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ABSTRACT 

Characterization, Microstructure, and Dielectric properties of cubic pyrochlore structural 

               ceramics 

Yangyang Li 

          The                 (BMN) bulk materials were sintered at 1050°C, 1100°C, 

1150°C, 1200°C by the conventional ceramic process, and their microstructure and 

dielectric properties were investigated by Scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Raman spectroscopy, Transmission electron microscopy (TEM) 

(including the X-ray energy dispersive spectrometry EDS and high resolution 

transmission electron microscopy HRTEM) and dielectric impedance analyzer. 

          We systematically investigated the structure, dielectric properties and voltage 

tunable property of the ceramics prepared at different sintering temperatures. The XRD 

patterns demonstrated that the synthesized BMN solid solutions had cubic phase 

pyrochlore-type structure when sintered at 1050°C or higher, and the lattice parameter 

(a) of the unit cell in BMN solid solution was calculated to be about 10.56Å. The 

vibrational peaks observed in the Raman spectra of BMN solid solutions also confirmed 

the cubic phase pyrochlore-type structure of the synthesized BMN. According to the 

Scanning Electron Microscope (SEM) images, the grain size increased with increasing 

sintering temperature. Additionally, it was shown that the densities of the BMN ceramic 

tablets vary with sintering temperature. The calculated theoretical density for the BMN 

ceramic tablets sintered at different temperatures is about 6.7521     . The density 

of the respective measured tablets is usually amounting more than 91% and 
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approaching a maximum value of 96.5% for sintering temperature of 1150°C. The 

microstructure was investigated by using Scanning Transmission Electron Microscope 

(STEM), X-ray diffraction (XRD). Combined with the results obtained from the STEM and 

XRD, the impact of sintering temperature on the macroscopic and microscopic structure 

was discussed. 

          The relative dielectric constant (  ) and dielectric loss (    ) of the BMN solid 

solutions were measured to be 161-200 and          (at room temperature and 

100Hz-1MHz), respectively. The BMN solid solutions have relative high dielectric 

constant and low dielectric loss. With increasing sintering temperature, the dielectric 

constant showed the maximum at 1150°C. The leakage current of BMN ceramic material 

is extraordinary small. When the voltage and thickness of the BMN capacitor are 4000V 

and 300um, the leakage current amounts only about 0.13-0.65      . The excellent 

physical and electrical properties make BMN thin films promising for potential tunable 

capacitor applications. 

Keywords:               ; cubic pyrochlore; dielectric constant; dielectric loss; leakage 

current;  
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Chapter1 Introduction 

1.1 Background of the                dielectric material 

          Communication technologies are developing rapidly, especially mobile 

communication and wireless communication systems. You can get in touch with your 

friend by mobile phones, ipads or laptops, which are powerful electronic devices. 

Microwave resonators and decoupling capacitors are integrated in these systems. To 

make these functional electronic components, we need high-quality dielectric material 

with high dielectric quality factor   (        ), low loss tangent (    ), large 

dielectric constant (  ), small leakage current, and small temperature coefficient of 

resonator frequency (for resonators). 

          Bi-based pyrochlore ceramics can just fit these requirements, exhibiting low 

dielectric losses and relatively high dielectric constants over a considerable frequency 

range at room temperature as well as anomalous low temperature glass-like dielectric 

relaxation behavior. Recent discovery suggests that significant electric field dependence 

of their dielectric constant makes them promising candidate materials for using as 

tunable microwave dielectric components.  

          With a low dielectric loss and large (as well as tunability) dielectric constant in the 

microwave range coupled with an ability to be sintered at relatively low temperatures, 

Bi-based pyrochlore ceramics containing          such as the A and B site disordered 

pyrochlore                            (BZN) have become excellent candidate 

materials for future mobile communication and wireless communication technologies. 

Because of their low dielectric loss and adequate tubability, Bi-based cubic pyrochlore 
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               (BZN) thin films have been attracting much attention as promising 

voltage tunable materials [1-8].         

          Recently,                (BMN) thin films have been investigated. The BMN thin 

films show lower dielectric loss and even higher tunability than BZN thin films. What’s 

more, the dielectric nonlinearity of BMN thin films is greater than that of BZN thin films 

by almost one order of magnitude [9]. The high tunability and favorable combination of 

dielectric properties make BMN thin films promising for applications in microwave 

tunable devices.  

1.2 Bi- based cubic pyrochlore structure 

          Bismuth based cubic                and                 materials are both 

         pyrochlore ceramics. When Zn atom is substituted by Mg atom, BZN becomes 

BMN. The lattice constant of BZN and BMN is 10.548(3) Å and 10.570(2) Å, respectively. 

In the microwave frequency range, polarization is dominated by ionic and electronic 

polarization contributions that are strongly dependent on local crystal structure. 

Therefore, it is very critical to understand the ordering rules of local A and B sites and 

associated structural relaxation in                and related materials.  

          The cubic pyrochlore structure (space group Fd-3m, Z = 8) [10], with general 

formula         , is often considered as a fluorite structure with ordered defects, 

except that in the isometric pyrochlore structure two cation sites and one-eighth of the 

anion sites are empty. The cations and oxygen vacancies are ordered. The loss of one-

eighth of the anions reduces the coordination of the B-site cation from 8 to 6. 
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Figure 1.2.1 Ideal cubic pyrochlore structure type (a) described by two constituent 

network substructures: corner-connected, oxygen-centered O’    tetrahedral anti-

cristobalite structure (b) and corner-connected, cation- centered    octahedral network 

(c) [31]. 

          It is well known that ideal cubic pyrochlore oxides have two different types of 

oxygen ions with general formula of         . The A ion is coordinated to eight oxygen 

atoms which is the octahedral network and the B ion is coordinated to six oxygen atoms 

in the tetrahedral network. In the Bi-based pyrochlore ceramics, 

                           (BZN) was claimed to exhibit cubic pyrochlore structure with 

the Zn ions occupying both A and B sites [11]. Because of the radius of Bi3+ (∼1.17 Å) is 

larger than that of Zn2+ (∼0.90 Å) with six coordination, the stability of the pyrochlore 

structure seems to be limited in composition [12,13] and the presence of rather small Zn 

ions on the eightfold coordinated A sites remained controversial [14,15]. However, 

some structural defects such as oxygen vacancy can be formed in the BZN ceramics due 

to the valence compensation for the nonstoichiometric compositions. The accurate 

structure information is now available for a number of nonstoichiometric pyrochlore 

oxides with oxygen vacancies [16-18]. Oxygen vacancy in BZN oxides forms when excess 
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Zn ions occupy the B sites. Therefore, it becomes very interesting to study the dielectric 

properties of the pyrochlore BZN ceramics of the compositions with excess Zn ions. 

