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ABSTRACT 

The targets applications of the ceramics / polymer and ceramics / stainless steel 

composite materials were the piezoelectric biosensor and the high thermal conductivity 

components in this study. Tuberculosis (TB) has become prevalent mainly in developing 

countries. In this study, the TB diagnostic method that combines the LAMP 

(Loop-mediated Isothermal Amplification) method and polymer piezoelectric material 

was proposed to solve the safety and cost problems. In order to achieve the final goal of 

TB diagnosis by combining the LAMP method and the polymer piezoelectric biosensor, 

it is necessary to improve the sensitivity and responsivity of the biosensor. Therefore, in 

this study, the ceramics / polymer composite materials were applied to biosensors to 

improve the dielectric properties related to the sensitivity and responsivity. 

In high thermal conductivity components, the friction and abrasions of the engine 

generated cause energetic and material losses and decrease the efficiency of mechanical 

systems. The materials with high thermal conductivity are required. However, the 

thermal conductivity of general iron alloys is low. Therefore, in order to improve the 

thermal conductivity, ceramics / stainless steel composites were applied as high thermal 

conductivity components in this study. 

Generally, the dielectric constant of a polymer is low. The thermal conductivity of 

stainless steel is low. In the general studies of composite materials, ceramic fillers are 

dispersed. However, the volume fraction of the filler is 50 vol.%, and it is not suitable 

for the applications. Therefore, the purpose of this study was to design composite 

materials in order to improve dielectric properties and thermal conductivity with a small 

amount of ceramic filler addition (0-20 vol.%). The dielectric properties and the thermal 

conductivity are affected by the material texture. In the material design approach of this 
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study, it was proposed that the dielectric properties were able to improve by forming 

self-assembled ceramic aggregates having a ceramics / polymer / ceramics 

heterointerface. In the thermal conductivity, it was proposed that the thermal 

conductivity would be improved by forming ceramic particle groups for the thermal 

conductivity networks. Therefore, in this study, the material texture of the composite 

was controlled by the self-assembly process involving solids in order to improve the 

dielectric properties and thermal conductivity. There are few studies on material texture 

controlled with self-assembly processes involving the solid. In addition, the relationship 

between the self-assembled material texture and the dielectric properties and the thermal 

conductivity has not been clarified. Therefore, in this thesis, the relationship between 

the dispersion states of self-assembled ceramics secondary particle groups under the 

different manufacturing processes and the dielectric properties and the thermal 

conductivity of the ceramics / polymer and ceramics / stainless steel composites were 

investigated. And then, the relationship between the self-assembled material texture and 

the dielectric constant and the thermal conductivity was discussed, and the material 

design was proposed. In particular, the multifractal analysis was performed to quantify 

the morphology, entropy of the configuration, dispersibility of the self-assembled 

ceramic secondary particle groups and the interface state in the ceramic secondary 

particle groups. 

In this thesis, a polymer piezoelectric biosensor was prepared with polyvinylidene 

fluoride (β-PVDF) to present the problems of the piezoelectric biosensor. (1) The 

weight sensing property by loading polymer films and (2) the sensor sensing properties 

by adsorption of fluorescently labeled avidin and biotin were investigated. It was 

possible to detect biopolymers using the immobilization characteristics associated with 
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the host-guest reaction at 100 kHz to 6 MHz by using the relaxation process of the 

complex permittivity. According to the results of the investigation of the sensor 

detection characteristics, it was found that (1) the shear vibration of β-PVDF is affected 

by the viscosity of the solution due to the low elastic modulus of β-PVDF, and (2) the 

sensitivity of the sensor is 5 μg/ml and the response time is 60 minutes, so the 

improvement of the sensitivity and response time is necessary for practical use. To solve 

these problems, ceramics/polymer composites were applied to piezoelectric biosensors. 

Barium titanate (BT) was used as a ceramic filler, and polylactic acid (PLLA) and 

PVDF were used as polymer matrices. In order to control the material texture, 

BT/polymer composites were fabricated by changing (1) the kneading conditions and 

(2) the viscosity of the dispersant. According to the investigation of the material texture 

control by the self-assembly process, BT agglomerate with the BT / BT interface was 

formed under high-speed kneading conditions (30 rpm) and high viscosity of PEG. On 

the other hand, the BT aggregates with the BT / polymer / BT heterointerface were 

formed under the low kneading conditions (10 rpm) and low viscosity of PEG. From the 

results of the material texture and the dielectric properties of the BT / PLLA composites, 

the dielectric constant of the self-assembled BT aggregates with the BT/ PLLA / BT 

heterointerface depending on the secondary particle group improved by 24.5 times 

compared to the BT / PLLA composite with BT / BT interface. This is that the electric 

dipole of a BT / polymer / BT heterointerface induced to improve the dielectric constant.  

Similarly, the dielectric constant of the self-assembled BT aggregates depending on the 

secondary particle group improved by 1.16 times compared to the BT / PVDF 

composite with BT agglomerates. The fractal analysis was used for the evaluation of the 

material texture with SEM images. It was suggested that it is possible that multifractal 
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analyses were applied to evaluate the morphology, configuration entropy, and 

dispersibility of the self-assembled BT secondary particle groups and the formation of 

the BT / polymer / BT heterointerfaces in self-assembled BT aggregates. It was 

expected to improve the sensitivity by 2.1 times and responsivity by 7 times compared 

to the conventional PVDF by using the BT / PVDF composites.  

The material was designed to improve the thermal conductivity (λe) of silicon nitride 

(SN)/stainless steel (SUS316L) composites. To discuss the relationship of the 

self-assembled material texture and thermal conductivity, SUS316L powders with an 

average particle size of 3 μm and 8 μm were used. According to the results of the 

secondary particle area of SN filler and λe, it was clarified that the λe was efficiently 

improved by increasing the SN/SN interface and the formation of thermal conductive 

network with the formation of SN particle groups. The thermal conductivity was 

improved by 1.22 times at 10 vol.% compared to the volume fraction of 0 vol.% for SN. 

Based on the results of the multifractal analysis, the morphology, configuration entropy, 

and dispersibility of the self-assembled SN particle groups due to the difference in 

packing with the self-assembly process were analyzed to determine the characteristics 

of the thermal conductive network. 

Hence, it was clarified that the fabrication conditions affected the self-assembly 

process of the reaction-diffusion system and were able to control the morphology, 

configuration entropy, and dispersibility of the BT and SN particle groups and the 

interface state in the BT and SN particle groups. From the results of the material texture 

control, the material designs that solve the problems of conventional PVDF or stainless 

steel were proposed. The actual application to biosensors is expected to enable more 

sensitive and rapid TB diagnosis. In the future, it is also expected to contribute to the 
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electronic substrate materials that are required low loss and high thermal conductivity 

by combining the material design of the dielectric properties and thermal conductivity 

of the composite materials of this study. The material design in this study can be applied 

to electrical, thermal conductivity, strength, optical, and sonic materials and the results 

of this study can contribute to the development of new materials. 
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Chapter 1 Introduction 

1.1 Composite material and applications 

1.1.1 Composite material  

 Composite materials are mixed with a matrix material and a filler material. The 

composite materials have properties that do not appear as a single material by 

controlling the structure and the interface between materials. This is, two inherently 

different materials that when combined together produce a material with properties that 

exceed the constituent materials [1]. Therefore, the composite materials can be designed 

to have excellent structure, mechanical properties, and chemical conditions depending 

on the purpose. The composite materials have inorganic / inorganic, inorganic / 

organic, and organic / organic combinations. Applications of these composite materials 

have the construction of buildings and bridges, automobile bodies, automobile industry, 

and biomedical fields [2]. The following factors affect the performance of composite 

materials. 

