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Abbreviations  

CTE - Coefficient of Thermal Expansion 

HT - High-Temperature 

LT - Low-Temperature 

NTE - Negative Thermal Expansion 

ICSD - Inorganic Crystal Structure Database 

XRD - X-Ray Diffraction 

ZTE - Zero Thermal Expansion 

DSC - Differential Scanning Calorimetry  

LSM - Light Scanning Microscopy  

SEM - Scanning Electron Microscope  

n - Avrami parameter  

m - Dimension growth constant 

Tg - Glass transition temperature 

Ton - Onset of crystallization 

Toff - Offset of crystallization  

Tp - Crystallization maximum 

EDX - Energy-dispersive X-ray spectroscopy 

EBSD - Electron backscatter diffraction 
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IQ - Image Quality  

IPF - Inverse pole figure 
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Glass composition and their abbreviations 

Name 

 

Chemical composition in mol% 

BaO SrO ZnO SiO2 ZrO2 TiO2 PtCl4 Sb2O3 

Base glass 8 8 34 50 - - - - 

Z3 8 8 34 47 3 - - - 

Z5 8 8 34 45 5 - - - 

Z6 8 8 34 44 6 - - - 

T5 7.5 7.5 34 46 0 5 - - 

Z5T5 7.5 7.5 34 41 5 5 - - 

Z5T3 7.5 7.5 34 43 5 3 - - 

Z6T2 7.5 7.5 34 43 6 2 - - 

Z7T1 7.5 7.5 34 43 7 1 - - 

Z5T5 7.5 7.5 34 41 5 5 - -- 

Z6Pt 8 8 34 43.99 6 - 0.01 - 

10 ppm Pt 8 8 34 50 - - 0.001 - 

30 ppm Pt 8 8 34 50 - - 0.003 - 

50 ppm Pt 8 8 34 50 - - 0.005 - 

100 ppm Pt 8 8 34 49.99 - - 0.01 - 

50 ppm PtS 8 8 34 49.50 - - 0.005 0.5 

100 ppm PtS 8 8 34 49.49 - - 0.01 0.5 

 



  1. Preface 

1 

 

1. Preface 

Glass and glass-ceramics are a part of our everyday life. They are industrially manufactured 

and offer a wide range of properties. They have many advantages over classical materials, 

because different combinations of properties can be achieved such as high strength, 

translucency, zero porosity, high mechanical strength, high-temperature stability 

biocompatibility, bioactivity, low dielectric constant and low dielectric losses, low or even 

negative thermal expansion coefficient, etc. [1–6]. Materials, which possess zero thermal 

expansion, have found wide applications, e.g. as cooking panels or as telescope mirror blanks, 

due to their high thermal shock resistance and because they retain their shape under non-

isothermal conditions. The space programs funded by NASA, SpaceX and others are another 

field in which the aforementioned characteristics of new materials are highly desirable. [1,7,8]. 

In the recent decade, materials with negative coefficients of thermal expansion (NTE) or close 

to zero-thermal expansion (ZTE) are attracting considerable interest. Although most materials 

expand during heating, crystalline phases which exhibit NTE, however, contract [9–12]. One 

of the most important classes of materials with NTE behaviour is based on glass ceramics 

containing lithium alumosilicates, such as β-quartz, eucryptite, spodumene or keatite [1,13–15]. 

These phases can be crystallized from glass and hence enable to tailor the thermal expansion 

by optimizing the temperature-time schedule used for the crystallization process [6,16]. 

Besides, other NTE phases, such as BaAl2B2O7, ZrW2O8, ZrMo2O8, are also reported in the 

literature [17–19]. The latter, however, cannot be crystallized from glasses in concentrations 

for which zero thermal expansion can be achieved and therefore it is difficult to implement 

them into mass production industry, especially if large dimensions are required. BaAl2B2O7 is 

not industrially produced as compact material, because its chemical durability is not sufficient 

for many applications.  
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Another crystalline phase recently reported to possess negative thermal expansion is the  

Ba1-xSrxZn2Si2O7 phase [20]. This compound is now intensely studied because of its complex 

behaviour. The pure BaZn2Si2O7 occurs as a low- temperature (LT) phase or as a high- 

temperature (HT) phase [21–24]. The LT phase is stable up to 280 ºC and is monoclinic with 

the space group C2/c; the mean coefficient of thermal expansion (CTE) for the temperature 

range (100-300 °C) is very high at approximately 17.6·10-6 K-1. BaZn2Si2O7 shows a phase 

transition which occurs above a temperature of 280 ºC and is accompanied by a high-volume 

expansion of around 2 % caused by a change in the structure from monoclinic below the phase 

transition to orthorhombic above the phase transition temperature. In the cases when the 

orthorhombic lattice is observed, the CTE is low and partially negative [21]. Recently, it was 

reported that a substitution of more than 10 % of Ba by Sr leads to the formation of a new phase 

which has a structure similar to the high-temperature phase of BaZn2Si2O7 which, however, is 

stable at room temperature [12,20].    

Hence the new Ba1-xSrxZn2Si2O7 phase is a promising candidate for industry applications. Thus, 

the aim of this work is to find a suitable nucleation agent and how this will affect the 

microstructure and the coefficient of thermal expansion. The main problem with the base glass 

composition BaO/SrO/ZnO/SiO2 is that solely surface crystallization is obtained. Therefore in 

this thesis, the effect of the nucleation agents: ZrO2, TiO2 and a combination of both ZrO2 and 

TiO2 as well as Pt were intensively studied [25–27]. For the characterization of the glasses and 

glass-ceramics, intense studies on the crystallization kinetics were performed and Avrami 

parameters, as well as activation energies, were determined by using differential scanning 

calorimetry (DSC). The crystallization prediction using the Avrami parameters was followed 

by a detailed study on the microstructure using light scanning microscopy (LSM) and a 

scanning electron microscope (SEM) equipped with an EBSD detector. X-ray diffraction 

(XRD) was used to determine the phase composition of the obtained crystalline phase
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2. Glass-ceramics with negative thermal expansion coefficient and 

applications  

The glass-ceramics may combine the advantages of the glass and the specific properties of 

ceramics. The obtained materials may have high strength, translucency, zero porosity, high 

strength, high temperature stability, biocompatibility, bioactivity, low dielectric constant and 

low dielectric losses, low or even negative thermal expansion, etc. They experience some 

significant drawbacks such as relatively high prices due to the high required melting 

temperatures and long times needed for the preparation of the materials. Nevertheless, these 

problems are negligible when it comes to applications where other materials cannot compete. 

A solution can be easily achieved by applying mass production technologies to reduce the cost, 

additives which decrease the melting temperature and optimizing the production costs [28,29].  

Most materials have the tendency to increase their volume when raising the temperature and 

contract during cooling. This effect is denoted as thermal expansion and is typical for almost 

all materials in our daily life, however, there is an exception- a class of materials exists which 

exhibit the opposite effect. Those materials contract during heating (negative thermal 

expansion) or do not change their dimensions while the temperature is changing (zero thermal 

expansion). These phenomena are not very common makes the materials, which possess these 

properties, extremely valuable. In Table 2.1, examples of such materials and their thermal 

expansions are presented. 
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Table 2-1 Examples of crystalline phases with negative or low thermal expansion 

Formula/Name CTE [10-6K-1] Temperature [°C] Ref. 
SiO2(β-quartz) 0 575-1000 [30] 

Zn2SiO4(Willemite) 2.8 100-800 [11,31] 
LiAlSi4O10(Petalite) 0.3 - [3,11] 

LiAlSi2O6(β-Spodumene) 0.9 20-1000 [3,11] 
BaAl2B2O7 -2.3 20-500 [32,33] 

Fe36Ni(Invar) 0.1-1 <227 [34] 
α-ZrW2O8 -9 152 [11,35] 
β-ZrW2O8 -6 152-757 [11,35] 

 

The mechanisms responsible for the NTE are not completely understood but the main reasons 

which explain this effects can be summarized in 4 categories; (1) shortening of bond lengths 

and phase changes; (2) Bridging atoms and RUMs (Rigid Unit Mode): (3) magneto volume 

effect; (4) electronic effects [1,11,36]. 

A typical example of a family of materials with a negative thermal expansion is the AM2O7 

based group which corresponds to zeolites/zeolite-like materials. They are well known for their 

NTE in a wide temperature range. A well-known representative of this family is the ZrW2O8 

which has a cubic structure and is characterized by a large isotropic negative thermal expansion 

coefficient over a wide temperature range. The origin of the NTE is due to the large-amplitude 

low-energy transverse vibration of the O atom in the middle of the W–O–Zr linkage. A 

transverse vibration of a bridging O in a framework in which metal (M)–O bond distances 

remain largely unchanged will cause contraction of the M–M distance and a negative coefficient 

of thermal expansion, a graphical example is given in Fig. 2.1. [2,11,36] 



2. Glass-ceramics with negative thermal expansion coefficient and applications 

5 

 

 

Fig. 2-1 Schematic of local vibrational modes responsible for negative thermal 

expansion: (a) single-atom and (b) diatomic linkages. The larger (blue) circles represent 

heavy (usually metal) atoms, whereas the smaller (orange) circles represent light atoms 

such as carbon, nitrogen, or oxygen [11]. 

 

Furthermore, another mechanism explaining the NTE can be found in the connection existing 

between the degree of covalency and the magnitude of the negative thermal expansion. This 

concept developed the RUM (Rigid Unit Modes) and the QRUM (Quasi RUM) model [11,37–

40]. The idea behind them is to consider the polyhedra (SiO2, ZrO2, WO4 and others) connected 

at their corners by shared oxygen ions in a rigid form. Thus, amplitude transverse vibrations of 

the oxygens can occur only through coupled oscillations of the tetrahedra and octahedra 

forming the structure. A schematic representation of this rotation motion is shown in Fig. 2.2 

[11,37,40,41]. 
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Fig. 2-2 Rotation of rigid structural units [39]. 