1.3 Dielectric property   

Dielectric polarization 

 

Figure 1.3.1 Electric field interaction with an atom under the classical dielectric model 

[32]. 

          Assume that materials are made up of atoms. Atoms consist of electron clouds 

that are the negative charges and nucleus that are positive point charges at the electron 

clouds’ center. When applied an electric field, the electron cloud will be distorted (the 

center of electron cloud is moved), as shown in the top right of the Fig. 1.3.1. This can 

be reduced to a simple dipole using the superposition principle. A dipole is characterized 

by its dipole moment, a vector quantity shown in the Fig. 1.3.1 as the blue arrow labeled 

M. It is the relationship between the electric field and the dipole moment that gives rise 

http://en.wikipedia.org/wiki/File:Dielectric_model.svg
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to the behavior of the dielectric. (Note that the dipole moment is shown to be pointing 

in the same direction as the electric field. It is suitable for many materials.) 

          If the electric field is removed, the atom will returns to its original state. The time 

required to do so is the so-called relaxation time (dielectric relaxation), which is an 

exponential decay. This is the essence model in physics. The behavior of the dielectric 

now depends on the situation. The more complicated the situation the richer the model 

has to be in order to accurately describe the behavior.  

          There are two important types of polarization: dipolar polarization and ionic 

polarization. For the dipolar polarization: The covalent bonds (permanent dipoles) will 

be rotated by the electric field (orientation polarization). It can also be induced in 

molecule in which the asymmetric distortion of the nuclei is possible (distortion 

polarization). According to the orientation polarization and distortion polarization, the 

dipole moment is formed.  For the ionic polarization: There are positive ions and 

negative ions in the ionic crystals (for example, NaCl). When an external electric field is 

applied, there is a relative displacement between negative ions and positive ions. The 

centers of the negative charges and positive charges are moved by the electric field. 

Finally, the dipole moment is formed. 
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Chapter 2 Transmission electron microscope (TEM) 

Nowadays, Transmission electron microscopy (TEM) is well used in the scientific 

research. Transmission electron microscopy has become a fundamental tool to assist 

our research. It is very useful and powerful. Transmission electron microscopy (TEM) is 

designed as the light microscope, with the same basic principles. TEM uses electrons 

instead of light. The wavelength of light limited what you can see in the light 

microscope. TEMs use anodes or electron guns as the "light source" to eject electrons 

and their much smaller wavelength makes it possible to get a resolution a thousand 

times higher than with a light microscope. 

You can see objects to the order of a few Angstrom (10-10 m). For example, you 

can study different materials down to near atomic levels or small details in the cell. The 

high magnifications have made the transmission electron microscope (TEM) an excellent 

tool in both medical, biological and materials research. 

2.1 Basic principles of transmission electron microscopy (TEM) 

TEMs use magnetic lenses to guide the electrons. The electron source at the top of 

the microscope emits the electrons that travel through high vacuum in the column of 

the microscope. Instead of glass lenses focusing the light in the light microscope, 

electromagnetic lenses are used in the TEMs to control and focus the electrons into a 

very thin beam. The electron beams then travels through the specimen you want to 

study. Depending on the density of the material present, some of the electrons are 

scattered and disappear from the beam. Thus, many kinds of signals are generated from 

the interaction between the electron beam and the sample. The different electron 
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beams are collected by different detectors to form different images or results in the 

TEMs. Direct beam is collected to form bright field image; Diffracted beam is collected 

to form dark field image; Characteristic X-rays are used to analysis the chemical 

composition of the sample; Transmitted beams (direct beam and diffract beam) are 

used to form the diffraction pattern; Interference between the direct beam and the 

diffract beam is used to form the high resolution image; In the SEM, because the 

secondary electrons contain the information about the surface structure of the sample, 

the secondary electrons are used to form the SEM image. 

There is a fluorescent screen at the bottom of the transmission electron 

microscope. When the un-scattered electron beams hit the fluorescent screen, a 

"shadow image" of the specimen is given rise. The image shows its different parts 

displayed in varied darkness according to their density. Finally, a camera is used to study 

the images or results directly by the operator or scientist. 

 

Figure 2.1.1 TEM instrument and the schematic diagram [28]. 
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Figure 2.1.2 Interaction of electrons with matter. Signals generated when a high-energy 

beam of electrons interacts with a thin specimen [27]. 

         Electrons are emitted from the electron source in the condenser system of the 

TEM. When electrons hit the sample, they will be scattered by the sample, situated in 

the object plane of the objective lens. Many kinds of signals can be generated from the 

interaction between electron beam and the sample (Fig. 2.1.2). Electrons scattered in 

the same direction are focused in the back focal plane, and, as a result, a diffraction 

pattern is formed there. Electrons coming from the same point of the object are focused 

in the image plane. In the TEM, the first intermediate image is magnified by further 

lenses (projective system). 

Basically, transmission electron microscope is used as a kind of instrument which 

can record diffraction patterns that are similar to the X-ray diffraction machine as well 

as for magnifying rather small structures. It is the combination of both possibilities 
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which make such an instrument a universal tool for the investigation of lattice 

mismatched hetero-structures. The information about the symmetry of the atomic 

arrangement of the crystals is contained in the diffraction patterns. What’s more, when 

operating in Selected Area Diffraction (SAD) mode, the interatomic spacing of individual 

parts of the lattice mismatched hetero-structures can also be studied in the TEM. The 

layer morphology and the defect structure can be studied from micrographs when 

experiments are carried out under well-defined conditions, e.g. by high resolution 

transmission electron microscopy (HRTEM) or by bright field imaging under two beam 

conditions in conventional TEM. 

2.2 Imaging mode in transmission electron microscopy (TEM) 

        In TEMs, different kinds of lenses, which are electromagnetic lenses, are used to 

guide or focus the electron beams. Generally, there are two or three condenser lenses 

in the transmission electron microscope. They are used to control and focus the 

electron beam on the sample. And there will be an objective lens used to form the 

image of the sample in the image plane and the diffraction in the back focal plane. Some 

intermediate lenses are used to magnify the image or the diffraction pattern on the 

screen. Then, the operator or scientist can study the results directly on the screen. The 

image will present a very low contrast when it is focused, if the sample is thinner than 

200 nm and constituted of light chemical elements. 
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Figure 2.2.1 Ray diagram for a transmission electron microscope in image mode. (In 

diffraction mode, another intermediate lens is inserted to image on the screen the 

diffraction pattern of the back focal plane)[29]. 
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          If you want to obtain image exhibiting an amplitude contrast, an objective 

diaphragm should be inserted in the back focal plane to select the transmitted beam 

(and possibly few diffracted beam): the crystalline parts in Bragg orientation appear 

dark and the amorphous or not Bragg oriented parts appear bright. This imaging mode is 

called bright field mode BF (Fig. 2.2.1), which uses the direct beam. If the diffraction is 

constituted by many diffracting phases, each of them can be differentiated by selecting 

one of its diffracted beams with the objective diaphragm. To do that, the incident beam 

must be tilted so that the diffracted beam is brought into accordance with the objective 

lens axis to avoid off axis aberrations. This mode is called dark field mode DF (Fig. 2.2.2), 

which uses the diffract beam. The bright field image and dark field image can give the 

information of the sample on nanometer scale. The difference between BF mode and DF 

mode is: the signal collected for the dark field image is from the diffracted beam, and 

the signal collected for the bright field image is from the direct beam. 
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Figure 2.2.2Bright and dark field modes for imaging [30]. 