 

(1) Properties of matrix and filler 

(2) Volume fraction of filler in the composite material 

(3) Shape and size of the filler 

(4) Distribution of temperature, the electric field between fillers 

(5) Dispersion state of fillers 

(6) Interface state between matrix and filler 

(7) Orientation of fillers 

(8) Interface state between fillers 
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1.1.2 Physical properties and model equations of composite materials 

The coefficients which reflect the potential gradient and the flow velocity relate to 

dielectric constant, magnetic susceptibility, electrical conductivity, and thermal 

conductivity. These properties are used with the same composite rule. In this study, 

dielectric composites and thermally conductive composites were focused on. 

Many models of conductivity, dielectric constant, magnetic susceptibility, and 

thermal conductivity have been reported. The volume-fraction average is a simple (but 

inaccurate) method to estimate the effective dielectric constant of a polymer composite 

material [3]: 

 

𝜆𝑒  =  𝑣𝑐𝜆𝑐 + 𝑣𝑑𝜆𝑑                            (1-1) 

 

λe is the dielectric constant and thermal conductivity of the composites. λc is the 

dielectric constant and thermal conductivity of the matrix material. λd is the dielectric 

constant and thermal conductivity of the filler. vc and vd is the volume fraction of matrix 

and filler, respectively. 

Clausius and Mossotti derived independently a mean-field theory for a disordered 

system of polarizable spheres [4]. The effective medium theory has been proposed since 

their work. The theory is shown as [5]: 

 

𝜆𝑒 = 𝜆𝑐 + 𝑣𝑑 [1 (𝜆𝑑 − 𝜆𝑐) + (1 − 𝑣𝑑) 3𝜆𝑐⁄⁄ ]⁄              (1-2) 

 

Maxwell proposed a model in which a single sphere presents in a sufficiently large 

solid when the distance of spheres is large [6]. The model is considered the temperature 
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distribution and around the sphere, the following equation is shown [6]: 

 

𝜆𝑒

𝜆𝑐
=

2𝜆𝑐+𝜆𝑑−2(𝜆𝑐−𝜆𝑑)𝑣

2𝜆𝑐+𝜆𝑑+(𝜆𝑐−𝜆𝑑)𝑣
                            (1-3) 

 

where vd is the volume fraction of particles. In this Maxwell model, it is assumed that 

the matrix and filler material is isotropy and homogeneous. The shape of the filler 

affects the physical properties of the composite material. Therefore, a model was 

proposed that considers the interaction in that the distribution of the shape and the 

temperature around one particle is disturbed by other particles focusing on one particle. 

 Fricke proposed an equation for the elliptical model which the theory of the shape 

effect of the dispersed particle in a two-phase mixture [7], [8]. Hamilton et al. [9] 

proposed an equation for irregularly shaped fillers dispersed without orientation. 

 

𝜆𝑒

𝜆𝑐
=
ｘ𝜆𝑐+𝜆𝑑−𝑥(𝜆𝑐−𝜆𝑑)𝑣

𝑥𝜆𝑐+𝜆𝑑+(𝜆𝑐−𝜆𝑑)𝑣
                        (1-4) 

 

where x is a parameter related to the shape of the filler, thermal conductivity, dielectric 

constant. 

Bruggeman proposed an equation that can be applied to high volume fractions [10]. 

In this equation, the non-uniform phase around the sphere is regarded as a uniform 

phase with average thermal conductivity and dielectric constant and the average thermal 

conductivity and dielectric constant are obtained [10]. 

 

1 − 𝑣 =  
𝜆𝑒−𝜆𝑑

𝜆𝑐−𝜆𝑑
(

𝜆𝑐

𝜆𝑒
)

1/3

                         (1-5) 
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Various studies have indicated that the effective dielectric constant predicted by the 

Bruggeman model increases sharply for filler volume fractions above 20% and can be 

very high for ceramic particle loadings higher than 50% by volume [11]. Fig. 1-1 shows 

the dielectric constant predicted by models of Volume fraction average, Bruggeman 

spheres, and Maxwell for a blend of inorganic spheres (λd = εfiller = 1,000) dispersed in a 

polymer matrix (λe = εmatrix = 2.3). 

 Meridith expanded Fricke's equation for the case which the ellipsoids are dispersed  

without orientation [8]. 

 

Fig.1-1 The dielectric constant predicted by various models for a blend of inorganic spheres (λd = 

εfiller = 1,000) dispersed in a polymer matrix (λe = εmatrix = 2.3) [12]. 
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1 − 𝑣 =  
𝜆𝑒−𝜆𝑑

𝜆𝑐−𝜆𝑑
(

𝜆𝑒+𝛼𝜆𝑑

𝜆𝑐+𝛼𝜆𝑑
)

𝛾

・ (
𝜆𝑐

𝜆𝑒
)

𝛽

                      (1-6) 

 

where α, β, and γ are parameters determined only by the shape of the ellipsoid. Kanari's 

equation was proposed by solving it assuming that x does not depend on the thermal 

conductivity of the composite [13], [14]. 

 

1 − 𝑣 =  
𝜆𝑒−𝜆𝑑

𝜆𝑐−𝜆𝑑
(

𝜆𝑐

𝜆𝑒
)

1/(𝑥+1)

                        (1-7) 

 

 In the behavior of conductivity, Percolation theory describes the connectivity of 

objects within a network structure and the effects of this connectivity on the macroscale 

properties of the system (see Fig.1-2) [15]. The theory is shown as [16]: 

 

𝜆𝑒 =  𝜆𝑐(𝑣𝑑 − 𝑣𝑝)
𝑡
, 𝑓𝑜𝑟 𝑣𝑑 > 𝑣𝑐                    (1-8) 

 

where vp is the percolation threshold and t is the critical exponent based on theoretical 

prediction. 

 

 

Fig.1-2 Schematic view of Percolation. 
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1.1.3 Dielectric and Piezoelectric Materials 

 Dielectrics and piezoelectric materials are used in capacitors, sensors, and energy 

storage [11]. Table 1-1 and Table 1-2 show the general dielectrics and piezoelectric 

ceramic and polymer [11]. A part of the ceramic filler and polymer matrix is described 

below.  

 

1.1.3.1 Barium Titanate (BaTiO3) [11] 

Barium titanate (BT) has a crystal with a perovskite structure and is ferroelectric 

ceramics. BT exists in the paraelectric cubic phase above its Curie point of about 130 °C, 

while in the temperature range of 0 °C to 130 °C, the ferroelectric tetragonal phase is 

stable. BT’s dielectric properties arise from a structural change where the center Ba
2+

 

and Ti
4+

 cations are displaced relative to the O
2-

 ions, leading to the formation of electric 

dipoles. This spontaneous polarization is the net dipole moment produced per unit 

volume for the dipoles pointing in a given direction.  

