 
backed by modelling and computer simulation, which is far from being routinely available 
for processes in general, and tape-casting in particular. 
One must also pay attention to the fact that cutting the fabrication costs at any prices is not 
necessarily a good option since it may raise unexpected issues (i.e. co-sintering); rather, a 
sequence of compatible processes can be an efficient solution (i.e. coupling tape-casting with 
screen-printing and/or plasma spraying…). The community should also be imaginative and 
open to innovative solutions that may be less energy efficient but infinitely simpler 
(monochamber concept), or a bit more complicated to fabricate but having enormous 
advantages (IDEAL-Cell). 
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the anode side and the оxygen ions produced at the cathode side diffuse through the 
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oxygen to create oxygen ions at the cathode side. The central membrane is a mixed proton and 
oxygen composite conductor with highly porous microstructure to allow the evacuation of 
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In addition, it allows for an easy and independent application of gas pressure on both 
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prove the concept, different processes have been implemented (SPS, HP, tape casting) (Thorel 
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cell is not yet at all optimized and is still very thick for experimental purposes (about 2 mm), 
but already shows highly attracting performances (5 mW/cm2). Extrapolation towards typical 
cell thickness indicates that the level of performances attained by IDEAL-Cell after 2 years of 
operation of the project is even better than that of PCFCs. In addition, modelling shows that 
the concept exhibits very little electrodes overpotentials and extremely high potentialities for 
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with Pt electrodes; right: full BCY supported IDEAL-Cell with : cathode = LSCF; oxygen 
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anode = BCY15 + Ni (Abreu, 2011) 
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for processes in general, and tape-casting in particular. 
One must also pay attention to the fact that cutting the fabrication costs at any prices is not 
necessarily a good option since it may raise unexpected issues (i.e. co-sintering); rather, a 
sequence of compatible processes can be an efficient solution (i.e. coupling tape-casting with 
screen-printing and/or plasma spraying…). The community should also be imaginative and 
open to innovative solutions that may be less energy efficient but infinitely simpler 
(monochamber concept), or a bit more complicated to fabricate but having enormous 
advantages (IDEAL-Cell). 

 
Acknowledgements 

Part of the research leading to the results presented here has received funding from the 
European Community’s Seventh Framework Programme (FP7/2007-2013) under grant 
agreement No 213389. This work was also partly supported by a grant from the French 
‘‘Agence Nationale de la Recherche’’ ANR (Project TECTONIC), and by the ‘‘Groupement 
des Ecoles des Mines’’ (GEM). The tomography images presented here were obtained at the 
ESRF (Grenoble) on the ID19 beamline. 
The author wishes to thank the Ph.D students (Olivier Sanséau, Arnaud Grosjean, Julien 
Hafsaoui, Rémi Costa, Joao Abreu), master students (Ali Addada, Matthieu Caruel) and 
post-doc (Anthony Chesnaud) of his group for all their work from which most of the results 
in the present papers are drawn. 

 
5. References 

Abreu, J. (2010). Contribution à l’étude et à la réalisation d’IDEAL-Cell, un concept innovant de 
pile à combustible à haute température. Ph.D thesis, Mines-ParisTech, in press 

Almeida de Oliveira, A-P., Hafsaoui, J., Hochepied, J-F., Berger, M-H., Thorel, A. (2007). 
Synthesis of BaCeO3 and BaCe0.9Y0.1O3-  from mixed oxalate precursors. Journal of the 
European Ceramic Society, Vol. 27, 3597-3600 

Bassano, A., Buscaglia, V., Viviani, M., Bassoli, M., Buscaglia, M.T., Sennour, M., Thorel, A., 
Nanni, P. (2009). Synthesis of Y-doped BaCeO3 nanopowders by a modified solid-state 
process and conductivity of dense fine-grained ceramics. Solid State Ionics, Vol. 180, 
168-174  



Ceramic Materials 66

Bitterlich, B., Lutz, C., Roosen, A. (2001). Preparation of Planar SOFC-Components via Tape-
Casting of Aqueous Systems, Lamination and Cofiring, in: Chapter 9: Ceramic 
Materials and Components for Engines, J. G. Heinrich, F. Aldinger (Ed.), WILEY-VCH 
Verlag GmbH, Print ISBN: 9783527304165 

Costa, R., Hafsaoui, J., Almeida de Oliveira, A-P., Grosjean, A., Caruel, M., Chesnaud, A., Thorel, 
A. (2009). Tape-Casting of Protonic Conducting Ceramic Materials. Journal of Applied 
Electrochemistry, Vol. 39, No. 4, 48 

Costa, R. (2009). Contribution à l’étude et à la mise en forme d’une cellule de pile à combustible à 
conduction protonique PCFC. Ph.D thesis, Mines-ParisTech 

Fontaine, M.L., Larring, Y., Smith, J.B., Raeder, H., Andersen, Ø.S., Einarsrud, M.A., Wiik, K., 
Bredesen, R. (2009). Shaping of advanced asymmetric structures of proton conducting 
ceramic materials for SOFC and membrane-based process applications. Journal of the 
European Ceramic Society, Vol. 29, 931-935 

Grosjean, A. (2004). Etude et réalisation par coulage en bande et co-frittage de cellules de pile à 
combustible à oxydes solides. Ph.D thesis, Mines-ParisTech 

Grosjean, A., Sanséau, O., Radmilovic, V., Thorel, A. (2006). Reactivity and diffusion between 
La0.8Sr0.2MnO3 and ZrO2 at interfaces in SOFC cores by TEM analyses on FIB samples”, 
Solid State Ionics, Vol. 177, 1977-1980 

Hafsaoui, J. (2009). Membrane duale de reformage et de filtration pour la production 
d’hydrogène par réaction de craquage de méthane. Ph.D thesis, Mines-ParisTech 

Huia, R., Wanga, Z., Keslera, O., Rosea, L., Jankovica, J., Yicka, S., Marica, R., Ghosha, D. (2007). 
Thermal plasma spraying for SOFCs: Applications, potential advantages, and 
challenges. Journal of Power Sources, Vol. 170, No. 2, 308-323 

Moreno, R. (1992a). The Role of Slip Additives in Tape-Casting Technology - Part I : Solvents and 
Dispersants. American Ceramic Society Bulletin. Vol. 71, No. 10, 1521-1531 

Moreno, R. (1992b). The Role of Slip Additives in Tape-Casting Technology - Part II : Binders and 
Plasticizers. American Ceramic Society Bulletin. Vol. 71, No. 10, 1647-1657 

Ou, T., Delloro, F., Nicolella, C., Bessler, W. G., Thorel, A.S. (2009). Mathematical model of mass 
and charge transport and reaction in the central membrane of the IDEAL-Cell. ECS 
transactions, Vol. 25, No. 2, (2009) 1295-1304, ISBN 978-1-56677-739-1 

Presto, S., Barbucci, A., Viviani, M., Ilhan, Z., Ansar, S.A., Soysal, D., Thorel, A., Abreu, J., 
Chesnaud, A., Politova, T., Przybylski, K., Prazuch, J., Brylewski, T., Zhao, Z., 
Vladikova, D., Stoynov, Z. (2009). IDEAL-Cell, an Innovative Dual mEmbrAne fueL-
Cell: fabrication and electrochemical testing of first prototypes. ECS transactions, Vol. 
25, No. 2, (2009) 773-782, ISBN 978-1-56677-739-1 

Syed, A. et al. (2006). Improving plasma sprayed YSZ coatings for SOFC electrolytes. Journal of 
Thermal Spray Technology, Vol. 15, No. 4, 617 

Thorel, A.S., Chesnaud, A., Viviani, M., Barbucci, A., Presto, S., Piccardo, P., Ilhan, Z., Vladikova, 
D., Stoynov, Z. (2009a). IDEAL-Cell, first experimental proves of an innovative 
concept”, Proceedings of the “Advances and Innovations in SOFC” International 
Workshop, pp. 1-8, ISBN 978-954-92483-1-9, Katarino, Bulgaria, September 2009 

Thorel, A.S., Chesnaud, A., Viviani, M., Barbucci, A., Presto, S., Piccardo, P., Ilhan, Z., Vladikova, 
D., Stoynov, Z. (2009b). IDEAL-Cell, a high temperature Innovative Dual mEmbrAne 
fuel-Cell. ECS transactions, Vol. 25, No. 2, (2009) 753-762, ISBN 978-1-56677-739-1 

Timoshenko, S.P., Gere, J.M. (1991). Mechanics of Materials”, Chapman and Hall (Ed.)  

Xia, C., Chen, F., Liu, M. (2001). Reduced-Temperature Solid Oxide Fuel Cells Fabricated by 
Screen-Printing. Electrochem. Solid-State Lett., Vol. 4, No. 5, A52-A54 

Yoon, J., Huang, W., Ye, G., Gopalan, S., Pal, U.B., Seccombe Jr., D.A. (2007). Electrochemical 
Performance of Solid Oxide Fuel Cells (SOFCs) Manufactured by Single Step Co-firing 
Process. Journal of the Electrochemical Society, Vol. 154, No. 4, B389 



Tape Casting Ceramics for high temperature Fuel Cell applications 67

Bitterlich, B., Lutz, C., Roosen, A. (2001). Preparation of Planar SOFC-Components via Tape-
Casting of Aqueous Systems, Lamination and Cofiring, in: Chapter 9: Ceramic 
Materials and Components for Engines, J. G. Heinrich, F. Aldinger (Ed.), WILEY-VCH 
Verlag GmbH, Print ISBN: 9783527304165 

Costa, R., Hafsaoui, J., Almeida de Oliveira, A-P., Grosjean, A., Caruel, M., Chesnaud, A., Thorel, 
A. (2009). Tape-Casting of Protonic Conducting Ceramic Materials. Journal of Applied 
Electrochemistry, Vol. 39, No. 4, 48 

Costa, R. (2009). Contribution à l’étude et à la mise en forme d’une cellule de pile à combustible à 
conduction protonique PCFC. Ph.D thesis, Mines-ParisTech 

Fontaine, M.L., Larring, Y., Smith, J.B., Raeder, H., Andersen, Ø.S., Einarsrud, M.A., Wiik, K., 
Bredesen, R. (2009). Shaping of advanced asymmetric structures of proton conducting 
ceramic materials for SOFC and membrane-based process applications. Journal of the 
European Ceramic Society, Vol. 29, 931-935 

Grosjean, A. (2004). Etude et réalisation par coulage en bande et co-frittage de cellules de pile à 
combustible à oxydes solides. Ph.D thesis, Mines-ParisTech 

Grosjean, A., Sanséau, O., Radmilovic, V., Thorel, A. (2006). Reactivity and diffusion between 
La0.8Sr0.2MnO3 and ZrO2 at interfaces in SOFC cores by TEM analyses on FIB samples”, 
Solid State Ionics, Vol. 177, 1977-1980 

Hafsaoui, J. (2009). Membrane duale de reformage et de filtration pour la production 
d’hydrogène par réaction de craquage de méthane. Ph.D thesis, Mines-ParisTech 

Huia, R., Wanga, Z., Keslera, O., Rosea, L., Jankovica, J., Yicka, S., Marica, R., Ghosha, D. (2007). 
Thermal plasma spraying for SOFCs: Applications, potential advantages, and 
challenges. Journal of Power Sources, Vol. 170, No. 2, 308-323 

Moreno, R. (1992a). The Role of Slip Additives in Tape-Casting Technology - Part I : Solvents and 
Dispersants. American Ceramic Society Bulletin. Vol. 71, No. 10, 1521-1531 

Moreno, R. (1992b). The Role of Slip Additives in Tape-Casting Technology - Part II : Binders and 
Plasticizers. American Ceramic Society Bulletin. Vol. 71, No. 10, 1647-1657 

Ou, T., Delloro, F., Nicolella, C., Bessler, W. G., Thorel, A.S. (2009). Mathematical model of mass 
and charge transport and reaction in the central membrane of the IDEAL-Cell. ECS 
transactions, Vol. 25, No. 2, (2009) 1295-1304, ISBN 978-1-56677-739-1 

Presto, S., Barbucci, A., Viviani, M., Ilhan, Z., Ansar, S.A., Soysal, D., Thorel, A., Abreu, J., 
Chesnaud, A., Politova, T., Przybylski, K., Prazuch, J., Brylewski, T., Zhao, Z., 
Vladikova, D., Stoynov, Z. (2009). IDEAL-Cell, an Innovative Dual mEmbrAne fueL-
Cell: fabrication and electrochemical testing of first prototypes. ECS transactions, Vol. 
25, No. 2, (2009) 773-782, ISBN 978-1-56677-739-1 

Syed, A. et al. (2006). Improving plasma sprayed YSZ coatings for SOFC electrolytes. Journal of 
Thermal Spray Technology, Vol. 15, No. 4, 617 

Thorel, A.S., Chesnaud, A., Viviani, M., Barbucci, A., Presto, S., Piccardo, P., Ilhan, Z., Vladikova, 
D., Stoynov, Z. (2009a). IDEAL-Cell, first experimental proves of an innovative 
concept”, Proceedings of the “Advances and Innovations in SOFC” International 
Workshop, pp. 1-8, ISBN 978-954-92483-1-9, Katarino, Bulgaria, September 2009 

Thorel, A.S., Chesnaud, A., Viviani, M., Barbucci, A., Presto, S., Piccardo, P., Ilhan, Z., Vladikova, 
D., Stoynov, Z. (2009b). IDEAL-Cell, a high temperature Innovative Dual mEmbrAne 
fuel-Cell. ECS transactions, Vol. 25, No. 2, (2009) 753-762, ISBN 978-1-56677-739-1 

Timoshenko, S.P., Gere, J.M. (1991). Mechanics of Materials”, Chapman and Hall (Ed.)  

Xia, C., Chen, F., Liu, M. (2001). Reduced-Temperature Solid Oxide Fuel Cells Fabricated by 
Screen-Printing. Electrochem. Solid-State Lett., Vol. 4, No. 5, A52-A54 

Yoon, J., Huang, W., Ye, G., Gopalan, S., Pal, U.B., Seccombe Jr., D.A. (2007). Electrochemical 
Performance of Solid Oxide Fuel Cells (SOFCs) Manufactured by Single Step Co-firing 
Process. Journal of the Electrochemical Society, Vol. 154, No. 4, B389 



Ceramic Materials 68



Alkoxide Molecular Precursors for Nanomaterials: A One Step Strategy for Oxide Ceramics 69

Alkoxide Molecular Precursors for Nanomaterials: A One Step Strategy 
for Oxide Ceramics

Łukasz John and Piotr Sobota

x 
 

Alkoxide Molecular Precursors  
for Nanomaterials: A One Step  

Strategy for Oxide Ceramics 
 

Łukasz John and Piotr Sobota 
University of Wrocław, Faculty of Chemistry, 14 F. Joliot-Curie St., 50-383 Wrocław     

Poland 

 
1. Introduction 

For the last two decades, there has been a growing interest in the development of the 
chemistry of mixed-metal bi- and polynuclear alkoxo and alkoxo-organometallic complexes. 
Such interest derives from their fascinating structural chemistry, interesting catalytic 
properties, and high potential for industrial applications.1 The fact that most of the 
heterometallic alkoxo species can generate bimetallic or multimetallic oxides has resulted in 
high research activity in the field. The most attractive applicable routes for preparation of 
oxide materials are those involving alkoxides and their derivatives. First of all, their 
attractiveness lies in the fact that they are easily accessible and consist inexpensive 
compounds. Furthermore, alkoxide ligands are easily removable via thermal treatments. 
Finally, these compounds already have metal-oxygen bonds established. Molecular 
precursors derive from alkoxide complexes can generate ceramic materials in a single step 
(so-called single-source precursors – SSPs).2 In the case of bi- or polyoxides, such materials 
deliver appropriate metal elements of a final product eliminating the need to match the 
reaction rates required from a multicomponent precursor mixture. It is worth noting that 
their thermal deposition or decomposition processes can be performed at relatively low 
temperatures compare to conventional methods involving inorganic salts. These features 
made the metal oxides, that derived from metal alkoxides, highly pure products with 
specific properties like high hardness, chemical and mechanical resistance, and high 
temperature stability. From presented above point of view, metal alkoxides play the key role 
for preparing materials of excellent functions and shapes. The aim of this chapter will be to 
serve as a guide in understanding the principles in the one step strategy for oxide ceramics 
using alkoxide precursors. The major accent will be made on design of molecular 
precursors. The chapter will include synthesis of alkoxides and their derivatives. Among 
these methods one of the less explored reaction of organometallic complexes with alkoxides 
that bear free alcohols at the metal site will be discussed. Moreover, it will also contain sub-
chapters describing the concept of SSPs strategy and preparation of oxide materials and 
their properties. 
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2. Structures of Alkoxides 

Alkoxides M(OR)x (M = metal cation of valency x; R = alkyl or aryl group) are formed by the 
replacement of the hydroxylic hydrogen of an alcohol (ROH) by a metal cation. According 
to Bradley’s concept,3 alkoxides with the lower primary or secondary alkyl groups have a 
strong tendency to polymerization creating coordination polymers [M(OR)x]y (where y is the 
degree of polymerization). Degree of polymerization increases with the metal atomic ratio. 
Coordination polymers that they form are relatively smaller than usual organic or silicon 
polymers. Moreover, alkoxides take the smallest structural unit for the highest possible 
coordination number of the metal. Metal alkoxides [M(OR)x]y that are well soluble in 
common organic solvents, create small oligomers with y = 2, 3, or 4.3 
Alkoxo RO- anion possesses donor oxygen atom with three unpaired electrons, which form 
covalent bond with metal. These anions might be coordinated to metal sites in terminal or 
bridging way. Alkoxides have a tendency to form oligomeric compounds [M(OR)x]y, where 
RO- groups are connected to two or even more metal sites. This phenomenon is affected on 
reactivity and properties of these compounds. Heterobi- or heteropolymetallic alkoxo 
complexes constitute an enormous family of compounds with a very broad structural 
diversity. These species form structural motifs which range from simple bimetallic 
compounds to very complex aggregates that result from the versatile coordinating abilities 
of an alkoxo ligands (Scheme 1).4 
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Scheme 1. Coordination modes of an alkoxo ligand according to Bradley, Mehrotra, 
Rothwell, and Singh.1a 

 
Electron and steric demand of alkoxo groups have an influence on metal alkoxides they 
form. For instance, the presence of halide or aryl ligands affected on decreasing of electron 
density onto oxygen atom. Because of these, possibility to form bridging structures is 
inhibited. Furthermore, electrofilic nature of metal cations allows  to  attach  neutral  ligands 
(e.g. tetrahydrofurane, pyridine, etc.)  to the metal spheres. Due to the saturating of metal 
sites, it is possible to obtain monomeric alkoxides [M(OR)xLy] (where L = neutral ligand).1a 
Although in the literature there are a lot of examples of metal alkoxides, it would be very 

 

difficult to formulate a precise rule that could fully explained the process of a specific 
geometry formation and predict the final geometry of forming alkoxide complex. 
 

Complex Structural motif Ref. 
4 

   
[Mg4(μ3-OMe)4(OMe)4(MeOH)8] Mg4(μ3-O)4O12 core b 

[Ca9(OCH2CH2OCH3)18(HOCH2CH2OCH3)2] 
layers of open dicubanes with Mg4(μ3-
O)2(μ-O)4O2 core c 

[(C5H4CH3)4Y(μ-OCH=CH2)]2 Y2(μ-O)2 core d 
[Y3(μ3-OtBu)(μ3-Cl)(μ-OtBu)3(OtBu)4(thf)2] Y3(μ3-O)(μ-O)3O4 core e 
[Ti2(μ-OR)2(OR)4(acac)2]a (R = Me, Et, iPr) Ti2(μ-O)2O4 core f 
[Me4Zn4(μ3-OtBu)4] Zn4(μ3-O)4 core g 
[W2(OCMe2CMe2O)3] O3W≡WO3 core h 
[Ga2(μ-OtBu)2tBu4] Ga2(μ-O)2 core i 
[Mg2V2(thffo)6Cl4]b Mg2V2(μ3-O)2(μ-O)4 core j 
[(thf)(OtBu)Y{(μ-OtBu)(μ-CH3)AlMe2}3] YAl3(μ-O)3O core k 
[Zr2Co2(μ3-OnPr)2(μ-OnPr)4(OnPr)4(acac)2]a Zr2Co2(μ3-O)2(μ-O)4O4 core l 
[Al{(OEt)2GaMe2}3] AlGa3(μ-O)6 core m 
[Nb2(μ-OMe)2(OMe)2(HOMe)2Cl4] Nb-Nb(μ-O)2O4 core n 
[Mo2(OiPr)4(HOiPr)4] O4Mo=MoO4 core o 
[Pb(μ-OC2H4OMe)2]n chain structure with Pb(μ-O)2 core p 

[Y10(OCH2CH2OMe)30] 
cyclic decameric structure with Y(μ-O)2O 
core r 

[Pr3(μ3-tftb)2(μ-tftb)3(tftb)2]c Pr3(μ3-O)2(μ-O)3O4 core s 

[{Co8(μ-OMe)16(O2CMe)8}(NH4+)] cyclic structure with NH4+ guest and 
Co8(μ-O)16O16 core t 

[YNa8(μ9-Cl)(μ4-OtBu)(μ3-OtBu)8(OtBu)] YNa8(μ4-O)(μ3-O)8O core u 
[Na4Zr6(μ5-O)2(μ3-OEt)4(μ-OEt)14(OEt)6] Na4Zr6(μ5-O)2(μ3-O)4(μ-O)14O6 core v 
[Ti7(μ4-O)(μ3-O)2(μ-OEt)8(OEt)12] Ti7(μ4-O)(μ3-O)2(μ-O)8O12 core w 
 
aacac = acetylacetonato; bthffo = tetrahydrofuryloxo; ctftb = OCMe2(CF3) 

Table 1. Different structural motifs of metal alkoxides. 
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Scheme 2. Various structure motifs of metal alkoxides.1a 
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core r 

[Pr3(μ3-tftb)2(μ-tftb)3(tftb)2]c Pr3(μ3-O)2(μ-O)3O4 core s 
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Scheme 2. Various structure motifs of metal alkoxides.1a 
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In fact even minor changes in a ligand structure or reaction conditions can cause the 
geometry of the whole compound to be fundamentally different. To the most common 
alkoxide structural motifs are included (Scheme 2): (a) [M2(-OR)2(OR)4] with M2O6 core, (b) 
[M2(-OR)2(OR)8] with M2O10 core, (c) [M2(OR)6] with M2O6 core and triple bond between 
metal sites, (d) [M3(3-OR)2(-OR)3(OR)4(HOR)2] with M3O11 core, (e) [M3(-OR)6(OR)6] with 
M3O12 core, (f) [M4(3-OR)4] with M4O4 core, (g) [M4(-OR)2(-OR)4(OR)10] with M4O10 core, 
and (h) [M4(-OR)6(OR)6] with M4O12 core units. A few examples from the wide geometrical 
palette of alkoxo species are shown in Table 1.4 

 
3. Alkoxides – General Methods of Synthesis 

There are many methods of synthesis of metal alkoxides or aryloxides. Their choice depends 
on the ionization energy of the metal, which alkoxide is formed. The less electronegative 
alkali metals react spontaneously with alcohols, but for instance magnesium, aluminium etc. 
need some so-called activation agent, e.g. small amounts of crystalline I2 or HgCl2. For other 
metals more complex reactions need to be applied. Below, we will briefly discuss the most 
common methods of synthesis. 

 
3.1. Direct reaction of metal with an alcohol 
This method is the most popular in laboratory scale but limited to less electronegative alkali 
metals (Li, Na, K, Rb, Cs). It is based on hydroxyl hydrogen substitution by appropriate 
metal cation accompanied by intense heat and H2 evolution (Eq. 1): 
 
 M + (1+x)ROH → 1/y{MOR·xROH}y + 1/2H2↑ (1) 
 
Second group metals possess higher ionization energy and are liable to passive process. 
Because of this, their reactions are much slower than with group 1 metals. Well soluble 
alkoxides can be obtained in direct reaction using sterically ramified alcohols (where R = 
tBu, CF3, aryl etc.).5 The use of alcohols with “bulky” R groups prevent oligomerization, and 
resulting alkoxides are well soluble in common aliphatic hydrocarbons. 

 
3.2. Electrochemical method 
Synthesis of metal alkoxides by anodic dissolution of metals in alcohols was firstly used in 
1906 by Szilard et al. for copper and lead methoxides.6 In the seventies of the last century, 
this technique was spread by Lehmkhul et al. for the synthesis of M(OR)2 complexes (where 
M is Fe2+, Co2+, Ni2+; R = Me, Et, nBu, tBu).7 Electrode processes can be summarized as 
follows: Due to the oxidation of metal at the anode, cation and electron are formed. The 
electron and alcohol create hydrogen radical H· and alkoxide anion. Molecular hydrogen is 
exude at the cathode. Because of electrode reactions appropriate cations and anions RO- are 
obtained.7 This method is employed of metals with high ionization energy. It is easy, 
effective technique, and final products are extremely pure. At present, electrochemical 
method is applied in synthesis of Y, Ti, Zr, Nb, Ta, Mo, W, Cu, Ge, Sn, etc. alkoxides.8 

 

 

3.3. Reaction of alcohols with metal halides 
The reaction between alcohol and metal halide leads to the substitution of halide anion into 
RO- group forming appropriate metal alkoxide (Eq. 2). 
 
 MClz + (x + y)ROH → MClz-x(OR)x(ROH)y + xHCl↑  (2) 
 
Depending on the solvent, molar ratio of reagents, and temperature, different compounds 
can be obtained. Classic example is a reaction of TiCl4 with iPrOH in CH2Cl2, where [Ti(-
Cl)2Cl2(OiPr)4], [TiCl3(OiPr)(HOiPr)2], and [Ti2Cl4(-OiPr)2(OiPr)2(HOiPr)2] are formed.9                           

 
3.4. Reactions of alcohols with metal hydroxides and oxides 
Metal hydroxides and oxides react with alcohols forming appropriate alkoxides and water 
(Eqs. 3-4). 
 
 M(OH)x + xROH ⇄ M(OR)x + xH2O  (3) 

 
 MOx + 2xROH ⇄ M(OR)2x + xH2O (4) 

 
Due to the reversible nature of these reactions, it is necessary to remove water from the 
reaction system. This method applies to receive alkoxides, both main and side groups of 
metals.10 

 
3.5. Ligands exchange reactions 
One of the characteristic properties of metal alkoxides is their activity in the substitution 
reactions of alkoxo groups (Eq. 5). In this way several homo- and heteroleptic alkoxide 
complexes were synthesized.11 

 
 M(OR)x + yR’OH → M(OR)x-y(OR’)y + yROH (5) 

 
Ligands exchange reactions are affected: (a) the steric ramified of the RO and R’O groups, 
(b) the values of H-O bond energies, and (c) the relative M-O bond strengths. 

 
3.6. Reactions of alcohols with metal amides 
Dialkyl amides M(NR2)x (R = Me, Et, SiMe3) react with alcohols according to below equation 
(Eq. 6):  
 
 M(NR2)x + xR’OH → M(OR’)x + xR2NH↑ (6) 

 
This method is useful for metals that have a higher affinity for oxygen atoms, rather than to 
nitrogen. Its advantage is that forming dialkyl amines are easy to remove from the reaction 
environment and resulting alkoxide product is highly pure.12 
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In fact even minor changes in a ligand structure or reaction conditions can cause the 
geometry of the whole compound to be fundamentally different. To the most common 
alkoxide structural motifs are included (Scheme 2): (a) [M2(-OR)2(OR)4] with M2O6 core, (b) 
[M2(-OR)2(OR)8] with M2O10 core, (c) [M2(OR)6] with M2O6 core and triple bond between 
metal sites, (d) [M3(3-OR)2(-OR)3(OR)4(HOR)2] with M3O11 core, (e) [M3(-OR)6(OR)6] with 
M3O12 core, (f) [M4(3-OR)4] with M4O4 core, (g) [M4(-OR)2(-OR)4(OR)10] with M4O10 core, 
and (h) [M4(-OR)6(OR)6] with M4O12 core units. A few examples from the wide geometrical 
palette of alkoxo species are shown in Table 1.4 

 
3. Alkoxides – General Methods of Synthesis 
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on the ionization energy of the metal, which alkoxide is formed. The less electronegative 
alkali metals react spontaneously with alcohols, but for instance magnesium, aluminium etc. 
need some so-called activation agent, e.g. small amounts of crystalline I2 or HgCl2. For other 
metals more complex reactions need to be applied. Below, we will briefly discuss the most 
common methods of synthesis. 

 
3.1. Direct reaction of metal with an alcohol 
This method is the most popular in laboratory scale but limited to less electronegative alkali 
metals (Li, Na, K, Rb, Cs). It is based on hydroxyl hydrogen substitution by appropriate 
metal cation accompanied by intense heat and H2 evolution (Eq. 1): 
 
 M + (1+x)ROH → 1/y{MOR·xROH}y + 1/2H2↑ (1) 
 
Second group metals possess higher ionization energy and are liable to passive process. 
Because of this, their reactions are much slower than with group 1 metals. Well soluble 
alkoxides can be obtained in direct reaction using sterically ramified alcohols (where R = 
tBu, CF3, aryl etc.).5 The use of alcohols with “bulky” R groups prevent oligomerization, and 
resulting alkoxides are well soluble in common aliphatic hydrocarbons. 

 
3.2. Electrochemical method 
Synthesis of metal alkoxides by anodic dissolution of metals in alcohols was firstly used in 
1906 by Szilard et al. for copper and lead methoxides.6 In the seventies of the last century, 
this technique was spread by Lehmkhul et al. for the synthesis of M(OR)2 complexes (where 
M is Fe2+, Co2+, Ni2+; R = Me, Et, nBu, tBu).7 Electrode processes can be summarized as 
follows: Due to the oxidation of metal at the anode, cation and electron are formed. The 
electron and alcohol create hydrogen radical H· and alkoxide anion. Molecular hydrogen is 
exude at the cathode. Because of electrode reactions appropriate cations and anions RO- are 
obtained.7 This method is employed of metals with high ionization energy. It is easy, 
effective technique, and final products are extremely pure. At present, electrochemical 
method is applied in synthesis of Y, Ti, Zr, Nb, Ta, Mo, W, Cu, Ge, Sn, etc. alkoxides.8 

 

 

3.3. Reaction of alcohols with metal halides 
The reaction between alcohol and metal halide leads to the substitution of halide anion into 
RO- group forming appropriate metal alkoxide (Eq. 2). 
 
 MClz + (x + y)ROH → MClz-x(OR)x(ROH)y + xHCl↑  (2) 
 
Depending on the solvent, molar ratio of reagents, and temperature, different compounds 
can be obtained. Classic example is a reaction of TiCl4 with iPrOH in CH2Cl2, where [Ti(-
Cl)2Cl2(OiPr)4], [TiCl3(OiPr)(HOiPr)2], and [Ti2Cl4(-OiPr)2(OiPr)2(HOiPr)2] are formed.9                           

 
3.4. Reactions of alcohols with metal hydroxides and oxides 
Metal hydroxides and oxides react with alcohols forming appropriate alkoxides and water 
(Eqs. 3-4). 
 
 M(OH)x + xROH ⇄ M(OR)x + xH2O  (3) 

 
 MOx + 2xROH ⇄ M(OR)2x + xH2O (4) 

 
Due to the reversible nature of these reactions, it is necessary to remove water from the 
reaction system. This method applies to receive alkoxides, both main and side groups of 
metals.10 

 
3.5. Ligands exchange reactions 
One of the characteristic properties of metal alkoxides is their activity in the substitution 
reactions of alkoxo groups (Eq. 5). In this way several homo- and heteroleptic alkoxide 
complexes were synthesized.11 

 
 M(OR)x + yR’OH → M(OR)x-y(OR’)y + yROH (5) 

 
Ligands exchange reactions are affected: (a) the steric ramified of the RO and R’O groups, 
(b) the values of H-O bond energies, and (c) the relative M-O bond strengths. 

 
3.6. Reactions of alcohols with metal amides 
Dialkyl amides M(NR2)x (R = Me, Et, SiMe3) react with alcohols according to below equation 
(Eq. 6):  
 
 M(NR2)x + xR’OH → M(OR’)x + xR2NH↑ (6) 

 
This method is useful for metals that have a higher affinity for oxygen atoms, rather than to 
nitrogen. Its advantage is that forming dialkyl amines are easy to remove from the reaction 
environment and resulting alkoxide product is highly pure.12 
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3.7. Reactions of alcohols with organometallics 
Reactions of organometallics with alcohols are quite popular in the literature.13 These 
reactions are extremely useful for the preparation of mono- and mixed-metal alkoxides (Eqs. 
7-9) but their disadvantage is that organometallics are air/moisture sensitive and working 
with them is cumbersome.  
 
 MR2 + R’OH → 1/x[MOR’]x + RH↑  (7) 

  
 MR3 + R’OH → 1/x[R2MOR’]x + RH↑  (8) 

 
 R2MX + M’OR’ → 1/x[R2MOR’]x + M’X (9) 

 
Very interesting modification of this reaction is a direct reaction of organometallic 
complexes with alkoxides that bear free alcohols at the metal site (Eq. 10).14 

 
 M(OR)x(ROH)y + yM’R’z → M’R’z-1M(OR)x+y (10) 

 
In this reaction there is an organometallic driven abstraction of the OH hydrogens from M 
coordination sphere. This leads to the subsequent evolution of simple hydrocarbons like 
methane or ethane and results in a linkage of RO ligands. Because of the simple gases 
evolution, resulting products are highly pure. 

 
4. A One Step Strategy for Oxide Ceramics 

Mono- and mixed-metal alkoxides with fixed ratio of participating metals can be used for 
oxide ceramic preparation via thermolysis to give high purity materials. Metal alkoxides as 
so-called single-source precursors (SSPs) already have metal-oxygen bonds established. 
Because of this, their thermal decomposition can be performed at relatively low 
temperatures and maintains the M-O core. What is extremely important here, the metal 
oxides derived from alkoxide SSPs are highly pure and have specific properties like high 
hardness, chemical and mechanical resistance, and high temperature stability. They 
constitute a group of advanced ceramics.4a 
Bimetallic SSPs can generate ceramic materials in a single step. Their advantage over the 
inorganic salt mixtures lies in the fact that both or more elements of a final product 
eliminating the need to match the reaction rates required from a multicomponent precursor 
mixture in conventional methods.15 In general, careful and appropriate choice of metals and 
alkoxo ligands is necessary in this strategy if undesired side reactions occur.  
Interesting and useful classification of SSPs was proposed by Veith.16 This approach is based 
on their differences in thermal decomposition/deposition pathways. Approach discussed 
can be subdivided into three different types of precursors: SSP-I, SSP-II, and SSP-III. 

 
4.1. SSP-I 
In the first type of SSPs, metals stoichiometry on molecular level of precursor is also present 
in a correct ratio of the final oxide product (Eq. 11). 
 
 MM’xLL’ → MM’x + L + L’  (11)  

 

M and M’ are denoted oxide units. L and L’ are ligands which can survive thermolysis 
conditions unchanged or they can be modified during this process. 
Complexes [BaM(OH)(OiPr)5(HOiPr)3]2 (where M = Ti, Zr) and [BaTi0.5Zr0.5(OiPr)6]2 
constitute the examples of SSP-I (Fig. 1).17 From these precursors perovskites and related 
perovskites BaTiO3, BaZrO3 and BaTi0.5Zr0.5O3, respectively, were obtained. 
 

 

Fig. 1. Molecular structure of [BaZr(OH)(OiPr)5(HOiPr)3]2 (the H atoms are omitted for 
clarity).17b 

 
4.2. SSP-II 
In this case, M and M’ components are in the same stoichiometry in the precursor and final 
oxide product (Eq. 12). 
 
 MM’xLL’ → MM’x + L-L’ (12) 
 
Moreover, ligands L and L’ are chosen in such a way that react with each other. Because of 
this phenomenon, final products are well-defined volatiles and the presence of undesired 
side products is limited. Complex [Ba{(-OR)2AlEt2}2] (where ROH = 2,3-dihydro-2,2-
dimethylbenzofuran-7-ol) is an example of SSP-II. Its thermal decomposition leads to 
BaAl2O4 spinel-like heterobimetallic oxide ceramic (Fig. 2).14 
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7-9) but their disadvantage is that organometallics are air/moisture sensitive and working 
with them is cumbersome.  
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 R2MX + M’OR’ → 1/x[R2MOR’]x + M’X (9) 

 
Very interesting modification of this reaction is a direct reaction of organometallic 
complexes with alkoxides that bear free alcohols at the metal site (Eq. 10).14 

 
 M(OR)x(ROH)y + yM’R’z → M’R’z-1M(OR)x+y (10) 

 
In this reaction there is an organometallic driven abstraction of the OH hydrogens from M 
coordination sphere. This leads to the subsequent evolution of simple hydrocarbons like 
methane or ethane and results in a linkage of RO ligands. Because of the simple gases 
evolution, resulting products are highly pure. 

 
4. A One Step Strategy for Oxide Ceramics 

Mono- and mixed-metal alkoxides with fixed ratio of participating metals can be used for 
oxide ceramic preparation via thermolysis to give high purity materials. Metal alkoxides as 
so-called single-source precursors (SSPs) already have metal-oxygen bonds established. 
Because of this, their thermal decomposition can be performed at relatively low 
temperatures and maintains the M-O core. What is extremely important here, the metal 
oxides derived from alkoxide SSPs are highly pure and have specific properties like high 
hardness, chemical and mechanical resistance, and high temperature stability. They 
constitute a group of advanced ceramics.4a 
Bimetallic SSPs can generate ceramic materials in a single step. Their advantage over the 
inorganic salt mixtures lies in the fact that both or more elements of a final product 
eliminating the need to match the reaction rates required from a multicomponent precursor 
mixture in conventional methods.15 In general, careful and appropriate choice of metals and 
alkoxo ligands is necessary in this strategy if undesired side reactions occur.  
Interesting and useful classification of SSPs was proposed by Veith.16 This approach is based 
on their differences in thermal decomposition/deposition pathways. Approach discussed 
can be subdivided into three different types of precursors: SSP-I, SSP-II, and SSP-III. 

 
4.1. SSP-I 
In the first type of SSPs, metals stoichiometry on molecular level of precursor is also present 
in a correct ratio of the final oxide product (Eq. 11). 
 
 MM’xLL’ → MM’x + L + L’  (11)  

 

M and M’ are denoted oxide units. L and L’ are ligands which can survive thermolysis 
conditions unchanged or they can be modified during this process. 
Complexes [BaM(OH)(OiPr)5(HOiPr)3]2 (where M = Ti, Zr) and [BaTi0.5Zr0.5(OiPr)6]2 
constitute the examples of SSP-I (Fig. 1).17 From these precursors perovskites and related 
perovskites BaTiO3, BaZrO3 and BaTi0.5Zr0.5O3, respectively, were obtained. 
 

 

Fig. 1. Molecular structure of [BaZr(OH)(OiPr)5(HOiPr)3]2 (the H atoms are omitted for 
clarity).17b 

 
4.2. SSP-II 
In this case, M and M’ components are in the same stoichiometry in the precursor and final 
oxide product (Eq. 12). 
 
 MM’xLL’ → MM’x + L-L’ (12) 
 
Moreover, ligands L and L’ are chosen in such a way that react with each other. Because of 
this phenomenon, final products are well-defined volatiles and the presence of undesired 
side products is limited. Complex [Ba{(-OR)2AlEt2}2] (where ROH = 2,3-dihydro-2,2-
dimethylbenzofuran-7-ol) is an example of SSP-II. Its thermal decomposition leads to 
BaAl2O4 spinel-like heterobimetallic oxide ceramic (Fig. 2).14 
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Fig. 2. Molecular structure of [Ba{(-OR)2AlEt2}2] (the H atoms are omitted for clarity).14 

 
4.3. SPP-III 
Thermolysis of SSP-III leads to the multi phase systems. In this case, from molecular 
precursors at least two oxide phases are obtained. Although the chemical pathway for such 
process may be complex, general equation can be presented in this way (Eq. 13). 
 
 MM’xLL’ → MM’x-y + yM’ + L-L’  (13) 
 
For instance, [Ca2Ti(,2-OR)6Cl2]18 (where ROH = Me2NCH2CH2OH) (Fig. 3) after thermal 
decomposition leads to the mixture of double- and monooxides, perovskite CaTiO3 and 
CaO, respectively. 
 

 
Fig. 3. Molecular structure of [Ca2Ti(,2-OR)6Cl2] (the H atoms are omitted for clarity).18 
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Fig. 2. Molecular structure of [Ba{(-OR)2AlEt2}2] (the H atoms are omitted for clarity).14 

 
4.3. SPP-III 
Thermolysis of SSP-III leads to the multi phase systems. In this case, from molecular 
precursors at least two oxide phases are obtained. Although the chemical pathway for such 
process may be complex, general equation can be presented in this way (Eq. 13). 
 
 MM’xLL’ → MM’x-y + yM’ + L-L’  (13) 
 
For instance, [Ca2Ti(,2-OR)6Cl2]18 (where ROH = Me2NCH2CH2OH) (Fig. 3) after thermal 
decomposition leads to the mixture of double- and monooxides, perovskite CaTiO3 and 
CaO, respectively. 
 

 
Fig. 3. Molecular structure of [Ca2Ti(,2-OR)6Cl2] (the H atoms are omitted for clarity).18 
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5. Alkoxides as the SSPs for Oxides 

In the following section we will illustrate the above types of SSPs by examples taken from 
our studies. These examples are restricted to oxide ceramics, in which only oxide phases are 
present. The major key point of this discussion will be emphasized on synthetic approach 
for this kind of materials.  
Why do alkoxides and their derivatives are in the center of interest in materials science? 
Metal alkoxides are inexpensive compounds which are quite easy to obtain in laboratory 
scale. Because of the close contact of metal-oxygen bonds, they have already prepared, on 
molecular level, network for oxide materials. Complement of all of these advantages is that 
alkoxide ligands are easy to removed during thermal treatments leaving stable M-O core. 
From these point of view, they are perfect candidates for single-source precursors for oxide 
ceramic materials. Unfortunately, in general these kind of precursors are extremely air and 
moisture sensitive. For example titanium alkoxides Ti(OR)4 are not easy to store and 
working with them can be cumbersome, especially with those possessing small OR groups 
(where R = Me, Et, iPr). Oxophilic metal site of M(OR)x containing small monodentate 
ligands can be protected against air and moisture decomposition by larger bi- or 
polydentate ligands for some or all of the alkoxides OR groups. The most popular strategy 
utilizes functionalized alcohols with additional ether oxygen or amine nitrogen atoms. Such 
precursors are not only less moisture sensitive. The greater steric demand of the bulky 
ligands and the increased donor ability of the additional donor atoms are the advantages in 
forming monomeric or dimeric complexes, which is favourable for instance in the CVD 
applications.19 
There are a number of well-known applicable routes for preparation of oxide materials 
using inorganic and organic precursors. The most common chemical approaches to these are 
presented in Scheme 3. Among these methods, the most attractive are those involving 
alkoxides and their derivatives.  
 

 

Fig. 4. Molecular structure of [M(ddbfoH)4](ddbfo)2·ddbfoH (where M = Sr2+, Ba2+).20 

 

In our research we were mainly interested in heterobi- and heteropolymetallic alkoxides of 
different transition metals with group 2 elements. As an initial point of this strategy we have 
obtained well-defined homoleptic alkoxides, which constituted starting materials for further  
transformations. Group 2 metals create divalent ions and prefer high coordination numbers, 
e.g. six, eight and higher. For example, the reaction for barium or strontium gave 
monomeric, ionic complexes in which the central atom is eight-coordinated and surrounded 
by four chelating ligands and additionally solvated by three RO(H) groups (Fig. 4). 
 

 

Scheme 4. Syntheses of heterobimetallic barium/group 12 and 13 complexes.14 

 
It is worth noting that there are not so many examples of crystallographically characterized 
homoleptic complexes of these metals in the literature. In the case of the ligands, we have 
mainly concentrated on chelating functionalized alcohols possessing two or more donor 
atoms, for example ether-alcohols like 2,3-dihydro-2,2-dimethylbenzofuran-7-ol (ddbfoH), 
tetrahydrofurfuryl alcohol (thffoH), 2-methoxyethanol (CH3OCH2CH2OH) and amine-
alcohols, for instance N,N-dimethylethanolamine (Me2NCH2CH2OH) etc. 
Several studies have shown that starting compounds which possess a protonated hydroxyl 
group(s) at the metal site are perfect anchor for other organometallic fragments.14, 21 The 
concept of the proposed synthetic route is presented in Scheme 4. In general, the driving 
force for this reactions is an organometallic-driven abstraction of the OH protons from the 
ROH groups attached to the metal sphere. This leads to the simple alkanes (e.g. methane, 
ethane etc.) evolution and results in a linkage of RO ligands with appropriate MRx+ moieties 
(where M = Zn2+, Al3+, Ga3+, In3+; R = Me, Et; x = 1, 2). 
For monometallic homoleptic SSPs with no free alcohol ligands in metal coordination 
sphere, a different reaction pathway is observed. For example, oligomeric magnesium or 
calcium alkoxides which possesses open dicubane geometry (Scheme 2g) do not have any 
possibility for simple hydrocarbon eliminations. A direct reaction of [Ca4(OR)8] (ROH = 2,3-
dihydro-2,2-dimethylbenzofuran-7-ol) with AlMe3 in toluene leads to deoligomerization of 
the starting alkoxide and cocomplexation of AlMe3, forming the molecular dimeric 
tetranuclear adduct [Ca(-OR){(-OR)(-CH3)Al(CH3)2}]2 shown in Fig. 5.22  
As mentioned-above, alkoxides have a strong tendency to oligomerization. The oligomeric 
structure can easily be broken by addition of organometallics or even weak donors to 
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It is worth noting that there are not so many examples of crystallographically characterized 
homoleptic complexes of these metals in the literature. In the case of the ligands, we have 
mainly concentrated on chelating functionalized alcohols possessing two or more donor 
atoms, for example ether-alcohols like 2,3-dihydro-2,2-dimethylbenzofuran-7-ol (ddbfoH), 
tetrahydrofurfuryl alcohol (thffoH), 2-methoxyethanol (CH3OCH2CH2OH) and amine-
alcohols, for instance N,N-dimethylethanolamine (Me2NCH2CH2OH) etc. 
Several studies have shown that starting compounds which possess a protonated hydroxyl 
group(s) at the metal site are perfect anchor for other organometallic fragments.14, 21 The 
concept of the proposed synthetic route is presented in Scheme 4. In general, the driving 
force for this reactions is an organometallic-driven abstraction of the OH protons from the 
ROH groups attached to the metal sphere. This leads to the simple alkanes (e.g. methane, 
ethane etc.) evolution and results in a linkage of RO ligands with appropriate MRx+ moieties 
(where M = Zn2+, Al3+, Ga3+, In3+; R = Me, Et; x = 1, 2). 
For monometallic homoleptic SSPs with no free alcohol ligands in metal coordination 
sphere, a different reaction pathway is observed. For example, oligomeric magnesium or 
calcium alkoxides which possesses open dicubane geometry (Scheme 2g) do not have any 
possibility for simple hydrocarbon eliminations. A direct reaction of [Ca4(OR)8] (ROH = 2,3-
dihydro-2,2-dimethylbenzofuran-7-ol) with AlMe3 in toluene leads to deoligomerization of 
the starting alkoxide and cocomplexation of AlMe3, forming the molecular dimeric 
tetranuclear adduct [Ca(-OR){(-OR)(-CH3)Al(CH3)2}]2 shown in Fig. 5.22  
As mentioned-above, alkoxides have a strong tendency to oligomerization. The oligomeric 
structure can easily be broken by addition of organometallics or even weak donors to 
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reaction system. Our previous studies clearly show that the strategy of blocking the bridging 
alkoxo groups to deoligomerize calcium alkoxides and obtain low-nuclearity species works 
effectively. The general idea of this phenomenon is presented in Scheme 5.  For instance, the 
addition of THF to oligomeric calcium-aluminium complexes leads to the formation of the 
molecular six-coordinate adduct (Fig. 6). 
 

 

Fig. 5. Molecular structure of [Ca(-OR){(-OR)(-CH3)Al(CH3)2}]2 (the H atoms are omitted 
for clarity).22 

 
These examples demonstrate that the alkoxo groups responsible for oligomerization of 
metal alkoxides can be easily blocked with organometallic agents and donor solvents to 
prevent agglomeration.22  
 

 

Scheme 5. General idea of blocking alkoxo oxygen atoms by AlMe3. 

 

Interesting group of single-source precursors constitute chloro-alkoxides. Generally 
chloride-substituted alkoxides are considered as inefficient precursors for metal oxides. One 
of the disadvantages is that Cl ligands are corrosive agents.  
 

 

Fig. 6. Molecular structure of [Ca{(-OR)Al(CH3)3}2(THF)2] (where ROH = 
CH3OCH2CH2OH) (the H atoms are omitted for clarity). 
 
Moreover, in many cases oxide material is contaminated by Cl-products. However, in the 
literature there are a few examples of chloro-alkoxides utilized as the SSPs for highly pure 
oxide ceramics.23 For instance, [Zn7(OAc)10(-OH)6Cu5(dmae)4Cl4] (where dmaeH = (N,N-
dimethylamino)ethanol), which was used in the chemical vapor deposition and gave 
copper-zinc Cu5Zn7O12 double-oxide and possesses metal to metal stoichiometry fixed on 
molecular level.24 
Another efficient and simple strategy involves reaction of cheap organometallic Cp2MCl2 
(where M = Ti4+, Zr4+, Hf4+) with M’(OR)2 (where M’ = Ca2+, Sr2+, Ba2+, Mn2+; ROH = 
functionalized alcohol) in the presence of alcohol. General idea is presented bellow (Eq. 14). 
 
 2Cp2MCl2 + 4M’(OR)2 + 8ROH → [M’4M2(O)Cl4(OR)10(HOR)4] + 4CpH + by-product(s)     (14) 

 
In this method formation of M’-Cl bond constitutes the driving force for this reaction. As a source 
of protons functionalized alcohols, e.g. CH3OCH2CH2OH or Me2NCH2CH2OH can be used. 
Using this synthetic approach a series of heterobimetallic complexes were obtained (Table 2).18 
All of these compounds possess interesting molecular structures, especially those with octahedral 
geometry. Generally, their metallic cores can be described as follows: first, as an octahedron with 
six metal sites and a 6-O2- encapsulated oxygen atom in the central position and each of the 
triangular faces being capped by a 3-oxygen atom from OR group (Fig. 7a). Second motif, as a 
cube formed by the eight oxygen atoms of the alkoxide groups, with metal cations located 
outside of the six faces of the cube and O2- anion occupying the central position (Fig. 7b). In third 
core type, octahedral unit in which each edge of polyhedron is alternatively capped by μ2-
O(alkoxide) groups or μ2-Cl anions (Fig. 7c).18 
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Using this synthetic approach a series of heterobimetallic complexes were obtained (Table 2).18 
All of these compounds possess interesting molecular structures, especially those with octahedral 
geometry. Generally, their metallic cores can be described as follows: first, as an octahedron with 
six metal sites and a 6-O2- encapsulated oxygen atom in the central position and each of the 
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Although the mentioned-above complexes possess chloride ligands, they are attractive 
precursors for highly phase pure binary metal oxides. For instance, thermal decomposition of 
[Ba4Ti2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] leads to the mixture of BaTiO3 and 
BaCl2. Barium dichloride is easily removed by washing the resulting powder with water. Because 
of the presence of group 2 cations of the precursor, obtaining chloride is stable (ionic bond) at the 
temperature of perovskite phase appearing. 
 

 

Fig. 7. View of the octahedral cores. 
 

Compound Ref. 
  
[Ca4Ti2(µ6-O)(3,2-OR)8(-OR)2Cl4] 18a 
[Sr4Hf2(µ6-O)(3,2-OR)8(-OR)2(-HOR)4Cl4] 18a 
[Ca4Zr2(µ6-O)(-Cl)4(,2-OR)8Cl2] 18a 
[Sr4Ti2(µ6-O)(3,2-OR)8(-OR)2(-HOR)2Cl4] 18a 
[Ca4Zr2Cp2(µ4-Cl)(-Cl)3(3,2-OR)4(,2-OR)4Cl2] 18a 
[CaTiCl2(,2-OR’)3(-HOR’)3][OR’] 18a 
[Ca2Ti(,2-OR’)6Cl2] 18a 
[Mn4Ti4(µ-Cl)2(3,2-OR)2(,2-OR)10Cl6] 18a 
[Mn10Zr10(4-O)10(3-O)4(3,2-OR)2(,2-OR)16(,-OR)4(-OR)2Cl8] 18a 
[Ba4Ti2(6-O)Cl4(OR)10(HOR)4] 18b 
[Ba4Zr2(6-O)Cl4(OR)10(HOR)4] 18b 
[Ba4Hf2(6-O)Cl4(OR)10(HOR)4] 18b 
  
ROH = CH3OCH2CH2OH; R’OH = Me2NCH2CH2OH  

Table 2. Examples of series heterometallic chloro-alkoxides obtained from Cp2MCl2 
precursors. 
 