2.3 Diffraction mode in transmission electron microscopy (TEM) 

         In TEM, a selected area diaphragm is used to select the transmitted beams from 

only one part of the studied sample, which can be a particle or a precipitate. This mode 

is called selected area diffraction SAED. The area of the selected object is limited to few 

hundred nanometers by the spherical aberrations of the objective lens. Nevertheless, 

the diffraction patterns of a smaller object are still possible to be obtained by focusing 

the electron beam. In this mode, the projector lenses are used to focus the electron 

beam which can be a small spot size on the object surface (2-10nm). The spots in the 

SAED mode become disks. The condenser diaphragm will control the radii of the spots. 

This mode is called micro-diffraction (Fig. 2.3.1). 
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Figure 2.3.1 Micro-diffraction mode [29]. 

 

Figure 2.3.2 Ray diagram for a transmission electron microscope in diffraction and 

imaging mode. [30] 
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          The symmetry of sample’s lattice and inter-planar distances can be studied from 

the SAED and micro-diffraction patterns of the crystal (with the Bragg law). This is useful 

to confirm the identification of a phase, after assumptions generally based on the 

literature of the studied system and on chemical analyses. 

         It is very easy to switch the mode from imaging to diffraction mode as 

demonstrated in the Fig.2.3.2. In diffraction mode, another intermediate lens (SAD 

aperture) is inserted to image on the screen the diffraction pattern of the back focal 

plane, and the objective aperture is removed. By doing this, we can get the diffraction 

mode from the imaging mode. 

The principles of Diffraction  

The diffraction conditions for a periodic object can be formulated in terms of direct 

space, which is the real lattice, or in terms of diffraction space, which is the reciprocal 

lattice. These two formulations have the same physical content but the latter is often 

more convenient and more directly related to the diffraction pattern. If the attention is 

focused on the lattice, the diffraction condition can be described by Bragg's law which 

states that the path difference between waves “reflected” by successive lattice planes is 

an integer number of wavelength 

                                                                                                                        (2.1) 

where      is the interplanar spacing between lattice planes characterized by the set of 

Miller indices (   ),      is the corresponding Bragg angle and n is an integer. This 

statement might create the wrong impression that “reflection” takes place. However, 

the difference to specular reflection is important: only for the discrete angles      does 
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“reflection” take place, whereas in specular reflection all angles are permitted. This 

clearly shows that we have, in fact, interference rather than reflection. In transmission 

electron microscopy, because the wavelength of electrons is very small (≈2×10-3nm) and 

the Bragg angles are quite small (≈10-3mrad), either. Then, the Bragg's law can be 

approximated by 

                                                                                                                           (2.2) 

The Ewald's sphere is used to formulate the diffraction condition in the reciprocal space, 

i.e. 

                                                                                                                          (2.3) 

Where    is the wave vector of the scattered wave;    is the wave vector of the 

incident plane wave (          , where    is the normal to the plane wave front). 

The term      is a reciprocal lattice vector, called the diffraction vector. It is an element 

of the reciprocal space and is specified by a set of Miller indices (   ). This vector is 

perpendicular to the set of lattice planes (   ) in real space and the amount of the 

vector      is related to the real space lattice plane distances       by 

                                                                                                                             (2.4) 

where 

                                                            √ 
                                                  (2.5) 

which is denoting the lattice parameters of the solid. 
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Figure 2.3.3 Geometry of Bragg scattering. [27] 

 

Figure 2.3.4.Ewald construction. [27] 

          The Ewald condition gives rise to an elegant construction shown in Fig.2.3.4. Let    

represent the incident wave and its endpoint coincide with the origin O of the reciprocal 

space. Its starting point C is then the center of a sphere, called Ewald's sphere, with a 

radius  (      . If this sphere passes through another reciprocal lattice node G a 

diffracted beam         is produced. Tilting the specimen is equivalent to tilting the 

reciprocal lattice over the same sample angle about a parallel axis. Tilting thus permits 
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the “excitation” of specific nodes of the reciprocal lattice. It is worth mentioning that 

since the electron wavelength is in the order of 0.001 nm, i.e. |  | = 10 nm-1, whereas 

the mesh size of the reciprocal lattice is in the order of 0.1 nm-1, the sphere radius is 

quite large and it can be approximated for most practical purposes by a plane normal to 

the incident wave vector   . The diffraction pattern is thus obtained as a central 

projection of a planar section of the reciprocal space on to the viewing screen of an 

electron microscope. 

 

Figure 2.3.5 Schematic view on geometrical parameters used for the analysis of 

diffraction patterns obtained with a transmission electron microscopy. [27] 

When recording diffraction patterns with a transmission electron microscopy, we 

do not directly measure the Bragg angle      belonging to a certain set of lattice planes 

but spacing      of diffracted beams with regard to the transmitted beam as illustrated 

in Fig.2.3.5. However, contrasting to light microscopy where the camera length of the 
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microscope is given by the distance of the object investigated and the imaging plane, 

the variable set up possibilities of electromagnetic lenses in a TEM allow to us to use a 

wide range of camera length values dependent on the excitation of the lenses. Thus it is 

convenient to refer to an effective camera length   when analysing diffraction patterns 

obtained by TEM. However, Fig.2.3.5 demonstrates that 

                                                                                             (2.6) 

and by combination of eqns. (2) we obtain 

                                                                      
  

    
                                                       (2.7)  

which allows us to calculate lattice spacing      associated with a set of planes (   ) 

based upon the measurement of refection positions      from recorded micrographs 

when the effective camera length   chosen and the wavelength   of the electrons of 

the incident wave are given. 

2.4 High resolution mode in transmission electron microscopy (TEM) 
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Figure 2.4.1 Electron path in the imaging mode and high resolution mode. [30] 

           Conventional TEM uses only the transmitted beams or some of the forward 

scattered beams to create a diffraction contrast image. HREM uses the transmitted and 

the scattered beams to create an interference image. So, the objective aperture should 

allow both the transmitted and scattered beams pass through, which is showed in Fig. 