 

1.1.3.2 Pb(Zr・Ti)O3 (PZT) [17] 

PLZ is used for a wide range of piezoelectric applications. However, PZT is rigidity, 

brittleness, toxicity, high density, lower voltage coefficient, and lack of design flexibility 

limit their energy‐related application to some extent. 
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Table 1-1 Dielectric permittivity values of commonly used ceramics for capacitors [11] . 

 

Table 1-2 List of dielectric permittivities of commonly used polymers in capacitors [11] 
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1.1.3.3 Polyvinylidene fluoride (PVDF) 

The dielectric properties of PVDF based polymers originate from the presence of the 

highly electronegative fluorine on the polymer chains and from the spontaneous 

alignment of the C-F dipoles in the crystalline phases [18]. PVDF has four different 

crystalline phases, including α, β, γ, and δ phases (see Fig.1-3). The α phase is nonpolar, 

and the β, γ, and δ phases are ferroelectric. The β phase has the largest spontaneous 

polarization due to its large dipole moment. The β phase is formed by poling the α phase 

sample under an electric field of 100-200 MV/m. The dielectric constants of the α, β, 

and γ phases depending on the frequency are different (see Fig.1-4) [19]. 

 

Fig.1-3 The crystalline phases (α, β, and γ) of PVDF. 
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Fig.1-4 Dielectric constant and loss of PVDF with α, β, and γ phase. [19] 

 

 

1.1.3.4 Poly Lactic Acid (PLA) [20] 

PLA is biocompatible and is developed natural piezoelectricity after mechanical 

stretching. The stretching creates a non-chiral film poly-L-lactic acid (PLLA). 

 

Piezoelectric materials are used in energy harvesting [21], [22], sensors [23]–[25] and 

actuators. In this study, BT is used for filler, and PVDF and PLLA are used for matrix 

materials. 

 

1.1.4 Biosensor – Application of ceramics / polymer composites - 

Biosensors are used in the food industry, fermentation industry, and medicine 

including detection of pathogens, where quality and safety are required [26].  
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Biosensors consist of a biocatalyst that can detect a biological element and a transducer 

that can convert the combination event of the biocatalyst and the biological element into 

a detectable parameter [26], [27]. The biocatalyst can be biomolecules such as enzymes, 

DNA, RNA, metabolites, cells, and oligonucleotides, and the transducers can be 

electrochemical, optical, piezoelectric, acoustics, calorimetric [26], [27]. The types of 

biosensors are shown in Fig.1-5 [28]. 

Fig.1-5 Examples of biosensors unit [28]. 

 

Examples of biosensors are shown below [26].  

 Enzyme-based sensors 

Immobilization methods of the sensor are adsorption of enzymes by van der 

Waals forces, ionic bonding, or covalent bonding. 

 Microbe-based or cell-based sensors 

The tissues for tissue-based sensors are used with plant and animal sources. The 
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analyte of interest is an inhibitor or a substrate of these processes. 

 Immunosensors 

The sensors have anti-bodies that have a high affinity towards their respective 

antigens. 

 DNA biosensors 

  The sensors detect a single-strand nucleic acid molecule with a property that can 

recognize and bind to its complementary strand. 

 Magnetic biosensors 

  The sensors detect magnetic micro- and nanoparticles in microfluidic channels 

using the magnetoresistance effect. 

 Thermal biosensors or calorimetric biosensors 

  The sensors are developed by assimilating biosensor materials into a physical 

transducer. 

 Piezoelectric biosensors 

     The sensors detect the changes in the resonance frequency of a piezoelectric 

crystal due to mass changes. 

 Optical biosensors 

  The sensors have a light source and optical components which generate a light 

beam with specific characteristics and beeline. 

 

In this study, the ceramics / polymer composite materials are applied to piezoelectric 

biosensors. 

In general, a quartz oscillator is used as a piezoelectric biosensor for weight detection. 

This piezoelectric biosensor is composed of a bioreceptor which is able to absorb 
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selectively an object to be detected, and a piezoelectric signal transducer sensor which is 

able to convert a weight change due to adsorption into an electric signal. The 

components of this biosensor are shown in Fig.1-6. The detection method is that applies 

an electric field to the quartz oscillator and the shear vibration is driven [23]. The 

change in weight of the target substance adsorbed on the quartz is detected as a 

frequency change with the shear vibration (see Fig.1-7) [23].  

 

 

Fig.1-6 The components of the poezoelectric biosensor. 

 

Fig.1-7 Illustration of the detectaion with the shear vibration. 



15 

 

Previously, Sauerbrey [29] has proposed Sauerbrey's equation for the relationship 

between weight change and frequency change, and it is possible to quantitatively 

measure weight change. The general mass sensor using quartz are explained with 

Sauerbrey's equations as shown below [29]: 

 

𝛥𝐹 = −
2𝐹0

2

√𝜇𝑞𝜌𝑞

𝛥𝑚

𝐴
                           (1-9) 

 

where F0 is the fundamental frequency of the sensor, A is the electrode area, μq is the 

elastic constant of the piezoelectric sensor, ρq is the density of the piezoelectric sensor, 

Δm is the weight change, and ΔF is the measured frequency change. 

 

1.1.5 Highly thermally conductive components 

 –Application of thermal conductive materials-  

 Thermal conductivity is an important role in a physical property because it 

determines the reliability and performance of industrial components in many industrial 

applications. In particular, the development of high thermal conductivity solid materials 

and the improvement of thermal conductivity are important for manufacturing 

high-performance and highly reliable insulations. In the case of automotive engines, low 

thermal conductivity is required for heat insulation components to reduce fuel 

consumption. Therefore, ceramics / stainless steel composites have been studied. A part 

of the ceramic filler is described below. 

 

1.1.5.1 Aluminum nitride 

Aluminum nitride (AlN) has high thermal conductivity, low thermal expansion 
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coefficient, and high electrical resistivity [26] . 

 

1.1.5.2 Boron nitride [30] 

Boron nitride (BN) has high thermal conductivity and electrical resistance, and has 

excellent heat resistance and low density. BN has amorphous (a-BN) and crystalline 

(hexagonal and cubic) structures. Hexagonal crystals (h-BN) have a layered structure 

similar to graphite. 

 

1.1.5.3 Silicon nitride 

Silicon nitride (Si3N4) has a highly thermally conductive compound with excellent 

mechanical strength, fracture toughness, wear resistance, corrosion resistance, fire 

resistance, and lightweight. The silicon nitride has two crystal structures, α- and β-.  In 

particular, it was reported that the thermal conductivity of β-Si3N4 material with the 

ceramic crystal nuclei was about 100 Wm
-1

K
-1 

[33]．The β-Si3N4 ceramics is applied as 

a high-strength material to gas turbine engines and bearings of the components for the 

aircraft and automobile engines
 
[34]． 

 

In general, high thermal conductivity can be achieved by forming thermally 

conductive pathways (a network of the conductive particles in the matrix material [35] 

and a percolating network [36]). To form the network and the percolating networks, the 

fillers are adding with a high volume fraction, which could deteriorate the mechanical 

and other properties of the composites. Therefore, it is necessary to develop composites 

with low particle loading. The thermal conductivity is affected by interfacial thermal 

resistance [37] , filler size [38], filler distribution.  
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1.2 Self-assembly process 

The process of structure and order formation includes self-assembly and 

self-organization, which involve pattern formation. The self-organization is the 

pattern-forming system that is driven by an input of energy [39]. The self-assembly is a 

part of self-organization, and it is the system for equilibrium situations that assemble 

components to create a new level of the organization without external input [39], [40]. 