The above presented alkoxide complexes seem to be natural candidates for oxide ceramic 
materials. They have already designed oxygen-bound units that bring metal atoms close one to 
another. Furthermore, they also have a fixed ratio of metals appropriate for desired oxide 

 

systems. It is worth noting here, that compounds possessing steric ramified ligands, e.g. aryloxo, 
decompose in much more complicated way, compare to alkoxides with small RO groups (e.g. 
Me, Et, iPr etc.).  
In general, metal complexes with chelating and bulky aryloxo ligands are non-volatile and much 
more stable in contrast to monodentate alkoxides. Hence, thermal decomposition of metal 
aryloxo derivatives is much more complex and usually a long lasting process. In each case the 
decomposition is multi-step with mass losses that do not clearly correspond to an extrusion of a 
specific number of leaving ligands.4a, 14 
In Table 3, there are a few examples of synthesized SSPs and corresponding with them mono- 
and double-oxide ceramic materials. 
 

SSP Oxide(s) Ref. 
   
[Me2Al(-ddbfo)]2a Al2O3 25 
[Me2In(-ddbfo)]2a In2O3 25 
[Ti2(-ddbfo)2(ddbfo)6]a TiO2 26, 27 
[Ti(OiPr)2(maltolato)2]b TiO2 26, 28 
[(VO)Clx(OCH3)y]c V2O5 23a 
[Ba{(-ddbfo)2AlMe2}2]a BaAl2O4 14 
[Ba{(-ddbfo)2GaMe2}2]a BaGa2O4 14 
[Ca{(-OCH2CH2OCH3)(-Me)(AlMe2)}2] CaAl2O4 22, 25 
[Ca{(-OCH2CH2OCH3)(AlMe3)}2(THF)2] CaAl2O4 22, 25 
[CaTiCl2(,2-OCH2CH2NMe2)3(-
OCH2CH2NMe2)3][OCH2CH2NMe2] CaTiO3 18a 

[Ca2Ti(,2-OCH2CH2NMe2)6Cl2] CaTiO3 + CaO 18a 
[MnAl(acac)3(OiPr)4(OAc)]d MnAl2O4 29 
[CoAl(acac)3(OiPr)4(OAc)]d CoAl2O4 29 
[ZnAl(acac)3(OiPr)4(OAc)]d ZnAl2O4 29 
[NiAl2(acac)4(OiPr)4]d NiAl2O4 30 
[MgAl2(OiPr)8] MgAl2O4 31 
[MgAl2(OtBu)8] MgAl2O4 31 
[Nd{Al(OiPr)4}3(iPrOH)] NdAlO3 + Al2O3 32 
[Ba4Ti2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaTiO3 18b 
[Ba4Zr2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaZrO3 18b 
[Ba4Hf2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaHfO3 18b 
[Ba{(-ddbfo)2InMe2}2]a BaIn2O4 25 
[Sr{(-ddbfo)2AlMe2}2]a SrAl2O4 25 
addbfoH = 2,3-dihydro-2,2-dimethylbenzofuran-7-ol; bmaltol = 3-hydroxy-2-methyl-4H-
pyran-4-one); c(x + y) = 4; dacac = acetylacetonato. 

Table 3. Examples of various oxide ceramic materials derived from SSPs. 

 
6. Conclusion 

In this chapter, we have shown that metal alkoxides are extremely attractive starting 
materials for oxide ceramics. They constitute so-called single source precursors (SSPs), 
which major advantage is that their thermal transitions give highly pure materials, destitute 
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temperature of perovskite phase appearing. 
 

 

Fig. 7. View of the octahedral cores. 
 

Compound Ref. 
  
[Ca4Ti2(µ6-O)(3,2-OR)8(-OR)2Cl4] 18a 
[Sr4Hf2(µ6-O)(3,2-OR)8(-OR)2(-HOR)4Cl4] 18a 
[Ca4Zr2(µ6-O)(-Cl)4(,2-OR)8Cl2] 18a 
[Sr4Ti2(µ6-O)(3,2-OR)8(-OR)2(-HOR)2Cl4] 18a 
[Ca4Zr2Cp2(µ4-Cl)(-Cl)3(3,2-OR)4(,2-OR)4Cl2] 18a 
[CaTiCl2(,2-OR’)3(-HOR’)3][OR’] 18a 
[Ca2Ti(,2-OR’)6Cl2] 18a 
[Mn4Ti4(µ-Cl)2(3,2-OR)2(,2-OR)10Cl6] 18a 
[Mn10Zr10(4-O)10(3-O)4(3,2-OR)2(,2-OR)16(,-OR)4(-OR)2Cl8] 18a 
[Ba4Ti2(6-O)Cl4(OR)10(HOR)4] 18b 
[Ba4Zr2(6-O)Cl4(OR)10(HOR)4] 18b 
[Ba4Hf2(6-O)Cl4(OR)10(HOR)4] 18b 
  
ROH = CH3OCH2CH2OH; R’OH = Me2NCH2CH2OH  

Table 2. Examples of series heterometallic chloro-alkoxides obtained from Cp2MCl2 
precursors. 
 
The above presented alkoxide complexes seem to be natural candidates for oxide ceramic 
materials. They have already designed oxygen-bound units that bring metal atoms close one to 
another. Furthermore, they also have a fixed ratio of metals appropriate for desired oxide 

 

systems. It is worth noting here, that compounds possessing steric ramified ligands, e.g. aryloxo, 
decompose in much more complicated way, compare to alkoxides with small RO groups (e.g. 
Me, Et, iPr etc.).  
In general, metal complexes with chelating and bulky aryloxo ligands are non-volatile and much 
more stable in contrast to monodentate alkoxides. Hence, thermal decomposition of metal 
aryloxo derivatives is much more complex and usually a long lasting process. In each case the 
decomposition is multi-step with mass losses that do not clearly correspond to an extrusion of a 
specific number of leaving ligands.4a, 14 
In Table 3, there are a few examples of synthesized SSPs and corresponding with them mono- 
and double-oxide ceramic materials. 
 

SSP Oxide(s) Ref. 
   
[Me2Al(-ddbfo)]2a Al2O3 25 
[Me2In(-ddbfo)]2a In2O3 25 
[Ti2(-ddbfo)2(ddbfo)6]a TiO2 26, 27 
[Ti(OiPr)2(maltolato)2]b TiO2 26, 28 
[(VO)Clx(OCH3)y]c V2O5 23a 
[Ba{(-ddbfo)2AlMe2}2]a BaAl2O4 14 
[Ba{(-ddbfo)2GaMe2}2]a BaGa2O4 14 
[Ca{(-OCH2CH2OCH3)(-Me)(AlMe2)}2] CaAl2O4 22, 25 
[Ca{(-OCH2CH2OCH3)(AlMe3)}2(THF)2] CaAl2O4 22, 25 
[CaTiCl2(,2-OCH2CH2NMe2)3(-
OCH2CH2NMe2)3][OCH2CH2NMe2] CaTiO3 18a 

[Ca2Ti(,2-OCH2CH2NMe2)6Cl2] CaTiO3 + CaO 18a 
[MnAl(acac)3(OiPr)4(OAc)]d MnAl2O4 29 
[CoAl(acac)3(OiPr)4(OAc)]d CoAl2O4 29 
[ZnAl(acac)3(OiPr)4(OAc)]d ZnAl2O4 29 
[NiAl2(acac)4(OiPr)4]d NiAl2O4 30 
[MgAl2(OiPr)8] MgAl2O4 31 
[MgAl2(OtBu)8] MgAl2O4 31 
[Nd{Al(OiPr)4}3(iPrOH)] NdAlO3 + Al2O3 32 
[Ba4Ti2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaTiO3 18b 
[Ba4Zr2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaZrO3 18b 
[Ba4Hf2(6-O)Cl4(OCH2CH2OCH3)10(HOCH2CHOCH3)4] BaHfO3 18b 
[Ba{(-ddbfo)2InMe2}2]a BaIn2O4 25 
[Sr{(-ddbfo)2AlMe2}2]a SrAl2O4 25 
addbfoH = 2,3-dihydro-2,2-dimethylbenzofuran-7-ol; bmaltol = 3-hydroxy-2-methyl-4H-
pyran-4-one); c(x + y) = 4; dacac = acetylacetonato. 

Table 3. Examples of various oxide ceramic materials derived from SSPs. 

 
6. Conclusion 

In this chapter, we have shown that metal alkoxides are extremely attractive starting 
materials for oxide ceramics. They constitute so-called single source precursors (SSPs), 
which major advantage is that their thermal transitions give highly pure materials, destitute 
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undesired oxide phases and organic contaminations. Because of fixed metals ratio on 
molecular level, final materials have specific and the same stoichiometry as starting 
precursor. Due to the alkoxo groups are quite easy to remove during thermal treatments, it 
is possible to obtain appropriate oxides in lower temperatures in contrast to conventional 
methods. In view of use flexibility of alkoxides, they have successfully been used in various 
deposition and decomposition techniques giving ultra thin layers, nanopowders and other 
shapes depending on potential applications. 
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1. Introduction 

Interest in separation by the use of membranes has rapidly increased during the last 10 - 15 years. 
The membrane technologies are utilized in various fields: chemistry, food, biotechnology and 
recently waste water treatment (Cham & Brownstein, 1991). For economic consideration, a great 
deal of research has been devoted to the development of new type of inorganic membranes, 
which have displayed improved resistance to heat, chemicals and corrosion. Rapid development 
and innovation have already been realised in this area (Uhlhorn et al., 1987; Zespalis et al., 1989; 
Cot, 1998). Clay minerals have well-known structural adsorption, rheological and thermal 
properties (Jones & Galan, 1988; Pérez, 1994). Research on clay as a membrane material has 
concentrated mainly on pillared clays  (Mishra & Parida, 1997; Cool et al., 1997). Studies of 
membranes prepared entirely from clay have just started (Messaoudi et al., 1995 ; Ishiguro et al., 
1995;  Le Van Mao et al., 1999; Rakib et al., 2000).  The industry of conservation of sea products is 
very important in Tunisia. It produces a great amount of waste water which is generally rejected 
in the littoral and then is responsible for an enormous pollution, by supporting the 
eutrophication phenomenon (Dégrement, 1978). Before freezing, the cuttlefish must be washed to 
eliminate black colour caused by the ink contained in the animal bag, resulting in highly 
coloured wastewater (Abdelmouleh, 1997). 
In this study, we investigate the development of ceramic membranes based on Tunisian natural 
materials which are in abundance and need lower firing temperature in comparison with metal 
oxide materials. The prepared microfiltration membranes were used for the treatment and the 
decoloration of cuttlefish effluent. 
New microfiltration membranes from Tunisian natural materials are obtained using ceramic 
method. Paste from Tunisian silty marls refereed (M11) is extruded to elaborate a porous tubular 
configuration used as supports. The support heated at 1190°C, shows an average pore diameters 
and porosity of about 9.2µm and 49 % respectively. The properties in term of mechanical and 
corrosion resistances are very interesting. The elaboration of the layer based on Tunisian clay 
refereed (JM18) is performed by slip casting method. The heating treatment at 900°C leads to an 
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average pore size of 0.18µm. The water permeability determined of this membrane is 867 l.h-1.m-

2.bar-1. This membrane can be used for crossflow microfiltration. The application to the cuttlefish 
effluent clarification shows an important decrease of turbidity (inferior to 1 NTU) and chemical 
organic demand (COD) values (retention rate of about 65%). So, it seems that the prepared 
membrane is suitable for such waste water treatment. 

 
2. Experimental results 

Microfiltration ceramic membranes were developed and prepared in the laboratory. They 
consist of a clay skin layer prepared by slip-casting method (Guizard t al., 1997) deposited 
on a silty marls support. 

 
2.1 Support shaping and characterisation: 
For this study, the supports were prepared from Tunisian silty marls (M11). The chemical 
composition of these materials is shown in Table 1.  
 

Elements (%)      SiO2        Al2O3       Fe2O3       CaO      MgO       Na2O       K2O          TiO2 

       M11              31.61       10.38         6.53        24.17     19.92        2.21        3.43         1.55 
Table 1. Composition of silty marls (M11). 
 

 
Fig. 1. X-ray diffractograms of the silty marls sample at different temperatures (Q=quartz, 
Ca=calcite, Ch=chlorite, D=dolomite). 
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The chemical analysis reveals that this kind of silty marls is essentially formed with a great 
amount of silica and calcium oxide. Figure 1 presents the XRD patterns of raw silty marls, it 
shows that Quartz (Q) is the main crystalline mineral present in this powder. 
The particle size analysis of the powder after crushing for 2 h with the assistance of a 
planetary crusher at a rate of 250 revolutions /min and calibrated with 100µm was 
determined using a Particle Sizing Systems (Inc. Santa Barbara, Calif., USA Model 770 
AccuSizer).  The particle diameters range varied from 0.5 to 54µm. (Fig 2). 
 

 
Fig. 2. Silty marls (M11) particle-size distribution.       
 
Plastic pastes are prepared from ceramic powder of silty marls mixed with organic 
additives: 

- 4% w/w of Amijel: pregelated starch, as plasticizer (Cplus 12072, cerestar). 
- 4% w/w of Methocel: cellulose derivative, as binder (The dow chemical company).   
- 8% w/w of starch of corn as porosity agent (RG 03408, Cerestar). 
- 25% w/w of water.  

The rheological properties must be studied to obtain a paste allowing shaping by extrusion 
process (Khemakhem et al., 2006). Figure 3 shows the different configurations of tubes 
extruded in our laboratory (Two monochannel of different diameter and one multichannel 
tube). 
 

 
Fig. 3. A photograph of variety of configurations of porous ceramic supports. 
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average pore size of 0.18µm. The water permeability determined of this membrane is 867 l.h-1.m-
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effluent clarification shows an important decrease of turbidity (inferior to 1 NTU) and chemical 
organic demand (COD) values (retention rate of about 65%). So, it seems that the prepared 
membrane is suitable for such waste water treatment. 

 
2. Experimental results 

Microfiltration ceramic membranes were developed and prepared in the laboratory. They 
consist of a clay skin layer prepared by slip-casting method (Guizard t al., 1997) deposited 
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2.1 Support shaping and characterisation: 
For this study, the supports were prepared from Tunisian silty marls (M11). The chemical 
composition of these materials is shown in Table 1.  
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The particle size analysis of the powder after crushing for 2 h with the assistance of a 
planetary crusher at a rate of 250 revolutions /min and calibrated with 100µm was 
determined using a Particle Sizing Systems (Inc. Santa Barbara, Calif., USA Model 770 
AccuSizer).  The particle diameters range varied from 0.5 to 54µm. (Fig 2). 
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process (Khemakhem et al., 2006). Figure 3 shows the different configurations of tubes 
extruded in our laboratory (Two monochannel of different diameter and one multichannel 
tube). 
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Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
performed with simultaneous DSC-TGA 2960 TA instrument. The sample was heated at 
room temperature to 1250°C at a rate of 5°C/min under static atmospheric conditions. Two 
endothermic peaks were detected (Fig. 4). First peak appears at 51.38°C, due to a weight loss 
of 1.81% of the initial weight. It corresponds to the departure of water (moisture or 
adsorption) due to attraction on the surface of the sample and zeolitic water inserted  
between the layers or in the cavities of the crystalline structure. Second peak which 
maximum appears toward 749,87°C corresponds to the dehydroxylation.  
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Fig. 4. Thermal analysis curve: DSC and TGA for silty marls powder. 
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Fig. 5. Pore diameters of the silty marls supports. 
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Sintering experiments of the support were carried out in air. Two steps has been realised: 
the first for the elimination of organic additives at 250°C, and the second for the sintering at 
1190°C. The temperature-time schedule not only affects the pore diameters and porous 
volume of the final product but also determines the final morphology and mechanical 
strength. By controlling the sintering temperature of the ceramic, it is possible to increase 
the pore size and to obtain a higher mechanical strength. We have also observed that the 
obtained silty marls support presents the highest mean pore diameter for the highest 
mechanical strength: The support fired at 1190°C and characterised by mercury porosimetry 
showed mean pore diameters and porosity of about 9.2µm and 49% respectively (Fig.5). 
 

   Powders                 Temperature (°C)            Pore size (µm)          Porous Volume (%) 
Crushed during one                1160                                9.6                                   58 
hour and calibrated                 1170                              10.9                                   56 
with 125 µm                              1180                              12.8                                   53 
                                                    1190                              14.3                                   52 
                                                    1200                              16.5                                   51 
 
 
Crushed during two                1160                                5.9                                    52 
hours and calibrated                1170                                7.3                                    50 
with 100 µm                               1180                                8.5                                    49 
                                                     1190                                9.2                                    49 
                                                     1200                              12.5                                    46 

Table 2. Variation of pore size and porous volume according to the powder particle sizes for 
the silty marls (M11). 
 
It can also be observed that the porosity and the pore size parameters are strongly 
dependent on the sintering temperature and particle size of the powders (Table 2).   

 
2.2. Membrane shaping and characterisation: 
 

 
Fig. 6. Clay (JM18) particle-size distribution. 
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Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
performed with simultaneous DSC-TGA 2960 TA instrument. The sample was heated at 
room temperature to 1250°C at a rate of 5°C/min under static atmospheric conditions. Two 
endothermic peaks were detected (Fig. 4). First peak appears at 51.38°C, due to a weight loss 
of 1.81% of the initial weight. It corresponds to the departure of water (moisture or 
adsorption) due to attraction on the surface of the sample and zeolitic water inserted  
between the layers or in the cavities of the crystalline structure. Second peak which 
maximum appears toward 749,87°C corresponds to the dehydroxylation.  
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Fig. 4. Thermal analysis curve: DSC and TGA for silty marls powder. 
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Sintering experiments of the support were carried out in air. Two steps has been realised: 
the first for the elimination of organic additives at 250°C, and the second for the sintering at 
1190°C. The temperature-time schedule not only affects the pore diameters and porous 
volume of the final product but also determines the final morphology and mechanical 
strength. By controlling the sintering temperature of the ceramic, it is possible to increase 
the pore size and to obtain a higher mechanical strength. We have also observed that the 
obtained silty marls support presents the highest mean pore diameter for the highest 
mechanical strength: The support fired at 1190°C and characterised by mercury porosimetry 
showed mean pore diameters and porosity of about 9.2µm and 49% respectively (Fig.5). 
 

   Powders                 Temperature (°C)            Pore size (µm)          Porous Volume (%) 
Crushed during one                1160                                9.6                                   58 
hour and calibrated                 1170                              10.9                                   56 
with 125 µm                              1180                              12.8                                   53 
                                                    1190                              14.3                                   52 
                                                    1200                              16.5                                   51 
 
 
Crushed during two                1160                                5.9                                    52 
hours and calibrated                1170                                7.3                                    50 
with 100 µm                               1180                                8.5                                    49 
                                                     1190                                9.2                                    49 
                                                     1200                              12.5                                    46 

Table 2. Variation of pore size and porous volume according to the powder particle sizes for 
the silty marls (M11). 
 
It can also be observed that the porosity and the pore size parameters are strongly 
dependent on the sintering temperature and particle size of the powders (Table 2).   

 
2.2. Membrane shaping and characterisation: 
 

 
Fig. 6. Clay (JM18) particle-size distribution. 
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The material used for the membrane preparation is a Tunisian clay powder (JM18) taken 
from the area of Sidi Bouzid (Central Tunisia). This powder is crushed for 4 hours with a 
planetary crusher at 250 revolution/min and calibrated with 50µm. The obtained particle 
diameters range from about 0.5 to 23µm. (Fig 6). 
The chemical composition of the clay (JM18) is shown in Table 3. It reveals that this material 
is essentially formed with a large amount of silica 62.64%. 
 

Elements (%)   SiO2    Al2O3     FeO3    MgO     Na2O     K2O     Mn2O3     SO3       Loss on the 
                                                                                                                                             ignition   
                         
     JM18           62.64    17.09       8.5      0.07       0.32       4.8        0.02        0.4          6.16 
 

Table 3. Composition of clay (JM18). 
 
For preparing a microfiltration layer with JM18, the suspended powder technique was used. 
A defloculated slip was obtained by mixing 5% w/w of JM18, 30% w/w of Polyvinyl alcohol 
(PVA) (12% w/w aqueous solution) as binder and water (65% w/w). The thickness of 
microfiltration layer can be controlled by the percentage of the clay powder added to the 
suspension and the deposition time. 
 

 

Fig. 7. Evolution of the stress (τ) and the viscosity (µ) vs. deformation of clay (JM 18) slip. 
 
The viscosity of the slip elaborated according to the protocol described previously has been 
studied right before deposition. The used viscosimeter (LAMY, TVe-05) permits to use 5 
speeds of rotation for the determination of the dynamic viscosity of the substance to 
characterize.  
Figure 7 shows the rheogram of the slip used. It is done by the curve of schear stress (τ) 
versus speed of rotation (D). The slip has a plastic behaviour of Bingham, controlled by the 
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presence of PVA; the value of the limiting shear stress is 4 mPa. Such behaviour permits the 
maintenance of particles in a stable suspension. 
The deposition of the slip on the M11 support was performed by slip casting using a 
deposition time between 10 and 15 min. After drying at room temperature for 24h. The clay 
membrane was sintered at 900°C for 2h, after debonding at 250°C for 1h. 
Total porous volume and pore size distribution are measured by Mercury porosimetry. This 
technique relies on the penetration of mercury into a membrane’s pores under pressure. The 
intrusion volume is recorded as a function of the applied pressure and then the pore size 
was determined. The pore diameters measured were centered near 0.18µm (Fig. 8). 
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Fig. 8. Pore diameters of the clay (JM18) membrane. 
 
The pore size in the microfiltration layer can also be varied using powders with different 
particle size distributions.  
Different microfiltration membranes with different layers thickness (between 5 and 50µm) 
were prepared. SEM (scanning electron microscopy) images of the resulting membranes are 
shown in Figure 9. This figure gives information on the texture of the elaborated membrane 
surface. A defect free membrane was only obtained for membrane thickness less than 10µm 
(in order to 7µm). 
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The material used for the membrane preparation is a Tunisian clay powder (JM18) taken 
from the area of Sidi Bouzid (Central Tunisia). This powder is crushed for 4 hours with a 
planetary crusher at 250 revolution/min and calibrated with 50µm. The obtained particle 
diameters range from about 0.5 to 23µm. (Fig 6). 
The chemical composition of the clay (JM18) is shown in Table 3. It reveals that this material 
is essentially formed with a large amount of silica 62.64%. 
 

Elements (%)   SiO2    Al2O3     FeO3    MgO     Na2O     K2O     Mn2O3     SO3       Loss on the 
                                                                                                                                             ignition   
                         
     JM18           62.64    17.09       8.5      0.07       0.32       4.8        0.02        0.4          6.16 
 

Table 3. Composition of clay (JM18). 
 
For preparing a microfiltration layer with JM18, the suspended powder technique was used. 
A defloculated slip was obtained by mixing 5% w/w of JM18, 30% w/w of Polyvinyl alcohol 
(PVA) (12% w/w aqueous solution) as binder and water (65% w/w). The thickness of 
microfiltration layer can be controlled by the percentage of the clay powder added to the 
suspension and the deposition time. 
 

 

Fig. 7. Evolution of the stress (τ) and the viscosity (µ) vs. deformation of clay (JM 18) slip. 
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studied right before deposition. The used viscosimeter (LAMY, TVe-05) permits to use 5 
speeds of rotation for the determination of the dynamic viscosity of the substance to 
characterize.  
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presence of PVA; the value of the limiting shear stress is 4 mPa. Such behaviour permits the 
maintenance of particles in a stable suspension. 
The deposition of the slip on the M11 support was performed by slip casting using a 
deposition time between 10 and 15 min. After drying at room temperature for 24h. The clay 
membrane was sintered at 900°C for 2h, after debonding at 250°C for 1h. 
Total porous volume and pore size distribution are measured by Mercury porosimetry. This 
technique relies on the penetration of mercury into a membrane’s pores under pressure. The 
intrusion volume is recorded as a function of the applied pressure and then the pore size 
was determined. The pore diameters measured were centered near 0.18µm (Fig. 8). 
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Fig. 8. Pore diameters of the clay (JM18) membrane. 
 
The pore size in the microfiltration layer can also be varied using powders with different 
particle size distributions.  
Different microfiltration membranes with different layers thickness (between 5 and 50µm) 
were prepared. SEM (scanning electron microscopy) images of the resulting membranes are 
shown in Figure 9. This figure gives information on the texture of the elaborated membrane 
surface. A defect free membrane was only obtained for membrane thickness less than 10µm 
(in order to 7µm). 
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Fig. 9. Scanning electron micrographs of clay (JM18) membrane: (A: Membrane thickness 
upper than10 µm, B: Membrane thickness less than 10 µm, 1: surface, 2: cross section) 
 
Crossflow microfiltration tests were performed using a home-made pilot plant (Fig. 10) at a 
temperature of 25°C and transmembrane pressure (TMP) range between 1 and 4 bars.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Flow schema of experimental apparatus. 
 

 
Fig. 11. Water fluxes vs. working pressure. 
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The flow rate was fixed at 2.5 m.s-1. Before the tests, the membrane was conditioned by 
immersion in pure deionised water for a minimum of 24 h. The working pressure was 
obtained using a nitrogen gas source. The membrane was initially characterized by the 
determination of water permeability which was 870 l.h-1.m-2.bar-1    (Fig. 11). 

 
2.3 Application for cuttlefish effluents treatment 
Membrane processes can be used for the treatment of wastewater produced by the sea 
products conditioning (Afonso et al., 2002). In our case, the prepared Microfiltration 
membranes have been applied to the cuttlefish effluent produced from cuttlefish 
conditioning and freezing process. The used samples were collected from a sea product-
freezing factory located in Sfax (Tunisia). The dark colour in this type of effluent was due to 
the presence of particles in suspension (sepia ink) which has a size range between 56 nm 
and 161 nm (Flood et al., 1993).  
Figure 12 gives the variation of permeate flux with transmembrane pressure which is  done 
by: (Pinlet + Poulet  )/2 – Pf where: Pinlet and  are respectively the inlet and  the outlet pressures 
across the filtration module.  
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Fig. 12. Variation of flow according to the use pressure and time of filtration. 
 
Permeate flux increased linearly with transmembrane pressure until a value of 2 bars and 
then stabilized at a value of 120 l/h.m2. This behavior can be explained by the formation of a 
concentrated polarization layer. The variation of permeate flux with time shows that the 
fouling phenomenon is not very important: The permeate flux decreased by only 33%.  
Table 4 gives the main characteristics of the raw and treated effluent. It can be observed that 
the permeate turbidity determined by using a Turbidimeter (HACH RATIO 2100A); is very 
low (inferior to 1 NTU) and that the COD retention rate (COD is chemical organic demand 
determined by colorimetric method) is superior to 65%. 
These results confirm the efficiency of these microfiltration prepared membranes to 
cuttlefish effluent treatment. 
In term of quality, figure 13 shows a noticeable elimination of suspended matter illustrated 
by the change of the effluent colour as well as the elimination of the turbidity. 
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Fig. 9. Scanning electron micrographs of clay (JM18) membrane: (A: Membrane thickness 
upper than10 µm, B: Membrane thickness less than 10 µm, 1: surface, 2: cross section) 
 
Crossflow microfiltration tests were performed using a home-made pilot plant (Fig. 10) at a 
temperature of 25°C and transmembrane pressure (TMP) range between 1 and 4 bars.  
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The flow rate was fixed at 2.5 m.s-1. Before the tests, the membrane was conditioned by 
immersion in pure deionised water for a minimum of 24 h. The working pressure was 
obtained using a nitrogen gas source. The membrane was initially characterized by the 
determination of water permeability which was 870 l.h-1.m-2.bar-1    (Fig. 11). 
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Fig. 12. Variation of flow according to the use pressure and time of filtration. 
 
Permeate flux increased linearly with transmembrane pressure until a value of 2 bars and 
then stabilized at a value of 120 l/h.m2. This behavior can be explained by the formation of a 
concentrated polarization layer. The variation of permeate flux with time shows that the 
fouling phenomenon is not very important: The permeate flux decreased by only 33%.  
Table 4 gives the main characteristics of the raw and treated effluent. It can be observed that 
the permeate turbidity determined by using a Turbidimeter (HACH RATIO 2100A); is very 
low (inferior to 1 NTU) and that the COD retention rate (COD is chemical organic demand 
determined by colorimetric method) is superior to 65%. 
These results confirm the efficiency of these microfiltration prepared membranes to 
cuttlefish effluent treatment. 
In term of quality, figure 13 shows a noticeable elimination of suspended matter illustrated 
by the change of the effluent colour as well as the elimination of the turbidity. 
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      Sample Conductiviy (mS/cm)   Turbidity (NTU) DCO (mg/l) 

Raw  effluent       80        > 2000    6000-6500 

Filtrate (P = 1 bar)             72    0,89        2460 

Filtrate (P = 2 bar)             70.5    0,62        1930 

Table 4. Characteristics of the effluent befor and after filtration. 
 

 
Fig. 13. A photograph of cuttlefish effluent before and after MF treatment. 

 
3. Conclusion 

In this work we have prepared new microfiltration membranes using natural powder 
derived from Tunisian natural material.  The ceramic support was formed by the extrusion 
of a ceramic paste of silty marls (M11). The microfiltration layer base on clay (JM18), 
deposited onto the supports, was obtained by slip-casting method. An excellent link 
between the support and the microfiltration layer was obtained.  
The support pore sizes could be carefully controlled by the choice of the particle diameters 
sizes of natural materials (silty marls). The desired pore sizes of the microfiltration layer 
(<1µm) were achieved by optimisation of the calcination temperatures. Microfiltration 
membranes from Tunisian clay with pore sizes as small as 0.18 µm could be then produced.  
This membrane have a water permeability of 870 l.h1.m-2.bar-1.  
One application of these membranes is the washing cuttle-fish effluent treatment.  These 
membranes can also be used as a support for ultrafiltration layer. 
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1. Introduction    

Composite materials are engineered materials made from two or more constituent materials. 
They have significantly different physical or chemical properties which remain separate and 
distinct on a macroscopic level within the finished structure. The advantage of composite 
material is that they exhibit the best qualities of their components or constituents and often 
some qualities that neither constituent possesses. The properties that can be improved by 
forming a composite material are strength, stiffness, corrosion resistance, wear resistance, 
weight, thermal insulation, thermal conductivity, etc. Composite materials can  be classified 
and characterized into four commonly accepted types; (1) fibrous composite materials that 
consist of fibers in a matrix, (2) laminated composite materials that consist of layers of 
various materials, (3) particulate composite materials that are composed of particles in a 
matrix and (4) the combination of some or all the first three types (Jones, 1999). According to 
the matrix phase the composites are divided into three groups; (1) metal matrix composites 
(MMCs), (2) polymer matrix composites (PMCs) and (3) ceramic matrix composites (CMCs). 
Ceramic materials in general have very attractive properties e.g.: high strength and high 
stiffness at very high temperatures, chemical inertness and low density. In the presence of 
flaws (surface or internal) they are prone to catastrophic failures. Ceramic materials can be 
toughened by incorporating fibers and thus exploit the attractive high-temperature strength 
and environmental resistance of ceramic materials without risking a catastrophic failure 
(Chawla, 1987). According to the basics written above, a monolithic silicone carbide (SiC) 
was used as a matrix phase, which has been recognized as one of the most promising 
structural materials for many thermo-mechanical applications because of its excellent high-
temperature strength and modulus, good oxidation resistance, high hardness, low specific 
weight and low density (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; She et al., 1999). The 
problem with monolithic SiC is its low thermal shock resistance, which leads to cracking 
and catastrophic failure of the material. Thermal shock resistance and crack propagation can 
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be improved by introducing a reinforcement phase, continuous SiC fibers, into the 
monolithic SiC matrix to produce a SiCf/SiC composite material (Kowbel et al., 1995). This 
kind of composite materials is being considered for a future fusion reactor because of its low 
induced radioactivity after neutron irradiation, non-catastrophic failure mode, specific 
thermal conductivity and low porosity (Zhang et al., 1998; Taguchi et al., 2005). It is known 
that the properties of the fiber/matrix interface play an important role in determining the 
mechanical and physical properties of ceramic matrix composites (CMCs). It can be defined 
as a bonding surface where a discontinuity of some kind occurs. In general it is a 
bidimensional region through which material parameters, such as concentration of an 
element, crystal structure, atomic registry, elastic modulus, density, and coefficient of 
thermal expansion, change from one side to another. It is important to be able to control the 
degree of bonding between the matrix and the reinforcement. The pure mechanical bonding 
usually is not enough but it is efficient in load transfer when the applied force is parallel to 
the interface. The chemical bonding is also important and can be divided into two types; 
dissolution and wettability bonding, where surface should be appropriately treated to 
remove any impurities; and reaction bonding where a transport of atoms occurs from one or 
both of the components to the reaction site, the interface (Chawla, 1987). In general, if the 
fiber/matrix interface is weak, the composite has low strength and stiffness, but a high 
resistance to fracture. In the case of a strong interface, which allows a crack to propagate 
straight through the fibers, the strength and stiffness of the composite are high, but the 
composite itself is brittle (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; Nuriel 
et al., 2005). However, the composite’s brittleness remains a problem. This can be improved 
by adding a thin film of compliant material, called the “interphase”, between the fiber and 
the brittle matrix, which has three main functions: protection of the fibers, load transfer 
between the fiber and the matrix and control of the crack deflection at the interface (Zhang 
et al., 1998; Jacques et al., 2000; Bertrand et al., 2000). The most commonly used interphase 
materials for SiCf/SiC composites are pyrolitic carbon (PyC), boron nitride (BN) and, 
recently, a multilayer of (PyC/SiC). All these materials have their advantages and 
disadvantages. PyC has low oxidation resistance; BN is not suitable for fusion applications 
because the nitrogen transmutes into 14C, which has a very long half-life as a β emitter after 
the neutron irradiation. 
The processing of SiCf/SiC is a complex, multi-stage process. Common processing 
techniques for the production of SiCf/SiC composites include chemical vapor infiltration 
(CVI), polymer impregnation and pyrolysis (PIP), molten silicon infiltration (MI), reaction 
sintering (RS) and the nano-infiltrated transient eutectoid (NITE) process (Katoh et al., 2002). 
In this paper we present a microstructural and micro-indentation study of a material, 
fabricated by a novel method for preparing SiCf/SiC composite materials for fusion-reactor 
applications. The method consists of the adapted dip coating and infiltration of the SiC-
fibers with a water suspension of SiC-particles and sintering additives. In order to study the 
crack deflection, introduced by the Vickers indenter, we deposited various layers (diamond-
like carbon (DLC), CrC, CrN and WC) on the fibers’ surface using physical vapor 
deposition. A comparison between the uncoated and coated fibers was made. 
The microstructures of the SiCf/SiC composite materials with different interphases between 
the fibers and the brittle matrix were examined using conventional transmission electron 
microscopy (TEM) and high-resolution (HR) TEM. 

Specimen preparation methods for ceramic fibers are often unsatisfactory. We tried to 
optimize and develop different preparation techniques which have an important role in 
study of these materials. 
The fracture surfaces of the samples were observed using scanning electron microscopy 
(SEM). Z-contrast imaging (STEM/HAADF) and different techniques of electron diffraction 
were applied for the phase identification. The chemical composition of the individual phases 
was determined using XEDS. 

 
2. Materials and Methods 

The starting material was commercially available 0.5 μm SiC powder BF-12 (HC Starck, 
Goslar, Germany), Nicalon and Hi-Nicalon Type S fibers (COI Ceramics, San Diego, CA), 
Tyranno SA fibers (UBE Industries LTD., Düsseldorf, Germany), aluminium dihydrogen 
phosphate, Bindal A (TKI Hrastnik, Slovenia), anionic surface active agent, sodium 
dioctylsulfosuccinate, SDOSS and polymer Starfire (Starfire systems, Malta, NY). 
Among several known methods for the preparation of the SiCf/SiC composite material, 
which are described elsewhere (Drazic et al., 2005; Novak et al., 2006; Novak et al., 2010), we 
used infiltration with micro particles suspension. The process begins with immersion of the 
fibers into a water suspension made from micro-sized particles and a sintering additive 
based on the Al-Si-P-O system, dip-coating and drainage. All samples were sintered at 1300 
°C in pure argon. Because of the hydrophobic nature of the fibers we impregnated them 
with anionic surface active agent. It consists of liophobic and liophilic groups, which 
arrange on the substrate surface in a way to increase its wettability with our water 
suspension. 
Using reactive sputtering the fibers were coated with a thin layer of interphase material 
(CrC, WC and diamond like carbon – DLC) with relevant chemical composition in terms of 
neutron activation. The coatings were sputtered with a Sputron (Balzers AG, Liechtenstein). 
The thickness of the interphase layer was varied between a few and 500 nm, depending on 
the experimental conditions and geometry of the fibers (overlapping) during the deposition. 
The nanohardness of the fibers and the matrix was measured using Vickers indenter on the 
Fischerscope instrument H100C (Helmut Fischer, Germany), which records indentation 
depth and load. The load we used was in both cases 10 mN. On the other hand, a Vickers 
microhardness tester (MVK-H2 Hardness tester, Mitutoyo, Japan) was used in order to 
observe the cracks in the matrix and its deviation from the primary direction. A maximum 
load of 1 N was applied in order to initiate the cracks. 
The mechanical properties of the coated and uncoated fibers were also measured on 
dynamometer Instron 5567 (Instron, Great Britain). The fiber was put between two clamps 
and extended till breaking. With special program we can follow internal changes in material 
structure during testing. This program also allows later interpretation of all values that were 
measured. 
For observing the samples’ surface, morphology, topography and the particles size we used 
scanning electron microscope, JEOL JSM-5800. The working voltage was 20 keV. The 
energy-dispersive X-ray spectrometer (Link ISIS 300, Oxford Instruments) was used for 
determining the chemical composition. 
The fibers’ topography was also observed with atomic force microscopy (VEECO Dimension 
3100) before and after the coating. 
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Ceramic fibers are key components in a number of technologically important applications, 
such as reinforcements in structural ceramic matrix composites. Application of transmission 
electron microscopy is often required for characterization of such fibers. Preparation of 
electron transparent sections of thin ceramic fibers is a challenging task often limits the use 
of TEM studies on such fibers (Mogilevsky, 2001). A special paragraph is dedicated to the 
TEM specimen preparation techniques. The structure and chemical composition of the 
materials on micrometer, nanometer or even atomic level were set and characterized with 
transmission electron microscope, JEOL 2010 F FEG-STEM and JEOL 2100 and a Link ISIS 
300M XEDS analysis. 

 
3. TEM Specimen Preparation Techniques  

Different techniques were used for TEM specimen preparation because of the variety of the 
samples. The basic goal of the specimen preparation is to get a thin area (thickness from 10 
to 50 nm) in the material to be transparent for the electrons with high energy (from 100 keV 
to 200 keV). It is desired that this area is as big as possible, that it has uniform thickness and 
should not cause artifacts in a way of changing the chemical structure or the structure itself 
(amorphization or crystallization). It is also important that during the preparation we do not 
put the impurities on the samples which can cause a contamination of the sample in the 
microscope (Gec & Ceh, 2006). 
The conventional technique which is mechanical thinning, dimpling and ion-milling was 
used for the bulk material. This method is not suitable for observing the SiC fibers because 
the fibers are much stiffer then the epoxy in which the fibers are embedded during the 
preparation. Problems also occur during ion-milling; the fibers are either not transparent for 
the electrons or they are pulled out of the high-temperature epoxy. So we looked for the 
alternative methods. Some of the methods we used are described later on. 
The first method (Figure 1) is very simple and fast. The fibers are prepared by gluing them 
parallel on a TEM grid or a ring, finally cured on a hot plate and ion-milled (Bal-Tec RES 
010) till the perforation. 
The second method (Figure 2) combines a technique for preparing fiber/epoxy assemblies 
with mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling (Mogilevsky, 2001). Fibers are put between two 500 μm glasses coated with high-
temperature epoxy, clamped with a pair of Teflon plates to squeeze out excessive epoxy and 
finally cured on a hot plate. This sandwich structure was first thinned on diamond lapping 
films (Allied) of different gradation, using a Tripod Polisher (Allied) till approximately one 
half of the fibers’ diameter. Then a TEM grid was glued on the polished surface to 
strengthen the specimen. This grid was also used for thickness measurements during the 
polishing. It is important that no air bubbles are trapped between the grid and polished side 
of the specimen. The thinning process is continued on the other side of the specimen to the 
final thickness of less than 5 μm. The thinned sample was milled in ion miller at 4 keV with 
incident angle of 10° until a perforation was observed. This method requires a long 
preparation time, frequent observations under the optical microscope to ensure parallel 
thinning and accuracy. The method can be extended to other types of materials, such as 
fiber-reinforced ceramic composites. 
 
 

 
 

 
 
 
 
                                              

 
Fig. 1. Optical micrographs: (a) TEM grid on which the fibers were glued parallel and (b) 
interferences in Tyranno SA SiC fibers after ion-milling. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical micrographs of the Tyranno SA SiC fibers using tripod polishing method: (a) 
specimen polished on one side through approximately one half of the fiber diameter; (b) 
same as in (a) but at higher magnification; (c) specimen mounted on a supporting grid, 
turned over and polished to the final thickness; (d) specimen after ion-milling; (e) same as in 
(d) but at higher magnification. The marked circle is transparent enough for observing with 
transmission electron microscope. 
 
For observing the coatings on the fiber surface, the cross-section method was used. It is 
important to have a high ratio between the fibers and epoxy. The fibers were cut on short 
segments and put parallel into the groove made in silicon plate. To get a sandwich structure 
another silicon plate was put on it and clamped between two Teflon plates to squeeze out 
excessive epoxy, followed by curing on a hot plate. Then the sandwich structure was put 
into a brass ring with blind tracks to strengthen the sample. A conventional technique was 
used further on. Figure 3 show optical micrographs of Nicalon SiC fibers coated with a thin 
layer and prepared as a cross-section by conventional method including mechanical 
thinning, dimpling and ion-milling. Figure 3a shows optical micrograph of coated fibers in 
the groove between Si plates after dimpling. The thickness in the center of the specimen is 16 
μm. After mechanical thinning, the quality of the specimen is improved with polishing to 
eliminate all the imperfections in the sample. This sample is ready for ion-milling. Figure 3b 
shows the same sample as in Figure 3a but after ion-milling. The sample was bombarded 
with Argon ions till the perforation. Because of the difference in hardness, we can see that 
epoxy resin starts to ion-mill much faster and quicker than the SiC fibers. 
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Ceramic fibers are key components in a number of technologically important applications, 
such as reinforcements in structural ceramic matrix composites. Application of transmission 
electron microscopy is often required for characterization of such fibers. Preparation of 
electron transparent sections of thin ceramic fibers is a challenging task often limits the use 
of TEM studies on such fibers (Mogilevsky, 2001). A special paragraph is dedicated to the 
TEM specimen preparation techniques. The structure and chemical composition of the 
materials on micrometer, nanometer or even atomic level were set and characterized with 
transmission electron microscope, JEOL 2010 F FEG-STEM and JEOL 2100 and a Link ISIS 
300M XEDS analysis. 

 
3. TEM Specimen Preparation Techniques  

Different techniques were used for TEM specimen preparation because of the variety of the 
samples. The basic goal of the specimen preparation is to get a thin area (thickness from 10 
to 50 nm) in the material to be transparent for the electrons with high energy (from 100 keV 
to 200 keV). It is desired that this area is as big as possible, that it has uniform thickness and 
should not cause artifacts in a way of changing the chemical structure or the structure itself 
(amorphization or crystallization). It is also important that during the preparation we do not 
put the impurities on the samples which can cause a contamination of the sample in the 
microscope (Gec & Ceh, 2006). 
The conventional technique which is mechanical thinning, dimpling and ion-milling was 
used for the bulk material. This method is not suitable for observing the SiC fibers because 
the fibers are much stiffer then the epoxy in which the fibers are embedded during the 
preparation. Problems also occur during ion-milling; the fibers are either not transparent for 
the electrons or they are pulled out of the high-temperature epoxy. So we looked for the 
alternative methods. Some of the methods we used are described later on. 
The first method (Figure 1) is very simple and fast. The fibers are prepared by gluing them 
parallel on a TEM grid or a ring, finally cured on a hot plate and ion-milled (Bal-Tec RES 
010) till the perforation. 
The second method (Figure 2) combines a technique for preparing fiber/epoxy assemblies 
with mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling (Mogilevsky, 2001). Fibers are put between two 500 μm glasses coated with high-
temperature epoxy, clamped with a pair of Teflon plates to squeeze out excessive epoxy and 
finally cured on a hot plate. This sandwich structure was first thinned on diamond lapping 
films (Allied) of different gradation, using a Tripod Polisher (Allied) till approximately one 
half of the fibers’ diameter. Then a TEM grid was glued on the polished surface to 
strengthen the specimen. This grid was also used for thickness measurements during the 
polishing. It is important that no air bubbles are trapped between the grid and polished side 
of the specimen. The thinning process is continued on the other side of the specimen to the 
final thickness of less than 5 μm. The thinned sample was milled in ion miller at 4 keV with 
incident angle of 10° until a perforation was observed. This method requires a long 
preparation time, frequent observations under the optical microscope to ensure parallel 
thinning and accuracy. The method can be extended to other types of materials, such as 
fiber-reinforced ceramic composites. 
 
 

 
 

 
 
 
 
                                              

 
Fig. 1. Optical micrographs: (a) TEM grid on which the fibers were glued parallel and (b) 
interferences in Tyranno SA SiC fibers after ion-milling. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical micrographs of the Tyranno SA SiC fibers using tripod polishing method: (a) 
specimen polished on one side through approximately one half of the fiber diameter; (b) 
same as in (a) but at higher magnification; (c) specimen mounted on a supporting grid, 
turned over and polished to the final thickness; (d) specimen after ion-milling; (e) same as in 
(d) but at higher magnification. The marked circle is transparent enough for observing with 
transmission electron microscope. 
 
For observing the coatings on the fiber surface, the cross-section method was used. It is 
important to have a high ratio between the fibers and epoxy. The fibers were cut on short 
segments and put parallel into the groove made in silicon plate. To get a sandwich structure 
another silicon plate was put on it and clamped between two Teflon plates to squeeze out 
excessive epoxy, followed by curing on a hot plate. Then the sandwich structure was put 
into a brass ring with blind tracks to strengthen the sample. A conventional technique was 
used further on. Figure 3 show optical micrographs of Nicalon SiC fibers coated with a thin 
layer and prepared as a cross-section by conventional method including mechanical 
thinning, dimpling and ion-milling. Figure 3a shows optical micrograph of coated fibers in 
the groove between Si plates after dimpling. The thickness in the center of the specimen is 16 
μm. After mechanical thinning, the quality of the specimen is improved with polishing to 
eliminate all the imperfections in the sample. This sample is ready for ion-milling. Figure 3b 
shows the same sample as in Figure 3a but after ion-milling. The sample was bombarded 
with Argon ions till the perforation. Because of the difference in hardness, we can see that 
epoxy resin starts to ion-mill much faster and quicker than the SiC fibers. 
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Fig. 3. Optical micrographs of the Nicalon SiC fibers coated with a thin layer and prepared 
as cross-section by conventional method: (a) after dimpling; (b) after ion-milling. 
 
The SiCf/SiC samples were prepared by conventional method (Figure 4a) and a wedge-
polishing method (Figure 4b) which allows very accurately controlled thinning. In a 
conventional method, thin foils were cut on a wire saw from the composites, perpendicular 
to the fiber axis. After mechanical thinning to a thickness of approximately 80-100 μm the 
samples were polished to a final thickness of 20 μm, by dimpling. Ion-milling was used as a 
final step to get a perforation of the samples. TEM investigation revealed more or less 
complete erosion of the matrix during the preparation process. The mechanical thinning 
with a wedge-polishing method was performed on diamond lapping films at a very small 
wedge angle of 1°. This method is far superior then the conventional ion-milling. It is 
suitable for any multiphase specimens with large hardness differences. 
 

 
 
 
 
 
 
 
 
 

Fig. 4. TEM and optical micrographs of SiCf/SiC composite material: (a) SiCf/SiC after ion-
milling where erosion of the matrix is visible; (b) HAADF-STEM micrograph of SiCf/SiC 
prepared by tripod polishing; (c) Optical micrograph of tripod polished specimen prepared 
as a cross-section where interference fringes at the edge of the specimen are visible. 

 
4. Results and Discussion 

4.1 The Microstructure of the SiC fibers 
As mentioned above we used different SiC fibers; Nicalon, Hi-Nicalon S and Tyranno SA. In 
this paragraph the microstructure, the topography and the chemical composition will be 
discussed for all three SiC fibers. 
Figure 5a shows SEM micrograph of the Nicalon SiC fiber with a diameter of 15 μm. Its 
surface is smooth and without any visible defects. The fibers are consisted of Silicon, Carbon 
and Oxygen in a determined ratio. A detailed TEM analysis revealed that at room 
temperature these fibers consist of amorphous matrix phase (Figure 5b) with a small amount 
of β-SiC nanocrystallites, 1-3 nm in size. The SAED pattern (Figure 5c) shows diffused rings 
which can be indexed as cubic SiC. In the inset of SAED pattern (Figure 5c) simulated 
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pattern is displayed. For calculations EMS program code was used (Stadelmann, 1987) and 
particle size of 1 nm. The average roughness of the amorphous Nicalon SiC fibers was 
measured on AFM (Figure 5d) and was around 2 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Nicalon SiC fiber: (a) SEM micrograph; (b) HR-TEM micrograph; (c) Diffraction 
pattern; (d) AFM micrograph.  

 
Contrary to the Nicalon SiC fibers, the Hi-Nicalon S SiC fibers consist of two clearly defined 
phases (Figure 6b); crystalline phase in the inner part of the fiber and amorphous phase in 
the outer part of the fibers. The crystalline phase consists of SiC crystallites, 5 to 20 nm in 
size; while the amorphous phase was determined as pyrolitic carbon in a lamellar 
microstructure. From the SEM micrograph (Figure 6a) we can see that the fiber has a 
diameter of 12 μm, the surface morphology is similar to the Nicalon SiC fibers. 
 
 
 
 
 
 
 
 
 
Fig. 6. Hi Nicalon S SiC fiber: (a) SEM micrograph; (b) TEM micrograph. 
 
The newest SiC fibers are Tyranno SA SiC fibers with a diameter of 7 μm. The surface is 
much rougher than the surface of the Nicalon SiC fibers but also without any imperfections 
(Figure 7a). The roughness is around 9 nm (Figure 7e). These fibers are already crystalline at 
room temperature. They consist of small crystallites up to 50 nm in size what is seen from 
TEM micrograph (Figure 7b). The diffraction patterns (Figure 7c, d) show circles, where 
individual dots are visible and can be indexed as a mixture of cubic and hexagonal SiC (β- 
and α-SiC). 
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Fig. 3. Optical micrographs of the Nicalon SiC fibers coated with a thin layer and prepared 
as cross-section by conventional method: (a) after dimpling; (b) after ion-milling. 
 
The SiCf/SiC samples were prepared by conventional method (Figure 4a) and a wedge-
polishing method (Figure 4b) which allows very accurately controlled thinning. In a 
conventional method, thin foils were cut on a wire saw from the composites, perpendicular 
to the fiber axis. After mechanical thinning to a thickness of approximately 80-100 μm the 
samples were polished to a final thickness of 20 μm, by dimpling. Ion-milling was used as a 
final step to get a perforation of the samples. TEM investigation revealed more or less 
complete erosion of the matrix during the preparation process. The mechanical thinning 
with a wedge-polishing method was performed on diamond lapping films at a very small 
wedge angle of 1°. This method is far superior then the conventional ion-milling. It is 
suitable for any multiphase specimens with large hardness differences. 
 

 
 
 
 
 
 
 
 
 

Fig. 4. TEM and optical micrographs of SiCf/SiC composite material: (a) SiCf/SiC after ion-
milling where erosion of the matrix is visible; (b) HAADF-STEM micrograph of SiCf/SiC 
prepared by tripod polishing; (c) Optical micrograph of tripod polished specimen prepared 
as a cross-section where interference fringes at the edge of the specimen are visible. 

 
4. Results and Discussion 

4.1 The Microstructure of the SiC fibers 
As mentioned above we used different SiC fibers; Nicalon, Hi-Nicalon S and Tyranno SA. In 
this paragraph the microstructure, the topography and the chemical composition will be 
discussed for all three SiC fibers. 
Figure 5a shows SEM micrograph of the Nicalon SiC fiber with a diameter of 15 μm. Its 
surface is smooth and without any visible defects. The fibers are consisted of Silicon, Carbon 
and Oxygen in a determined ratio. A detailed TEM analysis revealed that at room 
temperature these fibers consist of amorphous matrix phase (Figure 5b) with a small amount 
of β-SiC nanocrystallites, 1-3 nm in size. The SAED pattern (Figure 5c) shows diffused rings 
which can be indexed as cubic SiC. In the inset of SAED pattern (Figure 5c) simulated 
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pattern is displayed. For calculations EMS program code was used (Stadelmann, 1987) and 
particle size of 1 nm. The average roughness of the amorphous Nicalon SiC fibers was 
measured on AFM (Figure 5d) and was around 2 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Nicalon SiC fiber: (a) SEM micrograph; (b) HR-TEM micrograph; (c) Diffraction 
pattern; (d) AFM micrograph.  