2.4.1.  
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Figure 2.4.2 High resolution image of the BMN ceramic in TEM. 

HRTEM comes from constructive/destructive interference from the transmitted 

electrons, giving rise to contrast (Fig. 2.4.2). HRTEM image-interference patterns 

between diffracted (transmitted) and forward-scattered electron waves, affected by 

focus and specimen thickness in non-intuitive ways. HRTEM images have to be 

interpreted with care: A black dot in the image does not necessarily mean that there 

was an electron-absorbing atom in the sample. It might just mean the contrary, that an 

atom in the sample produced a white dot in the image instead of the usual black. The 

cause of this phenomenon is the contrast transfer function (CTF) of the instrument. This 

function describes, with which contrast a feature of the sample is recorded in the image. 
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Chapter 3 Synthesis of cubic pyrochlore-structure                (BMN) bulk 

material 

 

Figure 3.1.1 BMN ceramic process used in the experiment. 

          The ceramic samples for this research were prepared by the conventional ceramics 

processing technology including milling, calcining, crushing, pressing, and sintering (Fig. 

3.1.1). The starting materials used in this work were       (99.999%),     (99.995%), 

and       (99.99%). 

          To prepare                samples, a mixture of       (99.999%),     

(99.995%), and       (99.99%) (Molar ratio 3:4:3) was ball-milled for 4 hours. A drying 

oven was used to dry the mixture at 80°C for more than 10 hours (until it was fully 

dried).  Then the powders were grinded and pressed into a disk-like shape with 
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diameter and thickness of 1inch and 5mm, respectively. The disks were put into the 

electrical furnace for pre-heating treatment. The heating and cooling process are shown 

in Fig. 3.1.2. Each process took 3 hours, with holding at 850°C for 3 hours between these 

two processes.  

 

Figure 3.1.2 Pre-heating process for the samples. 

 

Figure 3.1.3 Sintering process for the samples. (Take 1150°C for example.) 

           The pre-heating process was applied to obtain grains from the powders, such that 

they bind each other and to form grain boundaries. After pre-heating process, crushing, 

ball milling, drying treatments were carried out. Before pressing, the powders were 
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filtered by a powder sieve (63 um), and a polymer binder was mixed into the dry 

powders. After grinding and tableting, 20 small disks were obtained, with their diameter 

and thickness of 0.5inch and 2mm, respectively. Finally, the disks were inserted into the 

electrical furnace for the sintering process. The process of sintering is shown in the Fig. 

3.1.3 as well. The first stage at 400°C corresponds to the evaporation treatment of the 

polymer binder (PVA /solvent (water)). In the second stage at 1150°C sintering of the 

sample takes place. The disks prepared were divided into 4 groups. These 4 groups were 

sintered at 1050°C, 1100°C, 1150°C, and 1200°C, respectively. After sintering, the 

samples were subjected for microstructure characterizations, and dielectric property 

measurements. These samples were well polished before the TEM and the dielectric 

property measurements as described in the following chapters. The change of 

appearance of these samples before and after sintering is shown in Fig. 3.1.4. The 

change of the disk diameter, i.e. the density is obvious, suggesting significant 

densification of the samples after sintering. 

 

Figure 3.1.4 Images for the samples: (a) Before sintering; (b) After sintering. 
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Chapter 4 Results and discussion 

4.1 Shrinkage and density 

 

Figure 4.1.1 Images for the samples with ruler: (a) Before sintering; (b) After sintering. 

          The difference in shape of the samples is very obvious and can be well recognized 

in Fig. 4.1.1, before and after sintering. The diameter of the samples, were all measured 

by vernier caliper. The numbers were listed in the Appendix I.  And the shrinkage in 1D 

and 2D is plotted in Fig. 4.1.2. 

 

Figure 4.1.2 Shrinkage in 1D and 2D depends on the different temperature. 
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Figure 4.1.3 Density of the samples depends on the different temperature. 

          It can be seen in Fig. 4.1.2 that the shrinkage increased to the maximum at 1150°C. 

Then the density of the samples had been measured by a simple method (  
 

 
 

,      ). The numbers were listed in Appendix I, and the result is shown in Fig. 4.1.3. 

The result shows that the density of the sample was at maximum at 1150°C, and the 

density amounted 96.42% of the theoretical density. Comparing Fig. 4.1.2 and Fig. 4.1.3, 

it can be seen that bigger shrinkage results into higher density (which is very 

reasonable). 

4.2 Scanning electron microscopy (SEM) 
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Figure 4.2.1 SEM images of the surfaces of BMN ceramics sintered at: (a) 1050°C; (b) 

1100°C; (c) 1150°C; (d) 1200°C. 

          Fig. 4.2.1 shows the SEM images of the surfaces of BMN ceramics sintered at 

different temperatures. Homogeneous fine microstructures with Carbon pores are 

revealed. It is obvious that the grain size grows with increase of the sintering 

temperature. The grains have irregular shapes. The grain sizes of samples sintered at 

1050°C, 1100°C, 1150°C, and 1200°C, are the range of 2-4μm, 3-5.5μm, 5-8μm, and 

7μm-10μm on average, respectively. The grain boundaries shown in the Fig. 4.2.1(a) and 

Fig. 4.2.1(b) are narrow and clean in the dense microstructure. Some cracks are found 

along the grain boundaries which are shown in Fig. 4.2.1(c) and Fig. 4.2.1(d). Because 
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      is volatile at the sintering temperature, it might be evaporated at high 

temperatures (The melting point of      ,    ,       is 817°C, 2800°C, and 1512°C). 

The sintering temperature are all above the melting point of      , and the evaporate 

rate will be bigger at higher temperature. Maybe that is why there are some cracks 

along the grain boundaries appeared at higher temperature. In fact, there are more and 

bigger cracks on the surface of the sample sintered at 1200°C than those sintered at 

1150°C. 

4.3 X-ray diffraction 

Figure 4.3.1 XRD patterns for the BMN ceramics sintered at: (a) 1050°C; (b) 1100°C; (c) 

1150°C; (d) 1200°C. 

           Fig. 4.3.1 shows the XRD patterns of the BMN samples sintered at different 

temperatures (1050°C, 1100°C, 1150°C, and 1200°C).The higher the sintering 

temperature, the greater the content of the cubic pyrochlore. It confirms that when 
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sintering temperature is higher than 900°C, the pure cubic phase can be obtained. The 

intensities of the diffraction lines increase with increase of sintering temperature, 

indicative of an improved crystallinity.  