 

Another example for a phase which can be crystallized from oxide glasses and which has zero 

thermal expansion is LiAlSiO4 (β-eucryptite). It is based on the Li2O-Al2O3-SiO2-system and 

is one of the most commonly studied and industrially produced systems. Additionally, from this 

system also β-quartz, spodumene, or keatite can be crystallized. This glass-ceramics are already 

in mass production for the preparation of kitchenware with low thermal expansion and are 

mainly produced by Corning Glass and SCHOTT AG. Another important application of this 

materials based on the above mentioned glass system are the laser gyroscopes for navigation 

purposes and mirrors for reflective optical systems in chip lithography [1,13,14,33]. Besides 

the alumosilicate phases mentioned above, other phases, such as ZrW2O8, ZrMo2O8, and 

BaAl2B2O7 have also been reported in literature. Until now, these materials are not produced in 

industry, either due to an insufficient chemical durability (BaAl2B2O7) or because the 

crystallization from glasses in quantities which allow adjusting a zero thermal expansion is not 

possible. This makes them difficult to fabricate at larger scale products.  
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3. The Ba1-xSrxZn2Si2O7 phase 

The glass systems of BaO-ZnO-SiO2, SrO-ZnO-SiO2 and the BaO-SrO-ZnO-SiO2 and their 

crystalline phases will be discussed in this chapter [12,42–44]. The BaZn2Si2O7 is a well know 

phase since the 90’s when it was first described by Lin et al. who reported structural analysis 

by X-ray diffraction [23]. The phase has fairly interesting properties and was considered being 

a proper candidate for seal materials due to the high CTE of the phase. At room temperature, 

the phase possesses a monoclinic space group C2/c and lattice constants a = 7.2750 Å, b = 

12.7938 Å, c = 13.688 1 Å and β = 90.074° [22–24,45]. This is known as the low-temperature 

phase (LT-phase) and has a CTE varying from 13.4 to 17.6 10-6 K-1 [45]. The LT phase remains 

stable up to temperatures in the range of 250 – 280 °C, where a phase transition occurs. This 

transformation is followed by a high-volume increase of around 2 %. The phase transition is 

displacive which means it is not accompanied by real bond breaking and hence the kinetic 

hindrance is low [23,44]. As a matter of fact, we must mention that there is some weak ionic 

interaction between barium ions and oxygen which has to be altered to enable short distance 

movement of the barium ions. The HT-phase has a space group Ccm21 and is orthorhombic 

with lattice constants a = 7.2718 Å, b = 13.0018(7) Å, c = 13.3860(7) Å and β = 90 °. The mean 

CTE of this phase is -3.2 to 2.3 10-6 K-1 [23,44]. The structures of the two polymorphs are 

shown in Fig. 3-1. 
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Fig. 3-1 Crystal structures of the HT-and the LT-Phase of BaZn2Si2O7. The ZnO- 

polyhedra are shown in violet. The SiO4–tetrahedra are presented in yellow and the Ba2+- 

and Sr2+-ions are illustrated as grey spheres[22]. 

 

The intriguing structure and the respective possible applications of the phase led to intensive 

studies over the last decades and showed that adding different ions with the same valence state 

and similar ionic radii may affect the transition low to high temperature phase. Substitutions of 

the Zn2+ ions were made with Co2+, Mg2+ and Ni2+, Cu2+, resulting in a stabilization of the LT-

phase to higher temperatures of up to 900 °C [48,49]. In addition the stabilization of the LT-

phase can be achieved by replacing Si4+ by Ge4+ [48].  
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Breakthrough leading to a new family of materials with negative thermal expansion was 

achieved at the Otto-Schott-Institute by C. Rüssel and C. Thieme. During their intense work, 

substitution of the Ba2+ ions against Sr2+ was performed, which lead to the formation of a new 

solid solution Ba1-xSrxZn2Si2O7 [20]. If more than 10 % Ba ions are substituted against Sr, the 

formation of a new phase occurs with a structure almost identical to the HT – phase of 

BaZn2Si2O7. In the structure of this new crystalline phase, silicon, as well as zinc, are fourfold 

coordinated. Two SiO4 tetrahedra are bridged by oxygen. In analogy, also the Ba- and Sr- atoms 

are surrounded by 5 oxygens, forming a pyramid with a quadratic basal plane. The 

determination of the structure was performed via XRD and hence it could not be distinguished 

between Ba- and Sr-atoms. A clear comparison between the two phases can be made if cuts in 

different planes and directions are considered as shown in Fig. 3-2 [20]. This had to be done 

due to the different dimensions of the unit cells and lattice parameters of both phases. It can be 

seen that there are similar atomic arrangements in both phases for the b-c- planes in the case of 

Ba1-xSrxZn2Si2O7 and the a-c-planes for the crystal structure of the HT phase of the BaZn2Si2O7. 

The differences in the crystal structures of both phases are only marginal so that both phases 

should exhibit similar thermal expansion properties [20]. The results obtained from the single 

crystal X-ray diffraction also show that the new crystals are highly isotropic. This is caused by 

the distortion of the SiO4- and ZnO4-tetrahedra, furthermore, the rotation of the ZnO4 units will 

create a change in bond angles. This leads to a different thermal expansion in the different 

crystallographic directions 9.5·10-6 K-1 (a-axis), -32.1·10-6 K-1 (b-axis), and 23.1·10-6 K-1 (c-

axis) (measured between 30 and 600 °C) [20]. Even though this behaviour is typical for crystals 

which have the negative thermal expansion (see chapter 2) this can be highly disadvantageous 

and may lead to destruction of the obtained materials. 
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Figure.3-2  The crystal structure of the Ba0.6Sr0.4Zn2Si2O7 phase at 20 °C. The left part 

of the image displays the crystal structure with different views. On the right side, a 

comparison between the crystal structures of Ba0.6Sr0.4Zn2Si2O7 and HT-BaZn2Si2O7 is 

displayed. The blue spheres are the Ba2+ and Sr2+. In the case of BaZn2Si2O7, the blue 

spheres only describe the positions of Ba2+ [20]. 

 

Further studies on the system showed that the overall coefficient of thermal expansion is 

strongly depending on several parameters. Variation in the Ba/Sr ratio can cause a shift in the 

CTE from 4.8 to 19.4 10 -6K-1 [12]. A low concentration of Sr promoted the crystallization of 

LT- phase of BaZn2Si2O7 which corresponds to high CTE. The increase of Sr stabilises the HT- 

phase of BaZn2Si2O7 which exhibits low or almost negative CTE, but also increases the highly 

anisotropic behaviour. Another factor which may affect the overall coefficient of thermal 

expansion is the occurrence of other phases such as Zn2SiO4 (willemite) and SiO2 (cristobalite) 

which have CTE 2.8 and 3.13 10-6K-1 (25 to 200 °C), respectively. The method of preparation 

also plays an important part in the obtained materials. It has been shown that sintering of a glass 
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and subsequent crystallization leads to glass-ceramics in which significant crack formation is 

observed. Nevertheless, crack-free materials with low thermal expansion, based on the  

Ba1-xSrxZn2Si2O7 phase were prepared via a sol-gel method and subsequent hot pressing [49].  

All of these results show that the main advantage of the Ba1-xSrxZn2Si2O7 solid solutions is that 

they can easily be crystallized from silicate glasses in high volume fractions. For this purpose, 

the degree of crystallinity, the crystallite size and its distribution must be optimized by tailoring 

the glass composition and the temperature-time heat treatment schedule during crystallization 

as well as the microstructure of the obtained glass ceramics. This will be the main objective of 

this thesis. 
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4. Kinetic parameters 

4.1  Nucleation and crystallization 

There are two main mechanisms involved in the devitrification, nucleation (formation of a 

nucleus) and crystal growth. In order to obtain the desired microstructure, the size and quantity 

of crystallites have to be well controlled [6]. Obtaining transparent glass ceramics containing 

phases with a low coefficient of thermal expansion, like the already commercially available 

Zerodur®, is not an easy process [1,16]. Several challenges involving the microstructure of the 

system must be solved. To prepare transparent glass-ceramics one of the following 

requirements must be fulfilled (i) the crystallites of all species are much smaller than the 

wavelength of visible light and they are homogeneously distributed; (ii) the optical anisotropy 

(birefringence) within the crystals and refractive index difference between crystals and glass 

are very small. This means, a high quantity of very small crystals homogeneously distributed 

in the glass matrix is required [7]. 

Adding different components to the main systems may trigger nucleation. There are two types 

of nucleation mechanisms; homogeneous and heterogeneous [6,50]. Homogeneous nucleation 

is observed when the nuclei originate from their own melt and generally have a similar chemical 

composition. Good examples of glass compositions crystallizing via that mechanism are the 

lithium disilicate glasses where volume crystallization is possible without additives [51–53]. 

Unfortunately, the BaO/SrO/ZnO/SiO2 system as well as related systems cannot nucleate 

homogeneously [25–27,54]. This means that a foreign interface has to be generated in order to 

enable heterogeneous nucleation. This can be made by adding different nucleation agents such 

as ZrO2, TiO2, Pt, Cr2O3, Ag and others, which under certain conditions are precipitated 

homogeneously in the glass. These crystals act as precursor and will trigger the growth of the 

desired crystal phase. This process can be controlled by finding the temperature and time of 
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nucleation, for which the higher number of nuclei is formed. In addition, it is good to mention 

that volume crystallization can be triggered by impurities originating from the raw materials 

and bubbles, but such parameter cannot be easily controlled. They do not affect the overall 

kinetic of the crystallization process and are very hard to predict [6,51]. 

After the nuclei are formed, crystal growth may occur. The glass-ceramics have the tendency 

to crystallize in the manner shown in Fig 4.1: (A) volume crystallization, (B) surface 

crystallization and (C) both surface and volume crystallization. Although a combination of 

these mechanism may exist, usually only one of them is predominant [6,51]. 

 

Fig. 4.1 Schematic cross sections of microstructures of crystallized glasses, which result 

from: A—volume (islands), B—surface (envelope) and C—combined volume and surface 

nucleation (coast-island).We note that a residual glassy matrix may occur, which results 

from a non-stoichiometric composition and trace elements [55]. 
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4.2 The Avrami parameter 

Developing a new glass ceramic is a hard and time-consuming task. One of the predominant 

aspects of obtaining the aimed microstructure to overcome the anisotropy of the phase is to find 

the proper nucleation agent/agents and the right quantities as well as the optimum 

time/temperature schedule. In order to make a fast assessment of the potential nucleation agents 

and the required concentration, calculating the kinetic parameters such as Avrami parameter 

(n), the dimensionality growth constant (m) and the activation energy are of main importance 

[15,26,56,57].  