 
Contrary to the Nicalon SiC fibers, the Hi-Nicalon S SiC fibers consist of two clearly defined 
phases (Figure 6b); crystalline phase in the inner part of the fiber and amorphous phase in 
the outer part of the fibers. The crystalline phase consists of SiC crystallites, 5 to 20 nm in 
size; while the amorphous phase was determined as pyrolitic carbon in a lamellar 
microstructure. From the SEM micrograph (Figure 6a) we can see that the fiber has a 
diameter of 12 μm, the surface morphology is similar to the Nicalon SiC fibers. 
 
 
 
 
 
 
 
 
 
Fig. 6. Hi Nicalon S SiC fiber: (a) SEM micrograph; (b) TEM micrograph. 
 
The newest SiC fibers are Tyranno SA SiC fibers with a diameter of 7 μm. The surface is 
much rougher than the surface of the Nicalon SiC fibers but also without any imperfections 
(Figure 7a). The roughness is around 9 nm (Figure 7e). These fibers are already crystalline at 
room temperature. They consist of small crystallites up to 50 nm in size what is seen from 
TEM micrograph (Figure 7b). The diffraction patterns (Figure 7c, d) show circles, where 
individual dots are visible and can be indexed as a mixture of cubic and hexagonal SiC (β- 
and α-SiC). 
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Fig. 7. Tyranno SA SiC fiber: (a) SEM micrograph; (b) TEM micrograph; (c, d) Diffraction 
patterns for β- and α-SiC grains; (e) AFM micrograph. 

 
4.2 The Mechanical Properties of the SiC fibers 
SiC fibers exhibit a wide distribution of diameters which was took into account to get a 
reliable tensile strength data. Before measurement was done each fiber was checked with 
optical microscope. All the samples were glued onto paper in the shape of letter “U” to 
make sure, that the presence of the creep inside the clamps was eliminated. Before 
measuring the side section of the paper was removed using a pair of ceramic scissors. The 
dynamometer Instron 5567 was used, with a clamping length of 1 cm and a crosshead speed 
of 1 mm/min. Figure 8 shows the stress - strain curves, measured at room temperature for 
untreated SiC fiber (Nicalon SiC fiber @ RT) and after thermal treatment at 1300 ºC for 3 h in 
pure argon (Nicalon SiC fiber @ 1300 ºC). 
Nicalon SiC fiber sample at room temperature shows, except for small deformations, mainly 
proportional stress dependence of the strain until the fracture at εp = 2,40% , stress σp = 86,31 
cNtex-1 = 2,20 GPa.  Stress at yield point is σy = 7,91 cNtex-1 = 0,20 GPa at elastic deformation 
of εy = 0,303%. Elastic modulus E = 55,20 GPa is small. Work to fracture is Ap = 4,20·10-2 mJ 
and elastic work to yield point is Ay = 3,35·10-4 mJ, which represents 0,80% of the total 
energy to break. Specific work is Asp = 1,00·10-2 Jkg-1 and a fracture work factor which 
represents the toughness of the material is fA = 0,483. 
Stress-strain curve of Nicalon SiC fiber sample after thermal treatment at 1300 °C shows 
different behavior. Heat treatment increases the crystallinity of SiC fiber which reflects in 
the strong increase of the initial elastic modulus.  After the yield point, sample exhibit 
plastic deformation at slight increase of stress at strain of about 0,4 %.  This plastic 
deformation is a consequence of some rearrangement of the structure which requires even 
higher energy at further deformation until the fracture at strain εp = 1,30 % and fracture 
strength of σp = 49,52 cNtex-1 = 1,26 GPa. Stress at yield point is σy = 13,25 cNtex-1 = 0,33 GPa 
at elastic strain of εy = 0,107 %.  After heat treatment the elastic modulus substantially 
increase to E = 328,14 GPa. Fracture work of heat-treated sample is due to the smaller strain 
smaller (Ap =1,34 10-2 mJ) compared to untreated sample. Contrary, the elastic work is due 
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to higher stress at yield point higher (Ay = 2,98·10-4 mJ) and represents 2,22 % of total 
fracture energy. Specific work is Asp = 3,20·10-3 Jkg-1 and a fracture work factor is  fA = 0,497. 
 

Parameter Nicalon SiC fiber @ RT Nicalon SiC fiber @ 1300 ºC 
Fracture strength    σp  (GPa) 2,20 1,26 
Fracture strain        εp (%) 2,40 1,30 
Yield strength        σy  (GPa) 0,20 0,33 
Yield strain             εy  (%) 0,303 0,107 
Fracture work         Ap (mJ) 4,20·10-2 1,34·10-2  

Work to yield point  Ay (mJ) 3,35· 10-4 2,98·10-4 

Specific work          Asp (Jkg-1) 1,00·10-2 3,20·10-3 

Elastic modulus  E  (GPa) 55,20 328,14 
Fracture-work factor   fA 0,483 0,497 

Table 1. Comparison of viscoelastic parameters for untreated and thermally treated Nicalon 
SiC fibers. 
 
Comparison of viscoelastic properties of both samples allows the following conclusions:  
After heat treatment, the elastic modulus increased by a factor 6, the material becomes more 
crystalline and reduces the ability of strain, as well as reduces the fracture strength. Heat-
treated material has a greater capability to strain (0,4 %). In heat-treated material, the elastic 
deformation zone is lowered, at the same time the yield strength is higher by a factor 1,7. 
Yield point represents the boundary between elastic and plastic deformation. This gives the 
material greater stability in an otherwise narrower elastic region. Toughness of heat-treated 
material is reduced as can be seen from comparison of fracture work factor and specific 
work (energy needed to deform one kg of material).  
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Fig. 8. Stress/strain curves for untreated and thermally treated (1300 °C for 3 h in pure 
argon) Nicalon SiC fibers and Nicalon SiC fibers coated with CrC and WC measured at 
room temperature. 
 
In Figure 8, the stress–strain curves, measured at room temperature for Nicalon SiC fibers, 
coated with CrC and WC are displayed. From the curves of both samples it could be 
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Fig. 7. Tyranno SA SiC fiber: (a) SEM micrograph; (b) TEM micrograph; (c, d) Diffraction 
patterns for β- and α-SiC grains; (e) AFM micrograph. 

 
4.2 The Mechanical Properties of the SiC fibers 
SiC fibers exhibit a wide distribution of diameters which was took into account to get a 
reliable tensile strength data. Before measurement was done each fiber was checked with 
optical microscope. All the samples were glued onto paper in the shape of letter “U” to 
make sure, that the presence of the creep inside the clamps was eliminated. Before 
measuring the side section of the paper was removed using a pair of ceramic scissors. The 
dynamometer Instron 5567 was used, with a clamping length of 1 cm and a crosshead speed 
of 1 mm/min. Figure 8 shows the stress - strain curves, measured at room temperature for 
untreated SiC fiber (Nicalon SiC fiber @ RT) and after thermal treatment at 1300 ºC for 3 h in 
pure argon (Nicalon SiC fiber @ 1300 ºC). 
Nicalon SiC fiber sample at room temperature shows, except for small deformations, mainly 
proportional stress dependence of the strain until the fracture at εp = 2,40% , stress σp = 86,31 
cNtex-1 = 2,20 GPa.  Stress at yield point is σy = 7,91 cNtex-1 = 0,20 GPa at elastic deformation 
of εy = 0,303%. Elastic modulus E = 55,20 GPa is small. Work to fracture is Ap = 4,20·10-2 mJ 
and elastic work to yield point is Ay = 3,35·10-4 mJ, which represents 0,80% of the total 
energy to break. Specific work is Asp = 1,00·10-2 Jkg-1 and a fracture work factor which 
represents the toughness of the material is fA = 0,483. 
Stress-strain curve of Nicalon SiC fiber sample after thermal treatment at 1300 °C shows 
different behavior. Heat treatment increases the crystallinity of SiC fiber which reflects in 
the strong increase of the initial elastic modulus.  After the yield point, sample exhibit 
plastic deformation at slight increase of stress at strain of about 0,4 %.  This plastic 
deformation is a consequence of some rearrangement of the structure which requires even 
higher energy at further deformation until the fracture at strain εp = 1,30 % and fracture 
strength of σp = 49,52 cNtex-1 = 1,26 GPa. Stress at yield point is σy = 13,25 cNtex-1 = 0,33 GPa 
at elastic strain of εy = 0,107 %.  After heat treatment the elastic modulus substantially 
increase to E = 328,14 GPa. Fracture work of heat-treated sample is due to the smaller strain 
smaller (Ap =1,34 10-2 mJ) compared to untreated sample. Contrary, the elastic work is due 
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to higher stress at yield point higher (Ay = 2,98·10-4 mJ) and represents 2,22 % of total 
fracture energy. Specific work is Asp = 3,20·10-3 Jkg-1 and a fracture work factor is  fA = 0,497. 
 

Parameter Nicalon SiC fiber @ RT Nicalon SiC fiber @ 1300 ºC 
Fracture strength    σp  (GPa) 2,20 1,26 
Fracture strain        εp (%) 2,40 1,30 
Yield strength        σy  (GPa) 0,20 0,33 
Yield strain             εy  (%) 0,303 0,107 
Fracture work         Ap (mJ) 4,20·10-2 1,34·10-2  

Work to yield point  Ay (mJ) 3,35· 10-4 2,98·10-4 

Specific work          Asp (Jkg-1) 1,00·10-2 3,20·10-3 

Elastic modulus  E  (GPa) 55,20 328,14 
Fracture-work factor   fA 0,483 0,497 

Table 1. Comparison of viscoelastic parameters for untreated and thermally treated Nicalon 
SiC fibers. 
 
Comparison of viscoelastic properties of both samples allows the following conclusions:  
After heat treatment, the elastic modulus increased by a factor 6, the material becomes more 
crystalline and reduces the ability of strain, as well as reduces the fracture strength. Heat-
treated material has a greater capability to strain (0,4 %). In heat-treated material, the elastic 
deformation zone is lowered, at the same time the yield strength is higher by a factor 1,7. 
Yield point represents the boundary between elastic and plastic deformation. This gives the 
material greater stability in an otherwise narrower elastic region. Toughness of heat-treated 
material is reduced as can be seen from comparison of fracture work factor and specific 
work (energy needed to deform one kg of material).  
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Fig. 8. Stress/strain curves for untreated and thermally treated (1300 °C for 3 h in pure 
argon) Nicalon SiC fibers and Nicalon SiC fibers coated with CrC and WC measured at 
room temperature. 
 
In Figure 8, the stress–strain curves, measured at room temperature for Nicalon SiC fibers, 
coated with CrC and WC are displayed. From the curves of both samples it could be 
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concluded that they have approximately the same initial modulus with clearly expressed 
yield point at 0,12 %, the transition to plastic deformation and further hardening until 
fracture. High value of initial modulus is due to the presence of WC and CrC. Viscoelastic 
properties of both types of samples are very similar. Comparison of viscoelastic parameters 
for samples coated with CrC and WC is displayed in table 2. 
 

Parameter Nicalon SiC fiber + CrC Nicalon SiC fiber + WC 
Fracture strength    σp  (GPa) 2,77 2,78 
Fracture strain        εp (%) 2,90 2,50 
Yield strength        σy  (GPa) 0,390 0,342 
Yield strain             εy  (%) 0,117 0,117 
Fracture work         Ap (mJ) 6,41·10-2 5,81·10-2  

Delo do polzišča     Ay (mJ) 3,83·10-4 3,39· 10-4 

Specific work          Asp (Jkg-1) 1,53·10-2 1,38· 10-2 

Elastic modulus  E  (Gpa) 345,14 302,33 
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yield strength, the difference between the two types of sample is in strain between 0,5 % and 
fracture and consequently also higher fracture work for sample coated with CrC. 
Heat treated SiC Nicalon SiC fiber sample and WC coated Nicalon SiC fiber sample have 
similar elastic properties up to yield point (comparable starting elastic modulus and yield 
strength and stress). 
Tyranno SA SiC fibers are very brittle at room temperature and as such impossible to handle 
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Fig. 9. SEM micrographs of the Nicalon SiC fibers fracture surfaces. 
 
After tensile measurements all fracture surfaces of the fibers were investigated with 
scanning electron microscope (Figure 9a-d). In general, fracture in fibers initiates at some 
flaw(s), internal or on the surface. Very frequently, a near-surface flaw such as a microvoid 
or an inclusion is responsible for the initiation of fracture of fiber. Surface flaws are common 
in SiC based fibers because of the processing technique. Airborne particles as well as other 
elements tend to attach to the surface of the fiber during process and handling. One 
important feature of ceramic fiber is the surface texture. Their surface roughness scales with 
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gain size. The rough surface of such brittle fibers makes them break at very low strains and 
it makes very difficult to handle them in practice. The grain boundaries on the surface can 
act as notches and weaken the fiber (Elices & Llorca, 2002). 
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Fig. 10. Load/Depth curves for Nicalon SiC fiber and Tyranno SA SiC fiber measured at 
room temperature. 
 
We also measured the nanohardness of Nicalon and Tyranno SA SiC fibers at room 
temperature using Vickers indenter on the Fischerscope instrument. The load we used was 
10 mN. Figure 10 shows two load/depth curves, average of 10 measurements, for 
mentioned SiC fibers. The nanohardness for Nicalon SiC fiber is around 1800 HV and for 
Tyranno SA SiC fiber around 2800 HV. From the curve load/depth we can see that the 
elastoplastic deformation appears in both cases. 

 
4.3 SiC Based Matrix and SiCf/SiC composite material 
In previous paragraphs the microstructure and mechanical properties of different SiC fibers 
were described. To produce the composite material we had to prepare a SiC matrix phase. It 
was made from water suspension of SiC particles and sintering additive based on low-
melting-point eutectic composition of the Al-Si-P-O system, which enables sintering at low 
temperature and thus avoids the change in the microstructure of the SiC fibers. Figure 11a 
shows SEM micrograph of the matrix, from where we can see that the size of the particles is 
less than 1 μm. Figures 11b, c show cross-sectional SEM micrographs at different 
magnifications of the composite material with Nicalon SiC fibers produced with a method 
described above. Large pores observed in all the samples were made during the mechanical 
grinding and polishing as part of the sample preparation. The matrix was fully filled up the 
areas around the fiber bundle. The effectiveness of the adhesion between the fibers and the 
matrix was checked on thermally treated samples using TEM and microanalysis (Figures 
11d, e). Nicalon SiC fibers have a 50 nm thick SiO2 amorphous layer on the surface after 
thermal treatment (Figure 11e). 
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Fig. 11. SEM and TEM micrographs of SiC matrix and SiCf/SiC composite material: (a) SiC 
matrix; (b) SiCf/SiC composite material; (c) The same as (b) but at higher magnification; (d) 
SiCf/SiC prepared by tripod polishing; (e) Reaction layer on the fiber surface. 

 
4.4 Interphases in SiCf/SiC composite material 
According to the literature (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; 
Nuriel et al., 2005) the role of the interphase is very important. It determines the mechanical 
and physical properties of ceramic matrix composites (CMCs). Although the SiCf/SiC 
composite material has many advantages, it also has one important disadvantage; the 
brittleness. Figure 12a shows SEM micrograph of the SiCf/SiC composite material, where 
the crack path introduced by the Vickers indenter continued through the fibers. This would 
lead to a catastrophic failure of the composite material. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. SEM micrographs of (a) a failure of the composite material and (b) the crack 
deflection on the fiber/matrix interface (500 nm thick CrN was used as an interphase). 
 
A crack deflection mechanism requires a weak fiber/matrix bond so that as a matrix crack 
reaches the interface, it gets deflected along the interface rather than passing straight 
through the fiber. A weak interfacial bond also leads to fiber pullout. 
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Fig. 13. SEM and AFM micrographs of Nicalon SiC and Tyranno SA SiC fibers: (a, d) 
Tyranno SA SiC fiber coated with DLC; (b, e) Nicalon SiC fiber coated with WC; (c, f) 
Nicalon SiC fiber coated with CrC. 
 
In order to prevent a catastrophic failure of the composite material under load, various thin 
layers have been deposited on the surface of the fibers by physical vapor deposition, using 
reactive sputtering. The layers were selected on the basis of the relevant chemical 
composition appropriate for use in a future fusion reactor. Figure 13 shows SEM 
micrographs of three interface materials; DLC (diamond-like carbon), WC and CrC. All 
three layers were deposited along the fiber axis with the thickness varying between a few 
nm and 0.5 μm, depending on the geometry and conditions during the deposition. From 
AFM micrographs we can see the difference in roughness before and after the deposition. 
DLC layer was deposited on Tyranno SA SiC fiber. The roughness is almost the same, 
around 9 nm. WC and CrC were deposited on Nicalon SiC fibers from where we can see 
that the difference in roughness is quite big. In the case of WC, the roughness changes from 
2 to 7 nm and in the case of CrC from 2 to 15 nm. 
We also used CrN, but according to the literature (Taguchi et al., 2005) this kind of interface 
is not suitable for fusion applications because the nitrogen transmutes into 14C, which has a 
very long half-life as a β emitter after the neutron irradiation. We also encountered another 
problem, a reaction between the thin layer (CrN) and the matrix. TEM analysis showed that 
after sintering the CrN partially diffused into the matrix around the fibers. Nevertheless, the 
CrN layer caused a deflection of the crack from its primary direction and thus prevents the 
fiber from cracking (Figure 12b). 
In the case of WC coating, a multilayer (sandwich structure) approach was used in order to 
improve the mechanical properties. Figure 14a shows TEM micrograph of the WC coating 
on the surface of the Nicalon SiC fiber. The WC was deposited as a sandwich structure. The 
first layer, with a thickness of 40 nm, is crystalline chromium, which ensures better cling of 
WC to the fiber surface. The second layer, with a thickness of 18 nm, is pure tungsten which 
enables a more continuous transition of WC. These layers also ensured better adhesion of 
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improve the mechanical properties. Figure 14a shows TEM micrograph of the WC coating 
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the coating to the fiber surface. The third layer is amorphous tungsten carbide, with a 
thickness of 400–500 nm. 
Similar approach was also used in the case of CrC. The first layer, with a thickness up to 80 
nm was nanocrystalline chromium, which ensures better cling of CrC to the fiber surface. 
The second layer was chromium carbide, with a thickness of 400-500 nm (Figure 14b). The 
problem that was observed was a columnar growth of CrC. The crack that would initiate in 
the matrix phase would not stop at the CrC/matrix interface but because of the columnar 
growth it could continue between columns until it would reach the CrC/Cr interface. 
 

 
 
 
 
 
 
 
 
 
Fig. 14. TEM micrograph of sandwich structure of Nicalon SiC fibers coated with (a) WC 
and (b) CrC. 

 
5. Conclusion 

Different TEM specimen preparation techniques for uncoated and coated SiC fibers, ceramic 
material and ceramic composite material were described, all with their advantages and 
disadvantages. The conventional technique which is made up from mechanical thinning, 
dimpling and ion-milling is not suitable for observing the SiC fibers because the fibers are 
much stiffer then the epoxy in which the fibers are embedded during the preparation. 
Although the method that combines a technique for preparing fiber/epoxy assemblies with 
mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling, requires a long preparation time, frequently observations under optical microscope 
to ensure parallel thinning and accuracy it is suitable for SiC fibers. 
The microstructure of SiC fibers was observed using scanning and transmission electron 
microscope and atomic force microscope. 
Using dynamometer Instron 5567 the tensile properties were measured. If we compare 
untreated and thermally treated Nicalon SiC fibers we can see, that the elastic modulus is 
increased by a factor 6, the material becomes more crystalline and reduces the ability of 
strain, as well as reduces the fracture strength. Nicalon SiC fibers, coated with CrC and WC, 
have similar viscoelastic properties which are similar to thermally treated Nicalon SiC fibers 
up to yield point (comparable starting elastic modulus and yield strength). 
The nanohardness of the matrix is 300 HV, which is 6 times lower than for Nicalon SiC 
fibers and 9 times lower than for Tyranno SA SiC fibers. 
A novel method for preparing SiCf/SiC composite material for a future fusion reactor has 
been shown to be quite promising. The sintering additive used in the matrix was based on a 
low-melting-point eutectic composition in the Al–Si–P–O system, which enables sintering at 
low temperatures, in order to avoid the recrystallization of the Nicalon SiC-fibers and thus 
avoid embrittlement of the fibers and degradation of the mechanical properties. 

Uncoated SiC-fibers have, after thermal treatment, a 50-nm-thick SiO2 amorphous layer on 
the surface, which does not prevent the cracks from propagating at the fiber/matrix 
interface. This leads to a catastrophic failure of the composites. To control the matrix-to-fiber 
stress transfer (crack deflection at the fiber/matrix interface) Nicalon and Tyranno SiC-fibers 
were coated with various thin layers of different chemical compositions, such as CrC, WC 
and DLC, by physical vapor deposition, leading to composites with different degrees of 
toughness. Of the deposited layers that deflect cracks, CrN is not useful because nitrogen 
transmutes into 14C and the CrN diffused into the matrix around the fibers. 
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1. Introduction 

Mechanical properties such as hardness, bulk modulus, tensile properties and toughness of 
massive ceramics and adhesion or cohesion of ceramic coatings can be determined by 
indentation tests. From a general point of view, the indentation test simply consists of 
performing a print at the surface of a material by the penetration of a hard indenter at a 
given indentation load. For this purpose, the indenter can have different geometrical shapes 
such as spherical, conical or pyramidal, the objective being to produce a different 
elastoplastic deformation of the material below the indenter. The indentation load can be 
chosen in the nano-, micro- or macro-indentation ranges thus allowing the study of local or 
global mechanical properties. The mechanical properties are determined by analysing the 
geometrical dimensions of the residual indent (usual indentation) or from the analysis of a 
load-depth curve (instrumented indentation tests). Generally, pyramidal indenters are used 
to determine hardness, bulk modulus and cracking resistance of the material, whereas 
spherical indenters are mainly used to determine the tensile properties and bulk modulus. 
The objective of this chapter is to give theoretical and experimental tools for determining the 
mechanical properties by indentation of massive ceramics and ceramic coatings. The chapter 
is divided in five parts: 1) Hardness definition, indentation size effect, dynamic hardness 
and hardness of thin films, 2) Bulk modulus of massive materials using the Marshall’s 
method and the Oliver and Pharr’s method, spherical and Vickers indentations and bulk 
modulus modelling for thin films, 3) Vickers indentation fracture toughness, 4) Tensile 
mechanical properties and 5) Adhesive properties by scratch tests for thin films and 
interface indentation tests for thick coatings. 

 
2. Hardness 

2.1 Definition 
The hardness of a material represents its resistance to plastic deformation usually by 
indentation. The general relation to calculate a hardness number is given by: 
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where H is the hardness number, P the applied load and A, a representative area of the 
residual indent. 
For usual indentation, the hardness number can be calculated considering the true or the 
projected contact area. Indeed, the true contact area is used for Vickers (pyramidal square 
based) indentation, HV, whereas the projected contact area is used for both Meyer hardness, 
Hm, also using a Vickers indenter and for Knoop (pyramidal lozenge based) indentation, 
HKP. Depending on the geometrical dimensions of the indenter, the hardness calculation is 
related to the Vickers indent diagonal, d, and to the large diagonal of the Knoop indent, L, 
according to the hardness definitions (Table 1). 
 

 True contact area Projected contact area 

Vickers indenter 2
PHV 1.8544

d
  

2
PHm 2

d
  

Knoop indenter T 2
PHK 12.873
L

  P 2
PHK 14.229
L

  

Table 1. Hardness calculation considering true or projected contact area for Vickers and 
Knoop indentions. 
 
Note that in Table 1, the Knoop hardness, HKT, is not a conventional hardness number. On 
the other hand, direct comparison between, as actually performed, Vickers hardness and 
Knoop hardness is not possible, whereas it is correct when considering the Meyer hardness. 
Nevertheless, for a valid comparison between Vickers and Knoop hardness numbers, Chicot 
et al. (2007a) suggested the consideration of the true contact area in the Knoop hardness 
calculation, i.e. HKT. Figure 1a shows a typical comparison of hardness data deduced from 
indentation of different ceramics (Mukhopadhyay et al., 1990; Ullner et al., 2001 & 2002; 
Gong et al., 2002). 
 

        

 
Fig. 1. Knoop hardness number as a function of Vickers hardness number for a variety of 
ceramics, where HK is calculated considering the projected contact area, HKP, (a) or the true 
contact area, HKT, (b).  
 
Figure 1a shows that the conventional Knoop hardness number, HKP, can be represented as 
a function of the Vickers hardness number, HV, by a second order polynomial, as follows: 
 
 2

PHK 1.1053 HV 0.0134 HV     (2) 
 
The solution of this equation is obtained when the limit hardness, i.e. Hlim, is equal to 7.9 
GPa, which respects the two following conditions: 
 
 If HV < Hlim then HKP > HV 
 If HV > Hlim then HKP < HV (3) 
 
In any case, existence of such limit hardness has no physical justification. On the other hand, 
in fig. 1b the Knoop hardness number, HKT, is expressed as a function of the Vickers 
hardness number, HV, by the polynomial: 
 
 2

THK HV 0.012 HV    (4) 
 
It is noticeable that the fitting coefficient in front of HV in eq. 4 is equal to 1. Nevertheless, 
this result was expected since the theoretical ratio to convert HKP to HKT is given by 
(14.229/12.873) = 1.1053 (see Table 1), which is the coefficient appearing in eq. 2. As a main 
conclusion, the two hardness numbers are the same only when the hardness value tends to 
zero. Consequently, no surprising change of the hardness will occur over the entire range of 
the hardness data. 
For instrumented indentation tests (IIT), which allow the plot of a load-depth curve, the 
calculation of a hardness number can use the maximum distance (maximum indentation depth, 
hm, reached by the indenter during the indentation test), the residual depth (indentation depth, hr, 
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Figure 1a shows that the conventional Knoop hardness number, HKP, can be represented as 
a function of the Vickers hardness number, HV, by a second order polynomial, as follows: 
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The solution of this equation is obtained when the limit hardness, i.e. Hlim, is equal to 7.9 
GPa, which respects the two following conditions: 
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 If HV > Hlim then HKP < HV (3) 
 
In any case, existence of such limit hardness has no physical justification. On the other hand, 
in fig. 1b the Knoop hardness number, HKT, is expressed as a function of the Vickers 
hardness number, HV, by the polynomial: 
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It is noticeable that the fitting coefficient in front of HV in eq. 4 is equal to 1. Nevertheless, 
this result was expected since the theoretical ratio to convert HKP to HKT is given by 
(14.229/12.873) = 1.1053 (see Table 1), which is the coefficient appearing in eq. 2. As a main 
conclusion, the two hardness numbers are the same only when the hardness value tends to 
zero. Consequently, no surprising change of the hardness will occur over the entire range of 
the hardness data. 
For instrumented indentation tests (IIT), which allow the plot of a load-depth curve, the 
calculation of a hardness number can use the maximum distance (maximum indentation depth, 
hm, reached by the indenter during the indentation test), the residual depth (indentation depth, hr, 
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obtained after the complete withdrawal of the indenter) or the contact depth (indentation depth, hc, 
taking into account the deformation of the indent under load and calculated using the method of 
Oliver and Pharr (1992)). Consequently, the hardness calculation can have different forms 
(Table 2) according to the indentation depth which is considered. As a result, comparison 
with hardness data obtained by several laboratories is somewhat difficult, even impossible if 
the hardness calculation is not well specified. 
 

Indentation depth Maximum Residual Contact 

True contact area 
m
2

PHM
26.43h

  
r
2

PH
26.43h

  
2
c

PH
26.43h

  

Projected contact area 
m
2

PH
24.5h

  
r
2

PH
24.5h

  
c
2

PHIT
24.5h

  

Table 2. Hardness numbers considering true or projected contact areas and different 
indentation depth definitions. 
 
To visualize the indentation depths, figure 2a represents schematically the cross-section of 
an indent and figure 2b shows the corresponding calculation of the indentation depths 
based on the analysis of a load-depth curve (Oliver and Pharr, 1992). 
 

      

 
Fig. 2. (a) Schematic cross-section of a conical indent and (b) Load-depth curve and 
indentation depths used to calculate the hardness numbers. 
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Note that the Martens hardness, HM, and the contact hardness, HIT, are mainly used in 
micro and nano-indentation, respectively. The others hardness numbers are only given as a 
possibility of hardness calculation. In addition, HM is equivalent to HV if considering the 
diagonal to depth ratio of a Vickers indenter. As a conclusion, the different possibilities for 
calculating a hardness number must oblige the authors to specify correctly the hardness 
calculation (indenter type, contact area and the indentation depth), in order to have a sound 
discussion on the hardness behaviour of the material. 

 
2.2 Indentation Size Effect 
Whatever the shape of the indenter, the hardness number could be independent of load, it 
could increase or decrease with load, and it could show a complex variation with load 
changes depending on the material. This hardness-load dependence is known as the 
Indentation Size Effect (ISE). This phenomenon has been associated with various causes 
such as work hardening, roughness, piling-up, sinking-in, shape of the indenter, surface 
energy, varying composition and crystal anisotropy, which have been all discussed 
extensively by Cheng and Cheng (2004). Many relationships collected in a non-exhaustive 
list in table 3 (Chicot et al., 2007b), dating from 1885 to the present, have been suggested to 
describe the hardness-load dependence by expressing the applied load, P, as a function of 
the indent diagonal, d, or the hardness, H, as a function of the indentation depth, h. 
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Nix & Gao, 
1998 
 
Chong & Lam, 
1999 
 
 
 
 
 
 
Qiu et al., 2001 
 
 
 
 
 
Abu Al-Rub, 
2004 

Table 3. Parametric laws for modelling the Indentation Size Effect. 
 
By analysing experimental hardness results, the majority of these relations are able to 
adequately represent the hardness-load dependence from a mathematical point of view. 
However, when studying ISE in nano and micro-indentation, it is observed that the fitting 
parameters and the theoretical ones change without any clear justification. Then, to explain 
this difference, Chicot (2009) suggested the use of a hardness-length scale factor based on 
the strain gradient plasticity theory formerly proposed by Nix and Gao (1998). These 
authors showed that the ISE behaviour of crystalline materials can be accurately modelled 
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obtained after the complete withdrawal of the indenter) or the contact depth (indentation depth, hc, 
taking into account the deformation of the indent under load and calculated using the method of 
Oliver and Pharr (1992)). Consequently, the hardness calculation can have different forms 
(Table 2) according to the indentation depth which is considered. As a result, comparison 
with hardness data obtained by several laboratories is somewhat difficult, even impossible if 
the hardness calculation is not well specified. 
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Table 2. Hardness numbers considering true or projected contact areas and different 
indentation depth definitions. 
 
To visualize the indentation depths, figure 2a represents schematically the cross-section of 
an indent and figure 2b shows the corresponding calculation of the indentation depths 
based on the analysis of a load-depth curve (Oliver and Pharr, 1992). 
 

      

 
Fig. 2. (a) Schematic cross-section of a conical indent and (b) Load-depth curve and 
indentation depths used to calculate the hardness numbers. 
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Note that the Martens hardness, HM, and the contact hardness, HIT, are mainly used in 
micro and nano-indentation, respectively. The others hardness numbers are only given as a 
possibility of hardness calculation. In addition, HM is equivalent to HV if considering the 
diagonal to depth ratio of a Vickers indenter. As a conclusion, the different possibilities for 
calculating a hardness number must oblige the authors to specify correctly the hardness 
calculation (indenter type, contact area and the indentation depth), in order to have a sound 
discussion on the hardness behaviour of the material. 

 
2.2 Indentation Size Effect 
Whatever the shape of the indenter, the hardness number could be independent of load, it 
could increase or decrease with load, and it could show a complex variation with load 
changes depending on the material. This hardness-load dependence is known as the 
Indentation Size Effect (ISE). This phenomenon has been associated with various causes 
such as work hardening, roughness, piling-up, sinking-in, shape of the indenter, surface 
energy, varying composition and crystal anisotropy, which have been all discussed 
extensively by Cheng and Cheng (2004). Many relationships collected in a non-exhaustive 
list in table 3 (Chicot et al., 2007b), dating from 1885 to the present, have been suggested to 
describe the hardness-load dependence by expressing the applied load, P, as a function of 
the indent diagonal, d, or the hardness, H, as a function of the indentation depth, h. 
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Table 3. Parametric laws for modelling the Indentation Size Effect. 
 
By analysing experimental hardness results, the majority of these relations are able to 
adequately represent the hardness-load dependence from a mathematical point of view. 
However, when studying ISE in nano and micro-indentation, it is observed that the fitting 
parameters and the theoretical ones change without any clear justification. Then, to explain 
this difference, Chicot (2009) suggested the use of a hardness-length scale factor based on 
the strain gradient plasticity theory formerly proposed by Nix and Gao (1998). These 
authors showed that the ISE behaviour of crystalline materials can be accurately modelled 
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by introducing the concept of geometrically necessary dislocations (GND) based on Taylor’s 
dislocation theory. They based their reasoning on the experimental law needed to advance a 
mechanism-based theory of strain gradient plasticity. The relation between the hardness and 
the indentation depth is: 

 
2 *H h1

Ho h

  
         

 (5) 

 
where Ho is the macro-hardness and h* the characteristic scale-length representing the 
hardness-load dependence. 
Nix and Gao (1998) assumed for simplicity that the indentation deformation process is 
accommodated by geometrically necessary dislocations which are required to account for 
the permanent shape change at the surface. In these conditions, the macro-hardness and the 
characteristic scale-length of eq. 5 are expressed as follows: 
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where µ is the shear modulus, b the Burger’s vector, s the density of statistically stored 
dislocations and  is equal to 19.3°. f is a corrective factor introduced by Durst et al. (2005) to 
take into account the GND effect on the size of the plastic zone. The factor f is equal to 1 in 
micro-indentation whereas it is equal to 1.9 for Durst et al. (2005) and to 1.44 for Nix and 
Gao (1998) in nano-indentation. 
However, no direct comparison between the two couples (Ho, h*)micro in micro-indentation 
and (Ho, h*)nano in nano-indentation can be concluded due to the presence of the dislocation 
density which is not easily accessible prior to the indentation test and due to the relationship 
between h* and Ho, as shown in eq. 6. For these reasons, Chicot (2009) suggested the study 
of the indentation behaviour at the two scales of measurement by expressing the square of 
the hardness versus the reciprocal of the indentation depth. The slope, expressed as a 
function of the macro-hardness and the characteristic scale-length, is then proportional to an 
indentation toughness expressed in MPa.m1/2. This parameter is called the hardness length-
scale factor, HLSF, which is equivalent to: 
 

 LSF oH H h *  when 
 2o2 2

o
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H H
h
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Then, by using eq. 6 and taking f equal to 1 in micro-indentation and 1.44 for nano-
indentation according to Nix and Gao (1998), the hardness length-scale factor is simply 
written as a proportionality function of the shear modulus and the Burger’s vector as 
follows: 
 LSFmicroH 1.14 μ b   and LSFnanoH 0.66 μ b   (8) 
 
It is important to add that eq. 8 is only applicable for crystals. For other types of materials, 
eq. 7 is always appropriate but the hardness length-scale factor can only be used for 

representing the ability of the material to deform by indentation but not for determining the 
above mentioned intrinsic parameters. However, the experimental hardness length-scale 
factor can be plotted as a function of the theoretical product .b1/2 for some indentation data 
obtained on various crystals using nano and micro-indentation experiments (Chicot, 2009). 
Figure 3 shows two straight lines with proportionality factors of 1.17 and 0.65 for micro-
indentation and nano-indentation, respectively. These results agree very well with the 
theory (eq. 8). 
 

 
Fig. 3. Hardness length-scale factor, Ho.h*1/2, as a function of the product, .b1/2, for various 
crystals. 
 
As an example, we analysed the indentation size effect of a free porosity beta tricalcium 
phosphate bioceramic (called dense -TCP ceramic in the following). The models of Meyer 
(1908), Li & Bradt (1993), Chong & Lam (1999) and Nix & Gao (1998) have been selected 
from the list (Table 3) and applied. Figure 4 shows that the models can adequately represent 
the ISE. 
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by introducing the concept of geometrically necessary dislocations (GND) based on Taylor’s 
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the hardness versus the reciprocal of the indentation depth. The slope, expressed as a 
function of the macro-hardness and the characteristic scale-length, is then proportional to an 
indentation toughness expressed in MPa.m1/2. This parameter is called the hardness length-
scale factor, HLSF, which is equivalent to: 
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Then, by using eq. 6 and taking f equal to 1 in micro-indentation and 1.44 for nano-
indentation according to Nix and Gao (1998), the hardness length-scale factor is simply 
written as a proportionality function of the shear modulus and the Burger’s vector as 
follows: 
 LSFmicroH 1.14 μ b   and LSFnanoH 0.66 μ b   (8) 
 
It is important to add that eq. 8 is only applicable for crystals. For other types of materials, 
eq. 7 is always appropriate but the hardness length-scale factor can only be used for 

representing the ability of the material to deform by indentation but not for determining the 
above mentioned intrinsic parameters. However, the experimental hardness length-scale 
factor can be plotted as a function of the theoretical product .b1/2 for some indentation data 
obtained on various crystals using nano and micro-indentation experiments (Chicot, 2009). 
Figure 3 shows two straight lines with proportionality factors of 1.17 and 0.65 for micro-
indentation and nano-indentation, respectively. These results agree very well with the 
theory (eq. 8). 
 

 
Fig. 3. Hardness length-scale factor, Ho.h*1/2, as a function of the product, .b1/2, for various 
crystals. 
 
As an example, we analysed the indentation size effect of a free porosity beta tricalcium 
phosphate bioceramic (called dense -TCP ceramic in the following). The models of Meyer 
(1908), Li & Bradt (1993), Chong & Lam (1999) and Nix & Gao (1998) have been selected 
from the list (Table 3) and applied. Figure 4 shows that the models can adequately represent 
the ISE. 
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Fig. 4. Models of Meyer (1908) (a), Li & Bradt (1993) (b), Chong & Lam (1999) (c) and Nix & 
Gao (1998) (d) to represent the indentation size effect of the dense -TCP ceramic. 
 
Nevertheless, we prefer to use the model of Nix and Gao (1998) by introducing the hardness 
length-scale factor, which gives additional information about the ability of the material to 
deform plastically (Chicot, 2009). 

 
2.3 Dynamic hardness 
Usually the loading part of a load-depth curve (Fig. 2b) performed with a sharp indenter is 
described by a simple parabolic relationship between the applied load and the indentation 
depth of the form: 
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where C1 is a constant which depends on the geometry of the indenter tip and the material 
properties. 
The validity of this relation has been demonstrated by means of numerical analysis of 
elastic-perfectly plastic and elastic-plastic materials (Giannkopoulos et al., 1994; Larsson et 
al., 1996; Giannakopoulos & Larsson, 1997; Briscoe et al., 1994; Bilodeau, 1992). Depending 
on the mechanical behaviour of the material, constant C1 takes different forms expressed as 
a function of the elastic properties, yielding stress and stress measured at 29 % of strain of 
the material. However, numerous results (Giannkopoulos et al., 1994; Larsson et al., 1996; 
Giannakopoulos & Larsson, 1997) have shown that the experimental load-indentation depth 
relationship deviates from eq. 9 and that a better fit of the loading curve can be obtained by 
a more general power law taking a similar form of the Meyer’s law (Meyer, 1908): 
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where C2 is a material constant and n an exponent generally found to be less than 2. 
Thus, the discrepancy between the experimental data and the theoretical description 
compromises the validity of the material properties derived from the loading curves 
analysis. Zeng and Chiu (2001) explained that the difference arises from the influence of the 
tip indenter defects. As a consequence, due to the rounding up of a sharp tip indenter, the 
initial part of the loading curve corresponding to the lowest indentation depth could be 

modelled assuming that the indenter behaves as a spherical one. According to different 
authors, this approach is valid for the first 20-50 data points of the loading curve. For this 
region, the following relation could be applied: 
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where constant C3 can be determined from fitting of the experimental data. 
Beyond this point and until the maximum applied load, the authors consider a sharp 
indentation, but they introduce a constant P0 to obtain a better fit of the second part of the 
loading curve, such that: 
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where P0 and C4 are also determined from the experimental data corresponding to this part 
of the curve. 
The constant P0 represents the initial deviation, which may arise from the initial contact load 
definition at the surface and/or due to the indenter tip imperfection. In micro-indentation, 
the influence of the indenter tip geometry is less pronounced than in nano-indentation since 
the influence of the rounded tip is sensitive only within a range of approximately 30 to 50 
nm, depending on the size of such a defect (Chicot, 2009). For this reason, eq. 12 can be 
applied in micro-indentation over the entire loading curve by neglecting the effect of the 
rounded tip indenter. To consider the possible deviation of the zero contact, the constant 
load P0 is introduced into the equation related to the Martens hardness definition (Table 2) 
in order to calculate a “dynamic” Martens hardness by considering the indentation depth 
reached by the indenter during the indentation: 
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Then, by introducing eq. (12) into eq. (13), the dynamic Martens hardness becomes: 
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which allows the relationship of constant C4 with hardness. As a result, the hardness 
number is constant. 
In order to take into account the indentation size effect, Chicot et al. (2010a) introduced eq. 7, 
expressing the Martens hardness as a function of the hardness length-scale factor, into the 
eq. 14 to express C4 and, thereafter, into the eq. 12 to finally obtain the indentation loading 
curve function as follows: 
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As a conclusion, the proposed model representing the applied load (P) as a function of the 
indentation depth (h) involves three parameters: (i) the dynamic Martens macro-hardness 
(HM0), (ii) the hardness length-scale factor (HLSF) and (iii) a corrective load (P0), considering 
the rounded tip effect of the indenter and the zero shifts. 
The model is applied on the dense -TCP ceramic. Figure 5 shows that eq. 15 adequately 
represents the loading curve and allows the determination of ISE parameters very close to 
those presented in figure 4d. Note that this methodology requires only one loading curve 
whereas classical approaches to study ISE require numerous indentation experiments to be 
accurate. 

 
Fig. 5. Modelling of the loading curve (eq. 15) and values of the fitting parameters. 

 
2.4 Hardness of thin films 
For thin coated materials, direct measurement of the film hardness using conventional 
micro-hardness testers is not possible for a large range of indentation loads because the 
substrate undergoes a part of the plastic deformation during the indentation process. This 
phenomenon interferes when the indentation depth exceeds one tenth of the film thickness 
(Sun et al., 1995). In this case, the measured hardness number HC is the result of the two 
contributions of the film and of the substrate. Then, to determine the true film hardness it is 
necessary to separate these two contributions. Numerous models suppose a linear additive 
law to express the measured hardness, HC, as a function of the film hardness, HF, and of the 
substrate hardness, HS, as follows: 
 
  C S F SH H a H H     (16) 
 
where the film coefficient, a, is associated with the film contribution. 
The difference between the models comes from the expression describing the variation of 
the coefficient, a, as a function of the indent diagonal, the film thickness and elastic 
properties of both the film and the substrate. One of the earliest works was that of Bückle 
(1973), who defined the coefficient as a function of weighting factors associated with the 
volume of each layer of an influence zone affected by the indentation. Later, a more 

successful model was due to Jönsson and Hogmark (1984), which considered the load 
supporting areas under the indent associated with the substrate and the film. From 
geometrical considerations, these authors expressed the film coefficient by the following 
relation: 
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where t is the film thickness and d the indent diagonal. C is a constant equals to 1 for low 
HF/HS (ductile films) and 0.5 for high HF/HS (brittle films). 
Considering that this model does not represent the real deformation behaviour during 
indentation, other authors have searched to link the film coefficient to the volumes of the 
plastic zones developed under the indent. This was proposed originally by Sargent (1979), 
followed by Burnett and Rickerby (1987a, 1987b) and Bull and Rickerby (1990) who used an 
interface parameter  calculated from the following relations: 
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where EF and ES are the elastic modulus of the film and substrate, respectively. Nevertheless, 
the exponent q and, as a consequence, , could be considered as adjustment parameters. 
In order to avoid the introduction of such fitting parameters, Chicot and Lesage (1995) 
proposed a model based on the superposition of two hypothetic systems representing the 
volumes of the plastic deformation in the film and in the substrate under the indent. The 
mathematical development led to the following expression: 
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where  is the indenter semi-angle (74°). In addition, when the diagonal length is higher 
than that of the thickness, the second term becomes negligible. 
In the two cases, supposing that EF and ES are known, the determination of HF is possible, 
using a simple routine program applied to each couple of values for t and d. Basing their 
reasoning on the former model put forward by Burnett and Rickerby (1987a, 1987b), 
Ichimura et al. (2000) proposed an expression, which is a simplified form of eq. 19: 
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Another way to consider the problem was proposed by Korsunsky et al. (1998) who 
developed a model based on the work of indentation associated with the deformation 
energy of the two materials and their interface under the indent: 
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As a conclusion, the proposed model representing the applied load (P) as a function of the 
indentation depth (h) involves three parameters: (i) the dynamic Martens macro-hardness 
(HM0), (ii) the hardness length-scale factor (HLSF) and (iii) a corrective load (P0), considering 
the rounded tip effect of the indenter and the zero shifts. 
The model is applied on the dense -TCP ceramic. Figure 5 shows that eq. 15 adequately 
represents the loading curve and allows the determination of ISE parameters very close to 
those presented in figure 4d. Note that this methodology requires only one loading curve 
whereas classical approaches to study ISE require numerous indentation experiments to be 
accurate. 
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where EF and ES are the elastic modulus of the film and substrate, respectively. Nevertheless, 
the exponent q and, as a consequence, , could be considered as adjustment parameters. 
In order to avoid the introduction of such fitting parameters, Chicot and Lesage (1995) 
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volumes of the plastic deformation in the film and in the substrate under the indent. The 
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where  is the indenter semi-angle (74°). In addition, when the diagonal length is higher 
than that of the thickness, the second term becomes negligible. 
In the two cases, supposing that EF and ES are known, the determination of HF is possible, 
using a simple routine program applied to each couple of values for t and d. Basing their 
reasoning on the former model put forward by Burnett and Rickerby (1987a, 1987b), 
Ichimura et al. (2000) proposed an expression, which is a simplified form of eq. 19: 
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Another way to consider the problem was proposed by Korsunsky et al. (1998) who 
developed a model based on the work of indentation associated with the deformation 
energy of the two materials and their interface under the indent: 



Ceramic Materials 126

 β2
K

1a
1 k


   (21) 

 
where  is the relative indentation depth (d/7t) and kK a fitting parameter. HF is determined 
by fitting the experimental values of HC in terms of .  
On the basis of geometrical considerations about the dimensions of the indent, Puchi-
Cabrera (2002) proposed the computation of the composite hardness where two constants, 
kP and nP, represent material parameters: 
 

  β Pn
Pa exp k    (22) 

 
The above-mentioned models express the composite hardness HC as a linear additive law in 
terms of the film and substrate hardness (eq. 16) comparable to a "series relation". Contrarily, 
Lesage et al. (2006) propose to consider a parallel relation: 
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where the calculation of the film coefficient, a, is extensively described in Lesage et al. (2006). 
As an example, Chicot et al. (2008) studied the hardness of a TiN ceramic thin film (t = 1.1 
µm) deposited on a stainless steel substrate (AISI 316L) by means of Magnetron Sputtering. 
Figure 6 shows the cross-section and the top view of the TiN film. 
 

   
(a)                                                                               (b) 

Fig. 6. Cross-section (a) and in-plane-view (b) of the TiN film (SEM SE 20 kV 100000x) 
performed at ENEA in Brindisi. 
 
In order to improve the accuracy of the film hardness determination, Chicot et al. (2008) 
employed three complementary approaches, i.e. Vickers hardness (HV) and Knoop 
hardness (HKP) by using usual indentation tests (Table 1) and the contact hardness (HIT) 
deduced from load-depth curves analysis performed with a Vickers indenter (Table 2). 
Figure 7a represents the different hardness numbers as a function of the applied load on the 
same graph clearly showing disparities between the different techniques employed. 

   
Fig. 7. (a) Hardness numbers from Vickers, Knoop and contact hardness calculations as a 
function of the applied load and (b) corrected hardness values as a function of the relative 
indentation depth. 
 
In order to validly compare the indentation results obtained by the three methodologies, we 
converted Knoop hardness according to the eq. 4 and employed Martens hardness instead 
of HIT, which can vary to a great extent compared to Vickers or Martens hardness. As a 
result, Figure 7b shows that the consideration of the Vickers hardness, the Knoop hardness 
(HKT) converted in an equivalent Vickers Hardness (eq. 4) and the Martens hardness (HM) 
allows the representation of all the hardness numbers as a function of the relative 
indentation depth on a unique curve. Finally, we have applied some thin film hardness 
models to determine the film hardness by using separately each set of hardness data. The 
macro-hardness of the film is collected in Table 4. Note that to give relevant prediction 
values; the model of Korsunsky requires indentation data for which the relative indentation 
depth is close to 0.1 thus explaining in this case that the predictive values are so low for 
Vickers and Knoop indentations. 
 

TiN, t = 1.1 µm Models Jönsson et 
al. (1984) 

Chicot et 
al. (1995) 

Korsunsky et 
al. (1998) 

Lesage et al. 
(2006) 

Hardness 
(GPa) 

Vickers (HV) 
Knoop (HKT) 
DSI (HM) 

18.7 
18.0 
18.8 

17.0 
16.2 
16.8 

5.6 
6.9 
16.3 

21.0 
18.7 
17.4 

Table 4. TiN ceramic thin film macro-hardness calculated by different film hardness models. 
 
By analysing a loading curve performed on a thin film, it is possible to determine the ISE 
parameters of the film only by using eq. 15 to fit the part of the loading curve which is not 
affected by the substrate, i.e. for h < t/10. As an example, this fitting equation is applied on 
the loading curve obtained on the TiN thin film. Figure 8 shows the experimental load-
depth curve obtained on the coated system and, as a reference, the substrate hardness also 
modelled by eq. 15. 
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converted Knoop hardness according to the eq. 4 and employed Martens hardness instead 
of HIT, which can vary to a great extent compared to Vickers or Martens hardness. As a 
result, Figure 7b shows that the consideration of the Vickers hardness, the Knoop hardness 
(HKT) converted in an equivalent Vickers Hardness (eq. 4) and the Martens hardness (HM) 
allows the representation of all the hardness numbers as a function of the relative 
indentation depth on a unique curve. Finally, we have applied some thin film hardness 
models to determine the film hardness by using separately each set of hardness data. The 
macro-hardness of the film is collected in Table 4. Note that to give relevant prediction 
values; the model of Korsunsky requires indentation data for which the relative indentation 
depth is close to 0.1 thus explaining in this case that the predictive values are so low for 
Vickers and Knoop indentations. 
 

TiN, t = 1.1 µm Models Jönsson et 
al. (1984) 

Chicot et 
al. (1995) 

Korsunsky et 
al. (1998) 

Lesage et al. 
(2006) 

Hardness 
(GPa) 

Vickers (HV) 
Knoop (HKT) 
DSI (HM) 

18.7 
18.0 
18.8 

17.0 
16.2 
16.8 

5.6 
6.9 
16.3 

21.0 
18.7 
17.4 

Table 4. TiN ceramic thin film macro-hardness calculated by different film hardness models. 
 
By analysing a loading curve performed on a thin film, it is possible to determine the ISE 
parameters of the film only by using eq. 15 to fit the part of the loading curve which is not 
affected by the substrate, i.e. for h < t/10. As an example, this fitting equation is applied on 
the loading curve obtained on the TiN thin film. Figure 8 shows the experimental load-
depth curve obtained on the coated system and, as a reference, the substrate hardness also 
modelled by eq. 15. 
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Fig. 8. Loading curve for the TiN thin film of 1.1 µm of thickness modelled by eq. 15. 
 
It is clear that the measured hardness changes from the film hardness for lowest loads to the 
substrate hardness for highest loads. Then, by fitting the experimental data for which the 
indentation depth is lower than 10 % of the film thickness, i.e. 0.1 µm for t = 1.1 µm, we 
obtained the ISE parameters of the film as indicated in figure 8. The film macro-hardness 
obtained, i.e. 17.8 GPa, agrees very well with the hardness predicted values collected in 
Table 4. It is also clear that the accuracy of this methodology will depend on the range of 
hardness data available for applying the loading curve model. 

 
3. Bulk modulus 

3.1 Marshall’s Method 
The theoretical background for determining the bulk modulus of a material using the Knoop 
indentation test has been given by Marshall et al. (1980). The authors described a method for 
calculating the hardness/modulus ratio of a material from measurements of the Knoop 
indent diagonals. The decrease in the length of the indent diagonals is caused by elastic 
recovery of the material and, consequently, it can be related to the hardness/modulus ratio 
by the following equation: 
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where w’ and L’ are the minor and the major diagonals of the measured Knoop indent. 
Contrarily, w and L are the minor and major diagonals of the ideal Knoop indent for which 
L/w equals to 7.11. HKP is the Knoop hardness calculated by the relation given in Table 1 
and E is the bulk modulus.  is a constant equal to 0.45 (Marshall et al., 1980). Note that the 
major diagonal is not affected by the elastic recovery after the withdrawal of the indenter, 
then L’ is equal to L. In addition, when considering the Knoop hardness HKT (Table 1), the 
coefficient  becomes equal to 0.5. Applied to the dense -TCP ceramic (Fig. 9) using P = 5 N 

and 10 indentation tests, we found 4.57 ± 0.12 GPa for HKP and 162.0 ± 26.5 GPa for the bulk 
modulus. 