Table 4.3.1 Peak values for the XRD patterns of the BMN samples sintered at different 

temperatures. 

Table 4.3.2 XRD refinement results for the BMN ceramic sintered at different 

temperatures. 
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          Table 4.3.2 reveals that the lattice of the BMN ceramic didn’t change with the 

temperature from 1050°C -1200°C. We can also use the lattice constant from the XRD 

refinement to recalculate the interplanar spacing, and compare these values with the 

results from high resolution transmission electron microscopy (HRTEM). According to 

cubic pyrochlore structure, the lattice parameters are related by 

                                              
 

  
 

        

  
  or   

 

√        
                                      (4.1) 

        Thus, the interplanar spacing recalculated from XRD refinement (a=10.56041 Å) is 

shown in Table 4.3.3. 

Plane (311) (222) (400) (331) (440) (622) (444) 

Spacing (Å) 3.1841 3.0485 2.6401 2.4227 1.8668 1.5920 1.5243 

Table 4.3.3 Interplanar spacing recalculated from XRD refinement. 

 

Figure 4.1.2 Density of the samples depends on the different temperature. 
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          Using these parameters, we can also recalculate the density of the BMN samples 

by XRD refinement software. The results do not account for the holes and cracks in the 

sample. It is close to the theoretical density line. We conclude that the compactness of 

the samples sintered at 1150°C is the best (see chapter 4.1 and Fig. 4.1.2). 

4.4 Raman spectroscopy 

 

Figure 4.4.1 Raman spectrum for BMN ceramics sintered at different temperatures. 
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Figure 4.4.2 Raman spectrum for BMN ceramic sintered at 1050°C (after fitting) [36]. 

          To obtain the structural information of the BMN ceramics from vibrational spectra, 

Raman scattering investigation was also carried out at room temperature, and the result 

is shown in Fig. 4.4.1. Group theoretical analysis of the ideal pyrochlore structure yields 

26 normal modes [19,20]:                                       

                  . Among these 26 modes, only    ,    and      modes are 

Raman-active (R), which involve the motion of oxygen atoms only;      are infrared (IR) 

active modes and one     is acoustic mode. The rest,    ,     ,      and    , are 

optically inactive modes. It is noticed that more than six Raman bands (predicted for the 

ideal pyrochlore structures) are observed, which are marked in Fig. 4.4.2. These Raman 

bands are assigned to symmetry species by referencing the previous literature on 

diverse pyrochlore oxides [21-26]. The proposed assignment is given out in Table 4.4.1. 
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The appearance of more than six Raman modes in the BMN ceramics indicated that 

some additional disorder of the A and O’ sites are existed in the bismuth pyrochlore 

structure [21]. 

Tentative assignment  Raman Frequency (    ) 

    80 

    196 

    278 

  +    340 

    511 

    592 

    782 

    905 

Table 4.4.1 Raman modes of BMN ceramics revealed by Raman spectrum along with 

their tentative assignments. 

4.5 Transmission electron microscopy 

          For Transmission electron microscopy (TEM) observations, thin samples are 

required due to the important absorption of the electrons in the materials. High 

acceleration voltage reduces the absorption effects but can cause radiation damage.  
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Figure 4.5.1 TEM specimen preparation of BMN ceramic material. 

At these acceleration tensions, a maximum thickness of 60 nm is required for TEM and 

HREM observations and quantifications. BMN ceramic specimens for TEM were 

prepared by mechanical polishing down to 20μm, followed by argon ion milling (Fig. 

4.5.1) in the Precision Ion Polishing System (PIPS), operating at an accelerating voltage 

5 kV and ±5º  
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of 5 kV and ±5º incidence angle. Before ion milling, the thin disk need to be attached to 

Mo grids and cutting along the edge of the grid (diameter: 3 mm). 

          The precision ion polishing system (PIPS) is a user friendly bench top, precision ion 

polisher designed to produce high quality TEM specimens. Ion polishing is done by two 

miniature penning ion guns (PlGs) aimed at glancing angles of incidence to the 

specimen. Low sputtering angles have the advantage of minimizng radiation damage 

and beam heating while at the same time producing specimens having exceptionally 

large, clean electron transparent areas. 

          Another preparation method called focus ion beam (FIB) has been tried. A thin 

slice of the sample was cut by an ion beam on a scanning ion microscope.  
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Figure 4.5.2 TEM specimen prepared by FIB. 

          Unfortunately, the large thickness of the sample (> 150 nm) impeded good HREM 

studies. The small observable area (100 nm x 100 nm) permitted to study only one or 

two grains, which is generally not enough if a special grain orientation is required. Fig. 

4.5.2 shows TEM specimen prepared by FIB. After these 8 steps, put or attach the free 

membrane to the TEM sample holder. Then, it is ready for the TEM. 
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          In the thesis, we have performed the TEM investigations on the microstructures of 

               dielectric ceramics, which was synthesized by solid-state reactions 

(sintered at 1050oC). The TEM specimens were prepared from the polycrystalline 

ceramic samples by mechanical grinding, polishing, and subsequently ion-milling (Fig. 

4.5.1). The main phases in the BMN system revealed a conventional cubic pyrochlore 

structure, space group Fd-3m for the                composition. Fig. 4.5.3 is a typical 

TEM image and diffraction patterns of the grains in BMN ceramics. 

 

Figure 4.5.3 TEM image and Diffraction patterns from BMN ceramic sintered at 1050°C. 
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Figure 4.5.4 HRTEM images from BMN ceramic sintered at 1050°C. 

The lattice images of the ceramic grains in the BMN ceramics are also revealed by 

high-resolution TEM images. Fig. 4.5.4 displays the HR-TEM image of the grain a, b, and 
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the grain boundary between grain a and grain b. The lattice fringes along [110] and 

[221] directions in grain a, and the lattice fringes along [100] and [122] directions in 

grain b are clearly observed in Fig. 4.5.4, respectively. Additionally, grain boundary 

between grain a and grain b are observed very clearly in the HRTEM image from Fig. 

4.5.4. 

 

Figure 4.5.5 Dark field image and EDS results for BMN ceramic sintered at 1050°C. 

         Fig. 4.5.5 displays the dark field image and EDS result for BMN ceramic sintered at 

1050°C. Mg, Nb, O and Bi were found in the samples. In addition, the composition at 

grain boundaries did not show considerable variance. More research on this topic will 

be carried out in the future. 

Now, we describe how to label the index of the diffraction spots in the SAED 

patterns and determine the orientation of the grain. First, we assume the biggest light 

spot as the (000) plane. Then, we measure the distances between the biggest light spot 

and the other light spots which around the biggest one. Each spot indicates one crystal 
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plane. We set the (000) plane as the original point. Measure the angles between the 

different planes. We know  
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where   is The distance between the center of biggest light spot and the center of the 

nearest light spot.   : The distance between the center of biggest light spot and the 

center of the other light spot  .   ,  ,    is the Miller index of the plane. Ф is the angle 

between the different planes. So, we can use equations to identify the crystal planes. 