On the other hand, there have been reports of both occurring at the same time (see 

Fig.1-8). 

 

Fig.1-8 The distinction between self-assembly and self-organization [41]. 
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Belousov - Zhabotinsky (BZ) reaction is known as the self-organization processes in 

a non-equilibrium chemical system in a solution system [43] and the patterns are formed 

by the BZ reaction. Fig.1-9 shows one example of BZ reaction. The self-organization 

process is seen in the reaction-diffusion system, which is assumed to occur due to a 

competitive reaction between an inhibitor and a promoter within a diffusion process. 

The reaction is shown in the following equation (1-10), 

 

𝜕𝑣 𝜕𝑡⁄ = 𝑢 − 𝑣 + 𝐷𝑣∇2𝑣                         (1-10) 

 

Where u is the active term; v is the inhibitive term; Dv is the diffusion coefficient. In 

this study, the composites were prepared with the self-assembly process involving a 

solid. In general, self-assembly is the spontaneous organization of materials through 

noncovalent interactions (hydrogen bonding, Van der Waals forces, electrostatic forces, 

π-π interactions) with no external intervention [44]. In this study, the self-assembly 

 

Fig.1-9 One example of BZ reaction [42]. 
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process involving solid particles is assumed to be driven by both condensing and 

dispersing forces. Fig.1-10 shows the self-assembly process of a solid based on equation 

(1-10).  

 

 

Fig.1-10 Schematic diagram showing the self-assembly process in this study. 

 

In this study, this reaction corresponds to a process of aggregation and decomposition. 

Van der Waals force acts as a cohesion force. The shear stress by the kneading speed 

acts for decomposition. The kneading process can indicate the diffusion process in the 

reaction-diffusion system. 

 

1.3 Aggregates and agglomerates 

 As shown in Fig.1-11, secondary particle groups are formed by the binding of 

ceramic fillers. There are two types of secondary particle groups (aggregates and 

agglomerates), and their definitions are shown in Table 1-3. 
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Fig.1-11 Schematic diagram of the ceramic secondary particle groups 

 

Table 1-3 The definitions of aggregates and agglomerates [40], [45], [46]. 

 

Based on Table 1-3, Fig.1-12 shows a schematic diagram of aggregates and 

agglomerates in this study. Aggregates are assumed that matrix materials, such as 

polymer, are included in the ceramic secondary particle group. On the other hand, 

agglomerates are assumed that the ceramic fillers are bonded in the ceramic secondary 

Term Definitions 

Aggregates 

・ A heterogeneous particle in which the various components are held 

together by relatively strong forces, and thus not easily broken apart  

・ A particle comprising strongly bonded or fused particles where the 

resulting external surface area may be significantly smaller than the 

sum of calculated surface areas of the individual components 

・ The forces holding an aggregate together: strong forces (for example 

covalent bonds) or those resulting from sintering or complex 

physical entanglement 

 

Agglomerates 

・A group of nanoparticles held together by relatively weak forces, 

including van der Waals forces, electrostatic forces, and surface 

tension, that may be broken apart into smaller particles upon 

processing 

・A collection of loosely bound particles or aggregates or mixtures of 

the two where the resulting external surface area is similar to the 

sum of the surface areas of the individual components 

・Simple physical entanglement 
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particle group. 

 

 

Fig.1-12 The aggregates and agglomerates assumed in this study. 

 

 

1.4 Fractal analysis 

The characteristics of materials such as the physical properties, strength, and 

toughness are determined by the material texture which is decided by the manufacturing 

process. It is essential to connect processes, structures, and characteristics to understand 

their interrelationships [47]. In this study, the structure of the composite material formed 

by the self-assembly process was quantified by the fractal and multifractal analysis that 

were able to analyze the pattern, and the relationship between the dielectric properties 

and thermal conductivity and the material texture was investigated. 

 

1.4.1 Box-counting method 

Fractal analysis is used to analyze spatially complex patterns using images [48]. In 

fact, the feature definition of structural analysis in pattern recognition has been studied 

[49]–[51]. Generally, the box counting method is used to derive the fractal dimension. 

The box-counting method was defined by Russel et al.[52]. By covering a binary 
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signal with boxes of scale r, the fractal dimension is estimated as [48] (see Fig.1-13 

[53]): 

 

𝐷 =  − lim𝑟 → 0
log(𝑁(𝑟))

log(𝑟)
                         (1-11) 

 

where N(r) is the number of boxes needed to completely cover the signal.  

1.4.2 Multifractal analysis 

The multifractal analysis which is seen as an extension of fractals has been used in 

medical technology [48]. The generalized dimension, Dq was described by the 

multifractal analysis. The generalized dimensions Dq is computed as a function of the 

order of the probability moment q. This is, the multifractal dimension can be 

characterized on the basis of the generalized dimensions of the qth order moment of a 

distribution, Dq  [54]: 

 

 

Fig.1-13 Schematic diagram showing the fractal analysis of the crack [53]. 

 

 



23 

 

𝐷𝑞 = lim𝑟→0 (
1

𝑞−1

log 𝜇(𝑞,𝑟)

log(𝑟)
)                    (1-12) 

 

where μ(q, r) is the partition fraction : 

 

𝜇(𝑞, 𝑟)  =  ∑ 𝑃𝑖
𝑞(𝑟)

𝑁(𝑟)
𝑖=1                             (1-13) 

 

where the probability (P) is a measured quantity varies with scale r (see Fig.1-14). 

When q takes the values of q=0, 1 or 2, (Eq. 1-10) is reduced to [54]: 

 

𝐷0 = − lim𝑟→0
log𝑁(𝑟)

log𝑟
                                            (1-13) 

𝐷1 = lim𝑟→0

∑ 𝜇𝑖(𝑟)𝑙𝑜𝑔(𝜇𝑖(𝑟))
𝑁(𝑟)
𝑖=1

𝑙𝑜𝑔(𝑟)
                          (1-14) 

𝐷2 = lim𝑟→0
𝑙𝑜𝑔(𝐶(𝑟))

𝑙𝑜𝑔(𝑟)
                                 (1-15) 

 

where D0 is the capacity dimension. C(r) is the correlation function. D1 and D2 are the 

entropy dimension and the correlation dimension, respectively. The relationship 

between D0, D1, and D2 is, 

 

𝐷2 ≤ 𝐷1 ≤ 𝐷0               (1-16) 

 

The equality D0=D1=D2 occurs only if the fractal is statistically or exactly self-similar 

and homogeneous[54]. 
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Fig.1-14 Schematic diagram showing the multifractal analysis of the crack [53]. 

 

 

1.5 Problems and concepts for applications and material design of composites 

In this study, dielectric composites and thermal conductive composites were focused 

on because the dielectric constant and thermal conductivity were reflected the potential 

gradient and the flow velocity and these properties are used with the same composite 

rule. 

 

1.5.1 Problems and concepts for applications of composites 

1.5.1.1 Application of ceramics / polymer composites: piezoelectric biosensor 

Tuberculosis (TB) has become prevalent mainly in developing countries. According 

to the report of World Health Organization (WHO), TB caused an estimated 

approximately 10 million new cases and 1.6 million deaths per year worldwide [55]. 