 
Fig. 9. Optical micrograph of a Knoop indentation performed on the dense -TCP ceramic. 

 
3.2 Oliver and Pharr method 
Oliver and Pharr (1992) proposed that the bulk modulus could be calculated from the total 
compliance, CT = 1/S (Fig. 2b), of the specimen and of the instrument, which results from 
the contribution to the depth-measurement deflections of the load frame, added to the 
displacement into the material. Indeed, when load is applied, the reaction force is taken up 
by deflection of the load frame and it is this deflection that is typically added to the depth 
registration. The deflection is usually linearly proportional to the applied load in the manner 
of a linear spring (Fischer-Cripps, 2006). The correction takes the form of a product of the 
instrument compliance, Cf, and the load, P. This product must be subtracted from the depth 
recorded by the instrument: 
 

 meas fh h C P    (25) 
 
where h and hmeas are the sole indentation depth into the material and the measured 
indentation depth by the instrument, respectively. 
Oliver and Pharr (1992), based on the original work of Doerner and Nix (1986), proposed the 
following relation: 
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where Ct is the total compliance,  is a correction factor which depends on the shape of the 
indenter and AC is the projected contact area of the elastic contact measured from the 
indentation hardness impression. ER is the reduced modulus defined as: 
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Fig. 8. Loading curve for the TiN thin film of 1.1 µm of thickness modelled by eq. 15. 
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obtained the ISE parameters of the film as indicated in figure 8. The film macro-hardness 
obtained, i.e. 17.8 GPa, agrees very well with the hardness predicted values collected in 
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displacement into the material. Indeed, when load is applied, the reaction force is taken up 
by deflection of the load frame and it is this deflection that is typically added to the depth 
registration. The deflection is usually linearly proportional to the applied load in the manner 
of a linear spring (Fischer-Cripps, 2006). The correction takes the form of a product of the 
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where Ct is the total compliance,  is a correction factor which depends on the shape of the 
indenter and AC is the projected contact area of the elastic contact measured from the 
indentation hardness impression. ER is the reduced modulus defined as: 
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where Em, νm represent the bulk modulus and Poisson's ratio of the material and Ei, νi the 
elastic modulus and Poisson's ratio of the indenter, respectively. 
The coefficient β is considered as a pure geometric factor for indenters which are not 
described as bodies of revolution like the pyramidal square-based Vickers indenter. The 
correction factor  is linked to the indenter geometry. King (1987) proposed a value of 1.012  
for a Vickers indenter, whereas Dao et al. (2001) proposed a value of 1.07. Using a three 
dimension simulation of the Vickers indentation, Antunes et al. (2006) obtained 1.05 
independently on the mechanical properties of the material. For a spherical indenter, the 
coefficient β is equal to 1. Furthermore, to explain the overestimation of the elastic modulus 
calculated by application of eq. 26, Hay et al. (1999) pointed out that the assumptions in 
Sneddon’s solution were overlooked, especially in the boundary conditions. Indeed, in 
Sneddon's solution for indentation of an elastic half-space by a rigid cone or a spherical 
indenter, radial inward displacements of surface points inside the circle of contact occur. To 
consider this effect, the authors introduced a complementary correction factor γ in the eq. 26 
which depends on the indenter shape. 

 
3.3 Bulk modulus by Vickers and spherical indentations 
The contact stiffness is very important in IIT since it is required to calibrate the indentation 
depth prior to the calculations. However, Chicot et al. (2009a and 2010b) have shown that it 
was not possible to calibrate the instrument prior to the bulk modulus calculation since the 
compliance value varies to a great extent as a function of the testing conditions; this 
phenomenon is also confirmed by Fischer-Cripps (2004). That is why in practice, we unfixed 
the compliance value and represented the contact stiffness as a function of the contact area 
according to eq. 26. For Vickers micro-indentation and by assuming a perfect contact area, 
i.e. by neglecting the top defect of the indenter, the projected contact area is then equal to: 
 

 2
C cA 24.5 h   (28) 

 
By introducing eq. 28 into eq. 26, we obtained a linear relation between the inverse of the 
contact stiffness, (dh/dP), and the inverse of the contact indentation depth, hc:  
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For Vickers indentation, the correction factor γ introduced by Hay et al. (1999) is only 
Poisson's ratio dependent as follows: 
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where  (= 70.3°) is the semi-vertical angle of a conical indenter having the same area to 
depth ratio as the Vickers indenter (Veprek et al., 2006), i.e. π λ ξ2 2tan 4tan , where  (68°) 
is the semi-angle between the two opposites faces of the pyramid. 

 
Fig. 10. 1/S as a function of 1/hc for Vickers IIT performed on the dense -TCP ceramic. 
 
Figure 10 represents the inverse of the contact stiffness as a function of the inverse of the 
contact indentation depth obtained from Vickers indentation performed on the dense -TCP 
ceramic. As a result, the representation is linear and therefore, the slope is directly linked to 
the bulk modulus of the material according to eq. 29. Then, by considering the elastic 
properties of diamond, i.e. 1140 GPa for the elastic modulus and 0.07 for the Poisson’s ratio 
(Field and Telling, 1999) and by taking 0.3 for the Poisson’s ratio of the material leading to 
1.067 for the correction factor γ, the slope is reduced to 0.1598/ER. As a consequence, the 
reduced modulus is equal to 154.2 GPa and therefore, the bulk modulus of the dense -TCP 
ceramic is equal to 162.1  5.3 GPa. Note that this value is very close to the bulk modulus 
obtained by applying the Marshall’s method.  
 
For spherical indentation, Hertz’s theory for sphere/plane contact provides three useful 
expressions: 

1) The relation between the maximum indentation depth, hm, and the contact 
indentation depth, hc: 

 m ch 2 h   (31) 
 

2) The relation between the applied load, P, and the contact radius, ac, where R is the 
spherical indenter radius: 
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3) The relation between the total displacement and the contact radius: 
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where Em, νm represent the bulk modulus and Poisson's ratio of the material and Ei, νi the 
elastic modulus and Poisson's ratio of the indenter, respectively. 
The coefficient β is considered as a pure geometric factor for indenters which are not 
described as bodies of revolution like the pyramidal square-based Vickers indenter. The 
correction factor  is linked to the indenter geometry. King (1987) proposed a value of 1.012  
for a Vickers indenter, whereas Dao et al. (2001) proposed a value of 1.07. Using a three 
dimension simulation of the Vickers indentation, Antunes et al. (2006) obtained 1.05 
independently on the mechanical properties of the material. For a spherical indenter, the 
coefficient β is equal to 1. Furthermore, to explain the overestimation of the elastic modulus 
calculated by application of eq. 26, Hay et al. (1999) pointed out that the assumptions in 
Sneddon’s solution were overlooked, especially in the boundary conditions. Indeed, in 
Sneddon's solution for indentation of an elastic half-space by a rigid cone or a spherical 
indenter, radial inward displacements of surface points inside the circle of contact occur. To 
consider this effect, the authors introduced a complementary correction factor γ in the eq. 26 
which depends on the indenter shape. 

 
3.3 Bulk modulus by Vickers and spherical indentations 
The contact stiffness is very important in IIT since it is required to calibrate the indentation 
depth prior to the calculations. However, Chicot et al. (2009a and 2010b) have shown that it 
was not possible to calibrate the instrument prior to the bulk modulus calculation since the 
compliance value varies to a great extent as a function of the testing conditions; this 
phenomenon is also confirmed by Fischer-Cripps (2004). That is why in practice, we unfixed 
the compliance value and represented the contact stiffness as a function of the contact area 
according to eq. 26. For Vickers micro-indentation and by assuming a perfect contact area, 
i.e. by neglecting the top defect of the indenter, the projected contact area is then equal to: 
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For Vickers indentation, the correction factor γ introduced by Hay et al. (1999) is only 
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   

   

π λ ν ν
γ π

π λ ν ν

1

21

4 0.1548cot 1 2 4 1

2 0.8312 cot 1 2 4 1





    
       

 (30) 

 

where  (= 70.3°) is the semi-vertical angle of a conical indenter having the same area to 
depth ratio as the Vickers indenter (Veprek et al., 2006), i.e. π λ ξ2 2tan 4tan , where  (68°) 
is the semi-angle between the two opposites faces of the pyramid. 
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the bulk modulus of the material according to eq. 29. Then, by considering the elastic 
properties of diamond, i.e. 1140 GPa for the elastic modulus and 0.07 for the Poisson’s ratio 
(Field and Telling, 1999) and by taking 0.3 for the Poisson’s ratio of the material leading to 
1.067 for the correction factor γ, the slope is reduced to 0.1598/ER. As a consequence, the 
reduced modulus is equal to 154.2 GPa and therefore, the bulk modulus of the dense -TCP 
ceramic is equal to 162.1  5.3 GPa. Note that this value is very close to the bulk modulus 
obtained by applying the Marshall’s method.  
 
For spherical indentation, Hertz’s theory for sphere/plane contact provides three useful 
expressions: 

1) The relation between the maximum indentation depth, hm, and the contact 
indentation depth, hc: 

 m ch 2 h   (31) 
 

2) The relation between the applied load, P, and the contact radius, ac, where R is the 
spherical indenter radius: 
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By combining eq. 32 and eq. 33, we may write: 
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The derivation of the applied load compared to the maximum indentation depth leads to the 
following expression: 
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As a consequence, to take into account the frame compliance and relation 31 between hm 
and hc, we expressed the inverse of the contact stiffness as a function of the square root of 
the contact indentation depth as follows: 
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where the correction factor γ, introduced by Hay et al. (1999) for a spherical indenter 
depends on the Poisson's ratio, the contact radius and the sphere indenter radius as follows: 
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Note that to be valid, eq. 31 must be verified. For the dense -TCP ceramic, we plotted in 
figure 11 the contact indentation depth as a function of the maximum indentation depth. 
Figure 11 shows a deviation compared to eq. 31, which occurs for the highest indentation 
depths associated to loads higher than 1 N. That is why the corresponding indentation data 
are not considered for the bulk modulus calculation. Figure 12 represents the inverse of the 
contact stiffness as a function of the contact indentation depth reciprocal in the case of 
spherical indentations. 

 
Fig. 11. hc versus hm for spherical indentation performed on the dense -TCP ceramic. 

 
Fig. 12. 1/S as a function of 1/hc0.5 for spherical IIT performed on the dense -TCP ceramic. 
 
Figure 12 confirms a linear variation that allows neglecting the correction factor, eq. 37, 
introduced by Hay et al. (1999) for spherical indentation which will lead to a non linear 
representation of the experimental data. The slope is proportional to the reduced modulus 
by 0.0354/ER since the spherical indenter radius is equal to 100 µm. In this condition, the 
reduced modulus is equal to 135.6 GPa. By considering the elastic modulus and the 
Poisson’s ratio of 540 GPa and 0.2 for the elastic properties of the tungsten carbide spherical 
indenter, the bulk modulus of the material is then equal to 162.6  10 GPa, which is the same 
value found by Vickers indentation and by Marshall’s method. 

 
3.4 Bulk modulus of thin films 
For a massive material, the inverse of the contact stiffness is a linear function of the inverse 
of the contact indentation depth obtained from Vickers indentation (Fig. 10), the 
corresponding slope being linked to the bulk modulus of the material. Then, instrumented 
indentation tests performed on a thin film would give a straight line when the substrate 
does not interfere with the measurement. On the contrary, the influence of the substrate is 
determined by two asymptotic limits corresponding to straight lines associated to the 
substrate behaviour for highest applied loads and to the film behaviour for the lowest 
applied loads, respectively. This phenomenon generally occurs for usual loads in micro-
indentation and jointly for thin films. Figure 13 represents schematically the indentation 
results, which would be obtained from indentations performed on a hard film deposited 
onto a soft substrate. 
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By combining eq. 32 and eq. 33, we may write: 
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Figure 12 confirms a linear variation that allows neglecting the correction factor, eq. 37, 
introduced by Hay et al. (1999) for spherical indentation which will lead to a non linear 
representation of the experimental data. The slope is proportional to the reduced modulus 
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indenter, the bulk modulus of the material is then equal to 162.6  10 GPa, which is the same 
value found by Vickers indentation and by Marshall’s method. 

 
3.4 Bulk modulus of thin films 
For a massive material, the inverse of the contact stiffness is a linear function of the inverse 
of the contact indentation depth obtained from Vickers indentation (Fig. 10), the 
corresponding slope being linked to the bulk modulus of the material. Then, instrumented 
indentation tests performed on a thin film would give a straight line when the substrate 
does not interfere with the measurement. On the contrary, the influence of the substrate is 
determined by two asymptotic limits corresponding to straight lines associated to the 
substrate behaviour for highest applied loads and to the film behaviour for the lowest 
applied loads, respectively. This phenomenon generally occurs for usual loads in micro-
indentation and jointly for thin films. Figure 13 represents schematically the indentation 
results, which would be obtained from indentations performed on a hard film deposited 
onto a soft substrate. 
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Fig. 13. Shematic representation of the contact stiffness variation of a coated system (hard 
film on soft substrate). 
 
To represent correctly this behaviour, it is clear that an analytic model should consider the 
two limits, those of the film and of the substrate behaviours. The model proposed by 
Tricoteaux et al. (2010) is based on that of Korsunsky et al. (1998) initially developed for 
hardness measurement (eq. 21). Indeed, this model considers two asymptotic limits for the 
representation of the measured hardness of a coated material as a function of the relative 
indentation depth. Then, Tricoteaux et al. (2010) similarly suggested transposing eq. 16 
devoted to hardness calculation, to the contact stiffness as follow: 
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where SC, SS and SF are the contact stiffness corresponding to the composite material 
(substrate + film), the substrate and the film respectively. a(hc) represents the film 
contribution which depends on the contact depth. 
By combining eq. 21, eq. 26 and eq. 38, we obtained the following expression for 
determining the bulk modulus of the film: 
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where ERF and ERS are defined according to the relation (27) for the film and the substrate, 
respectively. 
From a general point of view, eq. 39 can be simply presented as follows, where the 
coefficients Pi are fitting parameters allowing the determination of the elastic properties: 
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By comparing eq. 40 to eq. 39, we observed that the parameter P2 only depends on the bulk 
modulus of the substrate, whereas P3 depends on both substrate modulus and film modulus. 
As an example, the model is applied on TiCN PECVD thin films with film thickness of 2.2 
m deposited on a stainless steel substrate. Figure 14 shows a very good fit of the 
experimental data with a correlation coefficient R2 very close to 1.  
 

 
Fig. 14. Model for bulk modulus calculation of thin film applied to a TiCN thin film of 2.2 
m in thickness. 
 
From the fitting parameters, the calculated value of the bulk modulus of the film is equal to 
476 GPa in agreement with the values given by Karlsson et al. (2000) for similar coatings. 
Note that the bulk modulus of the substrate can be considered as unknown parameters. In 
this case, the model has been applied and the bulk modulus deduced from P2 has been 
found to be equal to 232 GPa, which is a reasonable value. 

 
4. Tensile mechanical properties 

The true-stress and true-strain determined by uniaxial tensile tests are equivalent to 
spherical indentation stress and strain through the following expressions (Herbert et al., 
2001): 
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Fig. 13. Shematic representation of the contact stiffness variation of a coated system (hard 
film on soft substrate). 
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where SC, SS and SF are the contact stiffness corresponding to the composite material 
(substrate + film), the substrate and the film respectively. a(hc) represents the film 
contribution which depends on the contact depth. 
By combining eq. 21, eq. 26 and eq. 38, we obtained the following expression for 
determining the bulk modulus of the film: 
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where ERF and ERS are defined according to the relation (27) for the film and the substrate, 
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where pm is the mean pressure equivalent to the Meyer hardness calculated for spherical 
indentation, ac is the contact radius and R the nominal radius of the indenter. Note that the 
ratio is sometimes taken equal to 2.8. 
The mean pressure is calculated by: 
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It is important to note that eq. 41 and eq. 42 are applicable in the limit of a fully developed 
plastic contact, i.e. when ac/R is close to 0.16 independently of the magnitude of the non-
dimensional parameter y/E and the Poisson’s ratio of the material. Moreover, in order to 
represent the plastic domain in tensile stress-strain deformation, different relations can be 
employed (Hollomon, 1945; Swift, 1952; Ludwik, 1909), the Hollomon’s law being probably 
the most used: 
 σ ε Hn

HK   (44) 
 

where KH and nH are the strength coefficient and the strain-hardening exponent, 
respectively. 
In order to be valid, the stress expressed in eq. 44 must be calculated considering the plastic 
strain. In practice when Hollomon’s law is not verified, the Ludwik’s law is preferred to the 
Swift’s law: 
 σ σ ε Ln

y LK    (45) 
 

where KL and nL are the strength coefficient and the strain-hardening exponent, 
corresponding to this law, respectively. 
From Hollomon’s law, Alcala et al. (2000) combined equations (42), (43) and (44) to write: 
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Matthews (1980) by analyzing work-hardening materials following eq. 43 and eq. 44 
provided an alternative expression for the mean contact pressure, pm: 
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Based on the Ludwik’s law, Huang et al. (2007) suggested representing the mean pressure as 
the function of the flow stress, flow, and taking into account the indentation size effect as 
follows: 
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where   represents the ISE in spherical indentation. The stress, ref, and the function, f, are 
deduced from Ludwik’s law as follows: 
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Then, by combining relations (42), (48) and (49), it is possible to express the applied load as a 
function of the indentation depth over the entire loading curve: 
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On the other hand, Gao (2006) proposed the introduction of strain-hardening and 
indentation size effect for conical and spherical indentation tests in the expanding cavity 
models (ECMs). The author expressed the ratio between the mean pressure, pm, and the 
yield stress, y, as a function of the contact radius to the indenter tip radius ratio. The 
proposed relations depend on the mechanical behaviour of the tested material and on the 
shape of the indenter. 
Then, for spherical indentation, the relations are: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
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- For elastic perfectly plastic with strain gradient effect, factor c, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, factor c, 
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where pm is the mean pressure equivalent to the Meyer hardness calculated for spherical 
indentation, ac is the contact radius and R the nominal radius of the indenter. Note that the 
ratio is sometimes taken equal to 2.8. 
The mean pressure is calculated by: 
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It is important to note that eq. 41 and eq. 42 are applicable in the limit of a fully developed 
plastic contact, i.e. when ac/R is close to 0.16 independently of the magnitude of the non-
dimensional parameter y/E and the Poisson’s ratio of the material. Moreover, in order to 
represent the plastic domain in tensile stress-strain deformation, different relations can be 
employed (Hollomon, 1945; Swift, 1952; Ludwik, 1909), the Hollomon’s law being probably 
the most used: 
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where KH and nH are the strength coefficient and the strain-hardening exponent, 
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In order to be valid, the stress expressed in eq. 44 must be calculated considering the plastic 
strain. In practice when Hollomon’s law is not verified, the Ludwik’s law is preferred to the 
Swift’s law: 
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where KL and nL are the strength coefficient and the strain-hardening exponent, 
corresponding to this law, respectively. 
From Hollomon’s law, Alcala et al. (2000) combined equations (42), (43) and (44) to write: 
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Matthews (1980) by analyzing work-hardening materials following eq. 43 and eq. 44 
provided an alternative expression for the mean contact pressure, pm: 
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Based on the Ludwik’s law, Huang et al. (2007) suggested representing the mean pressure as 
the function of the flow stress, flow, and taking into account the indentation size effect as 
follows: 
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where   represents the ISE in spherical indentation. The stress, ref, and the function, f, are 
deduced from Ludwik’s law as follows: 
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Then, by combining relations (42), (48) and (49), it is possible to express the applied load as a 
function of the indentation depth over the entire loading curve: 
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- For elastic perfectly plastic with strain gradient effect, factor c, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, factor c, 
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(54) 

 
And for Vickers indentations where  is defined in eq. 30, the relations are deduced from 
those for conical indentations: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
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- For elastic perfectly plastic with strain gradient effect, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, 
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Note that relations (55) to (58) correspond to the extended relations (9) and (12). Then, the 
second terms in eq. 56 and eq. 58 can be also associated with the zero shift P0 in eq. 12. 
Independently of that, the determination of the tensile mechanical properties without any 
prior information on the mechanical behaviour of the material can be obtained by fitting 
these relations, allowing the determination of the yield stress, y, strength coefficient, KH or 
KL, strain-hardening exponent, nH or nL, elastic modulus, E, and the constants, c or  , 
characterizing the indentation size effect or the zero shift. A discussion about the value of 
these parameters must be helpful for identifying the mechanical behaviour of the material. 
As an example, for studying the mechanical behaviour of the dense -TCP ceramic, we 
plotted the indentation stress-strain data (Fig. 15) where the mean pressure under a sphere 
to plane contact is calculated by applying relation (43) and the ratio (ac/R) is calculated from 
eq. 33, where hm represents the indentation depth reached during the indentation test. In 
addition by combining eq. 32 and eq. 43, we may express the mean pressure as a function of 
the ratio (ac/R) as follows: 
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By taking into account the reduced modulus of the dense -TCP ceramic equal to 135.5 GPa 
for spherical indentation (see part 3.3), we plot eq. 59 in figure 15 where the dash straight 
line corresponds to the theoretical Hertzian elastic response. As it is clearly seen, the 
Hertzian theory is verified until a limit value, py, which corresponds to the yield indentation 
stress as earlier demonstrated by Zhu et al. (2008). 
 

 
Fig. 15.  Indentation stress-strain curve deduced from spherical IIT performed on the dense 
-TCP ceramic. 
 
For modelling the plastic domain of the dense -TCP ceramic, we consider the indentation 
data drawn from spherical indentations for which the applied loads give a mean pressure 
higher than 5.5 GPa that seems to be the limit, py, between elastic and plastic domains as 
shown in figure 15. Without any information about the mechanical behaviour of such a 
ceramic, we applied the models of Alcala et al. (2000), Matthews (1980) and Huang et al. 
(2007) and the expanding cavity models developed for elastic perfectly plastic materials and 
for elastic strain-hardening materials by Gao (2006). Table 5 collects the values of the 
mechanical parameters according to the tested models. 
 

 Spherical indentations Vickers indentations 
Eq. n° (46)  (47) (50)  (51)  (52)  (53)  (54)  (55)  (56)  (57)  (58) 

KH, KL (GPa) 21.7 21.4 7.4 - - - - - - - - 
nH, nL 0.60 0.60 0.18 - - - 0.60 - 0.65 - - 0.14 0.16 

y (GPa) - - 1.8 6.6 6.0 8.2 8.3 2.1 2.2 1.8 1.8 
E (GPa) - - - 165 159 122 118 162 157 155 135 
 (µm) - - -0.047 - - - - - - - - 

c (N) - - - - - 0.95 - 0.03 - 0.03 - 0.03 
Table 5. Tensile mechanical properties deduced from the different models applied to 
spherical and Vickers IIT performed on the dense -TCP ceramic. 
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- For elastic perfectly plastic with strain gradient effect, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, 
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Note that relations (55) to (58) correspond to the extended relations (9) and (12). Then, the 
second terms in eq. 56 and eq. 58 can be also associated with the zero shift P0 in eq. 12. 
Independently of that, the determination of the tensile mechanical properties without any 
prior information on the mechanical behaviour of the material can be obtained by fitting 
these relations, allowing the determination of the yield stress, y, strength coefficient, KH or 
KL, strain-hardening exponent, nH or nL, elastic modulus, E, and the constants, c or  , 
characterizing the indentation size effect or the zero shift. A discussion about the value of 
these parameters must be helpful for identifying the mechanical behaviour of the material. 
As an example, for studying the mechanical behaviour of the dense -TCP ceramic, we 
plotted the indentation stress-strain data (Fig. 15) where the mean pressure under a sphere 
to plane contact is calculated by applying relation (43) and the ratio (ac/R) is calculated from 
eq. 33, where hm represents the indentation depth reached during the indentation test. In 
addition by combining eq. 32 and eq. 43, we may express the mean pressure as a function of 
the ratio (ac/R) as follows: 

 
π
R c

m
4E aP
3 R

  with C ma h
R R

  (59) 

 

By taking into account the reduced modulus of the dense -TCP ceramic equal to 135.5 GPa 
for spherical indentation (see part 3.3), we plot eq. 59 in figure 15 where the dash straight 
line corresponds to the theoretical Hertzian elastic response. As it is clearly seen, the 
Hertzian theory is verified until a limit value, py, which corresponds to the yield indentation 
stress as earlier demonstrated by Zhu et al. (2008). 
 

 
Fig. 15.  Indentation stress-strain curve deduced from spherical IIT performed on the dense 
-TCP ceramic. 
 
For modelling the plastic domain of the dense -TCP ceramic, we consider the indentation 
data drawn from spherical indentations for which the applied loads give a mean pressure 
higher than 5.5 GPa that seems to be the limit, py, between elastic and plastic domains as 
shown in figure 15. Without any information about the mechanical behaviour of such a 
ceramic, we applied the models of Alcala et al. (2000), Matthews (1980) and Huang et al. 
(2007) and the expanding cavity models developed for elastic perfectly plastic materials and 
for elastic strain-hardening materials by Gao (2006). Table 5 collects the values of the 
mechanical parameters according to the tested models. 
 

 Spherical indentations Vickers indentations 
Eq. n° (46)  (47) (50)  (51)  (52)  (53)  (54)  (55)  (56)  (57)  (58) 

KH, KL (GPa) 21.7 21.4 7.4 - - - - - - - - 
nH, nL 0.60 0.60 0.18 - - - 0.60 - 0.65 - - 0.14 0.16 

y (GPa) - - 1.8 6.6 6.0 8.2 8.3 2.1 2.2 1.8 1.8 
E (GPa) - - - 165 159 122 118 162 157 155 135 
 (µm) - - -0.047 - - - - - - - - 

c (N) - - - - - 0.95 - 0.03 - 0.03 - 0.03 
Table 5. Tensile mechanical properties deduced from the different models applied to 
spherical and Vickers IIT performed on the dense -TCP ceramic. 



Ceramic Materials 140

It is noticeable that the models of Alcala et al. (2000), eq. 46, and Matthews (1980), eq. 47, 
give the same values for the strain-hardening exponent, nH, and for the strength coefficient, 
KH, which lead to the same representative curve in figure 16a. Contrarily, the model of 
Huang et al. (2007) allows a better fit of the experimental data (Fig. 16a) but gives very 
different parameters since it considers the Ludwik’s law instead of the Hollomon’s law. 
 

  
Fig. 16.  Models representing a) pm = f(ac/R) for spherical IIT and b) P = f(h2) for ECM and 
Vickers IIT performed on the dense -TCP ceramic.  
 
On the other hand, even if the expanding cavity models are able to adequately represent the 
experimental data, some values indicated in table 5 have no physical meaning such as the 
negative value for the work-hardening exponent. In the other cases of ECMs, the bulk 
modulus is in a good agreement with the theoretical value. Additionally, it can be seen that 
the introduction of the ISE has no significant influence on the values of the tensile 
parameters. For ECMs, eq. 55 to eq. 58, the bulk modulus is close to 160 GPa as already 
found by spherical indentations. However, the yield stress is three times less but of the same 
order of magnitude than the value found by the model of Huang et al. (2007). This 
difference has been observed by Zhu et al. (2008) who have highlighted the influence of the 
spherical indenter radius on the yield indentation stress. On the other hand, it is very 
interesting to note that the coefficients in the Ludwik’s law deduced from the application of 
the model of Huang et al. (2007), eq. 50, are the same than those obtained by the expanding 
cavity model in the case of an elastic strain-hardening behaviour by considering or not the 
indentation size effect in the ECM developed for Vickers indentation, as shown in figure 16b. 
As a result, we can conclude that the tensile mechanical properties of the dense -TCP 
ceramic in the non elastic domain can be modelled by Ludwik’s law as follows, when the 
stress is expressed in GPa: 
 

 σ ε0.181.8 7.4    (60) 

 
5. Vickers Indentation Fracture Toughness 

The Vickers indentation test is often used for determining the fracture toughness of ceramics. 
This method consists in indenting the ceramic with a Vickers indenter in order to generate 
cracks at the extremities of the indent. Afterwards, the toughness is calculated from the 

dimensions of the indent diagonals and of the crack lengths. Since the Vickers Indentation 
Fracture (VIF) test is not standard, the calculated value for the toughness is called Kc instead 
of KIc. In practice, it is generally admitted that the cracks can be developed following radial-
median or Palmqvist modes as represented in figure 17. 
 

 
 

Fig. 17. Schematic representation of Vickers indentation cracks according to radial-median 
and Palmqvist modes. 
 
The Vickers Indentation Fracture toughness can be calculated from various relationships 
depending on the load, indent diagonal, cracks length and Young’s modulus to hardness 
ratio. Ponton & Rawlings (1989) have collected close to 20 crack equations depending on the 
cracking mode. More recently, Chicot et al. (2009b) have compared these relations and 
proposed to consider the average relations as follows according to the cracking mode: 
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Obviously, Kc must be an intrinsic parameter of the material, then the ratios (P/c3/2) and 
(P/adl1/2) of eq. 61 and eq. 62 should be constant independently of the applied load. In 
addition, eq. 62 is connected to the indent half diagonal, ad, which is load dependent due to 
the indentation size effect. The simplest mathematical relation between the half-diagonal ad 
and the load P is given by the Meyer’s law (1908) (Table 3). By introducing Meyer’s law into 
eq. 62, we may write the two following proportionality relations: 
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It is noticeable that the models of Alcala et al. (2000), eq. 46, and Matthews (1980), eq. 47, 
give the same values for the strain-hardening exponent, nH, and for the strength coefficient, 
KH, which lead to the same representative curve in figure 16a. Contrarily, the model of 
Huang et al. (2007) allows a better fit of the experimental data (Fig. 16a) but gives very 
different parameters since it considers the Ludwik’s law instead of the Hollomon’s law. 
 

  
Fig. 16.  Models representing a) pm = f(ac/R) for spherical IIT and b) P = f(h2) for ECM and 
Vickers IIT performed on the dense -TCP ceramic.  
 
On the other hand, even if the expanding cavity models are able to adequately represent the 
experimental data, some values indicated in table 5 have no physical meaning such as the 
negative value for the work-hardening exponent. In the other cases of ECMs, the bulk 
modulus is in a good agreement with the theoretical value. Additionally, it can be seen that 
the introduction of the ISE has no significant influence on the values of the tensile 
parameters. For ECMs, eq. 55 to eq. 58, the bulk modulus is close to 160 GPa as already 
found by spherical indentations. However, the yield stress is three times less but of the same 
order of magnitude than the value found by the model of Huang et al. (2007). This 
difference has been observed by Zhu et al. (2008) who have highlighted the influence of the 
spherical indenter radius on the yield indentation stress. On the other hand, it is very 
interesting to note that the coefficients in the Ludwik’s law deduced from the application of 
the model of Huang et al. (2007), eq. 50, are the same than those obtained by the expanding 
cavity model in the case of an elastic strain-hardening behaviour by considering or not the 
indentation size effect in the ECM developed for Vickers indentation, as shown in figure 16b. 
As a result, we can conclude that the tensile mechanical properties of the dense -TCP 
ceramic in the non elastic domain can be modelled by Ludwik’s law as follows, when the 
stress is expressed in GPa: 
 

 σ ε0.181.8 7.4    (60) 

 
5. Vickers Indentation Fracture Toughness 

The Vickers indentation test is often used for determining the fracture toughness of ceramics. 
This method consists in indenting the ceramic with a Vickers indenter in order to generate 
cracks at the extremities of the indent. Afterwards, the toughness is calculated from the 

dimensions of the indent diagonals and of the crack lengths. Since the Vickers Indentation 
Fracture (VIF) test is not standard, the calculated value for the toughness is called Kc instead 
of KIc. In practice, it is generally admitted that the cracks can be developed following radial-
median or Palmqvist modes as represented in figure 17. 
 

 
 

Fig. 17. Schematic representation of Vickers indentation cracks according to radial-median 
and Palmqvist modes. 
 
The Vickers Indentation Fracture toughness can be calculated from various relationships 
depending on the load, indent diagonal, cracks length and Young’s modulus to hardness 
ratio. Ponton & Rawlings (1989) have collected close to 20 crack equations depending on the 
cracking mode. More recently, Chicot et al. (2009b) have compared these relations and 
proposed to consider the average relations as follows according to the cracking mode: 
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Obviously, Kc must be an intrinsic parameter of the material, then the ratios (P/c3/2) and 
(P/adl1/2) of eq. 61 and eq. 62 should be constant independently of the applied load. In 
addition, eq. 62 is connected to the indent half diagonal, ad, which is load dependent due to 
the indentation size effect. The simplest mathematical relation between the half-diagonal ad 
and the load P is given by the Meyer’s law (1908) (Table 3). By introducing Meyer’s law into 
eq. 62, we may write the two following proportionality relations: 
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Then the cracking mode can be identified by comparing the experimental slope of ln c = f (ln 
P) to 2/3 or the experimental slope of ln l = f (ln P) to 2(1 – 1/n) for Radial-median and 
Palmqvist cracking modes, respectively. 
However, in some cases, neither of these proportionality relations is verified because the 
cracking mechanism does not correspond to the usual cracking modes but to an 
intermediate state. Based on the cracking toughness relations from Miranzo et al. (1984) and 
on the work of Chicot et al. (2009b), we suggest the following expression to calculate VIF 
toughness for an intermediate cracking mode: 
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where  and  are constants depending on the material, q is a constant ranging between 0 
and 1 that describes the intermediate cracking mode and f(E/Hv) is a function which 
depends on the Young’s modulus and the Vickers hardness as follows: 
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The two constants  and  are calculated by considering the two limit conditions for eq. 65. 
Indeed, when q = 0, Kc(I-M) corresponds to the Radial-median cracking mode (eq. 61) and 
when q = 1, Kc(I-M) corresponds to the Palmqvist cracking mode (eq. 62). Afterwards the 
exponent q is calculated from the following relation: 
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where s corresponds to the experimental slope of ln c = f (ln P) and n to the Meyer’s index.   
This methodology is applied on annealed bioglass (55 SiO2 - 13.5 CaO - 31.5 Na2O). However, 
as shown on Figure 18 for this type of very brittle materials, a secondary crack network 
appears in the vicinity of the four indent edges in addition to the main cracks generated at 
the four indent extremities. According to Roman et al. (2002), a mean crack length 
corresponding to an equivalent four cracks network is calculated by dividing the total cracks 
length by four. 
 

 
Fig. 18. Optical micrograph of the crack network resulting from Vickers indentation test 
performed on the (55 SiO2 - 13.5 CaO - 31.5 Na2O) bioglass. 

For this bioglass, the Young’s modulus and the Vickers hardness are equal to 63.6 GPa and 
5.15 GPa, respectively and Meyer’s index n is equal to 1.88.  Figure 19 shows that cracking 
corresponds to an intermediate mode. Indeed, the slope s of ln c = f (ln P) is equal to 0.815, 
very different to the theoretical value 2/3 for a radial-median cracking mode. Moreover, the 
slope of ln l = f (ln P) is experimentally equal to 1.068, which is also different of the 
theoretical value 2(1-1/n) = 0.936 calculated from the Meyer’s index (eq. 64) for a Palmqvist 
cracking mode. As a result, the exponent q calculated from eq. 67 is equal to 0.78 which is an 
intermediate value between 0 (Radial-median) and 1 (Palmqvist), the constants  and  in eq. 
66 are equal to 0.0169 and 0.0065, respectively, found by equating the toughness calculation 
to the two limits. The VIF toughness Kc is found equal to 1 MPa.m1/2, which is very close to 
the toughness measured by Rajendran et al. (2002) on SiO2-CaO-Na2O-P2O5 bioglasses. 
 

 
Fig. 19. Crack length criterion applied to results obtained on a SiO2-CaO-Na2O bioglass. 

 
6. Adhesive properties of ceramic coatings 

6.1 Scratch test 
Heavens (1950), was the first to propose that the scratch test could be used for a qualitative 
evaluation of coating adhesion. Later, Benjamin and Weaver (1960) presented the first 
analysis by this test and proposed a model to connect the critical applied load, Lc, with the 
mechanical properties of the substrate and the adhesion of the coating. After, the scratch test 
has been used extensively for adhesion characterization of hard coatings such as TiN or TiC 
on steel (Laeng and Steinmann, 1981; Perry et al., 1981; Mittal, 1987). Generally, a Rockwell 
diamond tip is moved on the film at a constant velocity while a constant normal force 
(Laeng and Steinmann, 1981) or an increasing normal force is applied with a constant 
loading rate (Steinmann et al., 1987). During the indentation scratch test, the indenter 
introduces stresses at the interface between film and substrate causing delamination or 
chipping of the film. The adhesive property is then represented by the critical load at which 
the failure of the film is detected. The film failure characterized by the critical load, LC, can 
be determined by the change in friction or in acoustic emission, or by observation of the 
scratch track. Moreover, the intensity of the acoustic emission depends on the type of film 
failure during the adhesion test e.g. cracking, chipping (cohesive failure) and delamination 
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Then the cracking mode can be identified by comparing the experimental slope of ln c = f (ln 
P) to 2/3 or the experimental slope of ln l = f (ln P) to 2(1 – 1/n) for Radial-median and 
Palmqvist cracking modes, respectively. 
However, in some cases, neither of these proportionality relations is verified because the 
cracking mechanism does not correspond to the usual cracking modes but to an 
intermediate state. Based on the cracking toughness relations from Miranzo et al. (1984) and 
on the work of Chicot et al. (2009b), we suggest the following expression to calculate VIF 
toughness for an intermediate cracking mode: 
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where  and  are constants depending on the material, q is a constant ranging between 0 
and 1 that describes the intermediate cracking mode and f(E/Hv) is a function which 
depends on the Young’s modulus and the Vickers hardness as follows: 
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The two constants  and  are calculated by considering the two limit conditions for eq. 65. 
Indeed, when q = 0, Kc(I-M) corresponds to the Radial-median cracking mode (eq. 61) and 
when q = 1, Kc(I-M) corresponds to the Palmqvist cracking mode (eq. 62). Afterwards the 
exponent q is calculated from the following relation: 
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where s corresponds to the experimental slope of ln c = f (ln P) and n to the Meyer’s index.   
This methodology is applied on annealed bioglass (55 SiO2 - 13.5 CaO - 31.5 Na2O). However, 
as shown on Figure 18 for this type of very brittle materials, a secondary crack network 
appears in the vicinity of the four indent edges in addition to the main cracks generated at 
the four indent extremities. According to Roman et al. (2002), a mean crack length 
corresponding to an equivalent four cracks network is calculated by dividing the total cracks 
length by four. 
 

 
Fig. 18. Optical micrograph of the crack network resulting from Vickers indentation test 
performed on the (55 SiO2 - 13.5 CaO - 31.5 Na2O) bioglass. 

For this bioglass, the Young’s modulus and the Vickers hardness are equal to 63.6 GPa and 
5.15 GPa, respectively and Meyer’s index n is equal to 1.88.  Figure 19 shows that cracking 
corresponds to an intermediate mode. Indeed, the slope s of ln c = f (ln P) is equal to 0.815, 
very different to the theoretical value 2/3 for a radial-median cracking mode. Moreover, the 
slope of ln l = f (ln P) is experimentally equal to 1.068, which is also different of the 
theoretical value 2(1-1/n) = 0.936 calculated from the Meyer’s index (eq. 64) for a Palmqvist 
cracking mode. As a result, the exponent q calculated from eq. 67 is equal to 0.78 which is an 
intermediate value between 0 (Radial-median) and 1 (Palmqvist), the constants  and  in eq. 
66 are equal to 0.0169 and 0.0065, respectively, found by equating the toughness calculation 
to the two limits. The VIF toughness Kc is found equal to 1 MPa.m1/2, which is very close to 
the toughness measured by Rajendran et al. (2002) on SiO2-CaO-Na2O-P2O5 bioglasses. 
 

 
Fig. 19. Crack length criterion applied to results obtained on a SiO2-CaO-Na2O bioglass. 

 
6. Adhesive properties of ceramic coatings 

6.1 Scratch test 
Heavens (1950), was the first to propose that the scratch test could be used for a qualitative 
evaluation of coating adhesion. Later, Benjamin and Weaver (1960) presented the first 
analysis by this test and proposed a model to connect the critical applied load, Lc, with the 
mechanical properties of the substrate and the adhesion of the coating. After, the scratch test 
has been used extensively for adhesion characterization of hard coatings such as TiN or TiC 
on steel (Laeng and Steinmann, 1981; Perry et al., 1981; Mittal, 1987). Generally, a Rockwell 
diamond tip is moved on the film at a constant velocity while a constant normal force 
(Laeng and Steinmann, 1981) or an increasing normal force is applied with a constant 
loading rate (Steinmann et al., 1987). During the indentation scratch test, the indenter 
introduces stresses at the interface between film and substrate causing delamination or 
chipping of the film. The adhesive property is then represented by the critical load at which 
the failure of the film is detected. The film failure characterized by the critical load, LC, can 
be determined by the change in friction or in acoustic emission, or by observation of the 
scratch track. Moreover, the intensity of the acoustic emission depends on the type of film 
failure during the adhesion test e.g. cracking, chipping (cohesive failure) and delamination 
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(adhesive failure). The scratch test often uses an optical microscope to confirm the critical 
load. Nevertheless, it is often difficult to identify representative damage of interfacial 
decohesion and mechanical origins of damages. In addition, Sekler et al. (1988) discussed 
widely about the different techniques for determining the critical load of coated systems 
(microscopy, acoustic emission, and normal, tangential and lateral forces). In addition to the 
LC calculation, Benayoun et al. (1999) presented different expressions for the film/substrate 
adhesion energy. Indeed, the expression for the critical shearing, C, given by Benjamin and 
Weaver (1960), Weaver (1975) and Perry et al. (1981) is:  
 

 τ

0.52
C C

C
d dkH 1
2R 2R


                

 (68) 

 

where H is the hardness of the sample, dC the scratch track width obtained at the critical 
load and R the tip radius of the indenter. k a numerical coefficient between 0.2 and 1. 
Felder and Laugier (1992) proposed a similar expression: 
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where pm is the mean indentation pressure for a given critical load LC. 
As an example, figure 20 shows the results of an indentation scratch test obtained for a 
progressive load scratch (0.1 – 15 mN) on a polymer topcoat. This figure representing 
penetration depth (Pd), residual depth (Rd) and normal load during post-scan (FnP) signals 
clearly shows the critical load (LC1) which corresponds exactly to the fracture point on the 
optical micrograph (CSM Bulletin, 2008). 
 

 
Fig. 20. Scratch test results for a progressive load scratch (0.1 – 15 mN) on a polymer topcoat. 

6.2 Interface Indentation Test 
Vickers indentation tests performed at the interface between a thick coating and its substrate 
can create and propagate a crack located in the plane of the interface, as it can be seen in 
figure 21 (Chicot et al., 1996). 
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Fig. 21. a) Principle, b) half-penny crack, c) crack located in the plane of the interface and d) 
deviation of the crack towards the coating. The Vickers indentation test was performed at 
the interface of a Cr3C2/NiCr coating deposited on low carbon steel.  
 
The test consists in measuring the crack lengths as a function of the applied load and to 
calculate the apparent interface toughness using an expression resulting from the analysis of 
different models developed for determining toughness of brittle massive materials by 
indentation. For the interfacial indentation, it was emphasized that the indented material, 
composed of substrate, coating and interface itself, can be considered as a unique brittle 
material (Chicot et al., 1996). The methodology is the following: 

1) Obtaining a polished cross-section of the coated sample, in order to perform Vickers 
indentation tests with different applied loads, for which the indent diagonal must be 
coincident with the coating/substrate interface; 

2) For each indentation test, measuring the value of the half indent diagonal (d/2) and 
the crack length (c), both at the interface;  

3) Plotting these data as a function of the applied load in bi-logarithmic scale, as 
represented schematically in figure 22; where d/2 = f (P) is called "apparent 
hardness" and c = f (P) the cracking line; 

4) Determining the coordinates of the critical point, (PC, cc) in figure 22, underneath 
which no cracking is observed at the interface and which are used to compute the 
apparent interface toughness of the coating/substrate couple. 
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(adhesive failure). The scratch test often uses an optical microscope to confirm the critical 
load. Nevertheless, it is often difficult to identify representative damage of interfacial 
decohesion and mechanical origins of damages. In addition, Sekler et al. (1988) discussed 
widely about the different techniques for determining the critical load of coated systems 
(microscopy, acoustic emission, and normal, tangential and lateral forces). In addition to the 
LC calculation, Benayoun et al. (1999) presented different expressions for the film/substrate 
adhesion energy. Indeed, the expression for the critical shearing, C, given by Benjamin and 
Weaver (1960), Weaver (1975) and Perry et al. (1981) is:  
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where H is the hardness of the sample, dC the scratch track width obtained at the critical 
load and R the tip radius of the indenter. k a numerical coefficient between 0.2 and 1. 
Felder and Laugier (1992) proposed a similar expression: 
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where pm is the mean indentation pressure for a given critical load LC. 
As an example, figure 20 shows the results of an indentation scratch test obtained for a 
progressive load scratch (0.1 – 15 mN) on a polymer topcoat. This figure representing 
penetration depth (Pd), residual depth (Rd) and normal load during post-scan (FnP) signals 
clearly shows the critical load (LC1) which corresponds exactly to the fracture point on the 
optical micrograph (CSM Bulletin, 2008). 
 

 
Fig. 20. Scratch test results for a progressive load scratch (0.1 – 15 mN) on a polymer topcoat. 

6.2 Interface Indentation Test 
Vickers indentation tests performed at the interface between a thick coating and its substrate 
can create and propagate a crack located in the plane of the interface, as it can be seen in 
figure 21 (Chicot et al., 1996). 
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Fig. 21. a) Principle, b) half-penny crack, c) crack located in the plane of the interface and d) 
deviation of the crack towards the coating. The Vickers indentation test was performed at 
the interface of a Cr3C2/NiCr coating deposited on low carbon steel.  
 
The test consists in measuring the crack lengths as a function of the applied load and to 
calculate the apparent interface toughness using an expression resulting from the analysis of 
different models developed for determining toughness of brittle massive materials by 
indentation. For the interfacial indentation, it was emphasized that the indented material, 
composed of substrate, coating and interface itself, can be considered as a unique brittle 
material (Chicot et al., 1996). The methodology is the following: 

1) Obtaining a polished cross-section of the coated sample, in order to perform Vickers 
indentation tests with different applied loads, for which the indent diagonal must be 
coincident with the coating/substrate interface; 

2) For each indentation test, measuring the value of the half indent diagonal (d/2) and 
the crack length (c), both at the interface;  

3) Plotting these data as a function of the applied load in bi-logarithmic scale, as 
represented schematically in figure 22; where d/2 = f (P) is called "apparent 
hardness" and c = f (P) the cracking line; 

4) Determining the coordinates of the critical point, (PC, cc) in figure 22, underneath 
which no cracking is observed at the interface and which are used to compute the 
apparent interface toughness of the coating/substrate couple. 
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Fig. 22. Schematic representation of the apparent hardness, the cracking line and the critical 
point used to calculate the apparent interface toughness. 
 
During indentation, a plastic deformation zone is created by sharing the combined local 
properties of the coating and of the substrate. Eventually, a local crack may be likely to 
occur in the interface plane if the fracture toughness of this composite interface material is 
attained. The purpose of the interface indentation test is to give a quantitative measurement 
of the apparent fracture toughness. Some general formulations found in the literature 
involve a ratio between elastic modulus and hardness of the material. For the interface 
material, Chicot et al. (1996) proposed to express this parameter as the square root of the 
ratio of the elastic modulus (E) divided by the Vickers hardness (HV) at the interface, by 
considering the mean geometrical features of the substrate and coating couple: 
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where the subscripts i, S and C stand for interface, substrate and coating, respectively. 
Then, by connecting the critical load used to initiate a crack, Pc, and the corresponding half-
indent diagonal, cc, we propose to calculate the apparent interface toughness representing 
the adhesion of the coating on its substrate by the following relation, in a similar way than 
those proposed earlier for bulk materials by Lawn et al. (1980) or Anstis et al. (1981) 
presented as the eq. 61: 
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Vickers applied load: ln (P)
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No cracking Interface cracking  

 Apparent hardness: ln (d/2) 
 Cracking line: ln (c) 

Although this relation is only valid for cracks that are longer than the plastic zone radius, it 
was emphasized that the crack line can be extrapolated at the critical point. Then, the couple 
(PC, cC) can be used for the calculation of an apparent interface toughness, Kca. The critical 
point is chosen because when a crack is formed, its propagation is aided by the bending of 
the coating due to the action of the indenter, which plays the role of a wedge inserted at the 
interface. Consequently the propagation depends on the coating thickness since a thicker 
coating will resist to the bending better than a thinner one. Therefore, the slope of the 
cracking line is affected by the elastic behaviour of the coating. The only point which is not 
concerned is the crack initiation point, (PC, cC). 
 

  
Fig. 23. Interface crack length as a function of the applied load for Cr3C2/NiCr thick coatings 
deposited onto a stainless steel for (a) as-received coated materials and (b) for annealed 
coated materials. 
 

 
Fig. 24. Interfacial indentation toughness as a function of the coating thickness for as-
received and annealed samples. 
 
Figure 23 shows the results of an interfacial indentation test using a Vickers indenter 
applied to Cr3C2/NiCr thick coatings deposited on a stainless steel. Figure 23a shows that 
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Fig. 22. Schematic representation of the apparent hardness, the cracking line and the critical 
point used to calculate the apparent interface toughness. 
 
During indentation, a plastic deformation zone is created by sharing the combined local 
properties of the coating and of the substrate. Eventually, a local crack may be likely to 
occur in the interface plane if the fracture toughness of this composite interface material is 
attained. The purpose of the interface indentation test is to give a quantitative measurement 
of the apparent fracture toughness. Some general formulations found in the literature 
involve a ratio between elastic modulus and hardness of the material. For the interface 
material, Chicot et al. (1996) proposed to express this parameter as the square root of the 
ratio of the elastic modulus (E) divided by the Vickers hardness (HV) at the interface, by 
considering the mean geometrical features of the substrate and coating couple: 
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where the subscripts i, S and C stand for interface, substrate and coating, respectively. 
Then, by connecting the critical load used to initiate a crack, Pc, and the corresponding half-
indent diagonal, cc, we propose to calculate the apparent interface toughness representing 
the adhesion of the coating on its substrate by the following relation, in a similar way than 
those proposed earlier for bulk materials by Lawn et al. (1980) or Anstis et al. (1981) 
presented as the eq. 61: 
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Although this relation is only valid for cracks that are longer than the plastic zone radius, it 
was emphasized that the crack line can be extrapolated at the critical point. Then, the couple 
(PC, cC) can be used for the calculation of an apparent interface toughness, Kca. The critical 
point is chosen because when a crack is formed, its propagation is aided by the bending of 
the coating due to the action of the indenter, which plays the role of a wedge inserted at the 
interface. Consequently the propagation depends on the coating thickness since a thicker 
coating will resist to the bending better than a thinner one. Therefore, the slope of the 
cracking line is affected by the elastic behaviour of the coating. The only point which is not 
concerned is the crack initiation point, (PC, cC). 
 

  
Fig. 23. Interface crack length as a function of the applied load for Cr3C2/NiCr thick coatings 
deposited onto a stainless steel for (a) as-received coated materials and (b) for annealed 
coated materials. 
 

 
Fig. 24. Interfacial indentation toughness as a function of the coating thickness for as-
received and annealed samples. 
 
Figure 23 shows the results of an interfacial indentation test using a Vickers indenter 
applied to Cr3C2/NiCr thick coatings deposited on a stainless steel. Figure 23a shows that 
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the influence of the residual stress on the interfacial indentation toughness depends on 
coating thickness. It is remarkable that after an annealing treatment which drastically 
reduces the residual stress state, we obtain a unique value for the interfacial indentation 
toughness independently of the coating thickness (Figure 23b). 
This result is very important as much as the representation of the interfacial indentation 
toughness for as-received coatings as a function of the coating thickness leads to the value 
obtained for annealed samples (Fig. 24). 
As a main conclusion, this result allows the expression of the interfacial indentation 
toughness as a function of the residual stress and the absolute toughness which will be 
obtained for an infinite coating thickness or, consequently, without any residual stress 
(Lesage and Chicot, 2002): 
 

 σ
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1/2
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2Kca Kca c     (72) 

 
where cCO is the critical crack length corresponding to the absolute toughness KcaO and the 
residual stresses R. 
From the adhesion characterisation of a thick coating on its substrate, Araujo et al. (2005) 
reported a detailed discussion of the influence of the residual stress intensity and their 
repartition throughout the coating on the adhesive properties. In addition, Lesage et al. 
(2000a, 2000b) discussed the effect of thermal shocks or hydrogen embrittlement on the 
adhesive properties. 