Zone axis [𝑢𝑣𝑤] can be determined by  

                                                         𝑢    𝑣    𝑤                                                 (4.6) 

                                                          𝑢    𝑣    𝑤                                                  (4.7) 

                                       𝑢: 𝑣:𝑤  |
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|                                 (4.8) 

          By using the above steps, the diffractions spots in SAED pattern shown in Fig. 4.5.3 

can be indexed and the zone axis of SAED pattern was determined be to [011] direction 

in grain b, and [114] in grain a, respectively, from the sample with                

composition. The patterns were successfully indexed on the basis of a cubic pyrochlore 

structure, space group Fd-3m, with lattice parameter a=1.056 nm consistent with the 

previous XRD refinement.  
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The grain boundary structures were also examined by HR-TEM images. Fig. 4.5.4 

demonstrates the HR-TEM images of the two-grain boundary between grains b and a. As 

shown in Fig. 4.5.4, the two-grain boundary is much clean at atomic-scale. This indicates 

that the grains in the BMN dielectric ceramics grew well, and they tightly contacted each 

other. The density (from XRD refinement) of the BMN dielectric ceramics was more than 

98.38% the theoretical value.  

          It is essential to recall that Bi-based pyrochlores typically present dielectric 

relaxation and that it has been suggested that the relaxation phenomena might be 

related to ionic ordering in the structure. Specifically, Golovshchikova et al. have 

proposed a diffuse anti-ferroelectric phase transition as responsible for the relaxation. 

Dielectric relaxation is observed in the cubic phase; therefore, if a diffuse anti-

ferroelectric phase transition is the acting mechanism responsible for the dielectric 

relaxation, special features such as streaking, satellite reflections and particularly 

additional reflections at smaller d-spacings than those expected for the regular structure 

(super-lattice reflections) should be present in the EDP recorded.  

4.6 Dielectric property 

          It is very important to recall the principles of dielectric property. It is well known 

an electric field can cause in the polarization of in the dielectric insulator. The electric 

charges cannot flow through the material when applied an electric field, which is 

different from the conductors. But, the electric charges will be slightly shifted from their 

average equilibrium positions which called dielectric polarization. Because of dielectric 

polarization, negative charges shift in the opposite direction of the electric field and 
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positive charges are displaced toward the field. As a result, an internal electric field is 

formed. And this internal electric field can reduce the overall field within the dielectric 

itself. If the dielectric material is formed by weak bonded molecules, the molecules not 

only become polarized, but also reorient. Then, the symmetry axis of the molecules will 

be aligned to the field by the external electric field.  

          The “insulators” have a low electrical conduction, while the “dielectric material” 

has a high polarizability. The latter can be expressed by a number which is called the 

dielectric constant. The term insulator is generally used to indicate electrical obstruction 

while the term dielectric is used to indicate the energy storing capacity of the material 

(by means of polarization). A common example of a dielectric is the insulator 

sandwiched by two metallic plates in a capacitor. The polarization of the dielectric 

caused by the applied electric field will increase the capacitor's surface charge.  

          The electric susceptibility   of the dielectric material is a measure of how easily it 

can be polarized with response to an electric field, which determines the electric 

permittivity of the material.  And many other phenomena will be influenced in the 

material. The electric susceptibility    is defined as a constant of proportionality (which 

may be a tensor) which relates the induced dielectric polarization density P to an 

electric field E such that 

                                                                                                                             (4.9) 

Where    is the electric permittivity of free space (vacuum space);  

          The relative permittivity      is related to the susceptibility of the material by 

                                                                                                                          (4.10) 
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         The relation between the polarization density P and the electric displacement D is 

described by 

                                                                                          (4.11) 

          Usually, we can just measure the capacitance of the material. First, we need to get 

two poles (Au) on the two sides of the sample, making the ceramic disk to a capacitor. 

The area of the pore (Au) is known. So, we can get the dielectric constant by 

                                                                   
     

 
                                                      (4.12) 

Where A is the area of the Au pole on the top of the capacitor; d is the thickness of the 

capacitor;       the dielectric constant; 

 

Figure 4.6.1 Charge separation in a parallel-plate capacitor causes an internal electric 

field. A dielectric (orange) reduces the field and increases the capacitance. 

Dielectric Loss      ) 

           Actually,    is static dielectric constant (result of polarization under dc (direct 

current) conditions). When it is under the ac (alternating current) conditions, the 

dielectric constant is different from the above one, because the energy losses have to 

be taken into account. Thermal agitation will try to randomize the dipole orientations. 
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Hence dipole moments cannot react instantaneously to changes in the applied field 

losses. The absorption of electrical energy by a dielectric material that is subjected to an 

alternating electric field is termed dielectric loss. 

          In general, the dielectric constant    is a complex number given by 

                                                                                                                          (4.13) 

Where     is the real part;     is the imaginary part;  

Then, the impedance of the circuit will be 
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Thus, admittance (  
 

 
) given by  
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          The admittance can be written in the form: 

                                                                                                                          (4.16) 

Where     
      

 
;    

       

 
; and ѡ is the radian frequency. The admittance of the 

dielectric medium is equivalent to a parallel combination of an ideal lossless capacitor     

with a relative permittivity     and a resistance of      or conductance   .  

          The input power of the circuit is  

                                                                      
  

  
                                             (4.17) 

Where V is the voltage;    is the resistance (    ); Real part     represents the relative 

permittivity (static dielectric contribution) in capacitance calculation, while the 
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Imaginary part     represents the energy loss in the dielectric material. Finally, we got 

the loss tangent, which is defined as  

                                                                        
   

   
                                                    (4.18) 

which represents how lossy the material is for ac signals. Then, the dielectric loss per 

unit volume: 
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Since     ⁄ , 

                                                                    
                                                (4.20) 

Where ѡ is the radian frequency; E is the electric field. According to the equation above, 

we want a low loss tangent to ensure low power loss for a good electric material. 

Tunability  

          The tunability of the dielectric material is defined as: 

                                                        [
         

    
]                                             (4.21) 

where      is the minimum (at maximum bias field) and     is the maximum 

capacitance value (at zero bias field). It is another factor to describe the quality of 

dielectric material. 
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BMN Dielectric 

constant 

1 2 3 4 5 Average 

1050°C 198 161 178 171 169 175 

1100°C 180 188 191 192 187 188 

1150°C 200 193 190 190 193 193 

1200°C 192 194 185 185 189 189 

Table 4.6.1 Dielectric constant for the BMN ceramic material sintered at different 

temperatures. The numbers were calculated by the equation 4.12, and the data for the 

thickness is listed in the Appendix II. 