The Avrami parameter combines the process of growth and nucleation which are typical part 

of the overall crystallization process. Differential thermal analysis (DTA) and differential 

scanning calorimetry (DSC) have frequently been used to study the crystallization kinetics of 

glassy materials. They can be carried out isothermally or non-isothermally. One of the most 

commonly used methods for the determination of the Avrami parameter is the Ozawa equation 

which was devolved in the 1980’s [58]. The position of the exothermic peak depends on the 

heating rate used for the measurements, the position of the peak shifting to higher temperatures 

for higher heating rates. The value of n (Avrami parameter) is determined by equation 1. 

           Eq. 4.1 

 

Where x is the volume fraction crystallized at the temperature T at a heating rate (β). The 

determination of the Avrami parameter is schematically shown in Fig. 4.2 to better illustrate 

the principle. 
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Fig. 4-1 Graphical representation of the determination of the Avrami parameter using 

the Ozawa equation.  

 

Where x is the ratio of the partial area At (up to a chosen temperature), to the total area An under 

the peak. The value of x is determined for every heating rate until statistical significance is 

achieved, (ln-(ln(1-x))) versus lnβ is plotted and n is calculated from the slope of the straight 

line. In addition to obtain more accurate result, the calculated area under the exothermic peak 

has to be in the range from 0.2 ≤ x ≤ 0.8. Another important factor is that the peak of 

crystallization has to be well defined and if two crystalline phases are precipitated at the same 

time, the method will not be accurate. However, if the two peaks are split and the offset of the 

first peak does not overlap with the onset of the second peak, the method can be used, and 

prediction of the crystallization mechanism should be enabled. In this case, it is good to keep 

in mind that the kinetics of crystallization and nucleation if two or more crystalline phases are 

formed is rather complicated and other method are more suitable [15,57–60]. 
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4.3  Activation energies 

The obtained data of the DSC analysis can be used also for determination of the activation 

energies [15,43,57,59,60].  

One of the most commonly used methods is Kissinger’s method for which the activation energy 

can be determined by Eq. 4.2 [15,43,57,61]. 

 

           Eq. 4.2 

Where Tp is the temperature attributed to the maximum crystallization peak, Ea is the activation 

energy and R is the gas constant. The method was originally proposed for DTA but furthers 

proved to be not very accurate because of the assumption that the maximum rate of the reaction 

occurs at the peak temperature. This proved to be generally incorrect for the DTA 

measurements, because the maximum rate occurs somewhat before the temperature maximum 

is reached. However this misconception was debunked from Ozawa who proved that the use of 

DSC can give more accurate result [43,57–59,61].   

Furthermore, Ozawa developed another equation for calculating the activation energies known 

as the Ozawa equation (Eq. 4.3) [43,57,58].                                                 

            

           Eq. 4.3 

The values of the activation energies are taken from the slope of the plot and have a dimension 

[kJ mol-1]. Both equations are quite similar and the basic difference between them is less than 

6 %. Although the method is mathematically proven and widely implied, many scientists 

consider that these methods can be used only for surface crystallization and not when nuclei are 

formed during the measurements and volume crystallization is occurring. Crystallization and 
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nucleation are complex processes and hence, additional constants which represent the type of 

crystallization and their dimensionality have to be added, to accurately describe and take into 

account the complexity of the nucleation process [45,58]. 

Matusita and Sakka proposed a solution of this problem by adding two additional constants. 

This can be seen in Eq. 4.4 for the base equation of Kissinger, or as it is more commonly known, 

the modified Kissinger equation [15,43,57,62].     

           Eq. 4.4 

 

In Eq. 4.4, the already mentioned parameters are the same as in the Kissinger equation, the 

additional parameters are: n is the Avrami parameter (Eq. 4.1) and m is the dimensionality of 

crystal growth, which depends on the Avami parameter. The values of m were taken from a 

Table 4.1 which was published by Donald [57]. For example for bulk crystallization, the 

Avrami parameter is n = 3 and m = 2, while if surface crystallization is present the parameters 

are n=1, m=1 (then the equation is reduced to the original Kissinger equation, Eq. 4.2) [57]. 

Unfortunately, not many scientists acknowledge the usefulness of the proposed constants and 

ignore the Matusita and Sakka equation, which sometimes can lead to a misinterpretation of the 

results. Also the already mentioned parameters can give a good approximation for the accepted 

microstructure but further investigation is always necessary [57,62]. 
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Table 4.1 Numerical values for m and n used in the determination of activation energies 

for crystallization [57]. 
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6  Discussion  

6.1  Importance of raw materials, the solubility of nucleation agents in the 

base glass system and glass colourations. 

This dissertation is focused on finding the proper nucleation agent/agents and optimising the 

microstructure of the obtained glass-ceramics. During the first experimental study on the topic, 

ZrO2 was chosen as nucleation agent. ZrO2 was proven to be an efficient nucleation agent in 

other glass systems with low thermal expansion such as lithium alumosilicates and other 

commercial glass-ceramics. Besides, ZrO2 is widely available at relatively low cost [1,63], 

especially in comparison to noble metals. The main study on this topic can be found in paper 

5.1 were different concentration of ZrO2 in the BaO/SrO/ZnO/SiO2 system are investigated 

[27]. The maximum solubility of ZrO2 in this system is 6 mol%, the glasses are completely 

transparent, and no visible colouration is observed. An interesting phenomenon concerning the 

ZrO2 was that the solubility of ZrO2 was depended on the used raw material. The ZrO2 produced 

by the Japanese company Tosoh (chemically pure > 99 %) had a solubility of 6 mol% under the 

conditions supplied. However, when a raw material produced by the German company Carl 

Roth GmbH (chemically pure > 99 %,) was used, the solubility of the ZrO2 drops to 5 mol %. 

Further analyses show that the particle size for the ZrO2 produced by the two companies are 

different. For Carl Roth GmbH the mean particle size is 6-10 µm and Tosoh have a mean 

particle size of 0.47 µm. It is clear that the smaller particle size makes it easier for the ZrO2 to 

be completely dissolved during melting. The melting temperature of ZrO2 is very high  

(2715 °C) and a smaller particle size is beneficial for the preparation of homogeneous melts 

[1,6]. The, coarser powder would require higher melting temperatures or longer melting times. 

This leads to the important conclusion that the raw materials may have a significant role on the 
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obtained glasses, which can affect their solubility and hence affect the reproducibility of all 

results.  

Since the solubility of the ZrO2 was reached but volume crystallization was not observed in a 

sufficient extend, another approached was considered. It is well known from the literature that 

ZrO2 and TiO2 in combination act as nucleation agents and are also widely used for producing 

low thermal expansion materials. Nucleation is usually triggered by the formation of ZrTiO4 

nanocrystals which precipitated in the glasses and act as a substrate for the desired phase (this 

was discussed in Chapter 4.3). TiO2 is known as a conditional glass former and may decrease 

the overall viscosity of the glass system [63,65]. Different ZrO2/TiO2 ratios were supplied as 

shown in Table 1 of paper 5.5 [26]. The solubility of TiO2 in the base glass is somewhat below 

8 mol% before spontaneous surface crystallization occurs. Adding TiO2 in combination with 

ZrO2 increases the solubility of ZrO2 up to 7 mol% if combined with 1 mol% TiO2. Introducing 

TiO2 in the glass leads to a yellow coloration which strongly increases with the TiO2 

concentration. The intensity of the color changes to light brown if 5 mol% TiO2 are added, 

nevertheless these glasses remain transparent. These optical phenomena have already been 

observed in other glass systems when adding TiO2 and are well described [3,63]. Most technical 

raw materials have up to 1 mol% impurities in different concentrations which depend on the 

type of the used raw materials. In this case, the coloration is triggered by the presence of Fe 

ions which contribute to the absorption in the UV and visible range spectrum. The mechanism 

is explained by the presence of Ti4+ which forms a charge transfer complex with Fe3+. This 

charge transfer complex is (Fe3+-O-Ti4+) and the resulting coloration is frequently denoted as 

ilmenite coloration. The use of both ZrO2 and TiO2 as additives lead to volume crystallization 

in one of the glass systems (Z7T1), however, surface crystallization was still predominant, and 

the volume fraction of crystals was still too low. 
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Since combing the oxides did not result in a sufficient extend of volume crystallization for the  

Ba1-xSrxZn2Si2O7 phase, another approached was applied. In many glass systems, the addition 

of noble metals was reported to give good results when used as nucleation agents, however, 

they are usually not widely applied due to the higher cost, however, they are effective in very 

low quantity [16,51,66]. As such a nucleating agent, Pt was chosen in the present work. Two 

main approaches for adding the PtCl4 to the glass batch were tested. The glass batch containing 

all components except PtCl4 was melted as usual (papers 5.1, 5.3 and 5.5). Then, the cooled 

glass was powered to a grain size smaller than 315 µm, mixed with a solution of acetone and 

PtCl4 concentrations in the range from 50 to 100 ppm. The mixture was dried in a furnace for 

20 min at 120 °C and melted again for 30 min at  

1400 °C during stirring. The obtained glass was transparent and colorless. From further studies 

(SEM, X-ray diffraction and crystallization studies) no evidence of Pt or PtCl4 was found, which 

lead to the conclusion that this method for adding Pt is not efficient. The second method which 

was implemented and later used as the main procedure for melting Pt-containing glass was 

reported in the papers (5.2, 5.4, 5.6 and 5.7). In this case, the batch is mixed with PtCl4 

dissolved in 400 ml acetone. This leads to glasses which are transparent with greyish coloration. 

As seen in Figure 1 of paper 5.6, the colours of the glasses are strictly dependent on the Pt 

concentration. Similar results were reported by Rindone when he studies the light scattering 

effect of platinum in lead glasses [66,67]. A possible explanation for that can be given by 

decomposition reactions of the PtCl4 (given below). 

PtCl4 = PtCl2 + Cl2           (Eq. 6.1)  

PtCl2 = Pt + Cl2           (Eq. 6.2)  

According to Eq. 6.1, platinum is kept in ionic form and the glasses have a yellow coloration. 

However yellow coloration is not observed in the BaO/SrO/ZnO/SiO2 system when PtCl4 is 
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added to the batch. This means that reaction Eq. 6.2 takes place and the reduction to metallic Pt 

occurs. The small Pt particles in the glass have sizes in the 0.5 to 2 µm range and the glasses 

appear as grey. Eq. 6.2 also explains why the intensity of the coloration is dependent on the Pt 

concentration. Furthermore, X-Ray diffraction proves the presence of metallic Pt which can be 

seen in Figure 3 in paper 5.2.  