 
7. Conclusion 

The indentation test is very useful for determining some mechanical properties but the 
results must be discussed with particular attention in order to give sound interpretations. As 
an example: 

- For hardness, it is necessary to provide the indentation testing conditions with which 
the test has been performed. Moreover, a complete determination of the hardness 
requires two parameters, i.e. the macro-hardness corresponding to the hardness 
obtained for an infinite load and a characteristic scale-length depending on the models 
in order to supply the hardness-load variation. 

- For the elastic properties, indentation tests lead to the bulk modulus instead of the 
Young’s modulus. The bulk modulus can be determined by Knoop indentation or by 
analysing the unloading part of a load-depth curve resulting from instrumented 
indentation tests when applying spherical or conical indenters if some precautions are 
taken into account like the introduction of the instrument compliance into the reduced 
modulus calculation. 

- For Vickers indentation fracture toughness, numerous relations are able to give a value 
according to the cracking mode below the indent. Since the experimental 
determination of the cracking mode is very difficult, we suggest a relationship able to 
define the cracking mode through an experimental exponent. In addition, two 
multiplicative coefficients which are material dependent allow the determination of 
comparable values with those given in the literature. 

- For tensile mechanical properties by indentation, two types of approach can be 

employed. One of them is based on Hollomon’s law or Ludwik’s law and the relations 
between tensile stress-strain and indentation stress-strain; the other groups of relations 
are those corresponding to the expanding cavity models, taking into account the 
indenter type and the indentation size effect. In the example shown here, all the 
models were tested in order to show that without any prior information on the tensile 
behaviour of the material, it is very difficult to guaranty the true mechanical behaviour. 
Nevertheless, some models seem to converge toward a unique Ludwik’s law 
representing the tensile plastic domain. 

- For adhesive properties, scratch tests and interfacial indentation tests are helpful to 
give an adhesive parameter. The choice between the two tests is based on the coating 
thickness and on the coating hardness. In addition for thick coatings, the interfacial 
indentation test can give additional information like the influence of the residual 
stresses or thermal treatments effect on the adhesive properties. 
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the influence of the residual stress on the interfacial indentation toughness depends on 
coating thickness. It is remarkable that after an annealing treatment which drastically 
reduces the residual stress state, we obtain a unique value for the interfacial indentation 
toughness independently of the coating thickness (Figure 23b). 
This result is very important as much as the representation of the interfacial indentation 
toughness for as-received coatings as a function of the coating thickness leads to the value 
obtained for annealed samples (Fig. 24). 
As a main conclusion, this result allows the expression of the interfacial indentation 
toughness as a function of the residual stress and the absolute toughness which will be 
obtained for an infinite coating thickness or, consequently, without any residual stress 
(Lesage and Chicot, 2002): 
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where cCO is the critical crack length corresponding to the absolute toughness KcaO and the 
residual stresses R. 
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reported a detailed discussion of the influence of the residual stress intensity and their 
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multiplicative coefficients which are material dependent allow the determination of 
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are those corresponding to the expanding cavity models, taking into account the 
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models were tested in order to show that without any prior information on the tensile 
behaviour of the material, it is very difficult to guaranty the true mechanical behaviour. 
Nevertheless, some models seem to converge toward a unique Ludwik’s law 
representing the tensile plastic domain. 

- For adhesive properties, scratch tests and interfacial indentation tests are helpful to 
give an adhesive parameter. The choice between the two tests is based on the coating 
thickness and on the coating hardness. In addition for thick coatings, the interfacial 
indentation test can give additional information like the influence of the residual 
stresses or thermal treatments effect on the adhesive properties. 
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1. Introduction     

The aesthetics of a dental restoration depends on the chosen material, anatomical form, 
surface texture, translucency and color. This means that, to accurately reproduce the 
appearance of a natural tooth, considering the patterns of reflection and absorption of the 
light is not an easy task (Knispel, 1991; Chu et al., 2004). 
Ceramics have been widely used in dentistry because of their ability to provide excellent 
cosmetic results that mimic natural teeth. They are biocompatible, allow adequate reflection 
and transmission of light, and they exhibit good mechanical strength when subjected to 
masticatory efforts (Holloway & Miller, 1997). The rapid development of ceramic systems 
and processing enabled the treatment of teeth in both the anterior and posterior areas, with 
the primary objectives of properly restoring form, function and aesthetic excellence without 
the presence of metal. 

 
2. History of dental ceramics 

2.1 First porcelains   
Ceramics are probably the oldest materials developed by man. Fragments of ceramic 
utensils, dated 30,000 years BC, helped archaeologists study the behavior of our ancestors. 
In 1774, the French pharmacist, Alexis Duchateau, dissatisfied with his dentures in ivory, 
noticed that the ceramic utensils used in handling chemical formulations resisted abrasion 
caused by the products used, and maintained their color. He suggested that porcelain could 
be considered as a possible replacement for missing teeth. Later, Duchateau, with the 
collaboration of a dentist named Nicholas Dubois De Chemant, managed to fabricate the 
first dental porcelain composition based on "green" traditional porcelain (50% kaolin clay or 
Chinese - Al2 O3 SiO2 2H2O, 25 % feldspar - K2O Al2O3 6SiO2  and 25% silica or quartz - 
SiO2). However, the prostheses made with these materials were abandoned due to their high 
opacity. In 1838, Elias Wildman made porcelain that was more translucent, with a 
brightness closer to that of natural teeth. This porcelain was of the Chinese pariana type, 
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which is characterized by high translucency. The reduction or complete removal of the 
kaolin contents allowed an increase in the amount of feldspar, and therefore greater light 
transmission due to the absence of mullite, resulting in a migration of the porcelain 
composition from the mullite zone to the leucite zone. (Kelly et al., 1996). 

 
2.2 Association of triaxial porcelain to metal  
While providing a high translucency, feldspathic porcelain showed great mechanical 
fragility, attributed to its crystalline structure, when used in the mouth. Extensive prostheses 
made from pure porcelain fractures easily due to the propagation of cracks or defects 
resulting from laboratory processing (McLean, 2001; Sadowsky, 2006; Denry & Kelly, 2008). 
This clinical observation led to the introduction of metal infrastructures, associated with 
ceramics, in order to compensate for the low fracture resistance of the porcelain. This 
association became known as "metalloceramic prosthesis“, and represents a milestone in the 
technological advancement of dental prostheses. From this event, dental porcelains could be 
used in extensive fixed prostheses, and a series of events took place after the introduction of 
these prostheses: improved techniques of ceramic processing, formulations of medium and 
high fusion porcelain and the introduction of vacuum electric furnaces. 
The use of metalloceramic prostheses over the last 50 years has minimized the problem with 
porcelain fragility; however, its aesthetic potential was limited due to the presence of metal. 
The metal framework acts as a barrier to the transmission of light, giving the prosthetic 
dental restoration an unaesthetic opaque aspect, with the presence of darkening at the 
cervical region of the prosthetics. (Raigrodski, 2004). 

 
2.3 Introduction of alumina as the ceramic reinforcing phase 
In the search for a material to replace the metal infrastructure of a metalloceramic 
prosthesis, which presented a similar resistance while also associated the characteristics of 
aesthetic excellence, McLean and Hughes introduced aluminum oxide (Al2O3) as a 
reinforcing phase in dental porcelain in 1965. The incorporation of strengthening 
components to the feldspathic glass matrix enabled the construction of ceramic 
infrastructures without the presence of metal, initiating an era of advances in the 
development of new ceramic systems and processes routinely used in current dental offices. 
(Kelly et al., 1996)  
The first ceramic infrastructures made of alumina were obtained by a process known as craft 
ceramic infiltration slipcasting, where an infrastructure of high-density crystal is prepared 
with a small amount of glass. The ceramic powder reinforced with alumina is mixed with 
water and applied over a refractory die. The resulting mass is sintered for 10 to 12hs at a 
temperature of 1140oC. During sintering, the particles fuse and produce a crystalline 
structure which is opaque and provides low resistance. In a second stage, this structure is 
infiltrated by a thin layer of molten glass of low viscosity (lanthanum aluminosilicate). With 
an increase in temperature (1100oC for 4 to 6 hours), the glass melts and penetrates the 
infrastructure, through capillary action, and creates a ceramic surface with a very low 
porosity and high flexural strength. Three infiltrating systems (Vita Zahnfabrik, Germany) 
were developed for this technique of processing: reinforcing with alumina (70% to 85% 
aluminum oxide) and strengthening with magnesia (70% aluminum oxide and 30% 
magnesium oxide) or zirconia (67% aluminum oxide and 33% of tetragonal zirconium 

 

oxide). The flexural strength varies according to the reinforcement used: alumina (400MPa), 
magnesia (300MPa) and zirconia (750MPa). Depending on the strength achieved by the 
infiltration of the zirconia ceramic system, the construction of fixed prostheses in areas of 
high masticatory forces might be indicated. However, both the concentration of alumina and 
zirconia shown in these ceramic systems results in the impoverishment of the optical 
qualities of the restoration, due to its high opacity (Heffernan et al., 2002a, b). Additionally, 
the porosity incorporated during the manufacture of the infrastructure can affect the 
strength of these restorations (Miyazaki et al., 2009).  

 
2.4 Improvement of glass-ceramics 
Parallel to the introduction of infiltrated ceramics, glass-ceramics have been improved to be 
applied in the vacuum injection technique, similar to the traditional technique of metal 
casting. Two glass-ceramic compositions were introduced: leucite based (IPS-Empress, 
IvoclarVivadent, Liechtenstein) and lithium disilicate based (IPS-Empress 2, 
IvoclarVivadent, Liechtenstein). In the first composition, leucite is responsible for 
strengthening the ceramic, associated with the leucite resulting from the nucleation process 
(a phenomenon that occurs with increasing temperature), giving a higher flexural strength 
(120MPa) when compared to feldspathic porcelain, with the increased strength still not 
enough for extensive restorations. The great advantage of glassy systems is that they exhibit 
high light transmission, which allows the manufacture of prostheses with high aesthetic 
demands. In the second composition, the high content of crystalline lithium disilicate 
enables a volume increase of up to 60%. The crystals generated (elongated crystals of 
lithium disilicate measuring 0.5 to 5μm and lithium orthophosphate measuring 0.1 to 0.3μm) 
are smaller than those creased with the leucite reinforced ceramics, and their presence 
improves the flexural strength of the material (350 MPa), allowing the design of fixed partial 
prostheses of up to three units. (Heffernan et al. 2002). 
The laboratory procedure for producing restorations using these materials consists in the 
inclusion of waxed patterns in conforming rings with a refractory lining. The wax is burned 
out in a conventional oven and then the rings are brought to furnace injection, where 
prefabricated ceramic inserts are melted and injected under heat (about 1150°C) and 
vacuum hydrostatic pressure (around 0.3 to 0.4 MPa). After the completion of the injection 
process, the molds are cooled to room temperature, and divestment is performed using jets 
of glass beads. The prosthesis of these systems can be obtained by two techniques: the 
restoration is cast in its final shape, and subsequently painted and glazed (the technique of 
makeup), or the ceramic infrastructure is obtained by injection, typically covered by a 
ceramic of a lower thermal expansion coefficient (layering technique). 

 
2.5 Consolidation of CAD / CAM technology  
The implementation of dental prostheses is a work of art. The dentist, as the potter, is responsible 
for the aesthetic outcome of the future prosthesis. In entirely handmade restorations, the 
possibility of errors is directly proportional to the number of variables involved (Miyazaki et al., 
2009). The automation and the ability to fabricate ceramic prostheses using a machine-readable 
technology, design (CAD) and manufacturing (CAM), provide for the elimination of several 
clinical steps and a reduction of the variables inherent to the production of artistic work. With the 
CAD/CAM technology, all ceramic prostheses can be fabricated with an infrastructure of pure 
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which is characterized by high translucency. The reduction or complete removal of the 
kaolin contents allowed an increase in the amount of feldspar, and therefore greater light 
transmission due to the absence of mullite, resulting in a migration of the porcelain 
composition from the mullite zone to the leucite zone. (Kelly et al., 1996). 

 
2.2 Association of triaxial porcelain to metal  
While providing a high translucency, feldspathic porcelain showed great mechanical 
fragility, attributed to its crystalline structure, when used in the mouth. Extensive prostheses 
made from pure porcelain fractures easily due to the propagation of cracks or defects 
resulting from laboratory processing (McLean, 2001; Sadowsky, 2006; Denry & Kelly, 2008). 
This clinical observation led to the introduction of metal infrastructures, associated with 
ceramics, in order to compensate for the low fracture resistance of the porcelain. This 
association became known as "metalloceramic prosthesis“, and represents a milestone in the 
technological advancement of dental prostheses. From this event, dental porcelains could be 
used in extensive fixed prostheses, and a series of events took place after the introduction of 
these prostheses: improved techniques of ceramic processing, formulations of medium and 
high fusion porcelain and the introduction of vacuum electric furnaces. 
The use of metalloceramic prostheses over the last 50 years has minimized the problem with 
porcelain fragility; however, its aesthetic potential was limited due to the presence of metal. 
The metal framework acts as a barrier to the transmission of light, giving the prosthetic 
dental restoration an unaesthetic opaque aspect, with the presence of darkening at the 
cervical region of the prosthetics. (Raigrodski, 2004). 

 
2.3 Introduction of alumina as the ceramic reinforcing phase 
In the search for a material to replace the metal infrastructure of a metalloceramic 
prosthesis, which presented a similar resistance while also associated the characteristics of 
aesthetic excellence, McLean and Hughes introduced aluminum oxide (Al2O3) as a 
reinforcing phase in dental porcelain in 1965. The incorporation of strengthening 
components to the feldspathic glass matrix enabled the construction of ceramic 
infrastructures without the presence of metal, initiating an era of advances in the 
development of new ceramic systems and processes routinely used in current dental offices. 
(Kelly et al., 1996)  
The first ceramic infrastructures made of alumina were obtained by a process known as craft 
ceramic infiltration slipcasting, where an infrastructure of high-density crystal is prepared 
with a small amount of glass. The ceramic powder reinforced with alumina is mixed with 
water and applied over a refractory die. The resulting mass is sintered for 10 to 12hs at a 
temperature of 1140oC. During sintering, the particles fuse and produce a crystalline 
structure which is opaque and provides low resistance. In a second stage, this structure is 
infiltrated by a thin layer of molten glass of low viscosity (lanthanum aluminosilicate). With 
an increase in temperature (1100oC for 4 to 6 hours), the glass melts and penetrates the 
infrastructure, through capillary action, and creates a ceramic surface with a very low 
porosity and high flexural strength. Three infiltrating systems (Vita Zahnfabrik, Germany) 
were developed for this technique of processing: reinforcing with alumina (70% to 85% 
aluminum oxide) and strengthening with magnesia (70% aluminum oxide and 30% 
magnesium oxide) or zirconia (67% aluminum oxide and 33% of tetragonal zirconium 

 

oxide). The flexural strength varies according to the reinforcement used: alumina (400MPa), 
magnesia (300MPa) and zirconia (750MPa). Depending on the strength achieved by the 
infiltration of the zirconia ceramic system, the construction of fixed prostheses in areas of 
high masticatory forces might be indicated. However, both the concentration of alumina and 
zirconia shown in these ceramic systems results in the impoverishment of the optical 
qualities of the restoration, due to its high opacity (Heffernan et al., 2002a, b). Additionally, 
the porosity incorporated during the manufacture of the infrastructure can affect the 
strength of these restorations (Miyazaki et al., 2009).  

 
2.4 Improvement of glass-ceramics 
Parallel to the introduction of infiltrated ceramics, glass-ceramics have been improved to be 
applied in the vacuum injection technique, similar to the traditional technique of metal 
casting. Two glass-ceramic compositions were introduced: leucite based (IPS-Empress, 
IvoclarVivadent, Liechtenstein) and lithium disilicate based (IPS-Empress 2, 
IvoclarVivadent, Liechtenstein). In the first composition, leucite is responsible for 
strengthening the ceramic, associated with the leucite resulting from the nucleation process 
(a phenomenon that occurs with increasing temperature), giving a higher flexural strength 
(120MPa) when compared to feldspathic porcelain, with the increased strength still not 
enough for extensive restorations. The great advantage of glassy systems is that they exhibit 
high light transmission, which allows the manufacture of prostheses with high aesthetic 
demands. In the second composition, the high content of crystalline lithium disilicate 
enables a volume increase of up to 60%. The crystals generated (elongated crystals of 
lithium disilicate measuring 0.5 to 5μm and lithium orthophosphate measuring 0.1 to 0.3μm) 
are smaller than those creased with the leucite reinforced ceramics, and their presence 
improves the flexural strength of the material (350 MPa), allowing the design of fixed partial 
prostheses of up to three units. (Heffernan et al. 2002). 
The laboratory procedure for producing restorations using these materials consists in the 
inclusion of waxed patterns in conforming rings with a refractory lining. The wax is burned 
out in a conventional oven and then the rings are brought to furnace injection, where 
prefabricated ceramic inserts are melted and injected under heat (about 1150°C) and 
vacuum hydrostatic pressure (around 0.3 to 0.4 MPa). After the completion of the injection 
process, the molds are cooled to room temperature, and divestment is performed using jets 
of glass beads. The prosthesis of these systems can be obtained by two techniques: the 
restoration is cast in its final shape, and subsequently painted and glazed (the technique of 
makeup), or the ceramic infrastructure is obtained by injection, typically covered by a 
ceramic of a lower thermal expansion coefficient (layering technique). 

 
2.5 Consolidation of CAD / CAM technology  
The implementation of dental prostheses is a work of art. The dentist, as the potter, is responsible 
for the aesthetic outcome of the future prosthesis. In entirely handmade restorations, the 
possibility of errors is directly proportional to the number of variables involved (Miyazaki et al., 
2009). The automation and the ability to fabricate ceramic prostheses using a machine-readable 
technology, design (CAD) and manufacturing (CAM), provide for the elimination of several 
clinical steps and a reduction of the variables inherent to the production of artistic work. With the 
CAD/CAM technology, all ceramic prostheses can be fabricated with an infrastructure of pure 
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aluminum oxide (99.5%), which is crystalline, densely sintered and non-porous. The powder is 
packaged on a die in a refractory ceramic process known as vacuum uniaxial pressing (1600 
1700oC). The resulting piece has a flexural strength of 600 Mpa and a particle size of 4.  Clinical 
procedures consist of obtaining a mold from the prepared area and preparing a die model. The 
die is positioned on the rotating platform of a scanner unit (CAD) and a probe with a spherical 
sapphire tip performs digital mapping of the die. The image obtained is sent to the system 
program, where the operator manipulates the generated image. The completed design of the 
digital infrastructure is sent via modem to a production station (PROCERA SandvikAB, 
Sweden or PROCERA Fair Law, USA), where it is possible to industrially manufacture the 
piece requested (unit CAM). (Sadowsky, 2006; Miyazaki et al., 2009) 
Other systems use CAD/CAM technology for machining ceramic blocks with diamond burs and 
discs. The restoration is carved in blocks of non porous ceramics of varying composition 
(feldspar, glassy, or aluminized reinforced with zirconia). A CAD unit (micro-camera or scanner) 
makes a digital reading of the prepared tooth (intra-oral version) or die gypsum (lab version), 
copying all of the details and transferring this information to a computer where the digital design 
of the infrastructure is performed. The chosen ceramic block is attached to the CAM unit and 
undergoes a process of attrition (milling) for about 10 to 30 minutes. The machining can be 
performed on pre-sintered or fully sintered blocks. The resulting pieces of pre-sintered blocks are 
shaped into a size 25 to 30% higher than desired (depending on the material batch) to 
compensate for the shrinkage due to sintering. Units from fully sintered blocks are machined in 
the ideal size, however, they suffer the stress of the machining process. (Luthard et al., 2004) 

  
2.6 Structural ceramics based on zirconia 
Zirconia (ZrO2) is a ceramic which has been distinguished in the health field by its 
biocompatibility, bioinercy, high mechanical properties and chemical stability (Chevalier, 2006). 
Its use in dentistry is relatively new, however, and has proven to be a promising material for 
making prosthetic infrastructures for single crowns, crowns, bridges, abutments and implant 
prostheses (Denry & Kelly, 2008). Although there are currently several types of ceramic systems 
based on zirconia, the 3Y-TPZ has been the most studied and used in dentistry (Vagkopoulou et 
al., 2009). The polycrystal tetragonal zirconia stabilized with yttria (3Y-TPZ) contains 3mol% 
yttria oxide (Y2O3) as a stabilizer and was first applied in the medical field by orthopedists 
(Chevalier, 2006). For dental applications, the 3Y-TPZ is synthesized in small grains (0.2 to 0.5 
mm in diameter), which minimizes the phenomenon of structural deterioration or destabilization 
in the presence of saliva, decreasing the subcritical crack growth (CST) (Denry & Kelly, 2008). 
Pre-sintered blocks are machined with the aid of CAD/CAM, and the specimens are then 
sintered. This processing reduces the level of tension present and prevents a tetragonal to 
monoclinic transformation (t → m), which leads to a final surface virtually free of the monoclinic 
phase. The infrastructure obtained from these blocks is more stable, having a high crystalline 
structure and a flexural strength around 900 to 1200MPa. Fully sintered blocks are processed by 
isostatic pressure at a temperature between 1400 to 1500 ° C. This process causes the block to 
achieve a final density close to 99%, high hardness and low machinability. Thus, robust 
machining systems must be used, resulting in the formation of a large amount of monoclinic 
zirconia due to the compression generated by the machining process, which usually results in 
microcracks on the surface and a susceptibility to degradation at low temperature (subcritical 
crack growth - SCG) (Kelly & Denry, 2008). Recently, in order to produce ceramic blocks with 
greater durability and stability under high temperatures and humid environments, the industry 

 

has introduced small amounts of alumina to 3Y-TZP, constituting a variation called TZP-A. 
However, a disadvantage of the addition of alumina is the reduction of the translucency of the 
final block (Yang et al., 2009). 

  
2.7 Ceramic nanopowders  
Nanotechnology is a collective term for a wide range of applications in structures and processes 
at the nano-scale. Nanoparticles are smaller than 1 to 100nm, and the atoms on their surfaces are 
very reactive. With the aid of these particles, it is possible to produce materials that are extremely 
rigid and resistant (Lamas et al, 1998; Tadakoro & Muccillo 2002). In the case of dental ceramics, 
this technology has enabled the preparation of nanopowders from zirconia-based ceramic (ZrO2), 
alumina (Al2O3) and ceria (CeO2). The resulting nanopowders have been used in the 
manufacture of industrial ceramic blocks for machining. With the introduction of these powders, 
the resulting block has a smooth surface, there is a considerable reduction of porosity and 
internal defects, and increased flexural strength (Yang et al., 2009). The optical properties have 
also been benefited because, as the nano-sized particles are well below the wavelength of light, 
they allow light to pass through the material. As handmade ceramics based on alumina and 
zirconia showed a high opacity; with the introduction of ceramic nanopowders, the current 
structural ceramics have begun to show an opacity subjected to laboratory control (Manicone et 
al., 2007).  

 
3. Classification of dental ceramics 

Didactically, dental ceramics can be classified by the melting temperature, composition and 
manufacturing process: 

  
3.1 Melting 
This classification was officially established in the 1940s and, more recently, fourth 
generation has been added, the ultra low-melting ceramics: 
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aluminum oxide (99.5%), which is crystalline, densely sintered and non-porous. The powder is 
packaged on a die in a refractory ceramic process known as vacuum uniaxial pressing (1600 
1700oC). The resulting piece has a flexural strength of 600 Mpa and a particle size of 4.  Clinical 
procedures consist of obtaining a mold from the prepared area and preparing a die model. The 
die is positioned on the rotating platform of a scanner unit (CAD) and a probe with a spherical 
sapphire tip performs digital mapping of the die. The image obtained is sent to the system 
program, where the operator manipulates the generated image. The completed design of the 
digital infrastructure is sent via modem to a production station (PROCERA SandvikAB, 
Sweden or PROCERA Fair Law, USA), where it is possible to industrially manufacture the 
piece requested (unit CAM). (Sadowsky, 2006; Miyazaki et al., 2009) 
Other systems use CAD/CAM technology for machining ceramic blocks with diamond burs and 
discs. The restoration is carved in blocks of non porous ceramics of varying composition 
(feldspar, glassy, or aluminized reinforced with zirconia). A CAD unit (micro-camera or scanner) 
makes a digital reading of the prepared tooth (intra-oral version) or die gypsum (lab version), 
copying all of the details and transferring this information to a computer where the digital design 
of the infrastructure is performed. The chosen ceramic block is attached to the CAM unit and 
undergoes a process of attrition (milling) for about 10 to 30 minutes. The machining can be 
performed on pre-sintered or fully sintered blocks. The resulting pieces of pre-sintered blocks are 
shaped into a size 25 to 30% higher than desired (depending on the material batch) to 
compensate for the shrinkage due to sintering. Units from fully sintered blocks are machined in 
the ideal size, however, they suffer the stress of the machining process. (Luthard et al., 2004) 

  
2.6 Structural ceramics based on zirconia 
Zirconia (ZrO2) is a ceramic which has been distinguished in the health field by its 
biocompatibility, bioinercy, high mechanical properties and chemical stability (Chevalier, 2006). 
Its use in dentistry is relatively new, however, and has proven to be a promising material for 
making prosthetic infrastructures for single crowns, crowns, bridges, abutments and implant 
prostheses (Denry & Kelly, 2008). Although there are currently several types of ceramic systems 
based on zirconia, the 3Y-TPZ has been the most studied and used in dentistry (Vagkopoulou et 
al., 2009). The polycrystal tetragonal zirconia stabilized with yttria (3Y-TPZ) contains 3mol% 
yttria oxide (Y2O3) as a stabilizer and was first applied in the medical field by orthopedists 
(Chevalier, 2006). For dental applications, the 3Y-TPZ is synthesized in small grains (0.2 to 0.5 
mm in diameter), which minimizes the phenomenon of structural deterioration or destabilization 
in the presence of saliva, decreasing the subcritical crack growth (CST) (Denry & Kelly, 2008). 
Pre-sintered blocks are machined with the aid of CAD/CAM, and the specimens are then 
sintered. This processing reduces the level of tension present and prevents a tetragonal to 
monoclinic transformation (t → m), which leads to a final surface virtually free of the monoclinic 
phase. The infrastructure obtained from these blocks is more stable, having a high crystalline 
structure and a flexural strength around 900 to 1200MPa. Fully sintered blocks are processed by 
isostatic pressure at a temperature between 1400 to 1500 ° C. This process causes the block to 
achieve a final density close to 99%, high hardness and low machinability. Thus, robust 
machining systems must be used, resulting in the formation of a large amount of monoclinic 
zirconia due to the compression generated by the machining process, which usually results in 
microcracks on the surface and a susceptibility to degradation at low temperature (subcritical 
crack growth - SCG) (Kelly & Denry, 2008). Recently, in order to produce ceramic blocks with 
greater durability and stability under high temperatures and humid environments, the industry 

 

has introduced small amounts of alumina to 3Y-TZP, constituting a variation called TZP-A. 
However, a disadvantage of the addition of alumina is the reduction of the translucency of the 
final block (Yang et al., 2009). 

  
2.7 Ceramic nanopowders  
Nanotechnology is a collective term for a wide range of applications in structures and processes 
at the nano-scale. Nanoparticles are smaller than 1 to 100nm, and the atoms on their surfaces are 
very reactive. With the aid of these particles, it is possible to produce materials that are extremely 
rigid and resistant (Lamas et al, 1998; Tadakoro & Muccillo 2002). In the case of dental ceramics, 
this technology has enabled the preparation of nanopowders from zirconia-based ceramic (ZrO2), 
alumina (Al2O3) and ceria (CeO2). The resulting nanopowders have been used in the 
manufacture of industrial ceramic blocks for machining. With the introduction of these powders, 
the resulting block has a smooth surface, there is a considerable reduction of porosity and 
internal defects, and increased flexural strength (Yang et al., 2009). The optical properties have 
also been benefited because, as the nano-sized particles are well below the wavelength of light, 
they allow light to pass through the material. As handmade ceramics based on alumina and 
zirconia showed a high opacity; with the introduction of ceramic nanopowders, the current 
structural ceramics have begun to show an opacity subjected to laboratory control (Manicone et 
al., 2007).  

 
3. Classification of dental ceramics 

Didactically, dental ceramics can be classified by the melting temperature, composition and 
manufacturing process: 

  
3.1 Melting 
This classification was officially established in the 1940s and, more recently, fourth 
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3.2 Composition and manufacturing process 
Dental ceramics can be classified, according to their composition, into three distinct groups, 
which may be obtained by five different processes: 
 

 
 
4. Understanding Color 

4.1 Phenomenon of color 
Color is a complex psychobiophisycal phenomenon resulting from the behavior of light 
through its wavelengths to the human eye. Color is not a property of the object, but of the 
light that enters our eyes from it. (O'Brien et al., 1989) Therefore, the real factor responsible 
for visual perception of color is the light. Without this, we can only see dark, or black. Light 
is an electromagnetic wave. Electromagnetic waves can be decomposed into multiple 
wavelengths, giving rise to a broad spectrum from radio waves (with wavelengths in 
kilometers) to the waves of cosmic rays (wavelengths less than 10 -13m). (Sproull, 2001). The 
region of light that reaches our eyes is called visible light. It includes the range of 400 to 
700nm, and all the colors we know are within this range.  
 

 
Fig. 1. Spectral curves of colors. 
            Source: Petter & Gliese, 2000 
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The color we perceive is a mixture of various wavelengths, and therefore, the color spectrum 
can be demonstrated from a graphic design known as the spectral curve or spectrum of 
color (Fig. 1) (Sproull, 2001b). 

 
4.2 Physiology of color  
Our eyes have two kinds of light-sensitive cells: rods, which are responsible for defining the 
shape of objects and night vision, and cones, which are located in the central area and are 
responsible for daytime vision, identification and differentiation of colors (Gliese & Petter, 
2000). When light hits the eyes, it is immediately assimilated by the cells present in the 
retina. These cells are basically divided into three categories: those with greater sensitivity to 
red, green or blue; when light activates these cones, critolase, clorolase and cianolase 
pigments are synthesized, respectively. The amount of pigments produced results in X (red 
cones), Y (green cones) and Z (blue cones), with each resulting pigment responsible for a 
colorimetric stimulus. The three pigments generate messages that are simultaneously sent to 
the brain in the form of tristimulus (X, Y, Z) and, according to the concentration of each 
pigment, different colors of the object (primary and secondary) are displayed (Sproull, 
2001). Described as an abstract science, perception of color involves the participation of 
three factors that can effectively exist: (Gliese & Petter, 2000; Joiner, 2004) 
 

 Object to be observed: The object being viewed may have different physical behaviors 
in relation to the incident light. If an object is transparent, it acts as an absorbing 
environment by allowing light to pass through it (light transmission) and allowing us to 
see through it. If an object is translucent, some light passes through the object and part 
is reflected, allowing our perceptions regarding the color of that object. If the object is 
opaque, the reflection of light occurs in a diffuse way, which is responsible for the 
colorimetric awareness of our eyes (Fig. 1) (Knispel, 1991). Likewise, if the object 
absorbs all incident light, there is no reflection, and then we will see a dark color or 
black. If the object completely reflects the incident light, our vision will identify a white 
object. However, if part of the light energy is reflected and part is absorbed, the display 
is a colored object. (Joiner, 2004). 

 

 
 
 
 
 
 

 
 
 
Fig. 2. Light behavior in transparent(2a), translucent (2b) and opaque objects (2c). 
            Source: Petter & Gliese, 2000 
 
 Observer: The observation of an object can be in a visual or an instrumental way. In a visual 

analysis, the perception of color is a subjective process and the interpretation depends on the 
observer's visual individuality. If the observer is an individual trained in the analysis of 
color, they can identify subtle differences in color. Changes in color perception may occur 

2b 2c 2a 
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3.2 Composition and manufacturing process 
Dental ceramics can be classified, according to their composition, into three distinct groups, 
which may be obtained by five different processes: 
 

 
 
4. Understanding Color 

4.1 Phenomenon of color 
Color is a complex psychobiophisycal phenomenon resulting from the behavior of light 
through its wavelengths to the human eye. Color is not a property of the object, but of the 
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is an electromagnetic wave. Electromagnetic waves can be decomposed into multiple 
wavelengths, giving rise to a broad spectrum from radio waves (with wavelengths in 
kilometers) to the waves of cosmic rays (wavelengths less than 10 -13m). (Sproull, 2001). The 
region of light that reaches our eyes is called visible light. It includes the range of 400 to 
700nm, and all the colors we know are within this range.  
 

 
Fig. 1. Spectral curves of colors. 
            Source: Petter & Gliese, 2000 
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The color we perceive is a mixture of various wavelengths, and therefore, the color spectrum 
can be demonstrated from a graphic design known as the spectral curve or spectrum of 
color (Fig. 1) (Sproull, 2001b). 

 
4.2 Physiology of color  
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2001). Described as an abstract science, perception of color involves the participation of 
three factors that can effectively exist: (Gliese & Petter, 2000; Joiner, 2004) 
 

 Object to be observed: The object being viewed may have different physical behaviors 
in relation to the incident light. If an object is transparent, it acts as an absorbing 
environment by allowing light to pass through it (light transmission) and allowing us to 
see through it. If an object is translucent, some light passes through the object and part 
is reflected, allowing our perceptions regarding the color of that object. If the object is 
opaque, the reflection of light occurs in a diffuse way, which is responsible for the 
colorimetric awareness of our eyes (Fig. 1) (Knispel, 1991). Likewise, if the object 
absorbs all incident light, there is no reflection, and then we will see a dark color or 
black. If the object completely reflects the incident light, our vision will identify a white 
object. However, if part of the light energy is reflected and part is absorbed, the display 
is a colored object. (Joiner, 2004). 

 

 
 
 
 
 
 

 
 
 
Fig. 2. Light behavior in transparent(2a), translucent (2b) and opaque objects (2c). 
            Source: Petter & Gliese, 2000 
 
 Observer: The observation of an object can be in a visual or an instrumental way. In a visual 

analysis, the perception of color is a subjective process and the interpretation depends on the 
observer's visual individuality. If the observer is an individual trained in the analysis of 
color, they can identify subtle differences in color. Changes in color perception may occur 
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based on age, duration of exposure of the eye, fatigue or illness related to color, such as color 
blindness. (Van Der Burght et al., 1990). In instrumental analysis, colorimetric instruments 
objectively observe and record color. Two types of equipment have been used: colorimeters 
and spectrophotometers. Colorimeters analyze the values for red, green and blue reflected 
through filters that simulate sensing photoreceptor cells of the human eye. The tristimulus 
X, Y and Z coordinates are automatically converted to L*, a*, b* values of the CIE L*a*b* 
system. (Gliese & Petter, 2000). Spectrophotometers measure and record the amount of light 
reflected or transmitted from the object through its wavelength. These devices have high 
precision, sensitivity to measure absolute colors and are equipped with spectral 
distributions of various illuminants. The most accurate spectrophotometers are those of 
integrating spheres, called spherical optical, in which the object is exposed to light at 
different angles and directions for its analysis. (Paravina, 2002). 

 Light source or illuminant: The illuminant may be a natural or artificial light source, which, 
according to its origin, can change the perceived color of an object. For example, a white 
sheet of paper may seem bluer under fluorescent light and more yellowish under a light 
bulb, returning to its original color in the presence of daylight. This phenomenon is known 
as metamerism. (Knispel 1991). Aiming to standardize the visual and instrumental analysis 
of color, the International Commission of I'Eclairage (CIE) has classified illuminants 
according to their effect on the perception of color. The CIE appointed 3 standard 
illuminants: A, B and C. Later, the  illuminant series D, the hypothetical illuminant E and 
unofficially the illuminant series F were added (Chu et al., 2004): 

 
Illuminant CIE definition 
A Tungsten light source with an average temperature of 2,856 K, which 

produces a reddish-yellow light. Generally used to simulate conditions of 
incandescent light. 

B Tungsten light source coupled to a liquid filter to simulate direct sunlight 
with an average temperature of 4,874 K. 

C Tungsten light source coupled to a liquid filter to simulate indirect 
sunlight with an average temperature of 6,774 K. However, it is not a 
perfect simulation of sunlight, because it contains a large amount of 
ultraviolet light needed in the analysis of fluorescence. 

D Series of illuminants representing different conditions of the day. 
Illuminants D50 and D65 (so called due to temperatures of 5,000 K and 
6,500, respectively) are generally used as pattern illuminants and match 
the reflectance of blue light. 

E It is a theoretical light source, in which an equal amount of energy would 
be present at all wavelengths. Currently this illumination does not exist, 
but this value is used as a tool for scholars of hypothetical colorimetry. 

F It involves a series of fluorescent lights. Fluorescent lamps have peaks 
that are evident in their spectral curves and do not fit the color 
temperature, therefore, are not considered an officially illuminating 
pattern. However, as the fluorescent display is widely used, the CIE 
recommends these illuminations to evaluate colors observed in the 
fluorescent environment. 

Table 1. Series of illuminants 

 

4.3 Colorimetric parameters 
In 1936, Munsell (O'Brien et al., 1989) described the three dimensions of color to opaque 
objects: hue, chroma and value. This language became known worldwide; therefore, it 
became important to understand the color three-dimensional concept to perform visual and 
instrumental analysis. 
 
 Hue or tint: the first attribute by which a color is identified and distinguished, or the 

name of the color: blue, yellow, red, green, among others. It corresponds to the 
wavelength of light reflected by the objects. (Fig. 3) (Sproull, 2001). 

 Chroma or saturation: indicates the purity of the color, quantifying its saturation. The 
lighter a color is, the lower its saturation. Moreover, saturation increases as the object is 
darker. For example, red is a saturated hue, while pink is the same hue, but less 
saturated. (Fig. 4) (Sproull, 2001). 

 Value or light intensity: the property which is distinguished by the lightness or 
darkness of a color. The clearer the color, the greater its value (brightness) and the 
darker, the lower the value. A good example is the brightness of full white, represented 
by the maximum value on the intensity scale (100), while black shows the absolute 
value of 0, or the total absence of light. (Fig. 5) (Sproull, 2001). 

 
 

  

  

 
Fig 3. Hues blue, yellow, red and green. 
Fig 4. Saturation of the hue red. 
Fig 5. Values of light intensities or saturations shown in Figure 3. 
 
4.4 Color space CIEL*a*b* 
To improve the precision in color communication of an object, the International Commission 
of I'Eclairage (CIE) has developed some methods to express the spectral curves in a 
numerical form. The method used in dentistry is the uniform color space, known as 
CIEL*a*b*. (Fig. 6) (Rosenstiel & Johnston, 1988). Color space is a numerical area that 
expresses and references the object's color. Here, L* indicates the lightness coordinate of the 
object, with values from 0 (absolute black) to 100 (absolute white). The values a* and b* 
indicates the chromaticity coordinates, showing the three-dimensional position of the object 
in the color space and its direction. When the coordinate a* is positive (+a*), the object color 
tends to red. When this coordinate is negative (-a*), the trend is green. This coordination can 
range from -90 to 70 Δa*. The coordinate b* indicates the direction to yellow (+b*) or blue     
(-b*), and can vary from -80 to 100 Δb*. (O'Brien et al. 1989; Barath et al., 2003).  
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perfect simulation of sunlight, because it contains a large amount of 
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expresses and references the object's color. Here, L* indicates the lightness coordinate of the 
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Fig. 6. System CIEL*a*b* 
            Source: Barath et al., 2003   
 
The achromatic values of color are represented in the axis of lightness (L*), while the spatial 
projection of data color is presented on the axes of chromaticity (a* and b*) allowing the 
conceptualization of the components of the chromatic color changes. (Knispel, 1991). The 
values of the coordinates L* a* b* are obtained from the tristimulus X, Y and Z (generated by 
light reflected from the object observed) from the following equations, where the values Xn, 
Yn and Zn correspond to white (Gliese & Petter, 2000): 
 

L* = 116 (Y/Yn) 1/3 - 16 (1) 
 

a* = 500[(X/Xn) 1/3 – (Y/Yn)1/3] (2) 
 

b* = 200[(X/Xn) 1/3 – (Z/Zn)1/3] (3) 
 

The space between two colorful points is calculated as a color difference (ΔE). The 
magnitude of this difference can be obtained by the following equation (Gliese & Petter, 
2000): 

ΔE = ((ΔL *)2 + (Δa *)2 + (Δb *)2 )1/2 

 
(4) 

Where:  
 

ΔL* = L*1 – L*2 
 

(5) 

Δa* = a*1 – a*2 
 

(6) 

Δb* = b*1 – b*2 
 

(7) 
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4.5 Clinical significance 
As the final judgment of colorimetric evaluation is visual, it has been necessary to establish a 
relationship between visual and instrumental analysis. In the classic work of Kuehni & 
Marcus (1979), color differences between samples 1ΔE were perceived and judged 
acceptable by 50% of observers under ideal conditions of illumination. From this work, 
Johnston & Kao (1989) assessed this relationship in dentistry. Since there is difficulty in 
controlling light conditions in the oral cavity, an average difference of up to 3.7 ΔE was 
considered acceptable by those authors, who suggested an extended visual rating scale 
(EVRSAM) to understand the clinical significance of the numerical results of instrumental 
analysis evaluation of color for dental materials. 
 

ΔE Clinical significance. 
0 Excellent esthetics with accurate color choice, not being clinically perceived, 

or only with great difficulty. 
2 Very slight difference in color, with very good aesthetics. 
4 Obvious difference, but with an average acceptable to most patients. 
6 Poor aesthetics, but within the limits of acceptability. 
8 Aesthetics are very poor and unacceptable to most patients. 

10 Aesthetics are totally unacceptable. 
Table 2. Extended visual rating scale (EVRSAM) 
               Source: Johnston & Kao, 1988 

 
5. Behavior of color on natural teeth 

The color of a tooth is determined by a combination of intrinsic and extrinsic colorimetric 
effects. The intrinsic properties color are associated with the reflection and absorption of 
light; with the extrinsic properties related to coloring materials interacting with enamel, 
such as coffee, tea, tobacco (Chu et al., 2004). When light falls on a natural tooth, four 
associated phenomena can be described: the transmission of light through the tooth, 
specular reflection from a tooth’s outer surface, diffuse reflection of light from the buccal 
surface, absorption and scattering of light in the dental tissues. Factors such as enamel 
thickness, shape, surface texture, dominant color of dentin, double layer effect and light 
source may further complicate the visual perception of the various nuances of the whole 
tooth. (Joiner, 2004). 

 
6. Physical characteristics of dental ceramics 

6.1 Color stability 
The lower the degree of porosity evidenced by a ceramic after laboratory processing, the 
higher its color stability. This means that industrially manufactured ceramic prostheses 
show greater color stability when compared to hand crafted prostheses. However, variables, 
such as the use of extrinsic dyes, number of firings, association with vacuum, type of 
ceramic material, presence of metal framework and thickness of the ceramic materials, can 
influence the color stability of ceramics (Brewer et al. 1985; Kourtis et al., 2004). 
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analysis evaluation of color for dental materials. 
 

ΔE Clinical significance. 
0 Excellent esthetics with accurate color choice, not being clinically perceived, 

or only with great difficulty. 
2 Very slight difference in color, with very good aesthetics. 
4 Obvious difference, but with an average acceptable to most patients. 
6 Poor aesthetics, but within the limits of acceptability. 
8 Aesthetics are very poor and unacceptable to most patients. 

10 Aesthetics are totally unacceptable. 
Table 2. Extended visual rating scale (EVRSAM) 
               Source: Johnston & Kao, 1988 

 
5. Behavior of color on natural teeth 

The color of a tooth is determined by a combination of intrinsic and extrinsic colorimetric 
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6.2 Translucency and opacity 
Paradoxically, dental ceramics should present both translucency and opacity to mimic 
dental structures. The opacity is directly related to dentin, because the light passes through 
enamel and reaches dentin, which, as an opaque body, reflects the light again. On the other 
hand, enamel behaves like a translucent object, allowing the passage of light, which permits 
visualization of the dentin while also providing the scattering of light at a wavelength of 
blue through its hydroxyapatite crystals (Joiner, 2004). There is no ceramic dental product 
that can simultaneously display characteristics of opacity and translucency in a single 
material. Therefore, manufacturers have offered ceramics for infrastructure building, 
opaque ceramic coverage for the construction of the dentin and translucent glazes to be used 
in layering techniques (Heffernan et al., 2002 a, b). 

 
6.3 Fluorescence 
Some substances have capacity to absorb the energy of a non-visible light (ultraviolet, 
cathode rays or X-rays) and turn it into a visible light, ie light with a greater wavelength 
than the incident radiation. (Vanini, 1996). When natural teeth are exposed to ultraviolet 
(UV) light, fluorescence is observed, with an emission spectrum band ranging from white to 
intense blue light with a wavelength shorter than 400nm. The responsibility for this 
phenomenon falls with dentin, which has a much more intense fluorescence than enamel 
(three times more fluorescent), due to the presence of a greater amount of UV photosensitive 
organic pigment. In order to mimic the behavior of this optical phenomenon, some dental 
ceramics exhibit fluorescent characteristics similar to teeth in order to create an effect of 
luminosity. Rare earth metals (europium, terbium, cerium and ytterbium) have been used as 
luminophor agents in the composition of ceramic powders, because they show an intense 
blue-white and yellow fluorescence. When a ceramic dental material is not fluorescent, it 
tends to have an appearance of reduced vitality, presenting a grayish appearance, especially 
in dark or black lights (Monsenego et al., 1993).  

 
6.4 Opalescence and counter-opalescence 
There are properties of transparent or translucent materials which gives those materials a 
milky appearance, with iridescent reflections that resemble opal stone. This optical 
phenomenon is attributed to the enamel, as it is a highly mineralized tissue. Enamel acts as a 
filter and has the ability to selectively forward the long waves, while at the same time, 
reflect the short waves. Because of this reflection, incisal enamel can be viewed as having a 
bluish-white color. When long waves that were being transmitted relate to dentin and are 
reflected back, they give enamel an orange glaze (an effect known counter-opalescence). In 
ceramics, the effects of counter-opalescence and opalescence are obtained by using different 
opalescent glazes. Some have a bluish color and others an orange color, depending on the 
addition of pigments to the ceramic powder. At the time of construction of the prosthesis, 
the lab tech stratifies enamel into layers, according to the optical nature of the tooth, 
ensuring the combination of aesthetic effects with regards to fluorescence (Cho et al., 2009). 
 

 

7. Behavior of color in dental ceramics  

7.1 Optical influence of the illuminant 
The light source has been identified as one of the factors that most influences the choice of 
color (Dagg et al. 2004). The type of light source, its intensity and inclination are some of the 
variables cited in the literature (Barna et al., 1981, Dagg et al. 2004). Due to the three-
dimensional nature of color, the behavior of light has been studied; however, its complexity 
creates a variety of questions of when to use a specific light source. Metamerism is largely 
responsible for distortions in the selection of color, thus adopting rules to minimize this 
effect may help in the optical outcome of the ceramics used. As color selection is usually 
performed under an indirect natural light source, it is prudent to involve fluorescent and 
incandescent light sources for the selection of color and the evidence of ceramic prosthesis in 
minimizing landmark metamerism (Volpato et al., 2009). 

 
7.2 Optical influence of the substrate 
The type and color of a substrate must be considered when selecting a restorative material, 
because they influence the final shade of ceramic restorations, mainly with glassy systems. 
When a substrate has a color similar to the ceramic, the recommended thickness (about 1.5 
mm) can be used for vitreous systems. Ceramics, with high translucency and when using 
layering techniques (such as glass-ceramics based on lithium disilicate), can be fabricated on 
darkened substrates, such as posts and metal cores, since the dental preparation offers a 
larger space (about 2.0 mm) (Volpato et al., 2009). However, if this space is not available, 
systems with a ceramic infrastructure should be used (infiltrated, compact or machined 
systems), because they are able to provide enough opacity to mask these substrates under a 
reduced material thickness. (Heffernan et al. 2002b; Koutayas et al., 2003). 

 
7.3 Optical influence of material thickness  
The amount of dental reduction while performing the preparation determines the space 
required for the production of ceramic prostheses. Each ceramic system should ensure that 
this thickness does not compromise the emergence profile of the restorative work. However, 
as mentioned above, preparations are not always made on substrates that have a similar 
color as the tooth. In prostheses with favorable substrates, it is important to communicate 
the color of the ceramic substrate when fabricating the prosthesis based on this background 
(Dozic et al., 2003). However, if the substrate is not favorable, it is ideal to utilize more room 
for the glass-ceramics or to associate infrastructures that provide a degree of opacity that 
may block the arrival of light to the substrate. Achieving a deeper preparation can improve 
the ability of a ceramic to hide the substrate, as increasing the thickness of a ceramic 
material decreases the degree of translucency. (Vichi, Ferrari, Davisdon 2000; Carossa et al., 
2001, Nakamura et al. 2002; Dozic et al. 2003, Volpato et al., 2009). However, care must be 
taken so that wear of the ceramic does not compromise the mechanical properties that are 
necessary for the dental preparation. 

 
7.4 Optical influence of material composition and manufacturing process 
Based on the variety of ceramics available, it is important to understand that the 
composition and manufacturing process directly influence the optical outcome of the 
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7. Behavior of color in dental ceramics  

7.1 Optical influence of the illuminant 
The light source has been identified as one of the factors that most influences the choice of 
color (Dagg et al. 2004). The type of light source, its intensity and inclination are some of the 
variables cited in the literature (Barna et al., 1981, Dagg et al. 2004). Due to the three-
dimensional nature of color, the behavior of light has been studied; however, its complexity 
creates a variety of questions of when to use a specific light source. Metamerism is largely 
responsible for distortions in the selection of color, thus adopting rules to minimize this 
effect may help in the optical outcome of the ceramics used. As color selection is usually 
performed under an indirect natural light source, it is prudent to involve fluorescent and 
incandescent light sources for the selection of color and the evidence of ceramic prosthesis in 
minimizing landmark metamerism (Volpato et al., 2009). 

 
7.2 Optical influence of the substrate 
The type and color of a substrate must be considered when selecting a restorative material, 
because they influence the final shade of ceramic restorations, mainly with glassy systems. 
When a substrate has a color similar to the ceramic, the recommended thickness (about 1.5 
mm) can be used for vitreous systems. Ceramics, with high translucency and when using 
layering techniques (such as glass-ceramics based on lithium disilicate), can be fabricated on 
darkened substrates, such as posts and metal cores, since the dental preparation offers a 
larger space (about 2.0 mm) (Volpato et al., 2009). However, if this space is not available, 
systems with a ceramic infrastructure should be used (infiltrated, compact or machined 
systems), because they are able to provide enough opacity to mask these substrates under a 
reduced material thickness. (Heffernan et al. 2002b; Koutayas et al., 2003). 

 
7.3 Optical influence of material thickness  
The amount of dental reduction while performing the preparation determines the space 
required for the production of ceramic prostheses. Each ceramic system should ensure that 
this thickness does not compromise the emergence profile of the restorative work. However, 
as mentioned above, preparations are not always made on substrates that have a similar 
color as the tooth. In prostheses with favorable substrates, it is important to communicate 
the color of the ceramic substrate when fabricating the prosthesis based on this background 
(Dozic et al., 2003). However, if the substrate is not favorable, it is ideal to utilize more room 
for the glass-ceramics or to associate infrastructures that provide a degree of opacity that 
may block the arrival of light to the substrate. Achieving a deeper preparation can improve 
the ability of a ceramic to hide the substrate, as increasing the thickness of a ceramic 
material decreases the degree of translucency. (Vichi, Ferrari, Davisdon 2000; Carossa et al., 
2001, Nakamura et al. 2002; Dozic et al. 2003, Volpato et al., 2009). However, care must be 
taken so that wear of the ceramic does not compromise the mechanical properties that are 
necessary for the dental preparation. 

 
7.4 Optical influence of material composition and manufacturing process 
Based on the variety of ceramics available, it is important to understand that the 
composition and manufacturing process directly influence the optical outcome of the 
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prosthesis produced, and are important factors for the aesthetic success of the case. For 
maximum reflection and opacity, the ceramic particles should be slightly larger than the 
wavelength of light and have a different refractive index of the array where it is 
incorporated, as a higher refractive index of a material produces greater opacity. (Heffernan 
et al., 2002a). Ceramic systems using alumina or zirconia have high refractive indices and 
are therefore used as opacifying elements (Vagkopoulou et al., 2009). 