Therefore, it is necessary to detect patients with TB in developing countries. In the 

diagnostic environment in developing countries, it is essential for a diagnostic method 

that is portable, can be diagnosed quickly, and can be incinerated after diagnosis. Table 
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1-4 shows the characteristics of the conventional technology and the concepts of this 

study for tuberculosis diagnosis. 

 

Table 1-4 Comparison of technologies for TB detection 

 

<This study>  

Combination of Loop-mediated Isothermal 

amplification (LAMP) and piezoelectric 

biosensors (Polymer) 

Combination of 

LAMP and a 

piezoelectric 

biosensor 

(Quartz) 

Polymerase chain 

reaction (PCR) 

PVDF [56] Ceramics / polymer composites 

Sensitivity 5 μg/ml 
<Final goal for the application> 

Less than 1 μg/ml 
0.01 μm/ml [57] 1 μg/ml [58] 

Response 

speed 
60 minutes 5 minutes 30 minutes [57] About 200 minutes 

Safety 

High  

(Sensors are able to be incinerated  

after a diagnosis.) 

Low 

(Sensors are 

reused.) 

Medium 

(Reaction tubes are 

disposable.) 

Total Cost Low High High 

 

Polymerase chain reaction (PCR) is required thermocyclers or equipment for result 

analysis and experienced staffs, and its applicability is limited in laboratory settings  

use [59]. In addition, the reaction time is long, and the total cost of the detection is 

expensive due to the use of the turbidity and fluorescence measuring device. Conversely, 

the loop-mediated isothermal amplification (LAMP) LAMP amplifies DNA with high 

efficiency under isothermal conditions with high specificity and sensitivity and detected 

by visual inspection [59]. Moreover, the results of LAMP are able to be provided faster 

than those of PCR [60]. As another TB detection method, a method of a combination of 

a piezoelectric biosensor using quartz which detects the mass change and the LAMP 

method has been proposed [57]. This method can diagnose TB more quickly. However, 
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the quartz must be reused after TB diagnosis since it is expensive, and then there is a 

risk of secondary infection. Therefore, in this study, the diagnostic method of the 

combination of the piezoelectric polymer biosensor which is disposable and not 

expensive and the LAMP method was proposed. In the case of a piezoelectric biosensor 

using PVDF, it is necessary to increase the sensitivity and responsivity in order to 

achieve the final goal for TB detection (Chapter 2). Thus, this study applied composite 

materials to the piezoelectric biosensor in order to improve the sensitivity and 

responsivity of the biosensors. 

In the detection of the piezoelectric biosensor, the target materials can be detected by 

following the vibration of PVDF. A high elastic constant of the transducer of the 

biosensor is required since the vibration is affected by the viscosity of the liquid. 

Therefore, the ceramic fillers are added to the polymer matrix to improve the elastic 

constant. The sensitivity of the biosensor is related to the amount of change in the 

dielectric constant of the piezoelectric material, and the high dielectric constant is 

required. In this study, the dielectric constant was improved by controlling the material 

texture of the ceramics / polymer composite material. 

 

1.5.1.2 Application of ceramics / stainless steel composites: high thermal conductive 

components 

The components of engines are exposed to high loads, high temperatures and move at 

high speeds [61]. The contact friction of the engine occurs at the places where the 

engine slips over each other. The friction increases with increasing temperature and load 

so that the components cause abrasion [61]. The elevated friction and abrasions 

generated cause essential energetic and material losses and decrease the efficiency of 
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mechanical systems [62]. However, the thermal conductivity of general iron alloys is 

low. In order to improve the thermal conductivity, it is necessary to form a thermal 

conductive network and control the heat as shown in Fig.1-15. Thus, this study applied 

composite materials to the thermal conductive components to improve thermal 

conductivity. 

 

Fig.1-15 Schematic diagram showing the thermal conductive network and heat-control. 

 

 

 

1.5.2 Problems and concepts for material design of composites 

Dielectric and piezoelectric polymer materials are widely used because they are 

easily processed into large area films [11].  

Thermal conductivity materials are used for industries such as manufacturing and 

production, chemical plant, building materials, and automobile component including 

engines. 

However, the dielectric and piezoelectric polymer materials and the high thermal 

conductive components have the following problems. 
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1.5.2.1 General problems 

< Dielectric and piezoelectric material> 

Generally, the dielectric constants (ε') of piezoelectric polymers are relatively low at 

less than 10 [11]. 

 

< High thermal conductive components > 

1. The thermal conductivity of the iron alloys is relatively low around room 

temperature. 

2. The thermal conductivity of one of the austenitic stainless steel alloys, SUS316L 

stainless steel, is about 15 W m
-1

K
-1

, which is lower than carbon steel. Therefore, the 

sliding component of the engine that operates at high load pressure is limited for the 

application. 

 

1.5.2.2 Target of material development 

1. To increase the ε' for the polymers, ceramic powder fillers with a high ε' are added to 

the polymer matrix [11].  (Ceramics / polymer composites) 

2. It is considered to combine SUS316L stainless steel and excellent ceramics to 

increase the thermal conductivity of SUS316L stainless steel with maintaining 

excellent characteristics. (Ceramics / SUS316L stainless steel composite) 

 

1.5.2.3 Material development problems 

A 50 vol.% or more of ceramics with a high dielectric constant and thermal 

conductivity are applied to the polymer or stainless steel matrix to achieve a high 

dielectric constant or thermal conductivity. Thus, the mechanical properties of these 
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composites are extremely poor and are not suitable for use in dielectric and piezoelectric 

materials and thermal conductivity materials, such as capacitors, piezoelectric materials, 

or automotive engines. 

 

1.5.3 Previous reports and problems for the researches of the composites 

In ceramics / polymer composites, it was proposed that the size, shape, and 

aggregation of BaTiO3 (BT) particles influence the effective bulk ε' of BT fillers or 

polymer composites with a high ε' [63]. Meanwhile, it was reported that the particle 

shape and size of the granules in the related ceramics play an important role in the 

network formation [64]．It was shown that the average secondary particle area of BT 

filler aggregates of BT filler/poly-L-lactic acid (PLLA) composites is related to the 

dielectric constant [65]. Hence, it was suggested that the formation of ceramic 

secondary particle groups improves function. In addition, the electrical properties are 

controlled by a microstructure with grain boundaries such as ceramics / intergranular 

material. Therefore, it is important to control the microstructure to increase the 

dielectric properties. 

In order to improve the automobile engine components, it is important to form a 

thermal conductivity network using ceramic fillers. In addition, it is important to reduce 

the effect of thermal resistance at the interface between filler and matrix material to 

improve the thermal conductivity of the composites [37]. Therefore, it is necessary to 

control the microstructure of the thermally conductive composite material. 

Thus, in this thesis, the purpose was to improve the dielectric properties and the 

thermal conductivity with a small amount of filler (0 vol.% -20 vol.%) for the 

application, the piezoelectric biosensor and high thermal conductivity component. In 
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conventional composite research, fillers are dispersed in a matrix material. On the other 

hand, in this thesis, the ceramics aggregate and the thermal conductivity network using 

ceramic secondary particle groups were formed by the self-assembly process to improve 

the dielectric properties and the thermal conductivity. The ceramics / polymer composite 

relates to the self-assembly process of solids in a liquid. The ceramics / SUS316L 

stainless steel composite relates to the self-assembly process of solids in solid. The 

problems of the research are as follows: 

 

(1) The self-assembly process of solids in liquid and solids in solids have not clarified.  