 

Figure 4.6.2 Average dielectric constant for the BMN ceramic material sintered at 

different temperatures. 
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          The dielectric constants of all the samples are mostly in the range from 171-200. 

The dielectric constant shows the maximum at 1150°C, and decays with the 

temperature. We have chosen 4 samples sintered at 1050°C (310um); 1100°C (300um); 

1150°C (301um); 1200°C (301um), respectively. Their thicknesses were all close to 

300um. Regarding these 4 samples, we compare their dielectric constant, loss tangent 

and leakage current, respectively. The frequency was started from        Hz. Fig. 

4.6.3 presents the dielectric constant depending on frequency. 

 

Figure 4.6.3 Dielectric constant as functions of frequency for BMN ceramic sintered at 

different temperatures (1050°C (310um); 1100°C (300um); 1150°C (301um); 1200°C 

(301um)). 
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Figure 4.6.4 Loss tangent (dielectric loss) as functions of frequency for BMN ceramic 

sintered at different temperatures (1050°C (310um); 1100°C (300um); 1150°C (301um); 

1200°C (301um)). 

          Fig. 4.6.4 presents the loss tangent (dielectric loss) as a function of frequency for 

BMN ceramic sintered at different temperatures. Any difference among the samples 

sintered at different temperature was not observed. Maybe the dielectric loss does not 

change too much when the sintered temperature is in the range of 1050°C-1200°C 

showing its variation of less than       . It can be seen from Fig. 4.6.3 and Fig. 4.6.4 

that the curves of dielectric constant and loss tangent are flat with the frequency 

change for the samples sintered at 1050°C-1200°C , which means they have stable 
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frequency dependence. A summary of the observed dielectric properties is seen in Fig. 

4.6.5. 

 

Figure 4.6.5 Dielectric constant and loss tangent of BMN ceramic as a function of 

frequency ranging from 1KHZ-1MHz (1050°C (310um); 1100°C (300um); 1150°C 

(301um); 1200°C (301um)). 
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Figure 4.6.6 Leakage current as a function of voltage for BMN ceramic sintered at 

different temperatures. 

 

Figure 4.6.7 Leakage current as a function of voltage for BMN ceramic sintered at 

different temperatures (1050°C (310um); 1100°C (300um); 1150°C (301um); 1200°C 

(301um)). 
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          The leakage current as a function of voltage for BMN ceramic sintered at different 

temperature was shown in the Fig. 4.6.6. The leakage current for BMN ceramic is 

extraordinary small, ranging from 0.13-0.65𝑢      (electric field:   
     

     
). 

 

Figure 4.6.8 Leakage current for the sample sintered at 1100°C (300um) from 1000V-

4000V. 

          Generally, at low electric field, the relationship between the leakage current and 

voltage is      called Ohmic Conduction. In the Ohmic conduction region, the leakage 

current density changes linearly with the applied field. However, at high electric field, 

the relationship between the leakage current and voltage is       called Space Charge 

Limited Current. The conduction mechanism based on space charge limited (SCL) 

emission. In this region, the relationship between leakage current and applied electric 



65 
 

field can be described by the modified Langmuir-Child law that is,           

       . And the    part has the biggest contribution in this region. This can be 

recognized from Fig. 4.6.8. And it will be more obvious for thin film samples. 

Discussion  

 

Figure 4.6.10 BMN ceramic samples present different microstructure and physical 

properties. 

          Because of different sintering temperatures, the BMN ceramic samples present 

different microstructures and physical properties (density and dielectric property) 

(shown in Fig. 4.6.10). As shown in Fig. 4.1.2 and Fig. 4.1.2, the sample sintered at 

1150°C has the maximum shrinkage and density. And according to scanning electron 

microscopy (SEM) images (Fig. 4.2.1), it can be concluded that grain size increases with 

increasing the sintering temperature. Besides, much more cracks were shown in the 

samples which were sintered at 1200°C. After the X-ray Diffraction (Refinement) and 

Raman spectroscopy, all the samples present a pure cubic pyrochlore structure. The 
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results, obtained from transmission electron microscopy (TEM), reveal that the samples 

sintered at 1050°C-1200°C have good crystallinity and well developed lattice structure.  

 

Figure 4.6.11 Sample sintered at 1150°C leads to better dielectric property. 

          It is obvious that Fig. 4.1.2, Fig. 4.1.2 and Fig. 4.6.2 have the same pattern that 

they all have the maximum value at 1150°C and decrease at both sides of 1150°C. 

Highest density leads to highest dielectric constant. Then, the dielectric constants are 

divided by density, the results for this calculation is shown in table 4.6.1.  
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 1050°C 1100°C 1150°C 1200°C 

Average    175 188 193 189 

Average ρ 6.1485 6.3898 6.5107 6.4165 

  
 

 
28.462 29.422 29.644 29.455 

Table 4.6.2 Results for: dielectric constant/density. 

          The results for 
  

 
 is not the same value, which means the density is not the only 

factor that can influence the dielectric constant. The largest value came up at 1150°C, 

either. And the samples sintered at 1150°C have relative larger grain size known from 

SEM images. Even though the sample sintered at 1200°C has the biggest grain size, there 

are much more interspaces (cracks and holes) in the sample. And that is why it does not 

have the highest density.   

          Generally, composition, grain size, density, phase are the main factors which can 

have an impact on the dielectric property (dielectric constant, dielectric loss, tunability 

and leakage current). Bigger grain, pure phase and higher density lead to better 

dielectric property. And this can be seen from the results obtained in Chapter 4. The 

samples, sintered at different temperatures, have same structure, but different density. 

It can be deduced that higher density means bigger grain size and less interspace in the 

sample. Generally, the permittivity from the grain boundaries    is smaller than the 

permittivity from the grains   . Thus, bigger grains (less grain boundaries) lead to bigger 

dielectric constant. Besides, more interspace will increase the leakage current, either. It 

can be concluded that higher density leads to better dielectric property. 
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          In conclusion, the BMN ceramic has a relative high dielectric constant, 

extraordinary small dielectric loss and leakage current, which makes BMN ceramic to be 

a good material for tunable material used in the wireless communication devices. By 

comparing all the results with each other, we can conclude that 1150°C is appropriate 

temperature for the BMN ceramic to crystallize and to present better dielectric 

properties (Fig. 4.6.11). 
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Chapter 5 Conclusion and outlook 

                          (BMN) dielectric ceramic has medium dielectric constant, but 

extraordinary low dielectric loss and leakage current. Thus,                 (BMN) 

ceramic is a good material for the microwave based wireless communication. 