 
8. Methods of color selecting in Dentistry  

8.1 Visual analysis of color 
Traditionally, the visual perception of color is the most commonly used selection method in 
dentistry. This subjective method is based on standardized scales that are composed of 
representative samples of the average of the colors present in the human dentition. Through 
this shade guide, you can perform a visual comparison with natural teeth. (Segui et al., 
1989). Color selection using scales is extremely complex because the selection process may 
be influenced by variables ranging from the interpretation of three-dimensional nature of 
color, to environmental influences. Selections may be inadequate due to factors such as 
fatigue, age, stress, prior exposure of eyes to light, the observer's visual individuality, 
inappropriate positioning of the object and an illuminating influence from the environment, 
and metamerism. Moreover, the human eye can detect small differences in color, but the 
ability to communicate these differences in terms of magnitude and nature of the difference 
is very limited. (Knispel, 1991). Despite being widely publicized, prefabricated scales are not 
representative of the wide range of colors present in natural teeth. These colors are not 
systematically distributed in the CIEL*a*b* system. Additionally: the material available for 
use in the dental clinic and laboratory is not the same as the material used in the scales; the 
thickness of the teeth in the scale does not simulate the clinical condition; most scales have 
no metallic or ceramic infrastructure; the degree of translucency of the incisal portion; and 
the characterizations and pigmentation in the cervical third of the scales all make 
comparison with natural teeth very difficult. These factors may necessitate the observer to 
get used to a single scale in order to avoid errors during the visual selection of color 
(Sproull, 2001b). 
As color scales have limitations, some factors should be observed to improve their use: the 
selection of color must be performed at the beginning of the procedure, when the teeth are 
not dehydrated and the professional is not tired; the color scale should be kept on the same 
plane of the lower anterior teeth so that light falling on them can be reflected in the same 
plane to the observer; the scale and teeth should be slightly moistened to facilitate the 
reflection of light; the operator should look for a maximum of 10 to 15s at each hue and rest 
by looking at a neutral gray background between observations; the patient should be 
prepared with a protective clear color so that the color of their clothes does not confuse the 
operator; the environment must provide the quantity and quality of indirect natural light, 
usually between 11 and 14 o'clock; and finally, the optical behavior of the color chosen 
should be reassessed with different artificial illuminations (eg, incandescent light and 
fluorescent light), in search of a remarkable metamerism that can derail the chosen color. 
(Chu et al., 2004) 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 7. Visual selection of color – value 
Fig. 8. Visual selection of color - hue and chroma 

 
8.1 Instrumental analysis of color  
Colorimeters and spectrophotometers have been used in dentistry for the determination, 
quantification and comparison of color in the industrial manufacture of materials. 
Instruments have been designed for clinical use, in order to select the color in the mouth and 
transmit the data to a laboratory, controlling the result for direct and indirect restorations, 
tooth whitening, and to minimize subjective visual perception. (Sproull, 2001b). Just as in 
visual analysis, care must be taken during the selection of an instrumental color: the teeth 
should be clean and dry for capturing the color, as the presence of plaque and saliva may 
affect the actual color registered by the equipment; the probe should perpendicularly touch 
the selected area; and a minimum of three readings should be performed at the cervical, 
middle and incisal thirds of dental tissues. (Chu et al., 2004) 
 

 
 
 
 
 
 
Fig. 9. Instrumental selection of color 
Fig. 10. Results obtained by oral spectrophotometer 

 
9. Color Communication  

The precise communication of color is one of the most important requirements for achieving 
excellent aesthetic work. This can be achieved by joining two ways: chromatic maps and 
digital photos. 

 
9.1 Chromatic maps 
Since teeth are composed of different shades of color and optical effects, it is necessary to 
identify: the predominant color (middle third), areas that differ from the predominant color 
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10. Conclusion 

Since the introduction of metal ceramic crowns, clinicians and researchers have been looking 
for a restorative system that can associate beauty, strength and durability, but without the 
presence of a metallic infrastructure. Indeed, dental ceramics are materials that come 
aesthetically closest to natural teeth. With the improvement of ceramic systems, it has been 
possible to combine the excellent aesthetic characteristics of this material with a considerable 
resistance to fracture. It is imperative to understand the phenomenon of color and its 
variables in the oral cavity, as well as associate different techniques of color selection and 
communication, in order to get prostheses that look closer to natural dental tissues.  
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10. Conclusion 

Since the introduction of metal ceramic crowns, clinicians and researchers have been looking 
for a restorative system that can associate beauty, strength and durability, but without the 
presence of a metallic infrastructure. Indeed, dental ceramics are materials that come 
aesthetically closest to natural teeth. With the improvement of ceramic systems, it has been 
possible to combine the excellent aesthetic characteristics of this material with a considerable 
resistance to fracture. It is imperative to understand the phenomenon of color and its 
variables in the oral cavity, as well as associate different techniques of color selection and 
communication, in order to get prostheses that look closer to natural dental tissues.  
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Summary 

Objectives: Surface quality strongly influences the mechanical strength of dental restorative 
materials by a specific surface flaw population. Perfect polishing is thus a highly 
recommended clinical procedure to ensure maximum mechanical performance. Dental 
restorations are commonly exposed to masticatory loads much lower than their short time 
fracture strength. Surface microcracks can grow under subcritical fatigue loads resulting in 
premature failure of a restoration. 
This study was conducted to discuss the relevant parameters on ceramic strength and 
degradation over time. The aim was to correlate surface roughness, fracture strength, 
toughness and degradation behavior by slow crack growth with the results of a prospective 
clinical trial. The fracture strength c and toughness KIc of a glass ceramic and of a resin 
composite have been assessed as a function of surface roughness and related to critical flaw 
sizes ac, intrinsic microstructure and fractographic findings. The slow crack growth 
parameters of the clinically used glass ceramic material have been determined using the 
dynamic fatigue method. Based on a naturally inherent flaw population of the specimens, so 
called fractureStrength - failureProbability – lifeTime diagrams (SPT) could be derived. This 
allowed for theoretically predicting the lifetime of a ceramic material. The 12-years follow-
up results of a prospective clinical trial have been analyzed according to clinical fractures 
and correlated with measured lab data on slow crack growth degradation of strength. 
Methods: Rectangular specimens were manufactured using two glass ceramic materials (IPS 
Empress (IEM), IPS E.max Press (EMP), IvoclarVivadent, Liechtenstein) and a resin 
composite (Tetric EvoCeram (TEC), IvoclarVivadent). Different surface roughness levels 
were prepared on EMP and TEC using lab grinding/ polishing techniques and quantified 
under a confocal laser scanning microscope (CLSM).  
Fracture strength data were determined in four-point bending. Weibull statistics were 
applied and the parameters m and 0 were calculated. The Indentation fracture method was 
used to calculate fracture toughness for EMP and TEC. Critical flaw sizes were calculated 
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and related to the microstructural and fractographic features using a scanning electron 
microscope (SEM). 
Dynamic fatigue experiments were performed on IEM in water at four decreasing stress 
rates from 1.3 to 0.0013 MPas-1. The parameters of subcritical crack growth n and A were 
calculated. SPT predictions were derived for 1, 4, 8 and 12 years, based on a static crack 
growth mechanism. 
A twelve years clinical recall of a prospective clinical trial was performed using the ceramic 
restorative material IEM. Bulk, chipping and marginal fractures or detoriations were 
observed. Failure rates were calculated according to Kaplan-Meier survival analysis and 
merged into the SPT diagram. 
Results: Fracture strength of EMP decreased from 441.4 to 303.3 MPa (Ra = 150 nm to 1.5 µm) 
and of TEC from 109.8 to 74.0 MPa (Ra =, 300 nm to 50 µm). EMP exhibited a fracture 
toughness of KIc = 4.14 MPam0.5 and TEC of KIc = 1.89 MPam0.5. Calculated crack lengths for 
EMP ranged from 28.1 µm (441.4 MPa) to 59.6 µm (303.3 MPa) and for TEC from 94.3 µm 
(109.8 MPa) to 207.0 µm (74.0 MPa).  
The inert fracture strength of IEM was measured to 134 MPa and the Weibull modulus to 
m=8.1. The subcritical crack growth parameter n was calculated to n=19.2 and the 
extrapolated crack velocity to A= 0.0014 m/s. Based on a clinical relevant failure probability 
of PF = 5 %, material strength was predicted to decrease from initial 0.05 = 93 MPa down to 
0.05 = 33 MPa after 12 years (- 64 %).  
The clinical survival rate for the material IEM dropped from 100 % (1 year) to 93 % (4 years), 
92 % (8 years) down to 86 % after 12 years. The incidence of inlay defects like chipping and 
marginal fractures increased from 1 % at baseline, 7 % after 4 years, 26 % after 8 years to 57 
% after 12 years.  
Significance: The fracture strength of brittle ceramics is determined by surface roughness. A 
proper polishing procedure is thus essential for maximum strength of glass ceramic 
materials. Dynamic fatigue experiments showed a dramatic degradation of ceramic strength 
over time due to a corrosive growth of small surface microcracks. The strength behavior of 
the investigated resin composite is less influenced by surface roughness. 
Clinical data followed the in vitro lifetime predictions in terms of dramatically increased 
clinical bulk fractures and detoriations from chipping and marginal fractures after twelve 
years. The clinically observed survival rate seems to match the in vitro lifetime predictions 
with time. A failure level of PF = 5% is clinically exceeded after 4 years of clinical service, 
which corresponds to an theoretical prediction of maximum static loading of 35.5 MPa. 
Since the slow growth of surface flaws is responsible for fatigue degradation, a perfect 
polishing procedure right after placement is strongly recommended to keep an optimum 
strength performance during the whole clinical lifetime. Based on the results on the resin 
composite, the fatigue lifetime in this case would be expected to be less influenced by 
surface roughness. 

 
1. Introduction 

An increasing amount of all-ceramic materials are being used in restorative and prosthetic 
dentistry. High demands for aesthetic and biocompatible materials extend the significance 
of ceramic restorations. Clinically, the main problem having consequently been reported in 
literature, are fractures such as chipping, marginal and bulk fractures (Molin & Karlsson, 

2000; Krämer & Frankenberger, 2005). Major goals of dental ceramic developers are thus the 
improvement of mechanical properties and reliability through e.g. CAD/CAM processing 
or hot pressing techniques (Evans, 1990).  
Clinical reports of ceramic inlays report bulk fractures to be still a main failure reason of all 
commercially available ceramic inlay systems, however, only a few controlled prospective 
clinical studies presented data on clinical long-term performances of different ceramic 
systems (Molin & Karlsson, 2000; Krämer & Frankenberger, 2005; Pallesen & van Dijken, 
2000; Hayashi et al., 2003; Reiss & Walther, 2000). Although adhesively bonded to tooth 
hard tissues, all-ceramic materials suffer from fractures in up to 20 % of clinically assessed 
cases (Hayashi et al., 2003). Clinical failures with ceramic inlays and onlays are observed 
throughout their clinical lifetime. Extended class-I restorations develop marginal fractures in 
the majority of cases, whereas class-II inlays fail predominantly due to bulk fractures (Molin 
& Karlsson, 2000). Among the high strength prosthetic restorations, prospective clinical 
studies using zirconia supported fixed partial dentures (FPDs) reported promising results 
for an observation time of two to five years (Raigrodski et al., 2006; Tinschert et al., 2008; 
Sailer et al., 2007; Molin and Karlsson, 2008; Beuer et al., 2009). However, several authors 
reported up to 15% of minor chipping of the veneering ceramic. Minor clinical failures are 
thereby due to zirconia framework fractures but to chipping failures within the veneering 
ceramic.  
Ceramic strength in general is limited by the size and distribution of an inherent flaw 
population. Fracture of brittle ceramics occur without measurable plastic deformation, 
which is due to the stable atomic bonds of ceramics. In consequence, failure can start from 
small flaws prior to plastic deformation. This fact is expressed by a low resistance against 
crack extension, that is characterized by the parameter fracture toughness KIc (Munz & Fett, 
1999). Various approaches have been used to determine the effect of flaws on strength 
(Davidge & Evans, 1970). Griffith postulated for plane stress conditions an inverse square 
root relationship between fracture strength c and critical flaw size ac (Griffith, 1920): 
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Brittle fracture will occur when the stress intensity KI at a crack of length ac exceeds the 
critical stress intensity factor, i.e. KI ≥ KIc. 
One simple method to increase ceramic strength is an accurate surface polishing procedure. 
Polishing leads to reduction of surface flaw sizes ac and thus to increased mechanical 
strength c, as can be seen from eq. 1 (O’Brien, 2002). Intraoral adjustment of a restoration 
surface after placement induces deep flaws and requires proper polishing especially in load 
bearing areas and in deep fissures. Also, intensive research is focused on surface polishing 
of resin composites. A smooth surface is desirable due to optimal biocompatibility 
(Watanabe et al., 2006). Proper polishing of restorations minimizes possible gingival 
irritation, surface staining, plaque accumulation, and secondary caries (Venturini et al., 
2006). In literature, no indication is provided that proper polishing substantially influences 
resin composite strength as it is reported for brittle ceramics. 
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and related to the microstructural and fractographic features using a scanning electron 
microscope (SEM). 
Dynamic fatigue experiments were performed on IEM in water at four decreasing stress 
rates from 1.3 to 0.0013 MPas-1. The parameters of subcritical crack growth n and A were 
calculated. SPT predictions were derived for 1, 4, 8 and 12 years, based on a static crack 
growth mechanism. 
A twelve years clinical recall of a prospective clinical trial was performed using the ceramic 
restorative material IEM. Bulk, chipping and marginal fractures or detoriations were 
observed. Failure rates were calculated according to Kaplan-Meier survival analysis and 
merged into the SPT diagram. 
Results: Fracture strength of EMP decreased from 441.4 to 303.3 MPa (Ra = 150 nm to 1.5 µm) 
and of TEC from 109.8 to 74.0 MPa (Ra =, 300 nm to 50 µm). EMP exhibited a fracture 
toughness of KIc = 4.14 MPam0.5 and TEC of KIc = 1.89 MPam0.5. Calculated crack lengths for 
EMP ranged from 28.1 µm (441.4 MPa) to 59.6 µm (303.3 MPa) and for TEC from 94.3 µm 
(109.8 MPa) to 207.0 µm (74.0 MPa).  
The inert fracture strength of IEM was measured to 134 MPa and the Weibull modulus to 
m=8.1. The subcritical crack growth parameter n was calculated to n=19.2 and the 
extrapolated crack velocity to A= 0.0014 m/s. Based on a clinical relevant failure probability 
of PF = 5 %, material strength was predicted to decrease from initial 0.05 = 93 MPa down to 
0.05 = 33 MPa after 12 years (- 64 %).  
The clinical survival rate for the material IEM dropped from 100 % (1 year) to 93 % (4 years), 
92 % (8 years) down to 86 % after 12 years. The incidence of inlay defects like chipping and 
marginal fractures increased from 1 % at baseline, 7 % after 4 years, 26 % after 8 years to 57 
% after 12 years.  
Significance: The fracture strength of brittle ceramics is determined by surface roughness. A 
proper polishing procedure is thus essential for maximum strength of glass ceramic 
materials. Dynamic fatigue experiments showed a dramatic degradation of ceramic strength 
over time due to a corrosive growth of small surface microcracks. The strength behavior of 
the investigated resin composite is less influenced by surface roughness. 
Clinical data followed the in vitro lifetime predictions in terms of dramatically increased 
clinical bulk fractures and detoriations from chipping and marginal fractures after twelve 
years. The clinically observed survival rate seems to match the in vitro lifetime predictions 
with time. A failure level of PF = 5% is clinically exceeded after 4 years of clinical service, 
which corresponds to an theoretical prediction of maximum static loading of 35.5 MPa. 
Since the slow growth of surface flaws is responsible for fatigue degradation, a perfect 
polishing procedure right after placement is strongly recommended to keep an optimum 
strength performance during the whole clinical lifetime. Based on the results on the resin 
composite, the fatigue lifetime in this case would be expected to be less influenced by 
surface roughness. 

 
1. Introduction 

An increasing amount of all-ceramic materials are being used in restorative and prosthetic 
dentistry. High demands for aesthetic and biocompatible materials extend the significance 
of ceramic restorations. Clinically, the main problem having consequently been reported in 
literature, are fractures such as chipping, marginal and bulk fractures (Molin & Karlsson, 

2000; Krämer & Frankenberger, 2005). Major goals of dental ceramic developers are thus the 
improvement of mechanical properties and reliability through e.g. CAD/CAM processing 
or hot pressing techniques (Evans, 1990).  
Clinical reports of ceramic inlays report bulk fractures to be still a main failure reason of all 
commercially available ceramic inlay systems, however, only a few controlled prospective 
clinical studies presented data on clinical long-term performances of different ceramic 
systems (Molin & Karlsson, 2000; Krämer & Frankenberger, 2005; Pallesen & van Dijken, 
2000; Hayashi et al., 2003; Reiss & Walther, 2000). Although adhesively bonded to tooth 
hard tissues, all-ceramic materials suffer from fractures in up to 20 % of clinically assessed 
cases (Hayashi et al., 2003). Clinical failures with ceramic inlays and onlays are observed 
throughout their clinical lifetime. Extended class-I restorations develop marginal fractures in 
the majority of cases, whereas class-II inlays fail predominantly due to bulk fractures (Molin 
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thereby due to zirconia framework fractures but to chipping failures within the veneering 
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Ceramic strength in general is limited by the size and distribution of an inherent flaw 
population. Fracture of brittle ceramics occur without measurable plastic deformation, 
which is due to the stable atomic bonds of ceramics. In consequence, failure can start from 
small flaws prior to plastic deformation. This fact is expressed by a low resistance against 
crack extension, that is characterized by the parameter fracture toughness KIc (Munz & Fett, 
1999). Various approaches have been used to determine the effect of flaws on strength 
(Davidge & Evans, 1970). Griffith postulated for plane stress conditions an inverse square 
root relationship between fracture strength c and critical flaw size ac (Griffith, 1920): 
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Brittle fracture will occur when the stress intensity KI at a crack of length ac exceeds the 
critical stress intensity factor, i.e. KI ≥ KIc. 
One simple method to increase ceramic strength is an accurate surface polishing procedure. 
Polishing leads to reduction of surface flaw sizes ac and thus to increased mechanical 
strength c, as can be seen from eq. 1 (O’Brien, 2002). Intraoral adjustment of a restoration 
surface after placement induces deep flaws and requires proper polishing especially in load 
bearing areas and in deep fissures. Also, intensive research is focused on surface polishing 
of resin composites. A smooth surface is desirable due to optimal biocompatibility 
(Watanabe et al., 2006). Proper polishing of restorations minimizes possible gingival 
irritation, surface staining, plaque accumulation, and secondary caries (Venturini et al., 
2006). In literature, no indication is provided that proper polishing substantially influences 
resin composite strength as it is reported for brittle ceramics. 
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On the long term however, a corrosive degradation and a slow crack growth (SCG) 
mechanism is reducing the initial fracture strength of a ceramic material (Lohbauer et al., 
2002). Numerous studies have shown that catastrophic failure may occur far below the 
short-time fracture strength due to a slow growth of a subcritical crack up to the critical 
crack length ac (Fairhurst et al., 1993; Ritchie & Dauskardt, 1991). Thus, degradation of 
strength is measured during a period of lifetime (Mecholsky, 1995). Similar characteristics 
for the fatigue performance of dental ceramics under the special focus of oral environment 
and loading was observed (Morena et al., 1986). SCG kinetics are strongly influenced by the 
amount and composition of a glass phase in the ceramic microstructure (Wiederhorn, 1967). 
The deleterious effect of slow crack propagation may be attributed to the stress-enhanced 
chemical reaction occurring in the presence of water vapour at a crack tip. This occurs 
preferentially in silicate base glasses resulting in bond rupture (Charles, 1958). Even 
moisture levels of 0.017 % relative humidity cause stress corrosion (Wiederhorn, 1967). 
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Fracture resistance of resin composites is discussed controversially in literature. There is the 
treatment of resin composites as brittle materials, applying linear elastic fracture theory and 
measuring related material properties such as SCG parameters or fracture toughness 
(Marshall & Cox, 1985; Fujishima & Ferracane, 1996; Shin & Drummond, 1999). On the other 
hand, dental composites exhibit plastic and viscoelastic effects or a viscoplastic 
susceptibility for creep and recovery (El Hejazi & Watts, 1999; Vaidyanathan & 
Vaidyanathan, 2001; DeGroot et al., 1988). However, in the vicinity of a sharp surface crack 
tip, blunting occurs by plastic deformation, which reduces the local stress at the crack tip, 
resulting in cleavage rather than brittle rupture of the atomic bonds (Ashby & Jones, 1996). 
The brittle response (or respectively the ductility) of a resin composite is depending on 
variables such as loading rate, temperature and filler loading. Fillers are reported to increase 
fracture toughness due to microcracking at the crack front or crack bridging mechanisms by 
second phase particles e.g. filler particles (Evans, 1990). Temperature increase, even far 
below the glass transition temperature will contribute to a rather ductile material behavior 
and fast fracture is reported to suppress creep and recovery phenomena (Ashby & Jones, 
1996). Fatigue measurements in resin composites postulate a different material response 
comparing fast fracture with cyclic fatigue (Lohbauer et al., 2003). 
This study was performed to discuss influencing parameters on ceramic strength and 
degradation over time. The aim was to correlate surface roughness, fracture strength, 
toughness and degradation behavior by slow crack growth with the results of a prospective 
clinical study. The fracture strength c and toughness KIc of a glass ceramic and of a resin 
composite have been assessed as a function of surface roughness and related to critical flaw 
sizes ac, intrinsic microstructure and fractographic findings. A long-term prospective clinical 
study has been performed in our academic environment. Recently, the 12-years follow-up 
results have been reported (Frankenberger et al., 2008). Based on this glass ceramic material, 
one aim of this study was to correlate the long-term clinical outcome with measured lab 
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data on slow crack growth degradation of strength. The SCG parameters of this glass 
ceramic material have been determined using the dynamic fatigue method (Munz & Fett, 
1999). Based on a naturally inherent flaw population of the specimens, so called 
fractureStrength - failureProbability – lifetime diagrams (SPT) could be derived from the 
crack growth measurements (Sudreau et al., 1994). This allowed for theoretically predicting 
the lifetime of a ceramic restoration related to an underlying crack growth mechanisms. SPT 
diagrams have been derived as a predictive tool for clinical reliability.  

 
Materials and Methods 

Materials 
Two glass ceramic materials and one resin composite have been assessed in this study.  
The clinical study as well as the evaluation of the subcritical crack growth parameters was 
based on an identical batch of the leucite reinforced glass ceramic system IPS Empress® 
(IEM, IvoclarVivadent, Schaan, Liechtenstein).  
Surface roughness related fracture strength experiments have been performed using the 
lithiumdisilicate glass ceramic IPS E.max® Press (EMP, IvoclarVivadent) and the direct resin 
composite Tetric® EvoCeram (TEC, IvoclarVivadent).  
 

 
Fig. 1. Microstructure of the investigated materials: a) Leucite reinforced glass ceramic IEM; 
b) Lithiumdisilicate crystallite habit and size in EMP; c) Filler particle size and distribution 
of the inhomogenous microfiller TEC exhibiting prepolymeric fillers.  
 
The glass ceramic IEM consisted of a silica based glass fraction of approx. 60 vol % out of the 
system K20 - Al2O3 - SiO2. Leucite [K20 Al2O3 4 SiO2] was the major crystalline phase ( 40 vol 
%) exhibiting a mean crystallite size of 1 - 3 µm, as shown in Fig 1a (Höland et al., 2000). 
EMP mainly consisted of 70 wt % crystalline Li2Si2O5 phase of 3 – 6 µm in length (Fig 1b). 
Beside that a small amount of Li3PO4 (lithiumorthophosphate) crystals is embedded in the 
glassy matrix. EMP is used as a supporting structure and will clinically be veneered with a 
silicate based feldspathic porcelain. A core material has been selected since the influence of 
surface defects on the strength performance of veneering porcelains is well understood and 
since slow crack growth influences are even reduced in high crystalline lithium disilicate 
structures (Höland et al., 2000). TEC as an inhomogenous microfiller hybridcomposite 
consists of a dimethacrylic matrix system and 48.5 wt % microfiller hybrids with mean 
particle sizes of 160 nm to 0.4 and 0.7 µm. Further 34 wt % of prepolymeric fillers are added. 
Those fillers consist of a pre-polymerized and re-grinded resin composite material and 
exhibit a mean grain size of approx. 20 - 50 µm. The microstructure is displayed in Fig 1c. 
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On the long term however, a corrosive degradation and a slow crack growth (SCG) 
mechanism is reducing the initial fracture strength of a ceramic material (Lohbauer et al., 
2002). Numerous studies have shown that catastrophic failure may occur far below the 
short-time fracture strength due to a slow growth of a subcritical crack up to the critical 
crack length ac (Fairhurst et al., 1993; Ritchie & Dauskardt, 1991). Thus, degradation of 
strength is measured during a period of lifetime (Mecholsky, 1995). Similar characteristics 
for the fatigue performance of dental ceramics under the special focus of oral environment 
and loading was observed (Morena et al., 1986). SCG kinetics are strongly influenced by the 
amount and composition of a glass phase in the ceramic microstructure (Wiederhorn, 1967). 
The deleterious effect of slow crack propagation may be attributed to the stress-enhanced 
chemical reaction occurring in the presence of water vapour at a crack tip. This occurs 
preferentially in silicate base glasses resulting in bond rupture (Charles, 1958). Even 
moisture levels of 0.017 % relative humidity cause stress corrosion (Wiederhorn, 1967). 
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degradation over time. The aim was to correlate surface roughness, fracture strength, 
toughness and degradation behavior by slow crack growth with the results of a prospective 
clinical study. The fracture strength c and toughness KIc of a glass ceramic and of a resin 
composite have been assessed as a function of surface roughness and related to critical flaw 
sizes ac, intrinsic microstructure and fractographic findings. A long-term prospective clinical 
study has been performed in our academic environment. Recently, the 12-years follow-up 
results have been reported (Frankenberger et al., 2008). Based on this glass ceramic material, 
one aim of this study was to correlate the long-term clinical outcome with measured lab 

Si O + H2OSi Si O H HO Si

data on slow crack growth degradation of strength. The SCG parameters of this glass 
ceramic material have been determined using the dynamic fatigue method (Munz & Fett, 
1999). Based on a naturally inherent flaw population of the specimens, so called 
fractureStrength - failureProbability – lifetime diagrams (SPT) could be derived from the 
crack growth measurements (Sudreau et al., 1994). This allowed for theoretically predicting 
the lifetime of a ceramic restoration related to an underlying crack growth mechanisms. SPT 
diagrams have been derived as a predictive tool for clinical reliability.  

 
Materials and Methods 

Materials 
Two glass ceramic materials and one resin composite have been assessed in this study.  
The clinical study as well as the evaluation of the subcritical crack growth parameters was 
based on an identical batch of the leucite reinforced glass ceramic system IPS Empress® 
(IEM, IvoclarVivadent, Schaan, Liechtenstein).  
Surface roughness related fracture strength experiments have been performed using the 
lithiumdisilicate glass ceramic IPS E.max® Press (EMP, IvoclarVivadent) and the direct resin 
composite Tetric® EvoCeram (TEC, IvoclarVivadent).  
 

 
Fig. 1. Microstructure of the investigated materials: a) Leucite reinforced glass ceramic IEM; 
b) Lithiumdisilicate crystallite habit and size in EMP; c) Filler particle size and distribution 
of the inhomogenous microfiller TEC exhibiting prepolymeric fillers.  
 
The glass ceramic IEM consisted of a silica based glass fraction of approx. 60 vol % out of the 
system K20 - Al2O3 - SiO2. Leucite [K20 Al2O3 4 SiO2] was the major crystalline phase ( 40 vol 
%) exhibiting a mean crystallite size of 1 - 3 µm, as shown in Fig 1a (Höland et al., 2000). 
EMP mainly consisted of 70 wt % crystalline Li2Si2O5 phase of 3 – 6 µm in length (Fig 1b). 
Beside that a small amount of Li3PO4 (lithiumorthophosphate) crystals is embedded in the 
glassy matrix. EMP is used as a supporting structure and will clinically be veneered with a 
silicate based feldspathic porcelain. A core material has been selected since the influence of 
surface defects on the strength performance of veneering porcelains is well understood and 
since slow crack growth influences are even reduced in high crystalline lithium disilicate 
structures (Höland et al., 2000). TEC as an inhomogenous microfiller hybridcomposite 
consists of a dimethacrylic matrix system and 48.5 wt % microfiller hybrids with mean 
particle sizes of 160 nm to 0.4 and 0.7 µm. Further 34 wt % of prepolymeric fillers are added. 
Those fillers consist of a pre-polymerized and re-grinded resin composite material and 
exhibit a mean grain size of approx. 20 - 50 µm. The microstructure is displayed in Fig 1c. 
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This material has been selected due to the extended filler size distribution which in turn 
should have an influence on strength versus surface defect performance. 
 

Experimental procedure 
For the clinical study the material (IEM) was processed by one dental ceramist according to 
the manufacturer’s instructions for use (IFU) (Krämer & Frankenberger, 2005).  
 

Surface 

treatment 

Mean roughness  EMP TEC 

 Ra [µm] 0 [MPa] m ac [µm] 0 [MPa] m ac [µm] 

untreated 0.429 ± 0.04 - -  109.8c 12.5 94.3 

polished  0.214 ± 0.01 441.4a 13.3 28.1 - - - 

4000 grit 0.150 ± 0.02 438.3a 4.8 28.5 - - - 

4000 grit 0.310 ± 0.09 - - - 104.4c 11.3 104.3 

1000 grit 0.646 ± 0.02 370.5a,b 7.2 39.9 - - - 

800 grit 0.835 ± 0.13 - - - 109.3c 14.6 95.2 

500 grit 1.131 ± 0.89 - - - 103.8c 10.9 105.5 

320 grit 1.509 ± 0.15 303.3b 10.0 59.6 - - - 

320 grit 2.075 ± 0.34 - - - 96.9c 16.5 121.1 

120 grit 4.221 ± 1.11 - - - 88.7d 12.8 144.5 

cutting 25.0 ± 4.05 - - - 85.6d 13.5 155.2 

cutting 50.0 ± 6.87 - - - 74.0d 15.2 207.6 

Statistical homogenous subgroups are labelled with superscript letters (p < 0.05). 
Table 1. Weibull parameters 0 and m and the estimated fracture releasing crack length ac 
according to the applied surface roughness Ra. 
 

Regarding the lab experiments, IEM and EMP specimens were hot pressed to a final 
geometry of 25 x 2.5 x 2 mm applying the manufacturer recommended procedure and 
according to the ISO 6872 standard. TEC specimens with the dimension 25 x 2 x 2 mm were 
produced using a metal /glass mold and light-curing on five overlapping spots of 8 mm 
diameter. The upper and lower side of the bar were cured with a commercial halogen light 
curing unit (Elipar® Trilight (750 mW/ cm²), 3M ESPE, Germany). The illumination time on 
a single spot was 20 seconds. The procedure followed the manufacturer’s IFU and ISO 4049 
standard. 
All specimen surfaces were grinded under permanent water cooling with silicon carbide 
paper according to Table 1. The specimen flanges were grinded under an angle of 45° with 
the specific roughness to prevent fracture releasing stress concentrations. For polishing the 
samples a 0.25 µm polishing paste was used. The two groups exhibiting an extremely deep 
roughness of 25 and 50 µm, were treated by a standardized surface cutting technique with a 
bur. Respective data for surface roughness were determined under a CLSM in reflectance 

mode ((TCS SL, Leica, Bensheim, Germany). The confocal z-sections were taken at every 1.6 
µm under 1000 fold magnification (HC PL Fluotar 100, NA = 0.9). 
All specimens were stored dark and dry for 24 h at 37 °C prior to fracture testing. To 
evaluate the specific flexural strength and SCG parameters, the four-point-bending test was 
used. The bars were fixed between four fins ( = 2 mm, distance of inner/ outer fins: 10/ 20 
mm) and were subsequently loaded until fracture with a crosshead speed of 0.75 mm/ min 
in an universal testing machine (Z 2.5, Zwick, Germany).  

 
Prospective clinical study design and follow-up 
Patients’ selection for the clinical study was based on criteria such as a high level of dental 
hygiene, absence of pain from the tooth to be restored or further restorations planned in the 
posterior region. 96 inlays (77 %) and onlays (23 %) were placed in 34 patients by six 
dentists. Whether two surface (n = 45) or three surface (n = 27) restorations exhibited 
proximal margins below the cementoenamel junction (CEJ). 57 molar and 39 premolar 
restorations were bonded with a four-step selective-etch adhesive system (Syntac® Classic, 
IvoclarVivadent), inserted using four different resin composites and light cured for a total of 
120 s. The average ceramic dimensions measured prior to insertion have been 1.4 mm below 
the deepest fissure, 3.5 mm buccal-lingually at the isthmus, and 1.8 mm below reconstructed 
cusps of onlays. Occlusal contacts were adjusted using finishing burs (Intensiv, Viganello-
Lugano, Switzerland) prior to SofLex discs (3MESPE, St. Pauls, MN, USA). Polishing was 
conducted using felt discs with a polishing gel (Dia-Finish E Filzscheiben & Brinell, Renfert, 
Hilzingen, Germany). 
The restorations were assessed after placement by two calibrated investigators using 
modified USPHS codes and criteria (major criteria: surface roughness, marginal integrity, 
tooth integrity, inlay integrity) at the following time periods: baseline, 1, 2, 4, 6, 8, 10 and 12 
years. The study was conducted according to EN 540. For specific details and clinical 
procedure refer to (Krämer & Frankenberger, 2005).  
Median survival times have been calculated according to Kaplan-Meier survival analysis. 
The statistics applied here represent failure rates that correspond to the experimental failure 
probability PF since most clinical restorations failed due to fracture. To receive information 
on fracture releasing clinical loads, those Kaplan-Meier survival times were merged into the 
experimental SPT lifetime prediction. Experimental lifetime regression lines for 1, 4, 8 and 12 
years were calculated to meet the clinical follow-up periods. Clinical incidence of failures as 
well as of defects were located on the corresponding regression line. This experimental 
approach might allow for an extrapolation on clinically fracture releasing stress levels.  

 
Fracture strength, slow crack growth and lifetime 
According to the assumption of weakest link, the fracture strength of brittle materials is 
limited by the largest crack in the loaded volume. Hence, a distribution of crack lengths 
results in a strength distribution which is commonly described by fracture probability PFc)  
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This material has been selected due to the extended filler size distribution which in turn 
should have an influence on strength versus surface defect performance. 
 

Experimental procedure 
For the clinical study the material (IEM) was processed by one dental ceramist according to 
the manufacturer’s instructions for use (IFU) (Krämer & Frankenberger, 2005).  
 

Surface 

treatment 

Mean roughness  EMP TEC 

 Ra [µm] 0 [MPa] m ac [µm] 0 [MPa] m ac [µm] 

untreated 0.429 ± 0.04 - -  109.8c 12.5 94.3 

polished  0.214 ± 0.01 441.4a 13.3 28.1 - - - 

4000 grit 0.150 ± 0.02 438.3a 4.8 28.5 - - - 

4000 grit 0.310 ± 0.09 - - - 104.4c 11.3 104.3 

1000 grit 0.646 ± 0.02 370.5a,b 7.2 39.9 - - - 

800 grit 0.835 ± 0.13 - - - 109.3c 14.6 95.2 

500 grit 1.131 ± 0.89 - - - 103.8c 10.9 105.5 

320 grit 1.509 ± 0.15 303.3b 10.0 59.6 - - - 

320 grit 2.075 ± 0.34 - - - 96.9c 16.5 121.1 

120 grit 4.221 ± 1.11 - - - 88.7d 12.8 144.5 

cutting 25.0 ± 4.05 - - - 85.6d 13.5 155.2 

cutting 50.0 ± 6.87 - - - 74.0d 15.2 207.6 

Statistical homogenous subgroups are labelled with superscript letters (p < 0.05). 
Table 1. Weibull parameters 0 and m and the estimated fracture releasing crack length ac 
according to the applied surface roughness Ra. 
 

Regarding the lab experiments, IEM and EMP specimens were hot pressed to a final 
geometry of 25 x 2.5 x 2 mm applying the manufacturer recommended procedure and 
according to the ISO 6872 standard. TEC specimens with the dimension 25 x 2 x 2 mm were 
produced using a metal /glass mold and light-curing on five overlapping spots of 8 mm 
diameter. The upper and lower side of the bar were cured with a commercial halogen light 
curing unit (Elipar® Trilight (750 mW/ cm²), 3M ESPE, Germany). The illumination time on 
a single spot was 20 seconds. The procedure followed the manufacturer’s IFU and ISO 4049 
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paper according to Table 1. The specimen flanges were grinded under an angle of 45° with 
the specific roughness to prevent fracture releasing stress concentrations. For polishing the 
samples a 0.25 µm polishing paste was used. The two groups exhibiting an extremely deep 
roughness of 25 and 50 µm, were treated by a standardized surface cutting technique with a 
bur. Respective data for surface roughness were determined under a CLSM in reflectance 
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All specimens were stored dark and dry for 24 h at 37 °C prior to fracture testing. To 
evaluate the specific flexural strength and SCG parameters, the four-point-bending test was 
used. The bars were fixed between four fins ( = 2 mm, distance of inner/ outer fins: 10/ 20 
mm) and were subsequently loaded until fracture with a crosshead speed of 0.75 mm/ min 
in an universal testing machine (Z 2.5, Zwick, Germany).  
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hygiene, absence of pain from the tooth to be restored or further restorations planned in the 
posterior region. 96 inlays (77 %) and onlays (23 %) were placed in 34 patients by six 
dentists. Whether two surface (n = 45) or three surface (n = 27) restorations exhibited 
proximal margins below the cementoenamel junction (CEJ). 57 molar and 39 premolar 
restorations were bonded with a four-step selective-etch adhesive system (Syntac® Classic, 
IvoclarVivadent), inserted using four different resin composites and light cured for a total of 
120 s. The average ceramic dimensions measured prior to insertion have been 1.4 mm below 
the deepest fissure, 3.5 mm buccal-lingually at the isthmus, and 1.8 mm below reconstructed 
cusps of onlays. Occlusal contacts were adjusted using finishing burs (Intensiv, Viganello-
Lugano, Switzerland) prior to SofLex discs (3MESPE, St. Pauls, MN, USA). Polishing was 
conducted using felt discs with a polishing gel (Dia-Finish E Filzscheiben & Brinell, Renfert, 
Hilzingen, Germany). 
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tooth integrity, inlay integrity) at the following time periods: baseline, 1, 2, 4, 6, 8, 10 and 12 
years. The study was conducted according to EN 540. For specific details and clinical 
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Median survival times have been calculated according to Kaplan-Meier survival analysis. 
The statistics applied here represent failure rates that correspond to the experimental failure 
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where 0 is the scale parameter (PF = 63.2%) and m is the Weibull modulus, respectively 
(Weibull, 1951; Drummond & Mieschke, 1991). The strength data were evaluated according 
to the two parameter cumulative Weibull distribution by plotting the fracture probability PF 
versus fracture strength c.  
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The parameters m und 0 were determined by a maximum likelihood approach. The slope 
of the regression line within the Weibull plot ln (ln (1/(1 - PF))) versus ln c indicates the 
Weibull modulus m and is an indicator for the material homogeneity. The scale parameter 
0 represents the strength at a failure probability of PF = 63.2%. However, for reliable use in 
dentistry the limits for fracture strength are recommended to be set at a failure probability 
of PF = 5% (Annusavice & Brennan, 1996). Fracture strength for IEM, EMP, and TEC and 
dynamic fatigue measurements for IEM were carried out using the 4-point bending 
technique in a universal testing machine (Z 2.5, Zwick, Germany) according to the European 
standard EN 843. To ensure inert conditions, the specimens (n=25 per group) were dry 
stored for 24 h prior to measurements. A constant loading rate d/dt of 130 MPas-1 was 
applied. The groups among each other were analyzed using the non-parametric Mann-
Whitney U-Test ( = 0.05; SPSS 14.0 for Windows). However, to generate significant 
differences between the tested groups a Bonferroni correction was applied. 
The subcritical crack growth parameters n and A were determined by means of dynamic 
fatigue, in which the strength of bend specimens is measured as a function of distinct 
loading rates d/dt: 
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where  is the fracture strength at a given loading rate d/dt: [f = f (d/dt:)] and c the 
inert strength at very high loading rates ( = c). The parameters n and A were determined 
by linear regression analysis from the plot log f versus log d/dt (Peterlik, 1994). The 
parameter n and A represent the slope and site of the regression line. The extrapolated crack 
velocity A is calculated as a function of the constant B (Munz & Fett, 1999): 
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To calculate A, literature values for fracture toughness (IEM: KIc = 1.29 MPam0.5) and for the 
function of crack shape (Y = 0.5) were taken reference (Seghi et al., 1995). 
Four dynamic fatigue tests at decreasing loading rates d/dt from 1.3 to 0.0013 MPas-1 were 
carried out in distilled water at 37°C. 
With the knowledge of the slow crack growth parameters n and A, it is possible to calculate 
lifetime for certain loading conditions (Munz & Fett, 1999; Sudreau et al., 1994). For a crack 

growth mechanism based on static loading ( = const.) the lifetime tf is given as (Ritchie & 
Dauskardt, 1991) 
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Merging a material’s lifetime with its parameters m and 0 of the Weibull distribution it 
becomes possible to define critical conditions for lifetime or loading strength at a given 
failure probability PF. Those distributions may help to select a suitable dental ceramic for a 
reliable design of specific indications. Chadwick, for example, derived comparable relations 
for resin composite materials (Chadwick, 1994). On the other hand, by knowledge of clinical 
failure rates or lifetimes it is possible to establish a threshold value representing a maximum 
load to failure.  

 
Fracture toughness 
In order to calculate the fracture toughness KIc for the materials EMP and TEC, the 
measurement of surface hardness, elastic modulus and material density was necessary.  
Material density  was measured according to Archimedes’ principles of buoyancy and 
surface hardness H by Vickers indentation technique according to 
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where P is the applied load and b is the average indentation half-diagonal of the Vickers 
indentation (Anstis et al., 1981). The elastic modulus E was measured by ultrasound velocity 
method (Halmshaw, 1991). Here, the characteristic time delay of sound velocity µ through a 
material was measured and related to the elastic modulus 
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with the material inherent Poisson ratio .  
The indentation fracture technique (IF) was used to calculate the fracture toughness (Anstis 
et al., 1981). Flaws of controlled size, shape and location were introduced into the sample 
surface by Vickers indentations at supercritical indentation loads Pc. Direct measurement of 
radial crack lengths w led to characterization of the fracture process and thus to calculation 
of fracture toughness KIc through (Scherrer et al., 1998; Albakry et al., 2003): 
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Material property data for the resin composite and for the glass ceramic material are 
summarized in Table 2. Inserting the fracture toughness values in eq. 1, critical flaw sizes ac 
can be calculated depending on the test group specific fracture strength c.  
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where 0 is the scale parameter (PF = 63.2%) and m is the Weibull modulus, respectively 
(Weibull, 1951; Drummond & Mieschke, 1991). The strength data were evaluated according 
to the two parameter cumulative Weibull distribution by plotting the fracture probability PF 
versus fracture strength c.  
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The parameters m und 0 were determined by a maximum likelihood approach. The slope 
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with the material inherent Poisson ratio .  
The indentation fracture technique (IF) was used to calculate the fracture toughness (Anstis 
et al., 1981). Flaws of controlled size, shape and location were introduced into the sample 
surface by Vickers indentations at supercritical indentation loads Pc. Direct measurement of 
radial crack lengths w led to characterization of the fracture process and thus to calculation 
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*: (Anstis et al., 1981)  **: (Fujishima & Ferracane, 1996)  ***: (Chung et al., 2004) 
Table 2. Mechanical properties of the test materials, required for calculation of fracture 
toughness. 
 
Fractographic examinations were performed under a light microscope (SV11, Zeiss, 
Germany) on all specimens and under a SEM (Leitz ISI SR 50, Akashi, Japan) on 
representative samples. 

 
Results 

Fracture strength, slow crack growth and lifetime 
The characteristic fracture strengths 0 for IEM, EMP, and TEC at a failure probability PF = 63,2 
%, their Weibull moduli m and the calculated fracture releasing critical flaw sizes are given in 
Table 1. The crack lengths ac were calculated according to eq. 1 inserting the related strength c 
and fracture toughness KIc values. Fracture strength for the glass ceramic material EMP 
decreased from 441.4 to 303.3 MPa and for the resin composite TEC from 109.8 to 74.0 MPa, in 
both cases with increasing surface roughness. In Table 1, the mean roughness values Ra, 
determined under the CLSM, are related to the applied surface grinding technique and cover a 
range between 150 nm and 1.5 µm for the glass ceramic and 300 nm and 50 µm for the resin 
composite material. The least roughness was generated using the 4000 grit SiC paper. Identical 
surface grinding technique led to different results for EMP and TEC as Table 1 shows for 4000 
and 320 grit. 
Statistical significant differences in EMP were found at a surface roughness of Ra = 0.65 µm. 
However, a linear correlation over the whole roughness range could be proved (R2 = 0.9265, Fig. 
2). 
In TEC a wide range of roughness produced statistical homogenous results. Significant 
differences are observed at a surface roughness of Ra = 4.22 µm. No linear correlation could 
be proved. Statistical homogenous subgroups are labelled in Table 1. Figures 2 and 3 point 
out the correlation between fracture strength and the applied surface roughness. Here mean 
values of EMP and TEC are presented together with their actual standard deviations.  
 

 Poisson ratio 

 

Density  

[g/ cm³] 

E-Modulus 

[GPa] 

Hardness 

[GPa] 

Fracture toughness 

KIc [MPam0.5] 

IEM     1.29 * 

EMP 0.23 ** 2.524 ± 0.01 93.8 ± 2.11 5.56 ± 0.26 4.15 ± 0.58 

TEC 0.31 *** 2.138 ± 0.01 9.8 ± 0.75 0.62 ± 0.09 1.89 ± 0.43 

 
Fig. 2. Correlation between fracture strength c and the applied surface roughness Ra for 
EMP.  
 

 
Fig. 3. Correlation between fracture strength c and the applied surface roughness Ra for 
TEC. 
 
The Weibull distribution of facture strength for IEM is shown in Fig 4. An initial fracture 
strength of 0 = 134.2 MPa and a Weibull modulus of m = 8.1 was calculated for IEM under 
dry conditions, suppressing the influence of slow crack growth. Setting the failure 
probability to PF= 5% the strength is reduced to 0.05 = 92.8 MPa. Table 3 summarizes the 
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measured Weibull data for all loading rates d/dt of the dynamic fatigue experiments. The 
subcritical crack growth performance was determined under wet conditions. Fig. 5 shows 
the correlation between fracture strength and the applied loading rates (dynamic fatigue). 
The subcritical crack growth parameters n and A were determined to n = 19.16 and A = 
1.41214 mm/s. 

 
Fig. 4. Distribution of the inert strength datac according to the applied Weibull statistics. 
 

 
Fig. 5. Dynamic fatigue measurements for IEM in relation to the respective fatigue strength. 
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n  = 19.16
A = 1.41214 mm/s

R2 = 0.9888 

Loading rate d/dt [MPas-1] Scale parameter 0 Weibull modulus m 

130 134.2 8.1 

1.3 88.5 6.8 

0.13 84.9 6.5 

0.013 81.0 7.0 

0.0013 75.9 11.1 

Table 3. Weibull inert strength and dynamic fatigue data for IEM. 
 
Fig. 6 shows the resulting SPT plots for IEM. The characteristic strength values were 
estimated for failure probabilities of PF = 63.2% and PF = 5%. Predictions were calculated for 
lifetimes of 1, 4, 8 and 12 years according to the clinical follow-up scedule. In other words, 
influenced by mechanical and chemical degradation through dynamic loading and 
humidity, fracture strength of the dental glass ceramic under investigation is theoretically 
predicted to drop from initial 0.05 = 93 MPa down to 0.05 = 33 MPa after 12 years (- 64%).  

 
 

Fig. 6. SPT lifetime predictions for 1, 4, 8 and 12 years under simulated static loading 
conditions. Clinical survival rates according to Kaplan-Meier algorithm as well as the time 
dependent incidence of all bulk, chipping, and marginal inlay defects are shown. The arrow 
indicates the convergence of clinical and experimental lifetimes at 38.5 MPa static loading 
and for a failure probability of PF = 5%. 

 
Fracture toughness 
Fracture toughness has been calculated according to eq. 10. EMP exhibited a fracture 
toughness of KIc = 4.14 ± 0.58 MPam0.5 and TEC a reduced performance of KIc = 1.89 ± 0.43 
MPam0.5. The values for IEM were taken from literature.  
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Fig. 6. SPT lifetime predictions for 1, 4, 8 and 12 years under simulated static loading 
conditions. Clinical survival rates according to Kaplan-Meier algorithm as well as the time 
dependent incidence of all bulk, chipping, and marginal inlay defects are shown. The arrow 
indicates the convergence of clinical and experimental lifetimes at 38.5 MPa static loading 
and for a failure probability of PF = 5%. 

 
Fracture toughness 
Fracture toughness has been calculated according to eq. 10. EMP exhibited a fracture 
toughness of KIc = 4.14 ± 0.58 MPam0.5 and TEC a reduced performance of KIc = 1.89 ± 0.43 
MPam0.5. The values for IEM were taken from literature.  
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A KIc = 1.29 MPam0.5 is reported for IEM [41]. In Table 2 all values are listed, required for 
calculation of the fracture toughness values. The elastic moduli were calculated based on the 
ultrasound velocity through the materials. A far stiffer material response of 93.8 GPa was 
measured for EMP compared to TEC (9.8 GPa). A comparable material hardness ratio was 
measured for EMP (5.56 GPa) and TEC (0.62 GPa). Poisson ratio values were taken from 
literature (Table 2). Since fracture toughness is a material constant, the estimated fracture 
releasing flaw size increased with decreasing fracture strength. For EMP the crack size 
ranged from 28.1 µm (441.4 MPa) to 59.6 µm (303.3 MPa) and for TEC from 94.3 µm (109.8 
MPa) to 207.0 µm (74.0 MPa). IEM with a fracture toughness KIc = 1.29 MPam0.5 and a 
characteristic strength of c = 134.2 MPa would match a fracture releasing crack size of ac = 
92.4 µm. 

 
Clinical findings 
All patients were satisfied with their restorations. 38 restorations could not be examined after 
twelve years due to failure or missed recall investigation. Eight patients were not available and 
one patient lost the inlays due to prosthetic treatment independent from the study.  
Cohesive bulk fractures of the ceramic material led to replacement of eleven inlays over 12 
years. First catastrophic fractures were observed between 3 and 4.5 years (1 failure in 2nd 
year, 3 in 3rd year, and 2 in 4th year) late failures after 11 - 12 years (3 failures in 11th year and 
2 in 12th year). There was no statistically significant correlation between dimensions of the 
inlay and fractures observed (P > 0.05). The incidence of inlay defects over time increased 
from 1 % at baseline, 2 % after 1 year, 7 % after 4 years, 26 % after 8 years to 57 % after 12 
years. Table 4 summarizes the number and percentage of observed fractures and defects 
during the whole observation period. Mainly chipping defects in the proximal and marginal 
regions were observed as shown in Fig. 7. Survival rates from Kaplan-Meier analysis and 
percentage of fractures are almost identical, since most restorations failed due to fracture. 
Median survival rates have been calculated according to Kaplan-Meier survival analysis. 
The clinical survival rate dropped from 100 % (1 year) to 93 % (4 years), 92 % (8 years) down 
to 86 % after 12 years. Those results were merged into the SPT lifetime prediction, shown in 
Fig. 6. Related to their specific location in the SPT diagram, Table 4 exhibits the 
corresponding critical stress levels, calculated for static loading conditions.  
 

 Baseline 1y 4y 8y 12y 

Clinical survival rate 100% 100% 93% 92% 86% 

No. of fractures 0 (100%) 0 (100%) 6 (94%) 6 (94%) 11 (88%) 

Fracture releasing stress 

level 

81.4 MPa 44.7 MPa 36.6 MPa 35.9 MPa 37.7 MPa 

No. of defects 1 (99%) 2 (98%) 5 (93%) 18 (74%) 34 (43%) 

Defect inducing stress level 80.4 MPa 45.6 MPa 36.6 MPa 42.1 MPa 46.5 MPa 

Table 4. Clinical survival rates according to Kaplan-Meier algorithm, number and 
percentage (survival rates) of failures and defects and corresponding experimental critical 
stress levels, calculated for static loading conditions from the SPT diagram for the clinical 
follow-up periods after baseline, 1, 4, 8, and 12 years. 