(2) There are few research examples of quantitative evaluation of self-assembled 

material texture.  

(3) There are few studies on the ceramics / polymer heterointerface in the ceramics 

aggregate in the ceramics / polymer composite material and dielectric properties. 

(4) There are few studies on the ceramics / stainless steel interface and thermal 

conductivity with forming the self-assembled ceramic secondary particle group. 

 

1.5.4 Concepts and approach of material design in this study 

In this study, the material is designed to improve the dielectric properties and thermal 

conductivity by adding a small amount of filler (0 to 20 vol.%). In particular, targets of 

the design materials are piezoelectric biosensor and high thermal conductive 

components. The material design concepts of this thesis are shown in Fig.1-16. In the 

material design approach of this study, it was proposed that the dielectric properties 

would improve by forming self-assembled ceramic aggregates having a ceramics / 

polymer / ceramics heterointerface. In the thermal conductivity, it was proposed that the  
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Fig.1-16 Concepts of the composites material design to improve the dielectric properties and thermal 

conductivity. 
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thermal conductivity was possible to be improved by forming ceramic particle groups 

for the thermal conductivity networks. In this study, the formation of ceramic secondary 

particle groups was controlled by the self-assembly process as shown in Fig.1-10. The 

self-assembly processes in this thesis are as follows: 

 

<Ceramics / polymer composite (solids in liquid)> 

The self-assembly process of the ceramics / polymer composites was assumed as 

shown in Fig.1-17.  

 

 

Fig.1-17 Self-assembly process of solids in liquid in this study. 

 

 Van der Waals force acts as a cohesion force.  

 The shear stress by the kneading speed acts for decomposition.  
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 The kneading process can indicate the diffusion process in the reaction-diffusion 

system, and the temperature, kneading time, and viscosity relate to the diffusion 

process.  

Therefore, (1) the kneading speed and (2) viscosity of the dispersant were controlled 

to prepare the ceramics / polymer composite materials in this study.  

 

<Ceramics / SUS316L stainless steel composite (solids in solid)> 

Fig.1-18 shows the self-assembly process of ceramics / SUS316L stainless steel 

composites. In the case of ceramics / SUS316L stainless steel composites, it is 

considered that the diffusion dissipation process and sintering process relate to the 

diffusion process. In this study, spark plasma sintering (SPS) can exclude the diffusion 

process due to grain growth. 

 

 

Fig.1-18 Self-assembly process of solids in solid in this study. 
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The pattern is formed within the self-assembly process. In this study, the fractal 

analysis (the box-counting and multifractal analysis) which evaluates quantitatively the 

pattern was applied to characterize (1) the morphology of the self-assembled ceramic 

secondary particle group and (2) the distributed state of ceramic fillers (see Fig.1-19) 

 

 

Fig.1-19 Characters of the self-assembled material texture by the fractal analysis. 
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The material design approaches of this thesis are as follows (see Fig.1-20): 

(1) The morphology of the ceramic secondary particle group, dispersion state (the 

entropy of configuration and dispersibility of the ceramic secondary particle 

groups), and formation of the interface of ceramic secondary particle groups by the 

self-assembly process of solids in solids and solids in liquid were investigated. 

(2) The relationship between the self-assembled material texture prepared under the 

different manufacturing processes and the dielectric properties and thermal 

conductivity was discussed.  

(3) Quantitative evaluation of this self-assembled material texture was performed using 

the multifractal analysis that analyzes patterns. 

 

1.6 Purpose of this study 

In this study, the material is designed to improve the dielectric properties and thermal 

conductivity by adding a small amount of filler (0 to 20 vol.%). In particular, the targets 

of the design materials were piezoelectric biosensors and high thermal conductive 

components. The material texture was controlled by the self-assembly process involving 

the solid to improve dielectric properties and thermal conductivity. In this study, the 

morphology, dispersion state, and the formation of the filler / matrix interface formation 

of fractal ceramic secondary particle groups prepared under the different manufacturing 

processes were discussed. The morphology, the entropy of configuration and 

dispersibility of the self-assembled ceramic secondary particle groups were performed 

by the multifractal analysis. Hence, self-assembled secondary particle groups were 

formed, and the relationship between the morphology, the dispersion state, and the 

interface state of the self-assembled ceramic secondary particle groups and the dielectric  
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Fig.1-20 The approach of material design in this study. 
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properties and thermal conductivity was investigated toward the application. 

 

1.7 Thesis organization 

The thesis consists of the following 4 Chapters. 

 Chapter 1 shows the research background, problems, concepts and approach, and 

purpose. 

 In Chapter 2, ceramics / polymer composite materials were produced for the 

application, a piezoelectric biosensor. First, a biosensor with a piezoelectric polymer 

was prepared and the problems of the polymer piezoelectric biosensor were set. Next, 

in order to improve the dielectric properties by adding a small amount of filler, the 

self-assembled ceramics / polymer composites were manufacturing under the different 

processes, and the multifractal analysis was performed as a quantitative evaluation of 

the self-assembled material texture.  In addition, the dispersion state under different 

production conditions was investigated. In particular, the ceramics / polymer / ceramics 

heterointerface in the ceramic particle group and dielectric properties of the ceramics / 

polymer composites with the manufacturing process were discussed. Finally, the 

material texture of the self-assembled ceramics / polymer composites and dielectric 

properties by changing the viscosity of the dispersant were investigated. Furthermore, 

the morphology, the entropy of configuration, and dispersibility of the ceramic 

secondary particle groups were characterized by the multifractal. In this study, the 

piezoelectric materials PLLA and PVDF were used as a matrix, and BT was used as 

ceramic filler. 

In Chapter 3, a silicon nitride (SN) / stainless steel (SUS316L) composite material 

was prepared. And then, the relationship between the self-assembled material texture 
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and the thermal conductivity was investigated. In particular, fractal analysis and 

multifractal analysis were attempted to quantitatively evaluate the thermal conductivity 

network using the self-assembled SN secondary particle groups. 

Chapter 4 shows the conclusions of this thesis and future works. 
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Chapter 2 Self-assembled barium titanate (BT) / polymer composite material 

texture and dielectric properties -application to a piezoelectric 

biosensor- 

 

The piezoelectric biosensor has a bioreceptor that is able to absorb selectively an 

object to be detected and a piezoelectric signal transducer sensor which is able to 

convert a weight change due to adsorption into an electric signal. In this study, the 

ceramics / polymer composites were prepared to apply to the signal transducer of the 

biosensor instead of the general material, quartz (see Fig.2-1). First of all, the polymer 

biosensor was manufactured to present problems for the application. And then, the 

relationship between the dielectric properties of self-assembled BT / polymer 

composites and the morphology, entropy of configuration, and dispersibility of the 

self-assembled BT secondary particle groups under the different manufacturing 

processes were investigated to improve the dielectric properties of the BT / polymer 

composites. 