6.2  Kinetics of nucleation and crystallization  

Determining the kinetics of nucleation and crystallization is usually a long and complicated 

process. Using DSC can help to get a first idea of the crystallization behaviour of a certain 

system (Chapter 4). This is possible by determining the characteristic temperatures: glass 

transition temperature (Tg), the onset of the crystallization peak (Ton), offset of the 

crystallization peak, (Toff) peak of crystallization (Tp). Using this parameter and employing  

Eq. 4.1, the Ozawa method for calculating the Avrami parameter, and how this can be used for 

predicting the crystallization tendency of a glass ceramic will further be discussed [15,43,57–

61,68,69]. 

The base glass system from which the Ba1-xSrxZn2Si2O7 phase can be crystallized is 

BaO/SrO/ZnO/SiO2. Unfortunately, as mentioned previously, this system exhibits solely 

surface crystallization [27,54]. The glass system was reported for the first time in paper 5.1 

and further investigated in paper 5.3. The characteristic temperatures obtained from DSC are 

summarised in Table 2 of paper 5.1; Tg = 672 °C and the Tp = 948 ° C. The peak is rather 

broad with Ton at 916 °C and Toff at 969 °C. The overall low peak intensities and the high values 

of FWHM are graphically shown in Figure 3 of paper 5.6.  

Adding different nucleation agents such as ZrO2 and TiO2 affects Tg depending on their 

respective concentrations, while Pt did not affect Tg, slight variations within the limits of error 

are seen. Adding ZrO2 slowly increases Tg of the glasses and a maximum value  
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(697 °C) was recorded for sample 6Z. This is an increase of 25 K, which is explained by the 

increased viscosity of the glass melt. The effect is well known and previously reported for other 

systems, this means if ZrO2 is present, more energy must be introduced before nucleation can 

start [6,53,63]. Decrease of Tg can be achieved by adding TiO2 as shown in Table 2 of paper 

5.5. The lowest Tg (667 °C) was obtained for sample T5. Even considering the limits of error 

in the DSC measurement (± 3 K), the addition of TiO2 leads to a decrease in Tg, also when ZrO2 

is present, and is systematically decreasing with the TiO2 concentration for sample Z6T2 the  

Tg = 689 °C, which is a decrease of 8 K in comparison to sample Z6. This trend is seen for all 

glass compositions reported in Table 1 of paper 5.5. The reduction of Tg can be explained by 

reduction of the viscosity in the glass. Typically, TiO2 is incorporated in highly alkaline earth 

containing compositions as network modifier which take part in the glass formation and 

explains the reduction of Tg [52,63,65]. Although the glass was doped with different Pt 

concentrations (from 10 to 100 ppm) significant changes in Tg of the glasses were not observed. 

(Table 2 of paper 5.6). It must be mentioned that slight fluctuation of 3 K is present, which 

however, is within the limits of error of the measurement and a correlation with the Pt 

concentration is not observed. In the literature, no hint at a change of Tg with the addition of Pt 

was found. This fact leads to the suggestion that Pt does not affect the Tg of the glasses. This 

can be partially explained by the low concentration, which is not sufficient to affect the 

viscosity.  

The peak of crystallization in the DSC profile plays an important part in determining the 

activation energies and can give an indication of the crystallization tendency of the system using 

different approaches. In this study more than one heating rate was used to ensure statistical 

accuracy for the determination of Avrami parameters and the activation energies. Nevertheless, 

in the following discussion only values recorded for a heating rate 10 K/min will be considered. 

The peak of crystallization for the base glass is 948 °C and adding ZrO2 leads to an increase in 
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Tp to 977 and 985 °C for Z3 and Z6, respectively. If TiO2 is added to the base glass composition, 

Tp is dropping to 925 °C which is the lowest reported crystallization peak temperature, if oxides 

are used as nucleation agents. The combination of ZrO2 and TiO2 increases the crystallization 

peak temperature up to 980 °C for the sample Z6T2. This increase is correlated to an increase 

due to ZrO2; an exception for this is sample Z7T1 where Tp drops to 954 °C. However, this is 

not very surprising regarding the fact that in this system besides surface crystallization also 

volume crystallization takes place. A significant reduction of Tp was seen if small amounts of 

Pt were added to the system as shown in Figure 2 of paper 5.6 where a DSC result for the base 

glass and different Pt concentrations is presented. Even 10 ppm of Pt reduced Tp by almost 100 

K in comparison to the base glass.  

In Chapter 4, the Avrami parameter was introduced, which can be used as a prediction tool for 

determining the crystallization behavior on the system. By applying Eq. 4.1 and different 

heating rates, the Avrami parameters were successfully calculated for all glass compositions 

and the results are published in the papers 5.1, 5.2, 5.4-5.7. In the case when the Avrami 

parameter was n = 1, which corresponds to surface crystallization, was obtained for low ZrO2 

concentrations (< 6 mol%), the result can be seen in the papers 5.1 and 5.5, this is valid for 

samples (Z0, Z3, Z5, Z5T3 and Z5T3) [26,27,57,59]. After a microstructural analysis in all 

samples mentioned above except Z5T5 and T5, surface crystallization was confirmed. In the 

cases of Z5T5 and T5, very low numbers (2-3) of volume crystals were detected during the 

microstructural studies. However, an explanation for this can be that the small amount of 

volume crystals might be caused by the formation of bubbles or impurities from the raw 

materials, which do not affect the overall kinetics of the crystallization processes and cannot be 

predicted by Eq. 4.1. In the systems where volume and surface crystallization were detected 

(Z6 and Z7T1) the parameter n was approximately 2; the results were confirmed by the 

microstructural studies [57]. Adding platinum in small concentrations, even 10 ppm resulted in 
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n = 3 which indicated volume crystallization and was confirmed by microstructural studies 

(papers 5.2, 5.4, 5.6 and 5.7). When 100 ppm of Pt was added to the composition, an Avrami 

parameter n equal to 4 was calculated which corresponds to a 3D volume crystallization. It 

should be noted that a corresponding change in the microstructure was not observed. An 

explanation for that is that the Avrami parameter depends on the chosen temperature and may 

vary slightly. This was previously shown in a study by M.-J. Pascual for a glass with the 

composition 30 BaO·50 SiO2·20 ZnO [15,43]. This was also proven in Figure 35.3, paper 5.4 

where the Avrami parameter is potted against the temperature; here the change of the values of 

the parameter is well visible. Despite the slight variation independent on the chosen 

temperature, determining the Avrami parameter using Eq. 4.1 gives a good approximation for 

crystallization tendency of the Ba1-xSrxZn2Si2O7 phase.  

Furthermore, different heating rates can be utilized for the calculation of the activation energies 

using the Kissinger [15,57,61] (see Eq. 4.2) as well as the Ozawa Equation [57,58,69] (see Eq. 

4.3). Both methods are similar, and the obtained results differ within a range of only 6 %. The 

equations can be used when surface crystallization is the predominant mechanism of 

crystallization and the results can be seen in papers 5.1, 5.2, 5.5-5.7. According to the equation 

of Matusita, also known as the modified Kissinger equation (Eq. 4.4), if volume crystallization 

occurs, an additional parameter (parameter m) has to be taken into account which is denoted as 

“growth parameter” [4,57,62]. This parameter indicates the growth morphology and the 

mechanism, depending on the Avrami parameter, n. The value of m can be found in a Table 4.1 

which was originally published by Donald [57].  

6.3  Nucleation and crystallization  

One of the main concerns, when additives are introduced in the base system, is whether they 

also lead to the crystallization of other crystalline phases or only the desire one. [6,66,70] For 
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this purpose, XRD studies were performed at several stages of crystallization: in the as melted 

glass, after nucleation, where a temperature of Tg up to Tg +40 K was chosen and after full 

crystallization. For the cases when ZrO2 and TiO2 oxides were used, the glasses were 

amorphous after melting and no traces of ZrO2, TiO2 or ZrTiO4 were found in the glasses. 

However, this was not the case if Pt was introduced into the system. If a slow scan with 

0.1 °/min was performed, the main peak of metallic Pt at 2θ = 39.7° can be detected even for a 

Pt concentration as low as 30 ppm. The assumption that the Pt particles are formed during 

cooling of the glass is also supported by the TEM measurement shown in Figure 10 of  

paper 5.2 for a glass sample with 100 ppm Pt. The Pt peak is no longer visible, when the  

Ba1-xSrxZn2Si2O7 starts to crystallize. This is shown in the XRD-pattern presented in Figure 3 

of paper 5.2 for a sample containing 100 ppm Pt nucleated at different temperatures. When 

additives such as ZrO2, TiO2, PtCl4 or Sb2O3 are added, the main crystalline phase is the  

Ba1-xSrxZn2Si2O7 solid solution and small amounts of willemite (Zn2SiO4) and cristobalite are 

found, however this is expected because they can easily crystallize from the base system. It has 

to be mentioned that cristobalite is only formed at temperatures above 1000 °C which is above 

the working range of a cook top of around 600 °C so it should not affect the application of the 

material. Other additives such as P2O5, for example, lead to the formation of additional 

unknown phases at a temperature as low as 850 °C; also in the case of Al2O3 additions, 

additional unknow phases are formed [70,71].  

Finding proper nucleation agents for the Ba1-xSrxZn2Si2O7 system where the quantity and size 

of the crystals can be controlled by the time/temperature schedule, was a tedious task 

[27,54,70]. Since the selected oxides did not achieve the desired effect, noble metals were the 

next step. When Pt was added to the system, the number of nuclei was only dependent on the 

used Pt quantity which was proved by SEM investigations (see Figure 5 of paper 5.6) where 

glasses with different platinum concentrations were thermally treated at 720 °C for 100 h. 
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However, if both Pt and Sb2O3 were used, the formation of new crystals is observed during 

thermal treatment. The result is published and shown in Figure 8 of paper 5.7 where the 

number of crystals versus time is presented. In glasses with different Pt concentrations, the 

number of crystals increases up to a heat treatment time of 24 h independent of the applied 

nucleation temperature. With further increasing temperature, the number of crystals decreases 

again. This effect might be caused by Ostwald ripening. Another interesting feature is the lack 

of induction time which is in contrast to reports on other glass systems. The lack of induction 

time is due to a small number of Pt particles which have already been formed during cooling of 

the glass and which act as nucleation centres during crystallization [6,51,72]. The optimum 

nucleation temperature where the number of crystals is highest, depends on the Pt 

concentration, 690 and 680 °C for 50 and 100 ppm Pt, respectively. This means that Pt is a good 

nucleation agent, which can be supported by Sb2O3 additions and furthermore, the number and 

the size of the crystals can be controlled by the nucleation time and temperature, which is a key 

component for obtaining a tailored microstructure.  