Discussion 

Fracture strength, slow crack growth and lifetime 
Both, the EMP glass ceramic and the TEC resin composite suffer from a substantial decrease 
in strength with increasing surface roughness. A surface roughness of 25 or 50 µm has no 
clinical relevance but clearly underline the ongoing trend of strength degradation. 
A fracture strength of 110 MPa of TEC correlate with the biaxial fracture strength data 
published within the scientific documentation of the manufacturer (120 MPa). For EMP the 
literature provides varying fracture strength data. Values from 239 MPa to 303 MPa to 455 
MPa are reported, depending on the applied surface roughness and methodology (Albakry 
et al., 2003b; Sorensen et al., 2000; Annusavice et al., 2001). Fisher et al., for example, found a 
significant strength decrease from 103 to 65 MPa correlating to either a polished (Ra = 0.2 
µm) or a rough (Ra = 5.8 µm) surface of a glass ceramic material (Fischer et al., 2003). 
However, since a close relation between ceramic strength and surface roughness is proven, 
little evidence is provided in literature for resin composites (Hayashi et al., 2003; Reiss & 
Walther, 2000). 
Average crystallite size of EMP is 3 – 6 µm. TEC consist of anorganic fillers between 0.4 and 
0.7 µm and prepolymeric fillers between 20 – 50 µm. Microstructural dimensions of EMP 
and TEC are shown in Fig 1b and 1c. The dependency of fracture strength on surface 
roughness thus leads to the suggestion that neither crystallite size of the glass ceramic 
material nor filler sizes of the resin composite are strength limiting factors. The statistical 
treatment of the strength development provides threshold values for both EMP and TEC. 
No significant increase in fracture strength has been observed below 0.65 µm (1000 grit) in 
EMP. For TEC a threshold value might be found below 2.1 µm (320 grit). 
In vitro measurement of fracture strength and slow crack growth in IEM led to a strength of 
0 = 134 MPa and a n-value of 19.16. Calculations on the basis of a static crack growth 
mechanism predict a drop in strength from initial 0.05 = 93 MPa down to 0.05 = 33 MPa 
after 12 years (- 64 %). This decrease represents a high sensitivity to slow crack growth of the 
glass ceramic and was explained by the stress enhanced corrosive effect of water and a high 
amount of silica glass phase (60 vol %). Compared with literature data, a superior fracture 
strength was measured (Lit = 89 MPa) while the crack growth potential of IEM was 
calculated being rather conservative estimation (nLit = 25) (Fischer et al., 2003b). The 
susceptibility to slow crack growth of the material under investigation is superior to that of 
feldspathic CAD/CAM materials (nLit = 16.8), feldspathic veneering porcelain (nLit = 14.6), 
or silica-lime glasses (nLit = 16) (Morena et al., 1986; Wiederhorn, 1967; Lohbauer et al., 2002). 

 
Fracture toughness and critical flaw sizes 
Table 2 exhibits the material parameters for density, elastic modulus, hardness and fracture 
toughness of EMP and TEC. Due to a lack of published data for TEC, the investigated data 
were compared with the scientific documentation of the manufacturer. The data under 
investigation clearly correlate with the reported density (2.1 g/cm³), elastic modulus (10 
GPa), and hardness (0.58 GPa) published within. Values for EMP also correlate with 
literature findings for elastic modulus (91 GPa) and hardness (5.5 GPa) (Shin & Drummond, 
1999; El Hejazi & Watts, 1999). 
Fracture initiating crack length have been calculated from eq. 1 and listed in Table 1. The material 
fracture strength is thereby related to critical flaw sizes by c ~ 1/ ac0.5. Average flaw sizes 
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A KIc = 1.29 MPam0.5 is reported for IEM [41]. In Table 2 all values are listed, required for 
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characteristic strength of c = 134.2 MPa would match a fracture releasing crack size of ac = 
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twelve years due to failure or missed recall investigation. Eight patients were not available and 
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years. First catastrophic fractures were observed between 3 and 4.5 years (1 failure in 2nd 
year, 3 in 3rd year, and 2 in 4th year) late failures after 11 - 12 years (3 failures in 11th year and 
2 in 12th year). There was no statistically significant correlation between dimensions of the 
inlay and fractures observed (P > 0.05). The incidence of inlay defects over time increased 
from 1 % at baseline, 2 % after 1 year, 7 % after 4 years, 26 % after 8 years to 57 % after 12 
years. Table 4 summarizes the number and percentage of observed fractures and defects 
during the whole observation period. Mainly chipping defects in the proximal and marginal 
regions were observed as shown in Fig. 7. Survival rates from Kaplan-Meier analysis and 
percentage of fractures are almost identical, since most restorations failed due to fracture. 
Median survival rates have been calculated according to Kaplan-Meier survival analysis. 
The clinical survival rate dropped from 100 % (1 year) to 93 % (4 years), 92 % (8 years) down 
to 86 % after 12 years. Those results were merged into the SPT lifetime prediction, shown in 
Fig. 6. Related to their specific location in the SPT diagram, Table 4 exhibits the 
corresponding critical stress levels, calculated for static loading conditions.  
 

 Baseline 1y 4y 8y 12y 

Clinical survival rate 100% 100% 93% 92% 86% 

No. of fractures 0 (100%) 0 (100%) 6 (94%) 6 (94%) 11 (88%) 

Fracture releasing stress 

level 

81.4 MPa 44.7 MPa 36.6 MPa 35.9 MPa 37.7 MPa 

No. of defects 1 (99%) 2 (98%) 5 (93%) 18 (74%) 34 (43%) 

Defect inducing stress level 80.4 MPa 45.6 MPa 36.6 MPa 42.1 MPa 46.5 MPa 

Table 4. Clinical survival rates according to Kaplan-Meier algorithm, number and 
percentage (survival rates) of failures and defects and corresponding experimental critical 
stress levels, calculated for static loading conditions from the SPT diagram for the clinical 
follow-up periods after baseline, 1, 4, 8, and 12 years. 

Discussion 

Fracture strength, slow crack growth and lifetime 
Both, the EMP glass ceramic and the TEC resin composite suffer from a substantial decrease 
in strength with increasing surface roughness. A surface roughness of 25 or 50 µm has no 
clinical relevance but clearly underline the ongoing trend of strength degradation. 
A fracture strength of 110 MPa of TEC correlate with the biaxial fracture strength data 
published within the scientific documentation of the manufacturer (120 MPa). For EMP the 
literature provides varying fracture strength data. Values from 239 MPa to 303 MPa to 455 
MPa are reported, depending on the applied surface roughness and methodology (Albakry 
et al., 2003b; Sorensen et al., 2000; Annusavice et al., 2001). Fisher et al., for example, found a 
significant strength decrease from 103 to 65 MPa correlating to either a polished (Ra = 0.2 
µm) or a rough (Ra = 5.8 µm) surface of a glass ceramic material (Fischer et al., 2003). 
However, since a close relation between ceramic strength and surface roughness is proven, 
little evidence is provided in literature for resin composites (Hayashi et al., 2003; Reiss & 
Walther, 2000). 
Average crystallite size of EMP is 3 – 6 µm. TEC consist of anorganic fillers between 0.4 and 
0.7 µm and prepolymeric fillers between 20 – 50 µm. Microstructural dimensions of EMP 
and TEC are shown in Fig 1b and 1c. The dependency of fracture strength on surface 
roughness thus leads to the suggestion that neither crystallite size of the glass ceramic 
material nor filler sizes of the resin composite are strength limiting factors. The statistical 
treatment of the strength development provides threshold values for both EMP and TEC. 
No significant increase in fracture strength has been observed below 0.65 µm (1000 grit) in 
EMP. For TEC a threshold value might be found below 2.1 µm (320 grit). 
In vitro measurement of fracture strength and slow crack growth in IEM led to a strength of 
0 = 134 MPa and a n-value of 19.16. Calculations on the basis of a static crack growth 
mechanism predict a drop in strength from initial 0.05 = 93 MPa down to 0.05 = 33 MPa 
after 12 years (- 64 %). This decrease represents a high sensitivity to slow crack growth of the 
glass ceramic and was explained by the stress enhanced corrosive effect of water and a high 
amount of silica glass phase (60 vol %). Compared with literature data, a superior fracture 
strength was measured (Lit = 89 MPa) while the crack growth potential of IEM was 
calculated being rather conservative estimation (nLit = 25) (Fischer et al., 2003b). The 
susceptibility to slow crack growth of the material under investigation is superior to that of 
feldspathic CAD/CAM materials (nLit = 16.8), feldspathic veneering porcelain (nLit = 14.6), 
or silica-lime glasses (nLit = 16) (Morena et al., 1986; Wiederhorn, 1967; Lohbauer et al., 2002). 

 
Fracture toughness and critical flaw sizes 
Table 2 exhibits the material parameters for density, elastic modulus, hardness and fracture 
toughness of EMP and TEC. Due to a lack of published data for TEC, the investigated data 
were compared with the scientific documentation of the manufacturer. The data under 
investigation clearly correlate with the reported density (2.1 g/cm³), elastic modulus (10 
GPa), and hardness (0.58 GPa) published within. Values for EMP also correlate with 
literature findings for elastic modulus (91 GPa) and hardness (5.5 GPa) (Shin & Drummond, 
1999; El Hejazi & Watts, 1999). 
Fracture initiating crack length have been calculated from eq. 1 and listed in Table 1. The material 
fracture strength is thereby related to critical flaw sizes by c ~ 1/ ac0.5. Average flaw sizes 
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between 28 µm (441 MPa) and 60 µm (303 MPa) have been calculated for EMP. TEC exhibits a far 
wider distribution from 94 µm (110 MPa) until 208 µm (74 MPa), due to a reduced fracture 
toughness of KIc = 1.89 MPam0.5. It has been shown for linear elastic materials, that prior to 
catastrophic failure of a brittle material crack extension will occur, thus leading to a 
differentiation between the initial flaw a0 and the crack length at fracture ac. This phenomen has 
been termed stable crack extension or slow crack growth and is described as a function of loading 
rate, residual stress state and testing environment (Scherrer et al., 1999). This in turn leads to the 
suggestion that the fracture initiating flaws under investigation are of smaller size. Chantikul et 
al. developed a ac / a0 ratio of around 2.5 (Chantikul et al., 1981). This means that fracture 
initiating flaw sizes will be effective between 11 and 24 µm for EMP and between 38 and 83 µm 
for TEC. However, the results shown here represent a strength degradation related to an applied 
surface roughness far smaller compared to the above estimation. Quantitative fractography is 
reported a useful tool to more precisely localize fracture origins and to trace back critical flaw 
sizes (Mecholsky, 1995b; Kelly et al., 1989).  
Fracture toughness data is extremely sensitive on the applied methodology. Amongst a 
variety of techniques, such as the Chevron-notch-beam test (CNB), the single-etch-notch 
beam test (SENB) or indentation strength (IS) the indentation fracture technique (IF) has 
been selected here (Munz & Fett, 1999; Anstis et al., 1981). Guazzato et al. measured a 
fracture toughness for EMP of KIc = 3.0 MPam0.5 using the IS technique (Guzzato et al., 
2004). Fracture toughness for resin composites commonly range between KIc = 1.2 and 2.0 
MPam0.5 which in turn matches the fracture toughness under investigation (Manhart et al., 
2000; Yap et al., 2004). An increasing fracture toughness of EMP contributes to an improved 
clinical reliability. The respective underlying toughening mechanisms are shown in Fig. 7.  
 

 
Fig. 7. Crack propagation in EMP showing crack deflection and crack branching. (HF 
etching for 40 s after fracture).  
 

The needle-shaped lithiumdisilicate crystallites serve as second phase particles, thus 
inducing crack bowing and crack deflection (twisting and tilting) (Evans, 1990; Davidge & 
Evans, 1970). Crack branching (Fig. 7) further contribute to increase the material toughness 
(Evans, 1990). A mixture of intergranular and intragranular fracture in EMP is reported in 
literature (Guzzato et al., 2004). Composites on the other hand exhibit an inferior fracture 
toughness. Underlying mechanisms like crack bowing and crack deflection are thereby 
based on the filler size distribution and content (Evans, 1990; Reiss & Walther, 2000). Crack 
blunting is a described mechanism which further contributes to toughening in resin 
composites  (Davis & Waters, 1987). 

 
Clinical outcome 
The clinical results shown here, emphasize bulk fractures as the main failure reason, 
clustered between 3 to 4.5 and between 11 to 12 years of clinical service. Of course, clinical 
success of the present glass ceramic restorations is proved for at least 12 years. Anusavice 
and Brennan stated a minimum clinical survival time of 5 years (Annusavice & Brennan, 
1996).  
Analyzing the clinical images resulted in the finding that in each case of catastrophic failure, 
occlusal adjustments were performed while this trend continued throughout the study. 
There is considerable indication that most of the fractures were attributed to cyclic, 
masticatory fatigue (Drummond et al., 2000; Ohyama et al., 1999). Due to the difficult 
intraoral situation, occlusal corrections may not have been polished sufficiently and those 
microcracks may have accelerated later catastrophic fractures (see surface roughness Ra in 
Fig. 8). Therefore, a clinician should pay attention to a careful polish of ceramic surfaces, 
having been previously subjected to intraoral adjustment in order to prevent this particular 
problem.  
 

 
Fig. 8. IEM restoration in the left lower jaw after 8 years. Small marginal and chipping 
fractures were detected (A). Clinical visibility of increased surface roughness in the occlusal 
area (B). 
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between 28 µm (441 MPa) and 60 µm (303 MPa) have been calculated for EMP. TEC exhibits a far 
wider distribution from 94 µm (110 MPa) until 208 µm (74 MPa), due to a reduced fracture 
toughness of KIc = 1.89 MPam0.5. It has been shown for linear elastic materials, that prior to 
catastrophic failure of a brittle material crack extension will occur, thus leading to a 
differentiation between the initial flaw a0 and the crack length at fracture ac. This phenomen has 
been termed stable crack extension or slow crack growth and is described as a function of loading 
rate, residual stress state and testing environment (Scherrer et al., 1999). This in turn leads to the 
suggestion that the fracture initiating flaws under investigation are of smaller size. Chantikul et 
al. developed a ac / a0 ratio of around 2.5 (Chantikul et al., 1981). This means that fracture 
initiating flaw sizes will be effective between 11 and 24 µm for EMP and between 38 and 83 µm 
for TEC. However, the results shown here represent a strength degradation related to an applied 
surface roughness far smaller compared to the above estimation. Quantitative fractography is 
reported a useful tool to more precisely localize fracture origins and to trace back critical flaw 
sizes (Mecholsky, 1995b; Kelly et al., 1989).  
Fracture toughness data is extremely sensitive on the applied methodology. Amongst a 
variety of techniques, such as the Chevron-notch-beam test (CNB), the single-etch-notch 
beam test (SENB) or indentation strength (IS) the indentation fracture technique (IF) has 
been selected here (Munz & Fett, 1999; Anstis et al., 1981). Guazzato et al. measured a 
fracture toughness for EMP of KIc = 3.0 MPam0.5 using the IS technique (Guzzato et al., 
2004). Fracture toughness for resin composites commonly range between KIc = 1.2 and 2.0 
MPam0.5 which in turn matches the fracture toughness under investigation (Manhart et al., 
2000; Yap et al., 2004). An increasing fracture toughness of EMP contributes to an improved 
clinical reliability. The respective underlying toughening mechanisms are shown in Fig. 7.  
 

 
Fig. 7. Crack propagation in EMP showing crack deflection and crack branching. (HF 
etching for 40 s after fracture).  
 

The needle-shaped lithiumdisilicate crystallites serve as second phase particles, thus 
inducing crack bowing and crack deflection (twisting and tilting) (Evans, 1990; Davidge & 
Evans, 1970). Crack branching (Fig. 7) further contribute to increase the material toughness 
(Evans, 1990). A mixture of intergranular and intragranular fracture in EMP is reported in 
literature (Guzzato et al., 2004). Composites on the other hand exhibit an inferior fracture 
toughness. Underlying mechanisms like crack bowing and crack deflection are thereby 
based on the filler size distribution and content (Evans, 1990; Reiss & Walther, 2000). Crack 
blunting is a described mechanism which further contributes to toughening in resin 
composites  (Davis & Waters, 1987). 

 
Clinical outcome 
The clinical results shown here, emphasize bulk fractures as the main failure reason, 
clustered between 3 to 4.5 and between 11 to 12 years of clinical service. Of course, clinical 
success of the present glass ceramic restorations is proved for at least 12 years. Anusavice 
and Brennan stated a minimum clinical survival time of 5 years (Annusavice & Brennan, 
1996).  
Analyzing the clinical images resulted in the finding that in each case of catastrophic failure, 
occlusal adjustments were performed while this trend continued throughout the study. 
There is considerable indication that most of the fractures were attributed to cyclic, 
masticatory fatigue (Drummond et al., 2000; Ohyama et al., 1999). Due to the difficult 
intraoral situation, occlusal corrections may not have been polished sufficiently and those 
microcracks may have accelerated later catastrophic fractures (see surface roughness Ra in 
Fig. 8). Therefore, a clinician should pay attention to a careful polish of ceramic surfaces, 
having been previously subjected to intraoral adjustment in order to prevent this particular 
problem.  
 

 
Fig. 8. IEM restoration in the left lower jaw after 8 years. Small marginal and chipping 
fractures were detected (A). Clinical visibility of increased surface roughness in the occlusal 
area (B). 
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Further detoriation of the restorations by marginal and chipping fractures has been 
observed especially between the 6 and 8 years recall and after 12 years as shown in Table 4. 
Chippings that have been recorded at the eight years recall seem to be independent from 
rotary instrumentation during occlusal adjustment directly after luting. During the 8 years 
recall it was predicted that if deterioration progresses over the next years of clinical service, 
it might be possible that further failures will occur due to a further decreased marginal 
quality (Krämer & Frankenberger, 2005). Consequently, late catastrophic fatigue fractures 
occurred between 11 and 12 years of clinical service. In literature, marginal fractures were 
frequently observed, especially when luting was performed with materials of low adhesion 
and wear resistance e.g. glass ionomer cements (Höglund et al., van Dijken & Hörstedt, 
1994). 
It would be of interest, if size and location of an individual restoration would have 
influenced the clinical outcome. Neither the number of restoration surfaces nor the size nor 
the tooth type showed any significant influence on clinical performance over the twelve 
years period (p > .05, Mann-Whitney U-test). No correlation was found between ceramic 
thickness and fractures. The lowest cusp thickness (0.3 mm) was recorded without having 
any clinical consequences.  

 
Experimental lifetime calculation and clinical survival rate 
In this study exemplary lifetimes have been predicted according to the clinical recall 
intervals of 1, 4, 8, and 12 years and shown in the SPT diagram (Fig. 6). This, based on static 
loading conditions and on the associated slow crack growth mechanism. Different static 
lifetimes t1 and t2 were calculated on the basis of eq. 11 (Kelly, 1995): 
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Fig. 6 represents clinical survival rates as well as percentage of inlay defects, merged to the 
experimentally calculated lifetime predictions. Defects here include all bulk, chipping, and 
marginal fractures. For clinical concerns the question should be addressed to the level of 
fracture releasing stresses. Since clinical conditions are affected by constant average 
masticatory loading over time the maximum increase in failure rate is observed after 12 
years.  
Based on a clinical requirement for a maximum failure rate of PF = 5%, a fracture releasing 
static loading of 35.5 MPa was calculated after 4 years or respectively 33 MPa after 12 years 
(Fig. 6). However, constant static loading does not match clinical relevant average chewing 
forces but appears to represent far more conservative estimation. Maximum masticatory 
forces may easily achieve 300 - 400 N, but far reduced average chewing forces of approx. 220 
N in the molar region are reported in literature (Pröschel & Morneburg, 2002; Hidaka et al. 
1999). Assigning those forces to a contact area of 7 - 8 mm2 (single molar tooth) result in an 
average chewing pressure of 27 - 31 MPa. This data range beneath the values from the static 
experiment after 4 years (35.5 MPa). An underlying failure rate of PF = 5% has clinically been 
exceeded after 4 years and related to an experimentally calculated threshold value of 35.5 
MPa, as shown in Fig. 6. In consequence, the clinical failure rate increases to PF = 14% after 

12 years in-situ. The clustered incidence of failures after 12 years can be explained by 
exceeding this threshold value and can be related to slow crack growth in the glass ceramic 
material. A further increased failure rate is expected from future recalls. In order to prevent 
from further clinical degradation or in order to extend clinical lifetimes, the use of highly 
corrosion resistant (high n-value) or high strength materials is recommended for use in 
extended class I and II restorations (Lohbauer et al., 2002). 
However, laboratory fatigue testing should meet clinical criteria as there are cyclic loading 
and intraoral temperature and humidity simulation. Braem predicted 106 cycles to represent 
about one year of real-life contact (Braem, 2001). He approximated 2700 chews per day 
(three periods of 15 minutes of chewing per day at a chewing rate of 1 Hz). Keeping the 
chewing frequency, a single in vitro experiment would last for approx. two weeks.  
In this context, the dynamic fatigue method should be viewed as an efficient screening tool 
for evaluating dental materials, rather than as a simulation of actual dental function. In 
order to predict reliable lifetimes, further influences on damage accumulation should be 
considered. The effect of contact fatigue or further enhancement of crack growth from cyclic 
fatigue might play a critical role in predicting clinical lifetimes (Annusavice & Brennan, 
1996).  

 
Polishing techniques 
A variety of clinical polishing systems are marketed, including particle impregnated rubber 
cups, disks, and brushes together with different polishing pastes (Watanabe et al., 2006; 
Venturini et al., 2006). Depending on the treated material and applied technique, a clinical 
surface roughness between 200 and 30 nm is reported for resin composites as well as for 
glass ceramics (de Jager et al., 2000; Turssi et al., 2005). After years of clinical service, load 
bearing restorations are exposed to masticatory degradation. A dramatic increase in surface 
roughness from 100 - 300 nm to 15 - 40 µm has been measured due to in-vitro abrasive wear 
simulation on resin composite materials (Turssi et al., 2005). Clinical abrasive wear on glass 
ceramic inlays and onlays has been reported to increase after 12 years of clinical service 
(Lohbauer et al., 2008). As a consequence, the authors observed an increasing amount of 
fatigue failures due to fracture. Those studies point out the significance of surface roughness 
(fracture releasing crack length) not only on abrasive wear but on the resulting strength of 
clinically placed restoration. Optimal polishing of a restoration right after placement is thus 
strongly recommended to guarantee an optimum strength performance and to increase the 
clinical lifetime. 
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Further detoriation of the restorations by marginal and chipping fractures has been 
observed especially between the 6 and 8 years recall and after 12 years as shown in Table 4. 
Chippings that have been recorded at the eight years recall seem to be independent from 
rotary instrumentation during occlusal adjustment directly after luting. During the 8 years 
recall it was predicted that if deterioration progresses over the next years of clinical service, 
it might be possible that further failures will occur due to a further decreased marginal 
quality (Krämer & Frankenberger, 2005). Consequently, late catastrophic fatigue fractures 
occurred between 11 and 12 years of clinical service. In literature, marginal fractures were 
frequently observed, especially when luting was performed with materials of low adhesion 
and wear resistance e.g. glass ionomer cements (Höglund et al., van Dijken & Hörstedt, 
1994). 
It would be of interest, if size and location of an individual restoration would have 
influenced the clinical outcome. Neither the number of restoration surfaces nor the size nor 
the tooth type showed any significant influence on clinical performance over the twelve 
years period (p > .05, Mann-Whitney U-test). No correlation was found between ceramic 
thickness and fractures. The lowest cusp thickness (0.3 mm) was recorded without having 
any clinical consequences.  

 
Experimental lifetime calculation and clinical survival rate 
In this study exemplary lifetimes have been predicted according to the clinical recall 
intervals of 1, 4, 8, and 12 years and shown in the SPT diagram (Fig. 6). This, based on static 
loading conditions and on the associated slow crack growth mechanism. Different static 
lifetimes t1 and t2 were calculated on the basis of eq. 11 (Kelly, 1995): 
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Fig. 6 represents clinical survival rates as well as percentage of inlay defects, merged to the 
experimentally calculated lifetime predictions. Defects here include all bulk, chipping, and 
marginal fractures. For clinical concerns the question should be addressed to the level of 
fracture releasing stresses. Since clinical conditions are affected by constant average 
masticatory loading over time the maximum increase in failure rate is observed after 12 
years.  
Based on a clinical requirement for a maximum failure rate of PF = 5%, a fracture releasing 
static loading of 35.5 MPa was calculated after 4 years or respectively 33 MPa after 12 years 
(Fig. 6). However, constant static loading does not match clinical relevant average chewing 
forces but appears to represent far more conservative estimation. Maximum masticatory 
forces may easily achieve 300 - 400 N, but far reduced average chewing forces of approx. 220 
N in the molar region are reported in literature (Pröschel & Morneburg, 2002; Hidaka et al. 
1999). Assigning those forces to a contact area of 7 - 8 mm2 (single molar tooth) result in an 
average chewing pressure of 27 - 31 MPa. This data range beneath the values from the static 
experiment after 4 years (35.5 MPa). An underlying failure rate of PF = 5% has clinically been 
exceeded after 4 years and related to an experimentally calculated threshold value of 35.5 
MPa, as shown in Fig. 6. In consequence, the clinical failure rate increases to PF = 14% after 

12 years in-situ. The clustered incidence of failures after 12 years can be explained by 
exceeding this threshold value and can be related to slow crack growth in the glass ceramic 
material. A further increased failure rate is expected from future recalls. In order to prevent 
from further clinical degradation or in order to extend clinical lifetimes, the use of highly 
corrosion resistant (high n-value) or high strength materials is recommended for use in 
extended class I and II restorations (Lohbauer et al., 2002). 
However, laboratory fatigue testing should meet clinical criteria as there are cyclic loading 
and intraoral temperature and humidity simulation. Braem predicted 106 cycles to represent 
about one year of real-life contact (Braem, 2001). He approximated 2700 chews per day 
(three periods of 15 minutes of chewing per day at a chewing rate of 1 Hz). Keeping the 
chewing frequency, a single in vitro experiment would last for approx. two weeks.  
In this context, the dynamic fatigue method should be viewed as an efficient screening tool 
for evaluating dental materials, rather than as a simulation of actual dental function. In 
order to predict reliable lifetimes, further influences on damage accumulation should be 
considered. The effect of contact fatigue or further enhancement of crack growth from cyclic 
fatigue might play a critical role in predicting clinical lifetimes (Annusavice & Brennan, 
1996).  

 
Polishing techniques 
A variety of clinical polishing systems are marketed, including particle impregnated rubber 
cups, disks, and brushes together with different polishing pastes (Watanabe et al., 2006; 
Venturini et al., 2006). Depending on the treated material and applied technique, a clinical 
surface roughness between 200 and 30 nm is reported for resin composites as well as for 
glass ceramics (de Jager et al., 2000; Turssi et al., 2005). After years of clinical service, load 
bearing restorations are exposed to masticatory degradation. A dramatic increase in surface 
roughness from 100 - 300 nm to 15 - 40 µm has been measured due to in-vitro abrasive wear 
simulation on resin composite materials (Turssi et al., 2005). Clinical abrasive wear on glass 
ceramic inlays and onlays has been reported to increase after 12 years of clinical service 
(Lohbauer et al., 2008). As a consequence, the authors observed an increasing amount of 
fatigue failures due to fracture. Those studies point out the significance of surface roughness 
(fracture releasing crack length) not only on abrasive wear but on the resulting strength of 
clinically placed restoration. Optimal polishing of a restoration right after placement is thus 
strongly recommended to guarantee an optimum strength performance and to increase the 
clinical lifetime. 
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1. Introduction     

Recent decades have seen a marked upsurge in industrial and economic growth, 
contributing to an improved quality of life and well-being for citizens. However, we should 
not lose sight of the fact that every production system creates by-products and waste 
products which can affect the environment. These effects may occur at any point in the 
product’s life-cycle, whether during the initial phase of obtaining raw materials, during the 
transformation and production phase, during product distribution or when the end user 
must dispose of products which are no longer required. 
As a result, recent years have witnessed rising social concern about the problem of waste 
management in general, and industrial waste and waste from the construction industry in 
particular. This problem is becoming increasingly acute due to the growing quantity of 
industrial, construction and demolition waste generated despite the measures which have 
been taken in recent years at European Community, national and regional levels aimed at 
controlling and regulating waste management, in accordance with sustainable development 
policies and the Kyoto Protocol. The need to manage these wastes has become one of the 
most pressing issues of our times, requiring specific actions aimed at preventing waste 
generation such as promotion of resource recovery systems (reuse, recycling and waste-to-
energy systems) as a means of exploiting the resources contained within waste, which 
would otherwise be lost, thus reducing environmental impact. 
In addition to helping protect the environment, use of such waste offers a series of 
advantages such as a reduction in the use of other raw materials, contributing to an 
economy of natural resources. Moreover, reuse also offers benefits in terms of energy, 
primarily when the waste is from kiln industries (the ceramics industry) where highly 
endothermic decomposition reactions have already taken place, thus recovering the energy 
previously incorporated during production. 
Ceramic waste may come from two sources. The first source is the ceramics industry, and 
this waste is classified as non-hazardous industrial waste (NHIW). According to the 
Integrated National Plan on Waste 2008-2015, NHIW is all waste generated by industrial 
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activity which is not classified as hazardous in Order MAM/304/2002, of the 8th February, 
in accordance with the European List of Waste (ELW) and identified according to the 
following codes:  
10 Waste from thermal processes. 
10 12 Waste from the manufacture of ceramic products, bricks, roof tiles and construction 
materials. 
10 12 08 Ceramic, brick, roof tile and construction materials waste (fired). 
The second source of ceramic waste is associated with construction and demolition activity, 
and constitutes a significant fraction of construction and demolition waste (CDW), as will be 
addressed in more detail below. This kind of waste is classified by the ELW according to the 
following codes: 
17 Construction and demolition waste 
17 01 Concrete, bricks, roof tiles and ceramic materials 
17 01 03 Roof tiles and ceramic materials 
Globally, the ceramics industry sector is unusual in that it is primarily found in regional 
concentrations where the majority of agents or industries involved in the system whereby 
the end ceramic product attains value are located. The development of these ceramic 
“clusters”, with companies in the same or related sectors located in geographical proximity, 
has enabled the sector globally to attain a state-of-the-art level of progress and technological 
innovation. The main ceramic “clusters” are located in Brazil, with one in Santa Catarina 
and two in the state of Sao Paulo; in Portugal, in the Aveiro region; in Castellón, Spain; and 
in the province of Emilia Romagna, Italy. The ceramics industry in China has also begun to 
take on greater prominence, representing 35% of global production in recent years. 
The ceramics industry is comprised of the following subsectors: wall and floor tiles, sanitary 
ware, bricks and roof tiles, refractory materials, technical ceramics and ceramic materials for 
domestic and ornamental use. In both the European Union and Spain, the scale of 
production within these subsectors with regard to total production follows the same trends, 
where the production of wall and floor tiles represents the highest percentage with respect 
to the total, followed by bricks and roof tiles,  and finally, the other subsectors, as can be 
seen in Figures 1 and 2. 

 
Fig. 1. Scale of production: ceramics industry subsectors in the EU 
 
Ceramic products are produced from natural materials containing a high proportion of clay 
minerals. Following a process of dehydration and controlled firing at temperatures between 
700ºC and 1000ºC, these minerals acquire the characteristic properties of fired clay. 

 

 
Fig. 2. Scale of production: ceramics industry subsectors in Spain 
 
Ceramic factory waste is not sorted according to the reason for rejection, which may include: 
breakage or deformation and firing defects. 
As regards waste generated by construction activity it is estimated that some 200 million tons of 
rubble is produced each year in the European Union (EU) as a result of the construction and 
demolition of buildings. According to data from the Spanish National Plan for Construction and 
Demolition Waste, 40 million tons are generated annually in Spain, the equivalent of 2 kg per 
inhabitant per day, which represents a higher figure than that for domestic waste. Within the EU 
as a whole, 28% of this waste is recycled. Pioneering European countries in this matter include 
the Netherlands, where 95% of construction waste is recycled, England, with 45% and Belgium 
with 87%, 17% of which is used in making concrete. In Spain, approximately 10% of total 
construction and demolition waste is recycled, and reuse mainly consists of using the waste for 
road subgrade and subbase. 
Construction and demolition waste principally consists of two fractions: the stony fraction and 
the rest (see Table 1). The most important fraction is the stony fraction, comprising ceramic 
materials (bricks, wall tiles, sanitary ware, etc.), concrete, sand, gravel and other aggregates. 
 

MATERIALS COMPOSITION (%) 
STONY FRACTION 75 
Bricks, wall tiles and other ceramic 
materials 54 

Concrete 12 
Stone 5 
Sand, gravel and other aggregates 4 
REST 25 
Wood 4 
Glass 0,5 
Plastic 1,5 
Metals 2,5 
Asphalt 5 
Plaster 0,2 
Rubbish 7 
Paper 0,3 
Others 4 

Table 1. Composition of construction and demolition waste 
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As can be seen, more than half (54%) corresponds to the ceramic fraction, representing the 
highest percentage of all materials shown, followed by concrete waste (12%). This illustrates 
the importance of the treatment and recovery of this kind of waste. In many cases, the 
possibility of reuse or recycling will depend on the existence of previous studies into the 
viability of this waste fraction, such as that proposed by this present research. 

 
2. Activated clays from industrial waste with pozzolanic properties 

2.1. Introduction 
Activators are defined as products which, once incorporated into Portland cement, 
contribute to the development of the cement’s hydraulic and strength qualities. Due to their 
chemical-mineralogical composition, some products have hydraulic properties in their own 
right, setting and hardening under water.  This is the case for granulated blast – furnace slag 
or fly ash with high lime content. In contrast, others do not have hydraulic qualities per se, 
but due to their composition, rich in silica and aluminium oxide compounds, and their 
extreme fineness, are capable of fixing calcium hydroxide at normal temperatures and in the 
presence of water in order to create stable compounds with hydraulic properties. These 
latter are known as pozzolans. The calcium hydroxide necessary for a pozzolanic reaction 
can come from inert lime or from a hydrating Portland cement. 
The use of materials with pozzolanic properties in cement achieves: 

 Economic Advantages: Reduced need for clinker production (lower energy 
consumption). 

 Environmental Advantages: Reduced CO2 emissions (Kyoto Protocol)  
 Technical Advantages:  

 Long-term mechanical strength 
 Stable resistance to expansion due to the presence of free lime, sulphates and 

aggregate-alkali reactions. 
 Durable resistance to the action of pure and acid water. 
 Reduced hydration heat 
 Impermeability, reducing porosity and increasing compactness. 

Clays are natural materials which do not present pozzolanic activity, although they can be 
activated thermally. Clay activation is achieved by a dehydration process beginning at 
around 500ºC and accompanied by the separation of amorphous, very active aluminium 
oxide, the maximum concentrations of which are achieved at different temperatures, 
depending on the type of mineral. Clay minerals such as kaolinite or montmorillonite, or a 
combination of both, acquire pozzolanic properties through controlled calcinations at 
temperatures between 540ºC and 980ºC. Illite type clays, or schist type clays containing a 
high proportion of vermiculite, chlorite and mica, need higher temperatures for activation. It 
is well-known that one of the first materials used as pozzolans were thermally treated clays 
(Calleja, 1970).  
Activated clays may come from natural products, once these have been activated by 
controlled thermal processes, or from industrial waste.  
This present paper presents research on wastes from the paper and ceramics industries, 
carried out by the Working Group on Materials Recycling at the Eduardo Torroja Institute 
for Construction Sciences. 

 

 

2.2. CERAMICS INDUSTRY WASTE 
As regards the ceramics industry in Spain, some 30 million tons of ceramic products such as 
bricks, roof tiles, breeze blocks, etc., were produced in 2006. Although by 2009 the recent 
industrial crisis had resulted in a 30% drop in production, the industry continues to generate 
a significant volume of material unsuitable for commercialization. 
The percentage of products considered unsuitable for sale and thus rejected depends on the 
type of installation and the product requirements. Such waste can be considered inert, due 
to its low capacity for producing contamination. However, dumping constitutes a major 
disadvantage, producing significant visual impact and environmental degradation. Ceramic 
factory waste (figure 3), known as masonry rubble, is not sorted according to the reason for 
rejection, which may include: 

- Breakage or deformation, which does not affect the intrinsic characteristics of the 
ceramic material. 

- Firing defects, due to excessive heat (over-firing) or insufficient heat (under-firing), 
faults particularly associated with the use of old kilns and which may affect the 
physico-chemical characteristics of the product. 
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applied (around 900ºC) is sufficient to activate the clay minerals, with the result that the 
different rejects acquire similar pozzolanic properties.  Furthermore, studies have been 
carried out into the viability of substituting cement by using ceramic rejects or masonry 
rubble as raw materials in prefabricated concrete, exploiting their pozzolanic properties 



Re-use of ceramic wastes in construction 201

 

As can be seen, more than half (54%) corresponds to the ceramic fraction, representing the 
highest percentage of all materials shown, followed by concrete waste (12%). This illustrates 
the importance of the treatment and recovery of this kind of waste. In many cases, the 
possibility of reuse or recycling will depend on the existence of previous studies into the 
viability of this waste fraction, such as that proposed by this present research. 

 
2. Activated clays from industrial waste with pozzolanic properties 

2.1. Introduction 
Activators are defined as products which, once incorporated into Portland cement, 
contribute to the development of the cement’s hydraulic and strength qualities. Due to their 
chemical-mineralogical composition, some products have hydraulic properties in their own 
right, setting and hardening under water.  This is the case for granulated blast – furnace slag 
or fly ash with high lime content. In contrast, others do not have hydraulic qualities per se, 
but due to their composition, rich in silica and aluminium oxide compounds, and their 
extreme fineness, are capable of fixing calcium hydroxide at normal temperatures and in the 
presence of water in order to create stable compounds with hydraulic properties. These 
latter are known as pozzolans. The calcium hydroxide necessary for a pozzolanic reaction 
can come from inert lime or from a hydrating Portland cement. 
The use of materials with pozzolanic properties in cement achieves: 

 Economic Advantages: Reduced need for clinker production (lower energy 
consumption). 

 Environmental Advantages: Reduced CO2 emissions (Kyoto Protocol)  
 Technical Advantages:  

 Long-term mechanical strength 
 Stable resistance to expansion due to the presence of free lime, sulphates and 

aggregate-alkali reactions. 
 Durable resistance to the action of pure and acid water. 
 Reduced hydration heat 
 Impermeability, reducing porosity and increasing compactness. 

Clays are natural materials which do not present pozzolanic activity, although they can be 
activated thermally. Clay activation is achieved by a dehydration process beginning at 
around 500ºC and accompanied by the separation of amorphous, very active aluminium 
oxide, the maximum concentrations of which are achieved at different temperatures, 
depending on the type of mineral. Clay minerals such as kaolinite or montmorillonite, or a 
combination of both, acquire pozzolanic properties through controlled calcinations at 
temperatures between 540ºC and 980ºC. Illite type clays, or schist type clays containing a 
high proportion of vermiculite, chlorite and mica, need higher temperatures for activation. It 
is well-known that one of the first materials used as pozzolans were thermally treated clays 
(Calleja, 1970).  
Activated clays may come from natural products, once these have been activated by 
controlled thermal processes, or from industrial waste.  
This present paper presents research on wastes from the paper and ceramics industries, 
carried out by the Working Group on Materials Recycling at the Eduardo Torroja Institute 
for Construction Sciences. 

 

 

2.2. CERAMICS INDUSTRY WASTE 
As regards the ceramics industry in Spain, some 30 million tons of ceramic products such as 
bricks, roof tiles, breeze blocks, etc., were produced in 2006. Although by 2009 the recent 
industrial crisis had resulted in a 30% drop in production, the industry continues to generate 
a significant volume of material unsuitable for commercialization. 
The percentage of products considered unsuitable for sale and thus rejected depends on the 
type of installation and the product requirements. Such waste can be considered inert, due 
to its low capacity for producing contamination. However, dumping constitutes a major 
disadvantage, producing significant visual impact and environmental degradation. Ceramic 
factory waste (figure 3), known as masonry rubble, is not sorted according to the reason for 
rejection, which may include: 

- Breakage or deformation, which does not affect the intrinsic characteristics of the 
ceramic material. 

- Firing defects, due to excessive heat (over-firing) or insufficient heat (under-firing), 
faults particularly associated with the use of old kilns and which may affect the 
physico-chemical characteristics of the product. 

 

 
Fig. 3. Ceramic factory waste 
 
Ceramic products are made from natural materials which contain a high proportion of clay 
minerals. These, through a process of dehydration followed by controlled firing at 
temperatures of between 700ºC and 1000ºC, acquire the characteristic properties of “fired 
clay”. Thus, the manufacturing process involved in ceramic materials requires high firing 
temperatures which may activate the clay minerals, endowing them with pozzolanic 
properties and forming hydrated products similar to those obtained with other active 
materials. 
Research carried out into the influence of firing temperatures on waste product properties 
has found that the chemical and mineralogical composition of ceramic masonry rubble 
resulting from incorrect firing temperatures (over- or under-firing) varies significantly from 
that of products obtained from optimal firing conditions.  However, the temperature 
applied (around 900ºC) is sufficient to activate the clay minerals, with the result that the 
different rejects acquire similar pozzolanic properties.  Furthermore, studies have been 
carried out into the viability of substituting cement by using ceramic rejects or masonry 
rubble as raw materials in prefabricated concrete, exploiting their pozzolanic properties 



Ceramic Materials 202

 

(Frías et al., 2008, Sánchez de Rojas et al., 2001; Sánchez de Rojas et al., 2003; Sánchez de 
Rojas et al., 2006; Sánchez de Rojas et al., 2007). 
Ceramic masonry rubble must be suitably fine in order to be used as a pozzolanic additive 
in cement, and thus must be crushed and ground until reaching the specific surface, or 
Blaine value, of around 3500 cm2/g. This material presents a chemical composition similar 
to other pozzolanic materials, with a strongly acid nature where silica, aluminium oxide and 
iron oxide predominate (75.97%), and with a CaO content of 12.41% and an alkali content of 
4.22%. Loss through calcination is 3.44% and sulphate content, expressed as SO3, is 0.79%. 
Mineralogical composition, determined by X-ray diffraction, mainly comprises the 
crystalline compounds quartz, muscovite, calcite, microcline and anorthite. 
In order to assess pozzolanic activity, an accelerated method is used in which the material’s 
reaction over time with a lime-saturated solution is studied. The percentage of lime fixed by 
the sample is obtained through calculating the difference between the concentration of the 
initial lime-saturated solution and the CaO present in the solution in contact with the 
material at the end of each pre-determined period. This assay is performed by comparing 
ceramic masonry rubble with two traditional additives described in the standard EN 197-1: 
2005 (UNE-EN 197, 2005), fumed silica (FS) and siliceous fly ash (SFA), which are used as a 
reference. 
The results, which are shown in Figure 4, demonstrate that ceramic waste presents 
pozzolanic activity; at one day, the percentage of fixed lime is 19% of all available lime. This 
level of activity is lower than that corresponding to the fumed silica considered, but greater 
than that of the fly ash. After longer periods, fixed lime values tend to equal out, and thus 
after 90 days very similar results are obtained for all three materials considered. It was also 
established that the firing temperatures used for producing ceramic material (around 900ºC) 
are sufficient to activate the clay minerals and thus obtain pozzolanic properties. 
Therefore, in the light of these results, it can be stated that rejected ceramic material, or 
ceramic masonry rubble, presents acceptable pozzolanic properties, since the firing 
temperatures used in manufacture are ideal for activating the clays from which they are 
constituted. 
 

 
Fig. 4. Pozzolanic Activity 
 
An important factor to be taken into account when studying construction materials is that of 
durability. The degradation of mortars and concretes caused by aggressive external agents is 

 

 

 

usually due to the reaction between these agents and the cement paste. The degrading 
action of external chemical agents begins on the surface of mortar or concrete, gradually 
penetrating the interior as porosity, permeability and internal tensions increase and 
producing loss of mass and a reduction in strength as the degree of degradation advances.  
There is a long list of aggressive agents and substances; however, the most frequent include 
soft water, acids and some salts in solution containing soluble sulphates, ammonia and 
magnesium. In the present case, durability studies were conducted using the methodology 
reported by Koch & Steinegger (Koch & Steinneger, 1960). For durability assays, agents used 
included drinking water (the reference), artificial sea water (ASTM D114, 1999), sodium 
chloride (at a concentration of 0.5 M) and sodium sulphate (at a concentration of 0.5 M). For 
the cement pastes, ceramic masonry rubble was used as the pozzolanic material, 
substituting 20% cement. The water/cement ratio was 0.5. 
Using the Koch & Steinegger corrosion index, the resistance of pastes to various aggressive 
agents was established. This index is obtained from the quotient between the flexural-tensile 
strength values of 56 day old cylinder samples maintained in a determined dilution of an 
aggressive agent and the values obtained for cylinder samples of the same age maintained 
in water. For a paste to be considered resistant to a determined aggressive agent, its Koch & 
Steinegger index value must be greater than 0.7 in this medium. 
Results for pastes made with ceramic masonry rubble and CEM I-52.5R cement following 
standard EN 197-1:2005, where the cement/rubble ratio is 100/0 and 80/20, are shown in 
figure 5. It can be observed that all the cylinder samples except for the 100/0 samples 
maintained in sodium chloride, present a Koch & Steinegger index value greater than 0.7, 
and thus can be considered resistant to different aggressive media. Furthermore, according 
to the Koch & Steinegger index criteria, all pastes made by partially substituting cement 
with ceramic material showed better durability than pastes made with 100% cement, with 
higher index values except in the case of sea water, where values were slightly lower. 
 

 
Fig. 5. Koch&Steinegger corrosion index 
 
A study was conducted of the mechanical properties of mortars made according to the 
standard EN 196-1:2005: I part cement to 3 parts normalized sand, with a water/cement 
ratio of 0.5. 15% of the cement was substituted with ceramic material.  
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Results obtained for flexural and compressive strength, given as a percentage with respect 
to the control mortar (without masonry rubble) at 24 hours and 28 days, are shown in 
Figures 6 and 7, respectively. 
 

 
Fig. 6 and 7. Flexural-tensile and compressive strength 
 
As can be seen, both the flexural and the compressive strength values obtained at 24 hours 
were very similar to those of the control mortar. However, at 28 days, values were slightly 
lower than those for the control mortar (without ceramic masonry rubble). Nevertheless, in 
all cases the reduction percentage, calculated with respect to the control, was lower than the 
degree of cement substitution, indicating that waste materials act as pozzolans, providing 
mechanical strength. 
Therefore, this research confirms that ceramic masonry rubble endows cement with positive 
characteristics. As regards the economic advantages, these derive from energy savings in 
cement manufacture. Substituting a material that requires a costly thermal treatment, in this 
case clinkerization, with a material which is cheaper in energy terms (such as industrial 
waste which is normally dumped, even though it requires crushing and grinding before 
use), results in improved energy consumption and makes a positive contribution to 
environmental conservation. 

 
3.- Ceramic waste as recycled aggregate 

3.1. Introduction – Antecedents 
Recycled aggregates can be defined as the result of waste treatment and management 
where, following a process of crushing to reduce size, sieving and laboratory analysis, the 
waste complies with technical specifications for use in the construction sector and civil 
engineering. 
According to Ignacio (2007) it is not possible to carry out an exhaustive characterization of 
all kinds of recycled aggregates. Therefore, this topic will be discussed in more general 
terms by looking at concrete aggregates, asphalt agglomerate aggregates and other recycled 
aggregates which incorporate aggregates from clean ceramic material waste and aggregates 
from mixtures. 
As mentioned previously, one of the objectives of the new waste reuse and recycling policies 
in the construction and industrial sectors is to use recycled aggregates as a substitute for 
conventional natural aggregates, with the aim of reducing both use of natural resources and 

 

 

 

 

environmental impact caused by dumping. According to a Statistical Report by ANEFA 
(Asociación Nacional de Fabricantes de Áridos-Spanish Association of Aggregates 
Producers) (2008), consumption of aggregates in Spain in 2007 reached the figure of 479 
million tons in the construction sector and 72 million tons in industrial applications (cement, 
glass and ceramics industries). Meanwhile, sources from the European Aggregates 
Association (UEPG) indicate that from the total volume of aggregates used by the 
construction sector in 2007, most (62.7%) was employed for manufacturing concrete, mortar 
and prefabricated blocks, followed by use in road construction. In the case of industrial use, 
most (82%) was destined for the manufacture of cement, whilst the remainder was 
employed for different industrial applications such as the manufacture of lime and plaster, 
glass and ceramics, among others. 
A further important aspect for analysis, as mentioned at the beginning, is the energy factor. 
The processes involved in cement manufacture, in ceramics production, or in transport, 
endow construction materials with energy, called embodied energy. It has been estimated that 
of all the embodied energy incorporated in a building, only around 20% corresponds to the 
construction phase. Therefore, when a defective construction material is discarded, or a 
building demolished, a huge quantity of embodied energy is wasted. According to data 
provided by Alaejos (Anon. 2001), one of the best ways to take advantage of this waste is to 
include it in mortar and concrete manufacturing processes.  This reuse not only recovers 
embodied energy but also reduces the number and size of dumps. A concrete capable of 
incorporating such waste would constitute an eco-efficient material. 
The possibilities for using recycled aggregates in concrete production have been studied in 
depth, although such research has fundamentally concentrated on reuse of recycled 
aggregate from concrete. Thus, Sánchez and Alaejos (2003, 2005, 2006) established the 
possibility of using this kind of waste to substitute up to 20% of conventional coarse 
aggregate. This maximum substitution percentage is basically due to the high absorption 
coefficient of this kind of material, although they also established the possibility of reuse in 
combination with enhanced natural aggregates, and for structural concretes with a 
compressive strength equal to or less than 50 MPa. It is noteworthy that practically the same 
limitations are established in appendix 15 (Recommendations for the use of recycled concrete) of 
the recently published Spanish Instructions for Structural Concrete (EHE-2008). 
Along the same lines, Huete et al. (2005) and Rolón et al. (2007) established maximum reuse 
limits of 20%, also highlighting the high absorption coefficient of this material and reporting 
a 6% reduction in strength after 28 days – aspects which could be improved, especially as 
regards absorption, by the use of superplastifying additives. Other studies have established 
maximum proportions at 50% (González and Martinez, 2005), although they also 
emphasized the high absorption coefficient and the need to increase the water/cement ratio 
by approximately 6% with respect to the reference concrete in order to achieve strength 
characteristics greater than 30 N/mm2.  Likewise, Domínguez et al. (2004) reported the 
viability of recycled aggregate reuse in concretes with strengths of 150, 200 and 250 kg/cm2, 
establishing the possibility of reuse via a small increase in the quantity of cement employed 
(2.5%), whilst at the same time stressing the consequent environmental and economic 
advantages. Along the same lines, Evangelista and de Brito (2007) analysed the feasibility of 
reusing CDW as fine aggregate in concretes, in proportions of 30% with respect to the 
reference concrete without noting any relevant reduction in compressive strength. Kim y 
Kim (2007) demonstrated the possibility of producing recycled concrete (MSC-Modified 
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sulphur concrete) with better physical properties (compressive strength greater than 78 
N/mm2 and an absorption coefficient of 0.5%) than those of conventional concrete using a 
mixture of modified sulphur, recycled aggregates and dust obtained from concrete debris. 
Other studies have focused on the reuse of CDW from the stony fraction corresponding to 
ceramic waste, both in the manufacture of concrete and in pastes and mortars. For example, 
de Brito et al. (2005) and Correia et al. (2006) reported the use of recycled aggregates of 
ceramic origin in non-structural concrete, which showed good abrasion resistance and 
tensile strength and offered the possibility of use as concrete slabs (also due to the greater 
durability of recycled concrete). As in previous studies, they reported higher absorption 
rates for recycled aggregates, which could be partially resolved by implementing pre-
saturation methods. Other research has demonstrated the possibility of reusing recycled 
ceramic aggregates as coarse aggregate in structural concrete (Senthamarai and Devadas 
Manoharan, 2005), although with some reservations until further in-depth research is 
conducted. Koyuncu et al. (2004) analysed 3 types of ceramic waste (paste, dust and crushed 
floor tiles) as road subbase filler and as a substitute for natural aggregates in concrete, 
demonstrating the feasibility of reuse in non-structural concrete (concrete blocks) with a 
strength of 40-50 kg/cm2. Likewise, Binici (2007) used crushed ceramic waste and pumice 
stone as a partial substitute for fine aggregates in the production of mortar and concrete, 
finding that the resultant product showed good compressive strength and abrasion 
resistance, together with less penetration by chlorides which could provide greater 
protection for the reinforcement used in reinforced concrete. Similarly, Puertas et al. (2006) 
studied the use of 6 types of ceramic waste as an alternative material in the production of 
unrefined cement. The research demonstrated the viability of this use, as the waste 
presented a suitable chemical and mineralogical composition together with a level of 
pozzolanic activity. Another noteworthy study was that of Portella et al. (2006) in which the 
possibility of incorporating ceramic waste from electrical porcelain into concrete structures 
was analysed. This study demonstrated the viability of reuse, although the damaging effect 
of certain by-products which generated an alkali-aggregate reaction made it necessary to use 
sulphate resistant cement. Gomes and de Brito (2009) studied the viability of incorporating 
coarse aggregate from concrete waste and ceramic block waste in the production of new 
concrete, and concluded that as regards durability, structural concrete can be made using 
recycled aggregates, but that the 4-32 mm fraction of natural aggregates cannot be totally 
substituted. Cachim (2009) crushed and used waste from different kinds of ceramic blocks 
as a partial substitute (15, 20 and 30%) for coarse natural aggregates, observing that with 
15% substitution there was no change in concrete strength, whilst when 15-20% was 
substituted, alterations were noted according to the kind of ceramic block used and when 
20-30% was substituted, the recycled concrete showed a reduction in strength regardless of 
the kind of ceramic block from which the recycled aggregate had been obtained.  Silva et al. 
(2010) analysed the feasibility of using red ceramic waste as a partial and total substitute for 
natural fine aggregates, finding that at substitution percentages of 20 and 50% results which 
were at all times superior to those for the reference mortar. However, when natural fine 
aggregate was totally substituted, behaviour was poorer than that of the reference.  
Finally, we should mention the most relevant research carried out to date by members of 
this research team, López et al. (2007), Juan et al (2007), Guerra et al. (2009), and Juan et al. 
(2010), in which various mechanical assays have been conducted under laboratory 
conditions in order to test the use of sanitary ware waste and white ceramic dust. Findings 

 

indicate that reuse is viable, producing strength characteristics greater than for the reference 
concrete, established as 30 N/mm2. 