 

 

Fig. 2-1 Illustration of the application of the ceramics / polymer composites (the piezoelectric 

biosensor). 
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2.1 Properties of biopolymers detection with piezoelectric polymer biosensor in 

relaxation behavior process 

2.1.1 Introduction 

Tuberculosis (TB) has become prevalent mainly in developing countries. Therefore, it 

is essential to detect patients with TB using the diagnose method that is portable, can be 

diagnosed quickly, and can be incinerated after diagnosis in developing countries. 

Recently, the method of the dictation of TB in developing countries is the loop-mediated 

isothermal amplification (LAMP) [1]. In the diagnosis by the LAMP method, TB can be 

diagnosed by detecting the by-product pyrophosphate generated by the DNA 

amplification reaction [2], [3]. On the other hand, a quartz oscillator is generally used as 

a piezoelectric biosensor for weight detection. This quartz oscillator is composed of a 

quartz oscillator and a feedback amplification type oscillator circuit, and the frequency 

changes with loading the weight change by the adsorption of the target substance. The 

detection method is that the shear vibration of the quartz is driven by applying an AC 

electric field to the quartz oscillator [4]. The change in weight of the target substance 

adsorbed on the quartz oscillator is detected as a frequency change with the shear 

vibration [5]. The detection method that combines the LAMP method and the 

piezoelectric biosensor with quartz has been proposed [6]. In this study, in the future, it 

will be possible to detect biopolymers such as DNA and RNA in the amplification 

process of the LAMP method by combining the LAMP method and the piezoelectric 

biosensor with polymer material, and the development of the sensor is aimed to detect 

TB quickly in developing countries. The advantage of the piezoelectric polymer 

biosensor is cheaper than quartz. Therefore, the polymer piezoelectric material is used 

instead of quartz and will be able to be incinerated after TB diagnosis. This piezoelectric 
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biosensor is composed of a bioreceptor which is able to absorb selectively an object to 

be detected, and a piezoelectric signal transducer sensor which is able to convert a 

weight change due to adsorption into an electric signal (see Fig.2-1). Previously, 

Sauerbrey [7] proposed Sauerbrey's equation for the relationship between weight 

change and frequency change, and it is possible to quantitatively measure the weight 

change. The vibration modes of the polymer piezoelectric material  have been reported 

to be expansion and contraction in the length direction, expansion and contraction in the 

width direction, and expansion and contraction in the thickness direction [8]. This 

vibration is used to detect the target substance adsorbed in this study. In the detection, 

the target materials are adsorbed on the polymer piezoelectric vibrating in the AC 

electric field, which affects the vibration mode of the polymer piezoelectric polymer, 

and the frequency at which polarization can follow the AC electric field is shifted on the 

low frequency. Therefore, in this study, the detection characteristics of the polymer 

piezoelectric signal transducer sensor for biopolymer detection were proposed. The 

polymer piezoelectric material used in this experiment was β type polyvinylidene 

fluoride (β-PVDF), and the sensor detection mechanism with relaxation characteristics 

instead of the resonance characteristics used in conventional quartz oscillators was 

investigated. The problems of piezoelectric biosensors using polymer piezoelectric 

materials were presented with the results. 

 

2.1.2 Experimental procedures 

2.1.2.1 Preparation of signal transducer sensor with piezoelectric polymer 

β-PVDF films (KF piezo film, thick of the film: 40μm, electrodes: aluminum 

deposition, Kureha Corporation) were cut out to a size of 20 mm × 3 mm. Leads were 
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attached to the aluminum electrodes on both sides of the β-PVDF films using a 

conductive epoxy adhesive (Chemtronics CW2400: Circuit Works) as shown in Fig.2-2. 

As shown in Fig.2-2, polyimide tape (Kapton tape: Nitto Denko Co., Ltd.) was attached 

to the β-PVDF films and lead wire to the aluminum electrode in order to prevent 

solution leakage and electrical isolation. 

 

2.1.2.2 Chemical modification of signal transducer sensor 

In order to immobilize the host molecule on the surface of the polyimide tape of the 

coating material of the signal transducer sensor, a COOH group of a functional group 

was produced on the surface of the signal transducer sensor by the following procedure 

using a plasma ion irradiation method (plasma activation). The signal transducer sensor 

prepared in 2.1.2.1 was attached to a glass plate using double-sided tape (carbon tape). 

After that, it was set in the chamber of a magnetron type plasma generator (JEC-1100E, 

JEOL Ltd., [frequency: 50Hz, voltage: 1kV, power: 5W]) (see Fig.2-3). The pressure in 

the chamber was set to about 10 Pa, and the functional groups (-COOH) on the surface 

of the signal transducer sensor were prepared by the plasma ion irradiation treatment for 

40 minutes in atmospheric air (mainly N2: 78.08%, O2: 20.95%). The signal transducer 

sensors which were not irradiated with plasma ions were also manufactured. 
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2.1.2.3 Attached sensor supporter of signal transducer sensor 

Fig.2-4 presents a schematic diagram of the method of attaching the signal transducer 

sensor. The polymer piezoelectric signal transducer sensor was attached to the sensor 

supporter as shown in Fig. 2-4 a). As a process of attaching the signal transducer sensors 

to the sensor supports, the signal transducer sensors that were irradiated by the plasma 

ion in 2.1.2.2 were bent convexly, and they were attached to the sensor support with the 

Fig. 2-2 Schematic drawing of the signal transducer sensor with piezoelectric polymer． 

(a) Design of the sensor 

(b) Size of the sensor 

(c) Picture of piezoelectric 

polymer sensor 
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adhesive and O-ring as shown in Fig.2-4 a). The two lead wires were fixed by an O-ring. 

The side of the polyimide tape adhesive was covered with an adhesive to prevent 

solution leakage. Similarly, the signal transducer sensors without the irradiation of the 

plasma ion irradiation were also attached to the sensor support as shown in Fig.2-4. 

 

2.1.2.4 Immobilization of molecular recognition on the surface of the signal 

transducer sensor 

Peptide synthesis condensing agent 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide 

(WSC, Dojin Chemical Industries, Ltd.) and protein cross-linking agent 

N-Hydroxysuccinic imide  (NHS, Fujifilm Wako Pure Chemical Industries, Ltd. 

(Wako)) were mixed, and the solution (NHS+WSC) was used for ester reaction with the 

COOH group on the surface of the signal transducer sensor. And then, the end face of 

the sensor was cleaned with pure water. After cleaning, 50 μl (100 μg / ml) of an 

Fig. 2-3 Schematic view of the magnetron type plasma generator 
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amino-terminal (N-terminal) fluorescently labeled avidin (Avidin D, FITC Conjugate, 

Vector Laboratorie, Inc.) solution of a host molecule was prepared.  The sensor was 

dipped into the solution for 2 hours, and the fluorescently labeled avidin was 

immobilized on the surface of the sensor as molecular recognition. The surface of the 

sensor was cleaned with pure water.  A 50 μl (100 μg / ml) of a fluorescently labeled 

Fig. 2-4 Schematic drawing of the fixed signal transducer sensor on the sensor supporter． 

(a) Design of the sensor 

(b) End face of the sensor 

(c) Size of the sensor 
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biotin (ATTO Thio12, ATTO-TEC) solution of a guest molecule was prepared. The 

sensor was immersed in the solution for 10 minutes and adsorbed on fluorescently 

labeled avidin. The absorbance of the fluorescently labeled avidin and biotin on the 

polyimide tape was confirmed by ultraviolet-visible spectroscopy (UV-VIs). 