6.4  Microstructure 

The microstructure is one of the most important parameters of materials with low thermal 

expansion. Small cracks in the microstructure can grow when multiple heating/cooling cycles 

are implied and lead to a destruction of the already built up materials. Example for that is the 

cooking panel which must withstand for many years of use and also should not be damaged by 

rapid cooling, for example, by a spill of water [1,6]. In Chapters 4.2 and 4.3, the importance of 

the Avrami parameter and the ability to prediction the crystallization behaviour of the  

Ba1-xSrxZn2Si2O7 phase is discussed. However, no matter how accurately the Avrami parameter 

predicts the crystallization mechanism, the microstructure of the Ba1-xSrxZn2Si2O7 phase 

containing glass ceramics should be studied, also with respect to their tendency to crack 

formation. This is possible through SEM, TEM or LSM analyses. It should also be mentioned 
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that the Avrami parameter cannot give 100 % certainty, this is why most authors advise to 

perform additional microstructure studies [15,26,58,67,72]. 

It was already discussed that most of the oxides do not work as effective nucleation agents and 

only high oxide concentrations will trigger volume nucleation (see papers 5.1 and 5.5 [26,27]). 

The first time where volume crystallization was active in the base systems is shown in  

Figure 6 of paper 5.1; it was the sample Z6 thermally treated at 720 °C for 48 h and 

subsequently at 840 °C for 1 h. The LSM gives a good indication of the fact that volume 

crystallization is present, however, only a small amount of crystals is seen. SEM analyses on 

the same sample show that surface crystallization is the predominant crystallization mechanism 

(see Figure 8 of paper 5.1). This result is in good agreement with the obtained Avrami 

parameter, (see Figure 5b of paper 5.1), which is equal to 2 and corresponds to volume and 

surface crystallization. A crystal formed in the volume of the same glass composition was 

studied and presented in Figure 7 of paper 5.1. This micrograph also shows multiple crack 

formation. This is most probably caused by the sizes of the crystal (e.g. 182 µm) and their low 

quantity which is not sufficient to overcome the anisotropy in the coefficients of thermal 

expansion of the system. All other glass systems presented in Table 1 of paper 5.1 show only 

surface crystallization, which is in a good agreement with the obtained Avrami parameters 

graphically presented in Figure 5 of the same paper and discussed in chapter 6.2. 

The results summarizing the microstructures if ZrO2 and TiO2 are used as nucleation agents are 

shown in paper 5.5. According to the Avrami parameters, the only glass composition of those 

shown in Table 1 of paper 5.5, from which volume crystallization occurs is Z7T1. This is in 

good agreement with Figure 7 of paper 5.5 which shows such a sample thermally treated at 

750 °C for 48 h and at 840 °C for 45 min: 3 crystals are found in the volume. In this glass 

system, the crystals have a mean size of 87 µm, which is a significant reduction in comparison 

to sample Z6 where the mean size was 182 µm. This reduction of almost 100 µm and the 
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increasing number of crystals shows that adding TiO2 is favorable for the volume 

crystallization. This is caused by two factors: (i) the reduction in the viscosity and (ii) a change 

in the solubility of ZrO2, so more of this nucleation agent can be added [6,53]. However, some 

inconsistencies regarding the Avrami parameter were also observed because some few volume 

crystals were found in samples T5 and Z5T5, the reasons for these inconsistencies are explained 

in Chapter 6.2. In all other glass systems, only surface crystallization was found. 

The morphology of the crystals obtained by using only ZrO2 as a nucleating agent has a core in 

the middle from which a radial growth of the crystalline phase starts. The crystals seem to have 

a high aspect ratio and most probably grow with the morphology of thin sheets. However, this 

did not explain the interesting phenomena observed for sample Z7T1 thermally treated at  

750 °C for 48 h and subsequently at 840 °C for 45 min, as shown in Figure 9a of paper 5.5. 

There the circular cracks are formed at two locations around the crystal. This gave rise to further 

investigations with EBSD shown in the same Figure (Figure 9b, bottom). This Figure shows 

a combined Image Quality (IQ) and inverse pole figure (IPF) map for all recorded patterns 

which are attributed to the orthorhombic structure of the Ba0.6Sr0.4Zn2Si2O7 phase. The colour 

code of the inverse pole figure describes the crystal direction which shows a gradual change of 

the orientation from the centre of the structure to the edge. The white unit cells and the 

corresponding c-axis directions help to read the map. Typically, the dimensions of these cells 

are a = 12.98, b = 7.71, and c = 6.59 Å. The c-axes [001] develop from perpendicular to the cut 

plane in the centre to almost parallel to the cut plane and parallel to the long axis of the 

substructures with increasing distance from the centre. The courses of the cracks are highlighted 

with blue lines and are perpendicular to the c-axes of the broken crystals. Similar results are 

reported for the surface crystallization where the crack formation is also perpendicular to the c-

axes and can be seen in Figure 8 of paper 5.3 for the base glass thermally treated for 1.5 h at 

790 °C and Figure 8 of paper 5.5. for the sample Z6T2 thermally treated at 710 °C for 48 h 
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and subsequently at 840 °C for 45 min. The result show that the crack formation is caused by 

the phase itself and is not affected by the type of crystallization (surface or volume) as well as 

if another component is added to the base glass composition. As this does not depend on the 

glass composition and is connected to the phase structure the following conclusion can be 

drawn: the c-axis is perpendicular to the cracks which indicates that they are caused by the 

anisotropy of the CTE. The c-axis shows the highest positive value and, hence, contracts 

strongest during cooling, while the b-axis expands strongly and the a-axis contracts slightly. 

Therefore, cracks perpendicular to the c-axis seem to be a logical consequence, because the 

crystals get under tensile stresses during cooling. 

Since the studied oxides did not induce sufficient extend of volume crystallization, even at the 

point where the limit of solubility in the system has been reached, another approach was used. 

It is well known that noble metals can be used in small quantity and induce volume 

crystallization. Noble metals such as gold, silver or platinum may be added to the base system, 

however, in this dissertation, the main focus of discussion will be the Pt [50,66,71,72]. The 

glass composition to which Pt was added is found in Table 1 and the papers 5.2, 5.6 and 5.7. 

The effect of other components such as ZrO2 and Sb2O3 have also a notable impact on the 

microstructure. All glasses where Pt is added even in very small concentrations of 10 ppm 

exhibit volume crystallization as the predominant mechanism. When only Pt is used in different 

concentration as reported in paper 5.6, the volume crystal concentration depends more strongly 

on the Pt concentration. This is seen very well in Figure 5 of paper 5.6 where samples with 

different Pt concentrations were heat-treated at 720 °C for 100 h; a comprehensive explanation 

is also given in Subchapter 6.3. The Pt particle acts as a substrate from where the  

Ba1-xSrxZn2Si2O7 phase starts to grow. 

Good example of typical crystal precipitation when only Pt is present in the system is shown in 

Figure 6 of paper 5.6. The sample shown there has 50 ppm Pt and is thermally treated for  
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48 h at 710 °C and for 30 min at 780°C; the bright spherical particle in the center shows an 

enrichment of Pt according to the EDX measurement. Enrichments of Zn and Ba are seen at the 

locations of the crystal which is not surprising. The EBDS analysis performed at the same 

sample seen in Figure 7 of paper 5.6 shows the orientation of the crystal of the orthorhombic 

structure of the Ba1-xSrxZn2Si2O7 phase (ICSD 429938). The color code of the inverse pole 

figure describes the crystal direction perpendicular to the sample surface. Most parts of the 

crystal show different absolute orientations, but the a-axes [100] are almost perpendicular to 

the sample surface (green dots). Patterns obtained from the platinum particles possess a low IQ 

caused by the topography of the particles and furthermore by a low crystal perfection which is 

caused by deformation e.g. from polishing (metallic platinum shows a plastic deformation 

behavior in comparison to the glass ceramics). Hence, the EBSD patters cannot be attributed to 

platinum or to any other phase. The results of the EBSD-measurements show a clear orientation 

of the c-axis [001] which is parallel to the fastest growing axis of the cut crystal. This agrees 

with the results described above for the base glass and the ZrO2/TiO2 containing glasses. Crack 

formation is still present in the crystal even if the crystal size is less than 40 µm (the size depends 

on the Pt concentration and the heat treatment procedure). The origin of the cracks is near the 

Pt particle and should also be caused by the different CTE between the Pt and the crystalline 

phase. The morphology of the crystals is different from that of the oxide containing glasses. 

The crystals start growing from the Pt particle and have one main growth direction. This 

direction is attributed to a higher crystal growth velocity in comparison to the 

surrounding/thickening part of the crystals. By comparison, in sample Z6Pt, volume 

crystallization is the main crystallization mechanism, but the morphology is similar to the oxide 

containing glasses. This can be seen in Figure 35.4 of paper 5.4 for the sample nucleated at 

720 °C for 48 h and thermally treated at 780 °C for 5 h. In this case, a bright spherical crystal 

attributed to a Pt particle is observed surrounded by spherical crystals corresponding to the  
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Ba1-xSrxZn2Si2O7 phase. This means that the morphology of the Ba1-xSrxZn2Si2O7 phase is 

dependent on the additive to the base glass system. 

As previously discussed in Chapter 6.1, the oxidation state is of extreme importance, i.e. 

whether ionic Pt or metallic Pt occurs. The Sb2O3 is a well know agent which might induce a 

reducing effect during cooling of the glass or during thermal treatment at temperatures slightly 

above Tg. However, adding a combination of Sb2O3 and Pt (see Table 1 of paper 5.7) affects 

significantly the microstructure of the obtained materials. As seen, from the LSM images in 

Figure 7 and the SEM image in Figure 9 (both published in paper 5.7) the shape of the Pt 

particles changes. Some of them still have spherical form but many also have irregular shapes 

like rods and triangles. This and the EDX of sample Pt 50 thermally treated at 710 °C for 48 h 

and at 780 °C for 1 h (Figure 9 of paper 5.7) lead to some interesting conclusion. In the EDX 

mapping, we see that the bright particle in the center of the crystal is not only enriched in Pt as 

previously described, but also in Sb. Although clearly seen in Figure 9b, the enrichment of Sb 

might either be real or an artefact. There are two possibilities that the signal is not real due to 

an increased background of Bremsstrahlung. Since the excitation volume at 10 kV acceleration 

voltage has still a size of about 1 µm, the small Sb peak might be caused by peripheral excited 

material (crystal and residual glass) surrounding the sub-micrometer Pt-particle. However, then 

also an increased Ba-signal should occur, which is not observed. The other possibility is the 

formation of an alloy of Pt and Sb. The phase diagram Pt/Sb has a deep eutectic minimum at 

Pt0.78Sb0.22 attributed to a temperature of 633 °C. Hence, Pt and Sb should have a strongly 

negative mixing enthalpy. In metallic platinum, antimony is soluble, e.g. at a temperature of 

755 °C around 7 wt% Sb can be dissolved. Therefore, it is assumed, that the particle contains a 

certain Sb-concentration.  