 
3.1. Using sanitary ware waste as recycled aggregate in structural concrete 
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these curves it can be seen that all the aggregates present continuous granulometric curves, 
which would have a positive influence on concrete docility. Furthermore, it should be noted 
that the curve for recycled ceramic aggregate is very similar to that for natural coarse 
aggregate. 
 

 
Fig. 9. Aggregate size distribution curves 
 
The results obtained for the other physical-mechanical characteristics determined are 
presented in table 3. 
 

Characteristic Gravel Ceramic EHE-08 
Grading modulus 6,93 6,17 - 
Maximum size (mm) 20 12,5 - 
Fine content (%) 0,22 0,16 < 1,5 
Dry sample real density (kg/dm3) 2,63 2,39 - 
Water absorption coefficient (%) 0,23 0,55 < 5 
Elongation Index (%) 3 23 < 35 
“Los Ángeles” coefficient (%) 33 20 < 40 

Table 3. Characterization results of aggregates 
 
The results presented in table 3, show that the percentage of fine aggregate in the recycled 
aggregates is lower than that for gravel. Dry sample density for natural aggregates is higher 
than that for aggregates of a ceramic origin, enabling us to deduce that concretes made with 
the latter would be slightly lighter than the reference concrete. As was expected, the 
absorption coefficient for the recycled aggregate is higher than that of gravel, but this 
difference is not highly significant and would not, therefore, have much impact on the 
workability of concrete made with this kind of recycled aggregate. With regards to the 
elongation index, a substantial difference can be observed between the two aggregates, a 
result explained by the process used for obtaining the recycled aggregate, which produced 
an aggregate with irregularly shaped, sharper edges. As for the values obtained for 
resistance to fragmentation, these indicated that the recycled aggregate presented higher 

 

resistance values than the natural aggregate, leading us to predict that the concretes 
obtained with the former would have greater compressive strength. 
Consequently, in the light of these results, it can be stated that recycled aggregates from 
crushed ceramic sanitary ware present suitable characteristics for partial substitution of 
natural coarse aggregates. The natural aggregates used were of a siliceous nature; the gravel 
comprised pebbles and river sand was used. The cement used was Portland cement without 
additives (CEM I), which complies with the specifications set down in the Instructions for 
the Authorization of Cements (Instrucción de Recepción de Cementos (RC-08)); rapid 
hardening and strength class 52.5 N/mm2 
Mix design was determined following the de la Peña method, a commonly used method for 
calculating mix proportions for structural concrete, whereby the initial step is to establish 
the characteristic concrete strength desired. In this case, the aim was to produce recycled 
concrete for structural purposes with a characteristic strength equal to 30 N/mm2, and the 
proportion of gravel to be substituted by recycled ceramic aggregate was set at 15-20 and 
25%. As a result of this process, the mixes presented in table 4 were obtained. As can be seen 
in this Table, all mixes complied with requirements regarding minimum cement content and 
maximum water/cement ratio given in the EHE-08 to ensure durability. 
 

Type concrete 
Materials (kg/dm3) 

Sand Gravel Ceramic Cement Water 
Concrete reference (CR) 716,51 1115,82 0,00 398,52 205,00 
Concrete containing 15% recycled 
aggregate (CC-15) 723,48 948,45 162,32 390,36 205,00 

Concrete containing 20% recycled 
aggregate (CC-20) 725,81 892,66 216,43 387,64 205,00 

Concrete containing 25% recycled 
aggregate (CC-25) 728,14 836,87 270,53 384,91 205,00 

Table 4. Mix proportions of concretes 
 

 
Fig. 10. Average density of fresh concrete 
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A study of fresh and hardened concrete properties was carried out using 15 x 30 cm cylinder 
samples made according to the standard EN 12390-1 and cured following standard EN 
12390-2. The fresh concrete properties studied were consistency, using the Abram’s cone 
slump test (EN 12350-2), and density (EN 12350-6). Consistency testing showed that all the 
concrete mixtures presented a soft consistency (6-9 cm), as recommended in EHE-08,  
section 31.5. 
As can be seen in figure 10, results obtained for fresh concrete density studies showed that 
as the percentage of natural aggregates substituted rose, density of the recycled concrete fell. 
The results obtained for compressive and tensile splitting strength are shown in figure 11 as 
a percentage with respect to the reference concrete (with natural aggregates only), for 7, 28 
and 90 days in the case of compressive strength, and at 28 days for tensile strength.  
 

 
Fig. 11. Compressive and tensile splitting strength  
 
As can be observed, both the compressive and tensile strengths obtained at different ages 
are higher for recycled concrete than the reference concrete. In addition, as the percentage of 
conventional coarse aggregate substituted by ceramic coarse aggregate rose, so too did the 
strength when compared with the reference concrete.  
 

 
Fig. 12. Specimens showing natural and ceramic recycled coarse aggregates and cement 
paste 
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Furthermore, this improved mechanical behaviour on the part of recycled concrete is a 
consequence of the fact that crushed aggregate presents a greater specific surface area than 
pebble aggregate and thus their adherence is greater, which in turn results in a more 
compact aggregate-paste interfacial transition zone (ITZ) in the case of recycled aggregate 
than in that of natural aggregate (figure 12). 
Finally, it should be noted that the different crystalline phases resulting from the hydration 
process during concrete setting and hardening were identified by X-ray diffraction, the 
results of which are presented in figure 13. 
 

 
Fig. 13. X–ray diffraction of different concrete pastes 
 
An analysis of the results demonstrates that the introduction of recycled ceramic aggregates 
has no negative effects on cement hydration, and can thus be considered an inert material. 
In the light of the results obtained from the research conducted to date, we can confirm that 
following prior treatment (crushing, washing and sieving), waste from the ceramic sanitary 
ware industry can be used to partially substitute natural coarse aggregates, and indeed 
confers the recycled concrete with positive characteristics as regards mechanical behaviour. 
The recycled concrete obtained can be used for structural purposes, since its characteristic 
compressive strength exceeds 25 N/mm2, the minimum strength requires for structural 
concrete. 
Reuse of this kind of waste has many advantages, not least of which are the economic 
advantages, including job creation in companies specializing in the selection and recycling 
of this kind of material. It goes without saying that reuse is better than recycling; thus, there 
are considerable environmental benefits to using materials with such a high level of embodied 
energy, such as a reduction in the number of natural spaces employed as refuse dumps and a 
decrease in the quarrying necessary to extract conventional natural aggregates. Indirectly, 
all the above contributes to a better quality of life for citizens. 
Lastly, it should be noted that the production of concrete made with recycled aggregates 
comprises part of the correct management of CDW – Law 10/98, EU ministerial council of 
the 27th June, 2006 – given that: 

- it avoids the use of new raw materials 
- it reduces waste generation  
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- and it makes maximum use of the energy already contained in the waste 
Together, these factors constitute one of the basic cornerstones of sustainable development. 
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1. Introduction 

The industrial revolution changed the world; it generated the great humanity progress. But, 
the industrialization is accompanied by the generation of wastes, which could be negative to 
the natural environment. Unfortunately, environmental issues were not remembered, as 
should be. 
One general conclusion from Gungor and Gupta (1999) in their literature review is: 
environmental issues are gaining justifiable popularity among society, governments and 
industry due to negative environmental developments. 
The current state of manufacturing processes consume enormous tons of different forms of 
natural resources like raw materials, energy, water, etc. 
The giant amount of waste generated is still far from being used in its totality as a product 
or by-product, making technological alternatives needed in order to reduce its possible 
environmental impact; where, the major potential impacts of its disposal on terrestrial 
ecosystems include: leaching of potentially toxic substances into soils and groundwater; 
reductions in plant establishment and growth due primarily to adverse chemical 
characteristics of the waste; changes in the elemental composition of vegetation growing on 
the waste; and increased mobility and accumulation of potentially toxic elements 
throughout the food chain. 
There are many reasons to increase the amount of waste being utilized or re-utilized. Firstly, 
disposal costs are minimized; secondly, less area is reserved for disposal, thus enabling 
other uses of the land and decreasing disposal permitting requirements; thirdly, there may 
be financial returns from the sale of the by-product or at least an offset of the processing and 
disposal costs; and fourthly, the by-products can replace some scarce or expensive natural 
resources (Ahmaruzzaman, 2010). 
Waste such ashes from: coal, municipal solid waste, wood, and so on, have good potential 
for use in ceramic products. Various ceramics systems have been shown to be suitable for 
producing products that are thermally and mechanically stable and exhibit good chemical 
durability. Palomo et al. (1999) activate fly ash for applications in building sites. The studies 
of Barbieri et al. (1999) and Leroy et al. (2001) are examples of the glass–ceramics obtained 
using fly ash. The results obtained by Zimmer & Bergmann (2007) indicate that fly ash, 
when mixed with traditional raw materials, has the necessary requirements to be used as a 
raw material for production of ceramic tiles. 
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Ceramic products have the largest range of functions of all known materials. Despite the 
already existing variety of compounds, the number of processing techniques, and the 
known diversity of properties and applications of the materials, ceramics are synthesized 
into glasses, polycrystals, and single crystals, and many forms dictated by their use, 
including fine powders, fibres, thin films, thick films, coatings, monoliths, and composites. 
Polycrystalline components are conventionally produced by powder synthesis and forming 
processes followed by sintering at high temperature compared to polymers processing 
temperature. 
The main advantages of the ceramic processing route include the fact that ceramics can be 
processed at reasonably low temperatures; a large number of ceramics product is tolerant of 
variations in waste composition; ceramics exhibits reasonable chemical durability - ceramics 
are radiation resistant and can suffer changes occurring at different environments as 
humidity, temperature, sun, salt, wind,  and so on. 
However, the main concern in the use of a waste as secondary raw material in the 
formulation of a ceramic product is its immobilization inside the ceramic body after 
transformations occurred during the ceramic process, at the thermal treatment; which, 
depending of the ceramic product could fuse, partially fuse or sinter the ceramic 
formulation. 
Ceramics product could be considered interesting in the immobilization of hazardous 
wastes, because they are able to retain heavy metals in their structure with a significant 
reduction of volume. 
The positive aspects of waste inertization technology in ceramic products are process 
flexibility since various types of wastes such as sediment and ashes can sometimes be used 
without preliminary preparation. 
There are several ways to start a formulation of one ceramic product, which the easiest form 
is evaluate the effects of waste addictions in a ceramic formulation. 
The properties of ceramic products depend of its composition. Calculating oxide 
composition of an intended formulation containing waste is a profit compared with simple 
waste additions. However, relative calculations of compositions are not the only think that 
influences the manufacture of a ceramic product, it is important too: loss of ignition (outlet 
material), particle friction (influences the particle mobility), particle size (thinner are more 
reactive), etc. 
There are a number of measurements to determine the nature of the waste besides its 
compositions. A good characterization is primordial to starts a formulation of a ceramic 
product using waste. Chemical composition, mineralogical composition, granulometric size 
distribution and morphologic aspect are important things to be analyzed. But, a good waste 
characterization is accompanied of thermo-gravimetric analysis (TGA), differential thermal 
analysis (DTA), and refractoriness and so on to understand the properties that each waste 
could give to a specifically ceramic product. 
The aim of this chapter was to study the use of waste in ceramic formulations with or 
without traditional raw materials that would result in ceramic products with satisfactory 
technological properties, allowing its utilization. 
It will be discussed the requisites that one waste must have to be added in a ceramic 
formulation and when ceramics products not support waste. 

 

2. Overview of Researches in Ceramic Waste 

The ceramic heat treatment process has been demonstrated as one valid technologies for the 
inertization and volume reduction of different categories of wastes. The produced ceramic 
produtct can in fact subsequently be disposed in landfill sites reducing environmental 
hazard. 
As an example of application with the worst waste (radioactive waste) in its reducing 
environmental hazard was related by Donald et al. (1997) work, where one solution could be 
the waste form, in other words, the rationale behind the immobilization of radioactive waste 
materials in glass or ceramic hosts is to provide a solid, stable and durable material that can 
be more easily stored or disposed of than the current liquid wastes. Immobilization may be 
accomplished either by dissolution of the waste elements on an atomic scale within the host 
lattice, or by encapsulation of the waste within an inert matrix. Wasteforms can be 
temporarily stored at the solidification processing plant (during which time the heat 
generated by the decay of the fission products decreases), but the longer term strategy is to 
dispose of them permanently in an underground repository as part of a multibarrier 
approach. The immobilized waste would therefore form only one part of an engineered 
system designed to prevent contamination of the biosphere with radioactive elements. 
There are many wastes and kind of wastes disposed in landfills that could be used as a 
ceramic raw material. There are many kinds of ceramic products, it is thus necessary, for the 
utilization of civil or industrial wastes, to look for ceramic technologies in order to generate 
components in cementitious, glass or traditional ceramics. 
Incineration is a commonly accepted solution throughout the world for managing the 
increasing production of Municipal Solid Waste (MSW). In the Ferreira et al. (2003) work, 
three main factors were considered relevant to evaluate fly ash suitability for each 
application: suitability for processing, technical performance and environmental impact: 
• the first factor, suitability for processing, depends on physical–chemical characteristics of 
the fly ash, such as particle size and chemical properties, that may constitute a limitation for 
a specific process (although in some cases these characteristics can be adjusted so as to 
comply to processing requirements); 
• technical performance is the second factor considered. Even if fly ash can be easily 
processed, the final product cannot be used unless it presents good technical properties; 
• finally, the third factor considered is environmental impact. Toxicity does not necessarily 
disappear with fly ash valorisation. The risks imposed on the environment by each possible 
application must be carefully weighed against creating new pollution sources elsewhere. 
Colombo et. al (2003) reviewed waste vitrification technologies and related that analysis of 
different methods of vitrification, according to physical state and composition of the waste, 
can offer a guideline for process selection. The vitrification process, initially proposed for 
high level radioactive waste management, has been demonstrated as one of the most valid 
technologies for the inertization and volume reduction of different categories of wastes, as 
testified by a large and growing scientific literature devoted to the topic. The produced glass 
can in fact subsequently be disposed in landfill sites without posing any environmental 
hazard. 
According to Colombo et. al (2003), the main advantages of the vitrification process are: 
• inorganic glasses can incorporate large amounts of heavy metal ions, chemically bonding 
them inside their inorganic amorphous network; 
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Ceramic products have the largest range of functions of all known materials. Despite the 
already existing variety of compounds, the number of processing techniques, and the 
known diversity of properties and applications of the materials, ceramics are synthesized 
into glasses, polycrystals, and single crystals, and many forms dictated by their use, 
including fine powders, fibres, thin films, thick films, coatings, monoliths, and composites. 
Polycrystalline components are conventionally produced by powder synthesis and forming 
processes followed by sintering at high temperature compared to polymers processing 
temperature. 
The main advantages of the ceramic processing route include the fact that ceramics can be 
processed at reasonably low temperatures; a large number of ceramics product is tolerant of 
variations in waste composition; ceramics exhibits reasonable chemical durability - ceramics 
are radiation resistant and can suffer changes occurring at different environments as 
humidity, temperature, sun, salt, wind,  and so on. 
However, the main concern in the use of a waste as secondary raw material in the 
formulation of a ceramic product is its immobilization inside the ceramic body after 
transformations occurred during the ceramic process, at the thermal treatment; which, 
depending of the ceramic product could fuse, partially fuse or sinter the ceramic 
formulation. 
Ceramics product could be considered interesting in the immobilization of hazardous 
wastes, because they are able to retain heavy metals in their structure with a significant 
reduction of volume. 
The positive aspects of waste inertization technology in ceramic products are process 
flexibility since various types of wastes such as sediment and ashes can sometimes be used 
without preliminary preparation. 
There are several ways to start a formulation of one ceramic product, which the easiest form 
is evaluate the effects of waste addictions in a ceramic formulation. 
The properties of ceramic products depend of its composition. Calculating oxide 
composition of an intended formulation containing waste is a profit compared with simple 
waste additions. However, relative calculations of compositions are not the only think that 
influences the manufacture of a ceramic product, it is important too: loss of ignition (outlet 
material), particle friction (influences the particle mobility), particle size (thinner are more 
reactive), etc. 
There are a number of measurements to determine the nature of the waste besides its 
compositions. A good characterization is primordial to starts a formulation of a ceramic 
product using waste. Chemical composition, mineralogical composition, granulometric size 
distribution and morphologic aspect are important things to be analyzed. But, a good waste 
characterization is accompanied of thermo-gravimetric analysis (TGA), differential thermal 
analysis (DTA), and refractoriness and so on to understand the properties that each waste 
could give to a specifically ceramic product. 
The aim of this chapter was to study the use of waste in ceramic formulations with or 
without traditional raw materials that would result in ceramic products with satisfactory 
technological properties, allowing its utilization. 
It will be discussed the requisites that one waste must have to be added in a ceramic 
formulation and when ceramics products not support waste. 

 

2. Overview of Researches in Ceramic Waste 

The ceramic heat treatment process has been demonstrated as one valid technologies for the 
inertization and volume reduction of different categories of wastes. The produced ceramic 
produtct can in fact subsequently be disposed in landfill sites reducing environmental 
hazard. 
As an example of application with the worst waste (radioactive waste) in its reducing 
environmental hazard was related by Donald et al. (1997) work, where one solution could be 
the waste form, in other words, the rationale behind the immobilization of radioactive waste 
materials in glass or ceramic hosts is to provide a solid, stable and durable material that can 
be more easily stored or disposed of than the current liquid wastes. Immobilization may be 
accomplished either by dissolution of the waste elements on an atomic scale within the host 
lattice, or by encapsulation of the waste within an inert matrix. Wasteforms can be 
temporarily stored at the solidification processing plant (during which time the heat 
generated by the decay of the fission products decreases), but the longer term strategy is to 
dispose of them permanently in an underground repository as part of a multibarrier 
approach. The immobilized waste would therefore form only one part of an engineered 
system designed to prevent contamination of the biosphere with radioactive elements. 
There are many wastes and kind of wastes disposed in landfills that could be used as a 
ceramic raw material. There are many kinds of ceramic products, it is thus necessary, for the 
utilization of civil or industrial wastes, to look for ceramic technologies in order to generate 
components in cementitious, glass or traditional ceramics. 
Incineration is a commonly accepted solution throughout the world for managing the 
increasing production of Municipal Solid Waste (MSW). In the Ferreira et al. (2003) work, 
three main factors were considered relevant to evaluate fly ash suitability for each 
application: suitability for processing, technical performance and environmental impact: 
• the first factor, suitability for processing, depends on physical–chemical characteristics of 
the fly ash, such as particle size and chemical properties, that may constitute a limitation for 
a specific process (although in some cases these characteristics can be adjusted so as to 
comply to processing requirements); 
• technical performance is the second factor considered. Even if fly ash can be easily 
processed, the final product cannot be used unless it presents good technical properties; 
• finally, the third factor considered is environmental impact. Toxicity does not necessarily 
disappear with fly ash valorisation. The risks imposed on the environment by each possible 
application must be carefully weighed against creating new pollution sources elsewhere. 
Colombo et. al (2003) reviewed waste vitrification technologies and related that analysis of 
different methods of vitrification, according to physical state and composition of the waste, 
can offer a guideline for process selection. The vitrification process, initially proposed for 
high level radioactive waste management, has been demonstrated as one of the most valid 
technologies for the inertization and volume reduction of different categories of wastes, as 
testified by a large and growing scientific literature devoted to the topic. The produced glass 
can in fact subsequently be disposed in landfill sites without posing any environmental 
hazard. 
According to Colombo et. al (2003), the main advantages of the vitrification process are: 
• inorganic glasses can incorporate large amounts of heavy metal ions, chemically bonding 
them inside their inorganic amorphous network; 
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• the obtained glasses are inert towards most chemical or biological agents, so they can be 
disposed of in landfills without problems or used for roads, pavements, embankments, etc.; 
• the vitrification process can accept wastes of different composition and form, such as 
liquids, muds, solids or their mixtures. Therefore, a well designed vitrification plant can be 
flexible enough to treat wastes of various type, without or with a minimal pre-treatment; 
• vitrification is a mature technology, and glass-forming systems have been extensively 
investigated in the academia, so their properties are well known; 
• vitrification results in a large reduction in volume of the waste. 
In one method for the immobilization of high level radioactive waste (HLW) as reviewed by 
Donald et al. (1997) a suitable glass host is used to dissolve the HLW to form a glassy 
(vitreous) homogeneous product that can be cast into suitable forms, including large glass 
blocks. Under suitable conditions, it is possible to incorporate up to 25-30 wt% HLW into a 
glass. The choice of glass composition is a compromise between high HLW solubility, 
manageable glass formation temperature, and low leachability in repository environments. 
Various glass systems have been shown to be suitable for producing waste glass forms that 
are thermally and mechanically stable and exhibit good chemical durability. The main 
advantages of the vitrification route include the fact that glass is a good solvent for HLW; 
glass can be processed at reasonably low temperatures; glass is very tolerant of variations in 
waste composition; glass exhibits reasonable chemical durability; and glass is radiation 
resistant and can accommodate changes occurring during radioactive decay of HLW 
constituents (Donald et al., 1997). 

 
3. Ceramic Processing 

Usually, the ceramic products are manufactured from materials which are solid state, which 
most often is in powder form. The consolidation of a part can occur with or without fusion 
of the employed raw material. Even the ceramic products that are manufactured at room 
temperature or close to it, such as cement and gypsum, its raw materials have undergone a 
prior heat treatment at high temperatures – more than half melting temperature. During the 
heat treatment that the material has suffered, a thermal activated atomic diffusion leads to 
the formation of phases which act as a trapping against the leaching of these elements in 
their operating life. 
However, mostly of time is cost impeditive the use of the class of ceramics called "advanced 
ceramics", these kind of products are distinguished by their high chemical purity, careful 
processing and high values of the useful properties. 
Advanced ceramics are materials systems more refined, sometimes with special compounds 
and the processes were developed for high structural performance: biocompatibility, 
magnetic and electronic applications, among other special application – with specific 
property from high technological demand. 
Ceramic processing is used to produce commercial products that are very diverse in size, 
shape, detail, complexity, and material composition, structure, and cost. Ceramics are 
typically produced by the application of heat upon processed natural raw materials 
(minerals) to form a rigid product. 
Ceramic products that use naturally occurring minerals as a starting material most of time 
undergo special processing in order to control purity, particle size, particle size distribution, 
and heterogeneity. These attributes have an important character in the final properties of the 

finished ceramic. Chemically prepared powders also are used as starting materials for some 
ceramic products. These synthetic materials can be controlled to produce powders with 
precise chemical compositions and particle size. 
According to Reed (1995), ceramics processing commonly begins with one or more ceramic 
materials, one or more liquids, and one or more special additives called processing aids. The 
starting materials or the batched system may be beneficiated chemically and physically 
using operations such as crushing, milling, washing, chemical dissolving, settling, flotation, 
magnetic separation, dispersion, mixing, classification, de-airing, filtration, and spray-
drying. 
Before the development of scientific insights of ceramics processing, the properties of the 
product were often correlated with changes in a processing operation to identify the more 
important superficial variables. This empirical approach is still used. However, empirical 
correlations such as these do not provide a scientific understanding of the fundamental 
causes of behavior during processing and forming. The probability that adjustments based 
on empirical correlations alone will produce significant advances is small, because the 
potential number of unsuccessful combinations of variables is always relatively coarse. Also, 
empirical correlations may be of little heuristic value when the processing engineer is faced 
with a lack of reproducibility in manufacturing, an insufficient reliability in the performance 
of nominally identical products, or when developing new products (Reed, 1995). 
Viewed as a science, ceramics processing is the sequence of operations that purposefully 
and systematically changes the chemical and physical aspects of structure, which we call the 
characteristics of the system (Reed, 1995). 
The objectives of the science of ceramics processing are to identify the important 
characteristics of the system and understand the effects of processing variables on the 
evolution of these characteristics. The objectives in process engineering should be to change 
these characteristics purposefully to improve product quality. Because of the key 
dependence on controlling characteristics, an understanding of techniques for characterizing 
the starting materials and the process system at each stage is an integral part of any 
discussion of ceramics processing (Reed, 1995). 

 
3.1. Characterization of Ceramic Raw Materials 
As a starting point for the use of waste as ceramic raw material is the knowledge of the 
whole environment generator of this waste to be aware of the possible constituents of this 
waste, including small proportion. It is also necessary to assess whether the process can 
produce different wastes in different periods. One think should be careful if there is a 
possibility that the residue present or release corrosive gases when thermally processed 
(COS, H2S, HCl, SO2, NOx etc.), which can cause problems in the equipment with which it 
will contact. 
The next step is to characterize morphological and dimensional waste constituents with 
microscopy technique and could supplement with granulometry. In general, smaller 
dimensions of the components from residue, higher will be the reactivity and the lower will 
be the fluidity. Likewise, morphology with low aspect ratio is less favourable fluidity and 
also to its packaging. 
The chemical analysis is essential, but it is not easy without knowing beforehand what they 
may contain the residue and the possible elements of which it consists. 
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• the obtained glasses are inert towards most chemical or biological agents, so they can be 
disposed of in landfills without problems or used for roads, pavements, embankments, etc.; 
• the vitrification process can accept wastes of different composition and form, such as 
liquids, muds, solids or their mixtures. Therefore, a well designed vitrification plant can be 
flexible enough to treat wastes of various type, without or with a minimal pre-treatment; 
• vitrification is a mature technology, and glass-forming systems have been extensively 
investigated in the academia, so their properties are well known; 
• vitrification results in a large reduction in volume of the waste. 
In one method for the immobilization of high level radioactive waste (HLW) as reviewed by 
Donald et al. (1997) a suitable glass host is used to dissolve the HLW to form a glassy 
(vitreous) homogeneous product that can be cast into suitable forms, including large glass 
blocks. Under suitable conditions, it is possible to incorporate up to 25-30 wt% HLW into a 
glass. The choice of glass composition is a compromise between high HLW solubility, 
manageable glass formation temperature, and low leachability in repository environments. 
Various glass systems have been shown to be suitable for producing waste glass forms that 
are thermally and mechanically stable and exhibit good chemical durability. The main 
advantages of the vitrification route include the fact that glass is a good solvent for HLW; 
glass can be processed at reasonably low temperatures; glass is very tolerant of variations in 
waste composition; glass exhibits reasonable chemical durability; and glass is radiation 
resistant and can accommodate changes occurring during radioactive decay of HLW 
constituents (Donald et al., 1997). 

 
3. Ceramic Processing 

Usually, the ceramic products are manufactured from materials which are solid state, which 
most often is in powder form. The consolidation of a part can occur with or without fusion 
of the employed raw material. Even the ceramic products that are manufactured at room 
temperature or close to it, such as cement and gypsum, its raw materials have undergone a 
prior heat treatment at high temperatures – more than half melting temperature. During the 
heat treatment that the material has suffered, a thermal activated atomic diffusion leads to 
the formation of phases which act as a trapping against the leaching of these elements in 
their operating life. 
However, mostly of time is cost impeditive the use of the class of ceramics called "advanced 
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finished ceramic. Chemically prepared powders also are used as starting materials for some 
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precise chemical compositions and particle size. 
According to Reed (1995), ceramics processing commonly begins with one or more ceramic 
materials, one or more liquids, and one or more special additives called processing aids. The 
starting materials or the batched system may be beneficiated chemically and physically 
using operations such as crushing, milling, washing, chemical dissolving, settling, flotation, 
magnetic separation, dispersion, mixing, classification, de-airing, filtration, and spray-
drying. 
Before the development of scientific insights of ceramics processing, the properties of the 
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3.1. Characterization of Ceramic Raw Materials 
As a starting point for the use of waste as ceramic raw material is the knowledge of the 
whole environment generator of this waste to be aware of the possible constituents of this 
waste, including small proportion. It is also necessary to assess whether the process can 
produce different wastes in different periods. One think should be careful if there is a 
possibility that the residue present or release corrosive gases when thermally processed 
(COS, H2S, HCl, SO2, NOx etc.), which can cause problems in the equipment with which it 
will contact. 
The next step is to characterize morphological and dimensional waste constituents with 
microscopy technique and could supplement with granulometry. In general, smaller 
dimensions of the components from residue, higher will be the reactivity and the lower will 
be the fluidity. Likewise, morphology with low aspect ratio is less favourable fluidity and 
also to its packaging. 
The chemical analysis is essential, but it is not easy without knowing beforehand what they 
may contain the residue and the possible elements of which it consists. 
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From the knowledge of the chemical composition, it is promising to have an idea of what 
are the possible applications that a waste may have. Besides the chemical composition, 
identification and quantitative estimation of the proportions of the various mineral species 
in a system such as waste polycompost provide important information to get an idea of 
what the behavior of the residue of an application as ceramic product. 
An important factor of mineralogical knowledge is its crystallinity, which could indicate the 
possible isomorphic replacements, which are more intense in materials of lower crystallinity 
in comparison to their relative high crystallinity. 
However, before proceeding with a possible test of this residue is important to know their 
loss to fire (LOI), which is more appropriately accomplished by a thermogravimetric 
analysis (TGA). 
Figure 1 shows a TGA analysis of a hypothetical waste, this mass loss is concentrated 
between 200 and 300 ° C and corresponds to approximately 90% until a temperature of 1000 
° C. If this residue were used, it will results in their almost total escape into the atmosphere. 
The loss is linked to the output of volatiles during thermal processing and in some ways is a 
component that acts against the consolidation of the ceramic material, which can be bad for 
a dense ceramic or good for a refractory insulating material of low density. In the study of 
Bragança, Zimmer and Bergmann (2008), for example, is employed wood waste (sawdust) to 
form the porosity of a refractory insulator. The sawdust can generate output for its porosity 
and also contributes exothermically to the firing process due to its oxidation reaction - 
combustion. 
It is noteworthy that the volume reduction due to material output is far superior to weight 
reduction, because the gases that go out have lower density compared with the remains, the 
latter is usually inorganic. 
 

 
Fig. 1. Thermogravimetric annalysis from a hipotetical waste. 
 
Concerning the size of the particles that form the residue or the grain size, can have sizes 
either coarse or small (bellow 50 micrometers). There are applications in ceramic products 
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for a wide range of particle size and if the particle size is very large for an application, it can 
be milled. The grind is a costly step and demand time, then should be avoided or very well 
rated for not making its use financially unfeasible. 
Another property that can be easily assessed is the pyrometric cone equivalent (PCE). The 
PCE is a measurement of refractoriness given according to tests made with material in a 
cone pattern. 
The deformation and softening due to the temperature rise are compared to material 
standards. Cones are designed to deform at certain times during firing, simply to record 
what happened during the firing (control). The exact moment when the cone is deformed 
mainly depends on two factors: time and temperature. With this concept in mind, it is 
necessary take care that PCE and temperature is not the same thing. 
Like the PCE, the piroplasticity index (PI) could be applied to know firing details of ceramic 
products The PI is a deformation of a specimen of certain size subjected to the action of 
gravity during firing under specific conditions. The procedure used to determine the rate of 
piroplasticity during the firing process consists of measuring the deflection of curvature of a 
specimen on two supports, separated by a distance determined, as shown in Figure 2. 
 

 
Fig. 2. Scheme of PI test. 
 
The equation bellow (1) is applied for determine the PI, where h is the thickness of the body, 
S is the deflection of deformation measured by the deflection of the specimen and L is the 
distance between the on two supports. 
 

 =   (1) 
 
Finally, an evaluation by a dilatometry curve can provide information about which 
temperature begins sinter and other information as the phase transformations and 
coefficients of thermal expansion. However, this analysis should be undertaken only after 
knowing the temperature where the material begins to soft (PCE temperature), to avoid 
damage in the dilatometer due to melting of the waste inside the equipment. 
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rated for not making its use financially unfeasible. 
Another property that can be easily assessed is the pyrometric cone equivalent (PCE). The 
PCE is a measurement of refractoriness given according to tests made with material in a 
cone pattern. 
The deformation and softening due to the temperature rise are compared to material 
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what happened during the firing (control). The exact moment when the cone is deformed 
mainly depends on two factors: time and temperature. With this concept in mind, it is 
necessary take care that PCE and temperature is not the same thing. 
Like the PCE, the piroplasticity index (PI) could be applied to know firing details of ceramic 
products The PI is a deformation of a specimen of certain size subjected to the action of 
gravity during firing under specific conditions. The procedure used to determine the rate of 
piroplasticity during the firing process consists of measuring the deflection of curvature of a 
specimen on two supports, separated by a distance determined, as shown in Figure 2. 
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Finally, an evaluation by a dilatometry curve can provide information about which 
temperature begins sinter and other information as the phase transformations and 
coefficients of thermal expansion. However, this analysis should be undertaken only after 
knowing the temperature where the material begins to soft (PCE temperature), to avoid 
damage in the dilatometer due to melting of the waste inside the equipment. 
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Figure 3 shows the dilatometric curve of a hypothetical waste, this at a temperature slightly 
above 700 °C is the largest expansion of the waste due to increased atomic agitation. 
However above this temperature, the thermal expansion is suppressed by the beginning of 
sintering, a phenomenon which is stronger as the temperature increases. 
 

 
Fig. 3. Expansion/contraction of a hipotetic waste. 

 
3.2. Preparation of Ceramics Formulations 
The main types of ceramics products are based on aluminosilicate, potassium silicate (K2O-
Al2O3-SiO2) or magnesium silicates (MgO-Al2O3-SiO2). 
The performances of ceramic materials are determined not only by the structure and 
composition, but also by defects (such as pores), second phases (which can be deliberately 
added to facilitate processing), and interfaces. 
Special groups are zircon and mullite-based ceramics fine as well as low-thermal expansion 
ceramics in the system Li2O-Al2O3-SiO2 and borosilicates. 
In Figure 4 is shown a schematic ternary diagram with the percentage mole of Al2O3, SiO2 
and alkalis. This diagram shows in generic way the molar composition of silica-alumina 
refractories, glass and traditional ceramics. A diagram like this can be used to verify, for 
example, as would be the maximum residue, in terms of chemical composition, that could 
be added to a ceramic formulation, and also serve to show in what area of this graphic take 
place the formulation with the increasing of the waste amount. 
A system graphically expressed in chemical form (generally in oxide form), which could be 
among others in form of weight too, allows delineate the composition of a formulation and 
its application as a ceramic product. Ceramic products containing in their chemical 
composition in the form of oxides Al2O3, SiO2 and alkali oxides and / or alkaline earth 
metals are widely used and a simplified manner are shown in Figure 4. 

As can be seen in Figure 4, each class or type of material has a composition distinct from 
others and sometimes may have very similar compositions, but most often differ 
substantially from the heat treatment to which the material is submitted. 
 

 

Fig. 4. Typical composition of common ceramic products. 
 
The ceramic materials can be obtained from heat treatments that may be below or above its 
melting temperature. Among the main ceramic materials that are: 

i) Glass - inorganic product of fusion which has been cooled fast enough to pass 
through its glass transition to the solid state without crystallising; 
ii) Glass-ceramics - have an amorphous phase and one or more crystalline phases and 
could be produced by means of controlled devitrification (or controlled crystallization) 
of an already amorphous inorganic waste. 
iii) Sintered materials – produced from powder, by heating the material below its 
melting point (solid state sintering) until its particles unite to each other. 

Once chosen the method for ceramic manufacture, the next step is to give form into a 
desired shape for the ceramic raw material. In the ceramic products that will be sintered or 
chemically bonded with hydratation, this is accomplished by the addition of water and/or 
additives such as binders, followed by a shape forming process. Some of the most common 
forming methods for ceramics include pressing, extrusion, slip casting, tape casting and 
injection molding, among others. 
The ceramic raw materials generally in small particles forms are sometimes agglomerated 
such an atomization to have a good fluidicity and compacticity, principally when will be 
pressed. 
After ceramic shape forming, these material are “green" – they have form close to the final 
product and their properties are only to manipulate before next steps in the ceramics 
production. Then, a drying process is necessary to eliminate most of the addictives 
according to the Bigot curve – Figure 5.  
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The drying process is important stage where there is appreciable shrinkage that needs to be 
faster enough to avoid defect because the rapid shrinkage. 
 

 
Fig. 5. The Bigot curve. 
 
The heat-treatment called firing is applied to produce a rigid, finished product. Some 
ceramic products such as electrical insulators, dinnerware and tile may then undergo a 
glazing process. Some ceramics for advanced applications may undergo a machining 
and/or polishing step in order meet specific engineering design criteria. 

 
3.3. Sintering temperature 
Most of the known rules correspond to raw materials with simple compositions, ie, 
presenting few constituents. These rules had a margin of error, but provide information that 
can serve as a reference point. 
The Tamman temperature is generally half of the melting temperature and is considered the 
point at which begins sintering in ceramics materials. The atoms mobility depends of atomic 
mobility and some factors such as texture, size and morphology. The following semi-
empirical relations for Tamman temperatures (2) are more commonly used, where TT is the 
Tamman temperature and Tm is the melting temperature. 
 
 =   (2) 
 

Sintering requires the proper compromise of temperature, time and atmosphere to arrive at 
the desired porosity characteristics. With higher temperatures, longer times, or smaller 
particles, the bonds grow more rapidly and densification becomes more evident.  Sometimes 
pressure could be additionally applied to increase the sintering effect. 
The sintering temperature is selected by considering the material composition and the 
powder particle size distribution. 
Temperature is the most important parameter in the sintering process since the temperature 
increase the atoms mobility – important factor in the sintering. 

3.4. The Eutectic Point 
The eutectic temperature shows the lowest possible melting point achievable in the phase 
diagram elements. 
In combination with alumina and silica, eutectics for alkalis occur at significantly lower 
temperatures than eutectics for alkaline earths. This is one reason alkalis are considered 
stronger fluxes. 
Alkali Eutectic Points: 

 Sodia (Na2-Al2O3-SiO2): 732°C 
 Potassia (K2O-Al2O3-SiO2): 695°C  
 Lithia (LiO2-Al2O3-SiO2): 975°C  

Alkaline Earth Eutectic Points: 
 Calcia (CaO-Al2O3-SiO2): 1170°C 
 Baria (BaO-Al2O3-SiO2): 1250°C 
 Magnesia (MgO-Al2O3-SiO2): 1355°C 
 Strontia (SrO-Al2O3-SiO2): 1400°C 

Phase diagrams can seem like a map to navigate in the melting temperature for different 
compositions. Each map is developed for a specific group of chemical elements. Usual phase 
diagram may represent the melting of four materials, which is called a quaternary phase 
diagram. 
No phase diagrams exist for most of the virtually infinite combinations of elements we could 
come up with. But, if is known that eutectics exist, it is necessary to find a complex composition 
that will bring our refractory material into the melt. 

 
3.5. Cementitious 
The main cementitious materials are the same present in the Portland cement. 
There are four principal minerals present in the grain Portland cement: tricalcium silicate 
(Ca3SiO5), dicalcium silicate (Ca2SiO4), tricalcium aluminate (Ca3Al2O5) and calcium 
aluminoferrite (Ca2(Al,Fe)2O5). The formula of each of These minerals Can Be broken down 
into the basic calcium, silicon, aluminum and iron oxide (Table 1). Cement chemists use 
abbreviated nomenclature based on Oxides of Various elements to Indicate chemical 
formulas of Relevant species, ie C = CaO, S = SiO2, A = Al2O3, Fe2O3 = F. Here, traditional 
cement nomenclature abbreviates the oxide and is shown in Table 1. 
 

Mineral Chemical Formula Oxide Composition Abbreviation 

Dicalcium Silicate (belite) Ca2SiO4 2CaO.SiO2 C2S 

Tricalcium silicate (alite) Ca3SiO5 3CaO.SiO2 C3S 

Tricalcium Aluminate Ca3Al2O4 3CaO.Al2O3 C3A 

Tetracalcium Aluminoferrite Ca4AlnFe2-nO7 4CaO.AlnFe2-nO3 C4AF 
Table 1. Chemical formulae and cement nomenclature for major constituents of Portland 
cement. Abbreviation notation: C = CaO, S = SiO2, A = Al2O3, F = Fe2O3. 
 
The composition of cement is varied depending on the application. A typical example of 
cement contains 50–70% C3S, 15–30% C2S, 5–10% C3A, 5–15% C4AF, and 3–8% other 
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additives or minerals (such as oxides of calcium and magnesium). It is the hydration of the 
calcium silicate, aluminate, and aluminoferrite minerals that causes the hardening, or 
setting, of cement. The ratio of C3S to C2S helps to determine how fast the cement will set, 
with faster setting occurring with higher C3S contents. Lower C3A content promotes 
resistance to sulfates. Higher amounts of ferrite lead to slower hydration. The ferrite phase 
causes the brownish gray color in cements, so that “white cements” (i.e., those that are low 
in C4AF) are often used for aesthetic purposes.  
The calcium aluminoferrite (C4AF) forms a continuous phase around the other mineral 
crystallites, as the iron containing species act as a fluxing agent in the rotary kiln during 
cement production and are the last to solidify around the others. 
Although the precise mechanism of C3S hydration is unclear, the kinetics of hydration is 
well known. The hydration of the calcium silicates proceeds via four distinct phases. The 
first 15-20 minutes, termed the pre-induction period, is marked by rapid heat evolution. 
During this period calcium and hydroxyl ions are released into the solution. The next, and 
perhaps most important, phase is the induction period, which is characterized by very slow 
reactivity. During this phase, calcium oxide continues to dissolve producing a pH near 12.5. 
The chemical reactions that cause the induction period are not precisely known; however, it 
is clear that some form of an activation barrier must be overcome before hydration can 
continue. It has been suggested that in pure C3S, the induction period may be the length of 
time it takes for C–S–H to begin nucleation, which may be linked to the amount of time 
required for calcium ions to become supersaturated in solution. Alternatively, the induction 
period may be caused by the development of a small amount of an impermeable calcium-
silicon-hydrate (C–S–H) gel at the surface of the particles, which slows down the migration 
of water to the inorganic oxides. The initial Ca/Si ratio at the surface of the particles is near 
3. As calcium ions dissolve out of this C–S–H gel, the Ca/Si ratio in the gel becomes 0.8-1.5. 
This change in Ca/Si ratio corresponds to a change in gel permeability, and may indicate an 
entirely new mechanism for C–S–H formation. As the initial C–S–H gel is transformed into 
the more permeable layer, hydration continues and the induction period gives way to the 
third phase of hydration, the acceleratory period. 
After ca. 3 hours of hydration, the rate of C–S–H formation increases with the amount of C–
S–H formed. Solidification of the paste, called setting, occurs near the end of the third 
period. The fourth stage is the deceleratory period in which hydration slowly continues 
hardening the solid cement until the reaction is complete. The rate of hydration in this phase 
is determined either by the slow migration of water through C–S–H to the inner, 
unhydrated regions of the particles, or by the migration of H+ through the C–S–H to the 
anhydrous CaO and SiO2, and the migration of Ca2+ and Si4+  to the OH- ions left in solution. 

 
3.6. Oxide Glasses 
Oxides glasses can be made from many compositions of silicates, aluminates, borates, 
phosphates, halides and chalcogenides. 
Commercially glasses do not have fixed compositions, but there are many thousands of 
glasses, every one with a different composition. 
It should be emphasised that the ability of a material to form a glass also depends on the 
cooling rate from the melted glass. This cooling rate is bellowing that the minimum cooling 
rate sufficiently to crystallization and the final temperature is bellow transition temperature. 

There are three classes of components for oxide glasses: network formers, intermediates, 
and modifiers. 
The network formers (for example: SiO2, B2O3, GeO2) form a continuous three-dimensional 
random network by themselves. The intermediates (for example: TiO2, Al2O3, ZrO2, Be2O3, 
MgO, ZnO) are that the cation can enter the network substitucionally, but which cannot by 
themselves normally form a network. The modifiers (for example: CaO, PbO, LiO, NaO, 
K2O) alter the network structure; the cation can enter the network interstitially. Some 
elements can play multiple roles; e.g. lead can act both as a network former (Pb4+ replacing 
Si4+), or as a modifier. 
One possible disadvantage of waste use as a glass raw material is the coloring that could be 
obtained by the presence of ions in glasses materials that change colour when exposed to 
light. Frequently wastes present ions that result in a coloured glass, which is sometimes 
undesirable. Oxides of iron, titanium, chromium, cobalt, cadmium, nickel and cadmium are 
examples of components that could colour glasses. 

 
4. Future Research 

The characterization methods of materials have greatly improved its efficiency due to new 
technology that simplify its manufacture and also make easier the development of new 
methods of characterization. 
Proper waste characterization is crucial, which will define the applications of each residue. 
The waste, because its intrinsic characteristics, can hardly be used for advanced applications 
without prior treatment because the highly costly involved in purification such as: 
electronic, electrical, and magnetic, among others. 
Another aspect to be observed is if the use of waste may be dominantly negative to natural 
environment than its disposal in a landfill. In some cases, if the residue use requires a 
different process than a product without waste, which may require much more equipment 
and energy factors that have more environmental impact. 
And not less important, independent of the method employed to conform a ceramic 
product, it is necessary take in account the pore volume of them, if not different things are 
being compared. Different ceramic processes and/or equipments employed generally 
produce different volume of pores in one product that strongly influences its properties. 
Sometimes some parameters need to be adjusted to the new raw material (waste in this case) 
develop similar porosities and then similar properties. 
As an example, if a waste particles that has appreciable friction between other particles like 
the fly ash is employed substituting some part of a raw material with low fiction between 
particles, then it will be necessary a lubricant addictive and/or more strength to consolidate 
the ceramic product. 
The negative environmental advance due to the industrialization must decrease to avoid the 
surging of untenable world. Therefore, new alternatives and known alternatives must be 
booth employed to minimize the waste generation and for the total usage of the waste 
generated. 
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is determined either by the slow migration of water through C–S–H to the inner, 
unhydrated regions of the particles, or by the migration of H+ through the C–S–H to the 
anhydrous CaO and SiO2, and the migration of Ca2+ and Si4+  to the OH- ions left in solution. 

 
3.6. Oxide Glasses 
Oxides glasses can be made from many compositions of silicates, aluminates, borates, 
phosphates, halides and chalcogenides. 
Commercially glasses do not have fixed compositions, but there are many thousands of 
glasses, every one with a different composition. 
It should be emphasised that the ability of a material to form a glass also depends on the 
cooling rate from the melted glass. This cooling rate is bellowing that the minimum cooling 
rate sufficiently to crystallization and the final temperature is bellow transition temperature. 

There are three classes of components for oxide glasses: network formers, intermediates, 
and modifiers. 
The network formers (for example: SiO2, B2O3, GeO2) form a continuous three-dimensional 
random network by themselves. The intermediates (for example: TiO2, Al2O3, ZrO2, Be2O3, 
MgO, ZnO) are that the cation can enter the network substitucionally, but which cannot by 
themselves normally form a network. The modifiers (for example: CaO, PbO, LiO, NaO, 
K2O) alter the network structure; the cation can enter the network interstitially. Some 
elements can play multiple roles; e.g. lead can act both as a network former (Pb4+ replacing 
Si4+), or as a modifier. 
One possible disadvantage of waste use as a glass raw material is the coloring that could be 
obtained by the presence of ions in glasses materials that change colour when exposed to 
light. Frequently wastes present ions that result in a coloured glass, which is sometimes 
undesirable. Oxides of iron, titanium, chromium, cobalt, cadmium, nickel and cadmium are 
examples of components that could colour glasses. 

 
4. Future Research 

The characterization methods of materials have greatly improved its efficiency due to new 
technology that simplify its manufacture and also make easier the development of new 
methods of characterization. 
Proper waste characterization is crucial, which will define the applications of each residue. 
The waste, because its intrinsic characteristics, can hardly be used for advanced applications 
without prior treatment because the highly costly involved in purification such as: 
electronic, electrical, and magnetic, among others. 
Another aspect to be observed is if the use of waste may be dominantly negative to natural 
environment than its disposal in a landfill. In some cases, if the residue use requires a 
different process than a product without waste, which may require much more equipment 
and energy factors that have more environmental impact. 
And not less important, independent of the method employed to conform a ceramic 
product, it is necessary take in account the pore volume of them, if not different things are 
being compared. Different ceramic processes and/or equipments employed generally 
produce different volume of pores in one product that strongly influences its properties. 
Sometimes some parameters need to be adjusted to the new raw material (waste in this case) 
develop similar porosities and then similar properties. 
As an example, if a waste particles that has appreciable friction between other particles like 
the fly ash is employed substituting some part of a raw material with low fiction between 
particles, then it will be necessary a lubricant addictive and/or more strength to consolidate 
the ceramic product. 
The negative environmental advance due to the industrialization must decrease to avoid the 
surging of untenable world. Therefore, new alternatives and known alternatives must be 
booth employed to minimize the waste generation and for the total usage of the waste 
generated. 
 
 



Ceramic Materials 228

5. References 

Ahmaruzzaman, M. (2010). A review on the utilization of fly ash, Progress in Energy and 
Combustion Science, Vol. 36, (June 2010) page numbers (327–363), ISSN 0360-1285. 

Barbieri, L., Lancellotti, I., Manfredini, T., Queralt, I., Rincon, J.M. & Romero, M. (1999). 
Design, obtainment and properties of glasses and glass–ceramics from coal fly ash, 
Fuel, Vol. 78, No. 2, (January 1999) page numbers (271–276), ISSN 0016-2361. 

Bragança, S. R.; Zimmer, A.; Bergmann, C. P. Use of mineral coal ashes in insulating 
refractory brick. Refractories and Industrial Ceramics, p. 320, 2008. 

Colombo, P.; Brusatin, G.; Bernardo, E.; Scarinci, G. Inertization and reuse of waste materials 
by vitrification and fabrication of glass-based products. Current Opinion in Solid 
State and Materials Science 7 (2003) 225–239. 

Donald, I. W.; Metcalfe, B. L.; Taylor, R. N. J. Review - The immobilization of high level 
radioactive wastes using ceramics and glasses. Journal Of Materials Science 32 
(1997) 5851–5887. 

Ferreira, C.; Ribeiro, A.; Ottosen, L. (2003). Journal of Hazardous Materials, B96 (2003) 201–216. 
Gungor, A.; Gupta, S. M. Issues in environmentally conscious manufacturing and product 

recovery: a survey. Computers & Industrial Engineering 36 (1999) 811-853. 
Leroy, C., Ferro, M.C., Monteiro, R.C.C. & Fernandes, M.H.V. (2001). Production of glass–

ceramics from coal ashes, Journal of the European Ceramic Society, Vol. 21, No. 2, 
(February 2001) page numbers (195–202), ISSN 0955-2219. 

Palomo, A., Grutzeck, M.W. & Blanco, M.T. (1999). Alkali-activated fly ashes: A cement for 
the future, Cement and Concrete Research, Vol. 29, No. 8, (August 1999) page 
numbers (1323–1329), ISSN 0008-8846. 

Reed, J. S. Principles of Ceramics Processing, 2nd Edition. ISBN: 978-0-471-59721-6, 688 
pages, January 1995. 

Zimmer, A.; Bergmann, C. P. (2007) Fly ash of mineral coal as ceramic tiles raw material. 
Waste Management (Elmsford), v. 27, p. 59-68. 


	Preface
	Development of Thermoelectric materials based on NaTaO3 - composite ceramics
	Wilfried Wunderlich and Bernd Baufeld
	Glass-Ceramics Containing Nano-Crystallites of Oxide Semiconductor
	Hirokazu Masai, Yoshihiro Takahashi and Takumi Fujiwara
	Tape Casting Ceramics for high temperature Fuel Cell applications
	Alain S.Thorel
	Alkoxide Molecular Precursors for Nanomaterials: A One Step Strategy for Oxide Ceramics
	Łukasz John and Piotr Sobota
	New ceramic microfiltration membranes from Tunisian natural materials: Application for the cuttlefish effluents treatment
	Sabeur Khemakhem, André Larbot, Raja Ben Amar
	Electron microscopy and microanalysis of the fiber, matrix and fiber/matrix interface in sic based ceramic composite material for use in a fusion reactor application
	Tea Toplisek, Goran Drazic, Vilibald Bukosek, Sasa Novak and Spomenka Kobe
	Mechanical Properties of Ceramics by Indentation: Principle and Applications
	Didier Chicot and Arnaud Tricoteaux
	Ceramic Materials and Color in Dentistry
	Cláudia Ângela Maziero Volpato, Márcio Celso Fredel Analúcia Gebler Philippi and Carlos Otávio Petter 
	Surface quality controls mechanical strength and fatigue lifetime of dental ceramics and resin composites
	Ulrich Lohbauer, Roland Frankenberger and Norbert Krämer
	Re-use of ceramic wastes in construction
	Andrés Juan, César Medina, M. Ignacio Guerra, Julia M. Morán, Pedro J. Aguado, M. Isabel Sánchez de Rojas, Moisés Frías and Olga Rodríguez
	Ceramic Products from Waste
	André Zimmer