           In this thesis, cubic pyrochlore                 (BMN) bulk ceramic materials 

sintered at 1050°C, 1100°C, 1150°C, and 1200°C were studied by Scanning electron 

microscopy (SEM), X-ray Diffraction (XRD), Raman, and Transmission electron 

microscopy (TEM) (including the X-ray energy dispersive spectrometry EDS and high 

resolution transmission electron microscopy HRTEM). This kind of research on the 

pyrochlore                 (BMN) bulk ceramic materials sintered at different 

temperatures has been reported for the first time. It was shown that the sintering 

temperature has a significant impact on the densification process. In order to elucidate 

more on the origin of the variations observed in the current research, we will apply 

Atom Probe Tomography (APT) to analysis its microstructure in the future. Combination 

of APT with TEM will elaborate more details on the impact of nano-scale structure on 

the dielectric properties.  

          In addition, preparation of                 (BMN) thin films is planned, to 

investigate various impacts associated with thin film (quiasi 2D) geometry on the 

dielectricity, where, for instance, initial stress state (i.e. intrinsic strain) is expected to 

come into play.  Actually, we have already started this work, and it goes well. More 

research will be carried out on the characterization and dielectric property 

measurements of the                 (BMN) bulk material and                 (BMN) 
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thin films. We will try to find the relationship between its microstructure and its 

dielectric property. 
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APPENDIX I 

Theoretical Density (   kg/  ): 6.7521 

1050 °C Tablet 1 Tablet 2 Tablet 3 

Mass (g) 0.7193 0.8967 0.6422 

Diameter 1 (mm) 11.033 11.046 10.987 

Diameter 2 11.038 11.037 10.988 

Diameter 3 11.017 11.038 10.992 

Average D (mm) 11.02933 11.04033 10.989 

Thickness 1 (mm) 1.212 1.539 1.124 

Thickness 2 1.229 1.538 1.079 

Thickness 3 1.218 1.516 1.085 

Thickness 4 1.219 1.506 1.112 

Thickness 5 (center) 1.221 1.537 1.114 

Average T (mm) 1.2198 1.5272 1.1028 

Volume (   ) 116.5405 146.2009 104.5931 

Density (   kg/  ) 0.0061721 0.00613334 0.00613998 

Average Density 

(   kg/  ) 

  
6.148473 
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1100 °C Tablet 1 Tablet 2 Tablet 3 

Mass (g) 1.0468 1.2674 1.3735 

Diameter 1 (mm) 10.977 10.921 10.912 

Diameter 2 10.977 10.923 10.888 

Diameter 3 10.987 10.905 10.900 

Average D (mm) 10.98033 10.91633 10.900 

Thickness 1 (mm) 1.716 2.117 2.322 

Thickness 2 1.719 2.133 2.321 

Thickness 3 1.746 2.114 2.300 

Thickness 4 1.700 2.147 2.312 

Thickness 5 (center) 1.706 2.119 2.311 

Average T (mm) 1.7174 2.126 2.3132 

Volume (   ) 162.6268 198.9786 215.8520 

Density (   kg/  ) 0.006436823 0.00636952918 0.00636315623 

Average Density 

(   kg/  ) 

  
6.389836 
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1150 °C Tablet 1 Tablet 2 Tablet 3 

Mass (g) 1.2082 1.1541 1.2661 

Diameter 1 (mm) 10.857 10.878 10.860 

Diameter 2 10.855 10.884 10.858 

Diameter 3 10.864 10.889 10.857 

Average D (mm) 10.85867 10.88367 10.85833 

Thickness 1 (mm) 2.024 1.882 2.112 

Thickness 2 1.975 1.885 2.106 

Thickness 3 2.014 1.908 2.104 

Thickness 4 2.014 1.911 2.123 

Thickness 5 (center) 1.989 1.900 2.104 

Average T (mm) 2.0032 1.8972 2.1098 

Volume (   ) 185.5101 176.5037 195.3697 

Density (   kg/  ) 0.0065128529 0.0065386731 0.0064805340 

Average Density 

(   kg/  ) 

  
6.51069 
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1200 °C Tablet 1 Tablet 2 Tablet 3 

Mass (g) 1.4136 1.2125 1.0287 

Diameter 1 (mm) 10.885 10.955 10.936 

Diameter 2 10.889 10.966 10.944 

Diameter 3 10.904 10.950 10.933 

Average D (mm) 10.89267 10.957 10.93767 

Thickness 1 (mm) 2.354 2.038 1.701 

Thickness 2 2.348 2.052 1.701 

Thickness 3 2.356 2.016 1.678 

Thickness 4 2.378 2.009 1.680 

Thickness 5 (center) 2.385 2.028 1.669 

Average T (mm) 2.3642 2.0286 1.6858 

Volume (   ) 220.3143 191.2800 158.3965 

Density (   kg/  ) 0.00641629 0.00633887 0.00649446 

Average Density 

(   kg/  ) 

  
6.41654 
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Diameter 
 

Temperature 

(°C) 

Tablet 1 Tablet 2 Tablet 3 Average D Original D Shrinkage  

(1D) 

Shrinkage  

(2D) 

1050 11.02933 11.04033 10.98900 11.01955 12.70000 13.23% 24.71% 

1100 10.98033 10.91633 10.90000 10.93222 12.70000 13.92% 25.90% 

1150 10.85867 10.88367 10.85833 10.86689 12.70000 14.43% 26.78% 

1200 10.89267 10.95700 10.93767 10.92911 12.70000 13.94% 25.94% 

 

Notes:                 
                    

          
       

               
                                                 

                        
      (  

          

           
)      . 
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APPENDIX II 

1050°C 

sample\Thickness (um) 

1 2 3 Average 

thickness 

1 263 252 271 262 

2 310 311 308 310 

3 324 309 321 318 

4 376 362 360 366 

5 332 332 334 333 

 

1100°C 

sample\Thickness (um) 

1 2 3 Average 

thickness 

1 374 372 377 375 

2 304 294 301 300 

3 303 282 310 299 

4 337 325 331 331 

5 312 313 317 317 

 

1150°C 

sample\Thickness (um) 

1 2 3 Average 

thickness 

1 332 329 313 325 

2 310 308 309 309 

3 314 303 315 311 

4 303 301 300 301 

5 321 320 324 322 
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1200°C 

sample\Thickness (um) 

1 2 3 Average 

thickness 

1 364 358 360 361 

2 272 275 275 274 

3 310 294 298 301 

4 269 273 272 271 

5 307 301 300 303 

 

  
     

 
 

   
  

   
 

            
                             A=28.27    

 

 

 

 

 

 

 

 