Another interesting effect caused by Sb2O3 is the appearance of two growth morphologies 

which are attributed to the orthorhombic structure of the Ba1-xSrxZn2Si2O7 phase  
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(ICSD 429938) [20]. On one side, crystals are grown from an apparent center, while at the other 

side, the different morphology appears similar as a dendritic growth. This is presented in Figure 

10 of paper 5.7 for the sample with Pt 50 thermally treated at 710 °C for 48 h and subsequently 

crystallized at 780 °C for 1 h. These structures were also characterized using EBSD. While the 

crystals which run from the center have certain orientation gradients (changing colors), the 

dendrite-like crystals have a unique orientation (one color). While the crystals grown from the 

center are oriented with their c-axes parallel to their longest axis (the growth direction), the 

dendrite-like crystals are aligned with their c-axes perpendicular to their primary growth 

direction (and parallel to the longest axis of the secondary structures). The dendritic structure 

is less prone to cracking and can grow up to 100 µm and crack formation will still not occur. 

This and the fact that zero thermal expansion was reached as seen in Figure 11 of paper 6.7 

and the dilatometric measurements of samples Pt 50 and Pt 100 thermally treated at 720 °C for 

100 h. This observation suggested that a further adjustment must be made on the composition 

of the glass system and their applied heat treatment schedule in order to optimize the final 

product. Below, in Table 6.1, some suggestion of possible new compositions which should lead 

to improvement of the microstructure based on the results and the conclusions form this 

dissertation are shown. 

Table.6.1 New possible chemical compositions in mol% for further improvement of the 

microstructure. 

Number Chemical composition in mol% 

BaO SrO ZnO SiO2 PtCl4 ZrO2 TiO2 Sb2O3 

1 7.5 7.5 34.0 50.28 0.02 0 0 1 

2 7.5 7.5 34.0 42.48 0.02 6.5 1 1 

3 7.5 7.5 34.0 42.49 0.01 6.5 1 1 
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7.  Conclusion 

The base glass composition BaO/SrO/ZnO/SiO2 is a suitable candidate for the crystallization 

of the Ba1-xSrxZn2Si2O7 phase and can be well combined with other nucleation agents or 

additives such as ZrO2, TiO2, Pt and Sb2O3. The base glass system without additives has the 

tendency to sole surface crystallization and due to the high anisotropy of the crystal structure, 

the obtained materials are destroyed by the tension stress formed during cooling inside the 

glass-ceramic. This was proven by the SEM analysis in combination with EBSD. The results 

show that the origin of the cracks is perpendicular to the c-axis of the Ba1-xSrxZn2Si2O7 crystal. 

This axis has a strongly positive CTE and hence strongly contracts during cooling of the 

material.  

The kinetic parameters  of all glasses were determined using DSC. Important highlights are the 

determination of the activation energies and Avarami parameter, which was found using the 

Ozawa equation. The Avrami parameter proves to be a quite suitable for the prediction of the 

crystallization tendency for the Ba1-xSrxZn2Si2O7 phase. All results were cross referenced with 

a microstructural study to confirm the predicted results. 

Adding nucleation agents such as ZrO2 and TiO2 did not give sufficient, result in a satisfactory 

extend of volume crystallization. The latter is only observed at high concentration and even 

then the surface crystallization is the predominant mechanism. Only two glass systems when 

oxides are used as nucleation agents (Z6 and Z7T1) led to volume crystallization with a mean 

crystal size of 180 µm and 80 µm, respectively. However, this size is still too large and the 

number of crystals too low to overcome the anisotropy of the system and to produce crack free 

glass ceramics. Adding Pt to the system led to an increasing number of volume crystals with a 

relatively small size of around 20 µm. Nevertheless, these nucleation agents have a significant 

drawback as the number of Pt particle does not depend on the heat treatment schedule but on 
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the added Pt concentration. The formation of metallic Pt was detected by XRD, SEM and TEM. 

In agreement with the literature, the working theory is that the metallic Pt is formed during the 

cooling of the glass and is caused by a redox reaction. Adding antimony in oxidizing 

atmosphere to the systems in the presence of different Pt concentration leads to a dissolution of 

metallic platinum in the glass melt and to the formation of platinum particles during thermal 

treatment at temperatures slightly above Tg. Here, the number of crystals increases up to 24 h 

of thermal treatment. The combination of platinum and Sb2O3 enables the preparation of a ZTE 

material which is shown by dilatometric measurements. 

 

 

 



References 

134 

 

References  

 [1] H. Bach, D. Krause, Low Thermal Expansion Glass Ceramics. 2nd edn. Springer, New 

York.(2005) 

[2] G.D. Barrera, J.A.O. Bruno, T.H.K. Barron, N.L. Allan, Negative thermal expansion, J. 

Phys. Condens. Matter. 17 (2005) R217-R252. 

[3] H. Scheidler, E. Rodek, Li2O-Al2O3-SiO2 glass-ceramics, Am. Ceram. Soc. Bull. 68 

(1989) 1926–1930. 

[4] J. Massera, S. Fagerlund, L. Hupa, M. Hupa, Crystallization mechanism of the bioactive 

glasses, 45S5 and S53P4, J. Am. Ceram. Soc. 95 (2012) 607–613. 

[5] J.F. MacDowell, Aluminoborate Glass-Ceramics with Low Thermal Expansivity, J. Am. 

Ceram. Soc. 73 (1990) 2287–2292. 

[6] P.W. McMillan, Glass-ceramics, 2nd edn. Academic Press, London. (1979). 

[7] J.S. Browder, S.S. Ballard, Low Temperature Thermal Expansion Measurements on 

Optical Materials, Appl. Opt. 8 (1969) 793–798. 

[8] M. Macdonald, V. Badescu. The International Handbook of Space Technology 1st edn. 

Springer, Berlin, Praxis. (2014). 

[9] W. Wang, R. Huang, W. Li, J. Tan, Y. Zhao, S. Li, C. Huang, L. Li, Zero thermal 

expansion in NaZn13-type La(Fe,Si)13 compounds, Phys. Chem. 17 (2014) 2352–2356.  

[10] D. Tauch, C. Rüssel, Glass-Ceramics with Zero Thermal Expansion in the System 

BaO/Al2O3/B2O3, J. Non-Cryst. Solids 351 (2005) 2294-2298. 

[11] K. Takenaka, Negative thermal expansion materials: technological key for control of 

thermal expansion, Sci. Technol. Adv. Mater. 13 (2012) 013001 

[12] C. Thieme, C. Rüssel Very high or close to zero thermal expansion by the variation of the 

Sr/Ba ratio in Ba1-xSrxZn2Si2O7 - solid solutions, Dalton Trans. 45 (2016) 4888–4895.  



References 

135 

 

[13] G. Müller, M. Sternitzke, Computer modelling of structure and thermal expansion of β-

quartz-and keatite-type aluminosilicates, J. Mater. Sci. Lett. 12 (1993) 278–280. 

[14] M. Sternitzke, G. Müller, Crystal structure and thermal expansion of quartz-type 

aluminosilicates, J. Mater. Sci. 26 (1991) 3051–3056. 

[15] R. Wurth, M.J. Pascual, G.C. Mather, A. Pablos-Martin, F. Munoz, A. Duran, G.J. Cuello, 

C. Rüssel, Crystallisation mechanism of a multicomponent lithium alumino-silicate glass, 

Mater. Chem. Phys. 134 (2012) 1001–1006. 

[16] S.D. Stookey, Catalyzed crystallization of glass in theory and practice, Ind. Eng. Chem. 

51 (1959) 805–808. 

[17] D. Tauch, C. Rüssel, Thermal expansion of glass–ceramics in the system BaO/Al2O3/ 

B 2O3, J. Non-Cryst. Solids. 351 (2005) 3483–3489. 

[18] I. Yamai, T. Oota, Low Thermal Expansion Polycrystalline Zirconyl Phosphate Ceramic, 

J. Am. Ceram. Soc. 68 (1985) 273–278. 

[19] C. Lind, A.P. Wilkinson, Z. Hu, S. Short, J.D. Jorgensen, Synthesis and properties of the 

negative thermal expansion material cubic ZrMo2O8, Chem. Mater. 10 (1998) 2335–2337. 

[20] C. Thieme, H. Görls, C. Rüssel, Ba1−xSrxZn2Si2O7-A new family of materials with 

negative and very high thermal expansion, Sci. Rep. 5 (2015) 18040. 

[21] M. Kerstan, C. Rüssel, Barium silicates as high thermal expansion seals for solid oxide 

fuel cells studied by high-temperature X-ray diffraction (HT-XRD), J. Power Sources. 196 

(2011) 7578–7584. 

[22] C. Thieme, T. Waurischk, C. Lin, C. Rüssel, Lilac ceramic pigments based on 

Ba0.5Sr0.5Zn2−xNixSi2O7 solid solutions, Ceram. Int. 11 (2016) 13035–13040 

 [23] J.H. Lin, G.X. Lu, J. Du, M.Z. Su, C.-K. Loong, J.W. Richardson, Phase transition and 

crystal structures of BaZn2Si2O7, J. Phys. Chem. Solids. 60 (1999) 975–983.  



References 

136 

 

[24] L. Vladislavova, C. Thieme, T. Zscheckel, C. Patzig, T. Höche, C. Rüssel, Heterogeneous 

nucleation of Ba1-xSrxZn2Si2O7 from a BaO/SrO/ZnO/SiO2 glass using platinum as 

nucleation agent, J. Eur. Ceram. Soc. (2017) 4801-4808. 

[25] L. Vladislavova, M. Kracker, T. Zscheckel, C. Thieme, C. Rüssel, Crystallisation of  

Ba1-xSrxZn2Si2O7 from BaO/SrO/ZnO/SiO2 glass with different ZrO2 and TiO2 

concentrations, Solid State Sci. (2018) 107-115.  

[26] L. Vladislavova, C. Thieme, C. Rüssel, The effect of ZrO2 on the crystaallization  of a 

glass in the system BaO/SrO/ZnO/SiO2: surface versus bulk crystallization, J. Mater. Sci 

52. (2016) 4052-4060. 

[27] W.D. Callister Jr, Materials Science and Engineering, John Wiley & Sons, Inc, London 

N. Y. (2007). 

[28] C.B. Carter, M.G. Norton, Ceramic materials: science and engineering, Springer Science 

& Business Media, London N.Y (2007). 

[29] A.X. Lu, Z.B. Ke, Z.H. Xiao, X.F. Zhang, X.Y. Li, Effect of heat-treatment condition on 

crystallization behavior and thermal expansion coefficient of Li2O–ZnO–Al2O3–SiO2–

P2O5 glass–ceramics, J. Non-Cryst. Solids. 353 (2007) 2692–2697. 

[30] G.K. White, R.B. Roberts, Thermal expansion of willemite, Zn2SiO4, Aust. J. Phys. 41 

(1988) 791–798. 

[31] W. Wisniewski, C. Thieme, R. Müller, S. Reinsch, S. Groß-Barsnick, C. Rüssel, Oriented 

Surface Nucleation and Crystal Growth in a 18 BaO 22 CaO·60 SiO2 mol% Glass Used 

for SOFC Seals, CrystEngComm.20 (2018) 787-795. 

[32] F. Träger, Springer handbook of lasers and optics, Springer Science & Business Media 

London, N.Y. (2012). 



References 

137 

 

[33] B.K. Jasthi, W.J. Arbegast, S.M. Howard, Thermal expansion coefficient and mechanical 

properties of friction stir welded invar (Fe-36% Ni), J. Mater. Eng. Perform. 18 (2009) 

925–934. 

[34] K. De Buysser, P. Lommens, C. De Meyer, E. Bruneel, S. Hoste, I. Van Driessche, ZrO2-

ZrW2O8 composites with tailor-made thermal expansion, Ceram.-Silik. 48 (2004) 139–

144. 

[35] J.N. Grima, V. Zammit, R. Gatt, Negative Thermal Expansion, Journal of the Malta 

Chamber of Scientists 11 (2006) 17-29. 

[36] M.G. Tucker, A.L. Goodwin, M.T. Dove, D.A. Keen, S.A. Wells, J.S. Evans, Negative 

thermal expansion in ZrW2O8: Mechanisms, rigid unit modes, and neutron total scattering, 

Phys. Rev. Lett. 95 (2005) 255501. 

[37] K.D. Hammonds, M.T. Dove, A.P. Giddy, V. Heine, B. Winkler, Rigid-unit phonon 

modes and structural phase transitions in framework silicates, Am. Mineral. 81 (1996) 

1057–1079. 

[38] J.S.O. Evans, T.A. Mary, A.W. Sleight, Negative thermal expansion materials, Phys. B 

Condens. Matter. 241–243 (1997) 311–316.  

[39] C. Thieme, Dissertation, Crystalline Phases and Ceramic Materials with High and Low 

Coefficients of Thermal Expansion Based on Alkaline Earth Zinc Silicates, (2015) Jena 

University, Germany. 

[40] C. Thieme, G.B. Souza, C. Rüssel, Glass-Ceramics in the System BaO–SrO–ZnO–SiO2 

with Adjustable Coefficients of Thermal Expansion, J. Am. Ceram. Soc. 99 (2016). 3097-

3103. 

[41] M.J. Pascual, C. Lara, A. Duran, Non-isothermal crystallisation kinetics of devitrifying 

RO–BaO–SiO2 (R= Mg, Zn) glasses, Phys. Chem. Glass: Eur. J. Glass Sci. Technol. Part 

B. 47 (2006) 572–581. 



References 

138 

 

[42] M. Kerstan, M. Müller, C. Rüssel, Thermal expansion of Ba2ZnSi2O7, BaZnSiO4 and the 

solid solution series BaZn2−xMgxSi2O7 (0≤x≤2) studied by high-temperature X-ray 

diffraction and dilatometry, J. Solid State Chem. 188 (2012) 84–91. 

[43] M. Kerstan, C. Thieme, M. Grosch, M. Müller, C. Rüssel, BaZn2Si2O7 and the solid 

solution series BaZn2− xCoxSi2O7 (0< x≤ 2) as high temperature seals for solid oxide fuel 

cells studied by high-temperature X-ray diffraction and dilatometry, J. Solid State Chem. 

207 (2013) 55–60. 

[44] C. Thieme, C. Rüssel, High thermal expansion in the solid solution series BaM2− xNixSi2O7 

(M= Zn, Mg, Co)-the effect of Ni-concentration on phase transition and expansion, J. 

Mater. Sci. 50 (2015) 3416–3424. 

[45] C. Thieme, T. Waurischk, S. Heitmann, C. Rüessel, New Family of Materials with 

Negative Coefficients of Thermal Expansion: The Effect of MgO, CoO, MnO, NiO, or 

CuO on the Phase Stability and Thermal Expansion of Solid Solution Phases Derived from 

BaZn2Si2O7, Inorg. Chem. 55 (2016)  

[46] C. Rüssel, C. Thieme, Negative Thermal Expansion in Ba0.5Sr0.5Zn2SiGeO7, Materials. 9 

(2016) 631. 

[47] M. Kracker, C. Thieme, J. Haessler, C. Rüssel, Sol-gel powder synthesis and preparation 

of ceramics with high- and low-temperature polymorphs of BaxSr1-xZn2Si2O7 (x=1 and 

0.5): A novel approach to obtain zero thermal expansion, J. Eur. Ceram. Soc. 36 (2016) 

2097–2107.  

[48] J.M. Rincón, Principles of nucleation and controlled crystallization of glasses, Polym.-

Plast. Technol. Eng. 31 (1992) 309–357. 

[49] G.E. Rindome, Further Studies of the Crystallization of a Lithium Silicate Glass, J. Am. 

Ceram. Soc. 45 (1962) 7–12.  



References 

139 

 

[50] K. Thieme, C. Rüssel, Nucleation inhibitors—the effect of small concentrations of Al2O3, 

La2O3 or TiO2 on nucleation and crystallization of lithium disilicate, J. Eur. Ceram. Soc. 

34 (2014) 3969–3979. 

[51] K. Thieme, C. Rüssel, Nucleation and growth kinetics and phase analysis in zirconia-

containing lithium disilicate glass, J. Mater. Sci. 50 (2015) 1488–1499. 

[52] M. Kracker, L. Vladislavova, C. Thieme, T. Zscheckel, K. Thieme, T. Höche, C. Rüssel, 

Surface crystallization of low thermal expansion Ba0.5Sr0.5Zn2Si2O7 from an 8 BaO·8 

SrO·34 ZnO·50 SiO2 glass, RSC Adv. 7 (2017) 44834–44842. 

[53] S. Krüger, J. Deubener, Heterogeneous surface nucleation of lithium disilicate glass: An 

isothermal DSC study, J. Non-Cryst. Solids. 417–418 (2015) 45–51.  

[54] E.D. Zanotto, Bright future for glass-ceramics, Am. Ceram. Soc. Bull. 89 (2010) 19–27. 

[55] I.W. Donald, Crystallization kinetics of a lithium zinc silicate glass studied by DTA and 

DSC, J. Non-Cryst. Solids. 345 (2004) 120–126. 

[56] T. Ozawa, A modified method for kinetic analysis of thermoanalytical data, J. Therm. 

Anal. 9 (1976) 369–373.. 

[57] A. Arora, E.R. Shaaban, K. Singh, O.P. Pandey, Non-isothermal crystallization kinetics 

of ZnO–BaO–B 2 O 3–SiO 2 glass, J. Non-Cryst. Solids. 354 (2008) 3944–3951. 

[58] M. Guedes, A.C. Ferro, J.M.F. Ferreira, Nucleation and crystal growth in commercial LAS 

compositions, J. Eur. Ceram. Soc. 21 (2001) 1187–1194. 

[59] H. E. Kissinger, Reaction Kinetics in Differential Thermal Analysis. Anal Chem 29 (1957) 

1702-1706. 

[60] K. Matusita, S. Sakka, Y. Matsui, Determination of the activation energy for crystal 

growth by differential thermal analysis, J. Mater. Sci. 10 (1975) 961–966. 



References 

140 

 

[61] M. Chavoutier, D. Caurant, O. Majérus, R. Boulesteix, P. Loiseau, C. Jousseaume, E. 

Brunet, E. Lecomte, Effect of TiO2 content on the crystallization and the color of (ZrO2, 

TiO2)-doped Li2O–Al2O3–SiO2 glasses, J. Non-Cryst. Solids. 384 (2014) 15–24. 

[62] M. Lopes, J.E. Shelby, Introduction to Glass Science and Technology, The Royal Society 

of Chemistry, Location (2005). 

[63] W. Zdaniewski, DTA and X-Ray Analysis Study of Nucleation and Crystallization of 

MgO-Al2O3-SiO2 Glasses Containing ZrO2, TiO2, and CeO2, J. Am. Ceram. Soc. 58 

(1975) 163–169. 

[64] G.E. Rindone, Influence of platinum nucleation on crystallization of a lithium silicate 

glass, J. Am. Ceram. Soc. 41 (1958) 41–42. 

[65] L. Vladislavova, M. Kracker, T. Zscheckel, C. Thieme, C. Rüssel, The effect of different 

platinum concentrations as nucleation agent in the BaO/SrO/ZnO/SiO2 glass system, J. 

Mater. Sci. 53 (2018) 11204–11215. 

[66] J. Augis, J. Bennett, Calculation of the Avrami parameters for heterogeneous solid state 

reactions using a modification of the Kissinger method, J. Therm. Anal. Calorim. 13 

(1978) 283–292. 

[67] M. Ghasemzadeh, A. Nemati, A. Nozad, Z. Hamnabard, S. Baghshahi, Ccrystallization 

kinetics of glass-ceramics by differential thermal analysis, Ceram.-Silik. 55 (2011) 188–

194. 

[68] K. Thieme, T. Zscheckel, C. Thieme, T. Höche, C. Rüssel, On the search for nucleation 

agents in BaO-SrO-ZnO-SiO2 glasses: The influence of P2O5, J. Eur. Ceram. Soc. 38 

(2017). 2017-2026. 

[69] C. Thieme, M. Kracker, A. Erlebach, C. Patzig, M. Sierka, T. Höche, C. Rüssel, Effect of 

Al2O3 on phase formation and thermal expansion of a BaO-SrO-ZnO-SiO2 glass ceramic, 

Ceram. Int. 44 (2018) 2098–2108.  



References 

141 

 

[70] L. Cormier, Nucleation in Glasses – New Experimental Findings and Recent Theories, 

Procedia Mater. Sci. 7 (2014) 60–71. 

[71] K.L. Narayan, K.F. Kelton, C.S. Ray, Effect of Pt doping on nucleation and crystallization 

in Li2O·2SiO2 glass: experimental measurements and computer modeling, J. Non-Cryst. 

Solids. 195 (1996) 148–157. 

[72] G.E. Rindone, J.L. Rhoads, The Colors of Platinum, Palladium, and Rhodium in Simple 

Glasses, J. Am. Ceram. Soc. 39 (1956) 173–180. 

 

 



Abstract 

142 

 

Abstract  

This work is dedicated to the search for proper nucleation agents for the base glass in the system 

BaO/SrO/ZnO/SiO2 from which the recently discovered Ba1-xSrxZn2Si2O7 phase can crystallize 

in bulk. The Ba1-xSrxZn2Si2O7 phase exhibits close to zero thermal expansion and can be easily 

crystallized from appropriate glass compositions. Glass ceramics with negative or zero thermal 

expansion are suitable candidates for numerous applications, such as cooking panels, telescope 

mirrors and optical applications or components. Unfortunately, the BaO/SrO/ZnO/SiO2 glass 

system exhibits sole surface crystallization which leads to the formation of cracks during 

cooling and finally to the destruction of the produced materials. Finding a proper nucleation 

agent, which enables the crystallization in the volume in a high quantity and with small 

crystallite sizes, which can be controlled, is a key step for the implementation of the new phase 

for industrial use. This work is focused on the effect of different nucleation agents and additives 

to the base glass BaO/SrO/ZnO/SiO2/N (N = ZrO2, TiO2, Pt, Sb2O3) and the resulting 

microstructures. In this dissertation also, the kinetic parameters such as the activation energy 

and the Avrami parameter as well as the characteristic temperatures are reported. 

Kinetics parameters, as well as the characteristic temperatures, were determined by using 

differential scanning calorimetry (DSC). The Avrami parameters (n) determined by applying 

the Ozawa equation proved to enable an accurate prediction of the crystallization mechanism 

and the crystallization tendency of the Ba1-xSrxZn2Si2O7 phase. This enabled to clearly 

distinguish between a surface (n = 1), combined surface and volume (n = 2) and volume 

crystallization (n = 3). This helps for faster assessment of the effect of certain nucleation agents 

and their concentrations, which was e.g. well-illustrated for different ZrO2 concentrations. In 

analogy, a comparison of the calculated activation energies was made by using Kissinger 

equation, Ozawa equation and modified Kissinger equation. 
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In a first step, ZrO2 and ZrO2/TiO2 were added to the base glass system, since they act as 

effective nucleation agents in other glass systems with low thermal expansion, such as lithium 

alumosilicates. However, in the studied system, they did not work as sufficient nucleation agent 

and trigger volume crystallization only at high concentrations: 6 mol% ZrO2 and combination 

of both 7 mol% ZrO2 and 1 mol% TiO2. Nevertheless, the predominant crystallization 

mechanism in this system was the surface crystallization and the quantity of volume crystals is 

too small to prevent crack formation induced from the anisotropy of the crystal phase.  

Adding noble metal was the next step, which leads to a significant improvement in the size and 

quantity of the crystals in the volume. Even small amounts of Pt such as 10 ppm may trigger 

volume crystallization. This was predicted by the Avrami parameter (n =3) and further 

confirmed by scanning electron microscopy (SEM). The concentration of Pt enables to control 

the number and size of the crystals. This is due to the presence of metallic Pt particles inside 

the glass, which are formed during the cooling of the glass and are affected by a reduction 

process. 

Adding Sb2O3 and Pt in combination changes the reduction process in the glass and ionic Pt 

was formed at high temperature. This, for the first time, enabled a controlled volume 

crystallization of the Ba1-xSrxZn2Si2O7 phase. The number of crystals increases for up to 24 h 

of heat treatment, while further treatment decreases the number of crystals again. The 

morphology of all obtained glass ceramics was studied using SEM in combination with electron 

backscatter diffraction (EBSD). These studies showed a strong correlation between the 

crystallographic direction and the crack formation of the crystal phase and the strong anisotropy 

of the coefficient of thermal expansion. The cracks are perpendicular to the c -axis, which shows 

the highest coefficients of thermal expansion and, hence, contracts strongest during cooling, 

while the b-axis expands and the a-axis contracts slightly. 
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Zusammenfassung 

Diese Arbeit beschäftigt sich mit der Suche nach geeigneten Keimbildnern für ein 

BaO/SrO/ZnO/SiO2 Grundglas, aus welchem die erst seit kurzem bekannte Phase  

Ba1-xSrxZn2Si2O7 im Volumen kristallisieren kann. Die Ba1-xSrxZn2Si2O7 Phase hat einen 

thermischen Ausdehnungskoeffizienten nahe Null und kann aus geeigneten 

Glaszusammensetzungen leicht kristallisiert werden. Glaskeramiken mit einem thermischen 

Ausdehnungskoeffizienten, der negativ ist oder bei nahe null liegt, sind für verschiedene 

Anwendungen geeignet, zum Beispiel Glaskeramikkochfelder, Teleskopspiegel oder andere 

optische Komponenten und Anwendungen. Leider zeigt das BaO/SrO/ZnO/SiO2 Grundglas nur 

Oberflächenkristallisation, was beim Abkühlen zu Rissen und schließlich der Zerstörung des 

produzierten Materials führt. Für die industrielle Nutzung der neuen Phase ist es daher ein 

notwendiger Schritt, Keimbildner zu finden, die im Volumen die Ausscheidung kleiner 

Kristallite kontrollierbarer Größe ermöglichen. Diese Arbeit konzentriert sich auf die Effekte 

verschiedener Keimbildner und Zusatzstoffe zum BaO/SrO/ZnO/SiO2/N (N = ZrO2, TiO2, Pt, 

Sb2O3) Grundglas und den daraus resultierenden Mikrostrukturen. In dieser Dissertation wird 

außerdem über kinetische Parameter wie die Aktivierungsenergie und Avrami Parameter sowie 

die charakteristischen Temperaturen berichtet. 

Kinetische Parameter und charakteristische Temperaturen wurden über dynamische 

Differenzthermoanalyse (DTA) ermittelt. Die über die Ozawa Gleichung bestimmten Avrami 

Parameter (n) lassen sich für eine genaue Bestimmung der Kristallisationsmechanismen und 

Kristallisationstendenzen der Ba1-xSrxZn2Si2O7 Phase nutzen. Hierdurch ist es möglich, klar 

zwischen Oberflächen- (n=1), kombinierter Oberflächen- und Volumen- (n=2) und 

Volumenkristallisation (n=3) zu unterscheiden. Das hilft, den Einfluss von Keimbildnern und 

ihrer Konzentrationen schneller einzuschätzen, was zum Beispiel für verschiedene ZrO2 

Konzentrationen sehr gut gezeigt werden konnte. Analog wurden die mittels Kissinger 
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Gleichung, Ozawa Gleichung und modifizierter Kissinger Gleichung berechneten 

Aktivierungsenergien verglichen. 

Im ersten Schritt wurden ZrO2 und ZrO2/TiO2 zum Grundglas hinzugefügt, da sie in anderen 

Glassystemen mit niedriger thermischer Dehnung wie Lithiumalumosilicaten als effektive 

Keimbildner bekannt sind. Im hier untersuchten System bewirken diese Stoffe allerdings keine 

hinreichende Keimbildung und Volumenkristallisation tritt erst bei hohen Konzentrationen: 6 

mol% ZrO2 oder einer Kombination von 7 mol% ZrO2 und 1 mol% TiO2 ein. Auch in diesem 

Fall ist jedoch die Oberflächenkristallisation der dominante. Kristallisationsmechanismus und 

die Anzahl der Volumenkristalle ist zu klein um durch die Anisotropie der kristallinen Phase 

induzierte Risse zu verhindern. 

Im zweiten Schritt wurden Edelmetalle hinzugefügt, was zu einer deutlichen Verbesserung der 

Anzahl und Größe der Kristalle im Volumen führte. Selbst kleine Mengen Pt wie 10 ppm 

können schon Volumenkristallisation bewirken. Dies wurde über die Avrami Parameter 

vorhergesagt und mittels Raster Elektronen Mikroskopie (REM) bestätigt. Die Pt Konzentration 

erlaubt die Anzahl und Größe der Kristalle einzustellen. Dies kann damit erklärt werden, dass 

beim Abkühlen metallische Pt Partikel im Glas bilden und durch einen Reduktionsprozess 

beeinflusst werden. Die Zugabe von Sb2O3 kombiniert mit Pt verändert den Reduktionsprozess 

im Glas und führt zur Entstehung von oxidierten Pt Spezies bei hohen Temperaturen. Dies 

erlaubte zum ersten Mal, die Volumenkristallisation der Ba1-xSrxZn2Si2O7 Phase zu 

kontrollieren. In den ersten 24 Stunden der Temperaturbehandlung steigt die Anzahl der 

Kristalle, danach nimmt sie wieder ab. Die Morphologie aller in Rahmen der Arbeit 

hergestellten Glaskeramiken wurde mittels REM und Elektronenrückstreubeugung (ESBD) 

untersucht. In diesen Untersuchungen zeigte sich eine starke Korrelation zwischen 

kristallographischer Richtung und Rissbildung der kristallinen Phase and der starken 

Anisotropie des thermischen Ausdehnungskoeffizienten. Die Risse verlaufen senkrecht zur C-
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Achse, welche den höchsten thermische Ausdehnungskoeffizienten besitzt und daher am 

stärksten beim Abkühlen kontrahiert, während sich die b-Achse ausdehnt und die a-Achse nur 

leicht kontrahiert. 
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