 

2.1.2.5 Mass detection characters evaluation of signal transducer sensor 

To evaluate the mass detection characters of the signal transducer sensor, The 

complex permittivity (the real part: ’ and the imaginary part: ’’ of the signal 

transducer sensor were measured 

ε* = ε' - jε"                              (2-1) 

 

The end face of the sensor without the irradiation of the plasma ions was dipped in pure 

water and the complex permittivity of the sensors were measured by loading the mass 

from 1.1 mg to 4.2 mg using an acetate film (mending tape, 3M) of a polymer film (see 

Fig. 2-5). A frequency range of 40 – 10 MHz was measured using an Agilent 4294A 

precision impedance analyzer. 

 

 

Fig. 2-5 Schematic drawing of the measurement. 
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2.1.2.6 Evaluation of output characters of signal transducer sensor 

The N-terminal fluorescently labeled avidin was immobilized on the end face of the 

sensor with the irradiation of the plasma ions, and then the output characters of the 

sensor were evaluated by binding the fluorescently labeled biotin. As the evaluation 

process of the output characters, the end face of the signal transducer sensor was dipped 

in 100 μg / ml of an N-terminal fluorescently labeled avidin solution, and the dielectric 

properties of the signal transducer sensor were measured by immobilizing the 

fluorescently labeled avidin. The end face of the signal transducer sensor was cleaned 

with pure water, and then the fluorescently labeled biotin was adsorbed on the 

 

Fig. 2-6 The process of the measurement. 
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fluorescently labeled avidin on the end face of the signal transducer sensor. After 

cleaning the end face of the signal transducer sensor with pure water, the complex 

permittivity of the signal transducer sensor was measured in pure water under the same 

conditions as in 2.1.2.5. The process of the measurement was shown in Fig. 2-6. 

 

2.1.3 Results and discussion 

2.1.3.1 Detection characteristic of the sensor by loading mass of the polymer films 

In order to confirm the mass detection characteristics of the signal transducer sensor 

using β-PVDF film in pure water, the acetate tapes were attached to the end face of the 

sensor and the complex permittivity of the sensor was measured in pure water. Fig. 2-7 

presents the results of the complex permittivity of the signal transducer sensor 

depending on the frequency by loading the mass of the polymer films. In this 

experiment, the mass of the polymer film was measured four times each, and the 

average values were estimated.  The behavior of the complex permittivity was 

confirmed in the frequency range at above10 kHz (see Fig.2-7). Previously, Furukawa et 

al. [9]
 
reported that the relaxation process of PVDF was measured above 10 kHz. It was 

considered that the behavior of the complex permittivity above 10 kHz was the 

relaxation process of β-PVDF. The peak top of ε" in the relaxation process was near 1.6 

MHz as shown in Fig. 2-7. In the dictation characteristics of the piezoelectric polymer 

sensor in the relaxation process, both ε' and ε″ shifted to the low frequency by loading 

the mass of the acetate film. The ε' at 1.6 MHz by adding 0.0 mg was 8.77, and the 

standard deviation of the frequency when ε' was 8.77 was ± 2.5 kHz by adding 0.0 mg, 

± 5.9 kHz by adding 1.1 mg,± 3.3kHz by adding 2.2 mg, ± 2.9kHz by adding 3.3mg, 

and ± 10.1kHz by adding 4.2mg. The sensor was taken out from pure water and the 
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acetate tape was attached to the end face of the sensor, and then the sensor was dipped 

into pure water again. Therefore, it was considered that the cause of these errors was the 

difference in the water content of the acetate tapes. However, the relaxation processes 

were shifted to the low frequency by changing the mass of the tapes. Hence, it was 

confirmed that the relaxation process of the signal transducer sensor responded to the 

change of the mass of the tapes. 

The general mass sensor using quartz are explained with Sauerbrey's equation as 

shown below [7]: 

 

𝛥𝐹 = −
2𝐹0

2

√𝜇𝑞𝜌𝑞

𝛥𝑚

𝐴
                           (2-2) 

 

where F0 is the fundamental frequency of the sensor, A is the electrode area, μq is the 

elastic constant of the piezoelectric sensor,  ρq is the density of the piezoelectric sensor, 

Δm is the weight change, and ΔF is the measured frequency change. The frequency 

change estimated from Eq. (2-2) by loading the mass and the change in the relaxation 

frequency (fm) of the real part of the complex permittivity (each frequency: ε', low 

frequency range: ε’0, high frequency rage: ε’∞) [10] were compared.  

 

𝜀′ = 𝜀′∞ +
𝜀′0−𝜀′∞

1+(
𝑓

𝑓𝑚
)2

                         (2-3) 

 

The ε' of the signal transducer sensor depending on the frequency was estimated base on 

Fig. 2-7. Fig. 2-8 shows the result of the relaxation frequency change of the signal 

transducer sensor by loading the mass of the tape and the result of the relaxation  
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Fig. 2-7  Complex permittivity of the sensor with loading weight of acetate films depending 

on frequency．The enlarged views of relaxation are shown in ε’ and ε’’ figures． 
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frequency change based on Eq.(2-2) with the relaxation frequency (F0=1.6MHz), the 

aluminum electrode area of the signal transducer sensor (A=6.22×10
-5

m
2
), the elastic 

constant of β -PVDF (μq=3.00×10
12

gm
-1

s
-2

), the density of β-PVDF (ρq=1.78×10
6
 gm

-3
), 

and the mass change with attaching the acetate tape (Δm). In this experiment, it was 

considered that the error factor was the difference in the water content of the acetate 

tape. 

The relaxation frequency was linearly shifted to the low frequency by loading the 

mass of the tape (see Fig.2-8). It was suggested that the vibration mode of β-PVDF was 

affected by loading the mass, the polarization of β-PVDF could not follow the AC 

electric field and the complex permittivity was changed, and then the relaxation 

frequency was shifted to the low frequency. 

In this experiment, the relaxation frequency linearly changed to the low frequency by 

Fig.2-8 Frequency shift of relaxation with loading mass of acetate films. 
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loading the mass of the tape, similar to the general mass sensor shown by Sauerbrey's 

equation [7]. The frequency change of the result in this experiment was lower than the 

result of the frequency change estimated from Sauerbrey's equation (see Fig.2-8). It was 

considered that the polymer tape was viscoelastic and the film tape was thicker by 

loading the mass of the tape, so the polymer tape did not follow the vibration of the 

sensor, and the mass detection of the polymer tape was affected [4]. 

 

2.1.3.2 Sensor detection characteristics by immobilizing the biopolymer 

The host molecule fluorescently labeled avidin and the guest molecule fluorescently 

labeled biotin were immobilized on the sensor by the host-guest reaction. The fixation 

of the fluorescently labeled avidin and the fluorescently labeled biotin on the end face of 

the sensor was confirmed by the ultraviolet-visible absorbance measurement. Fig. 2-9 

presents the result of the absorbance of the fluorescently labeled avidin and biotin. The 

fluorescent dyes of fluorescently labeled avidin and fluorescently labeled biotin were 

confirmed on the sensor. Previously, Hirata et al. reported that the sensor surface was 

irradiated with plasma ions and detected by immobilizing a N-terminal material on the 

sensor surface using a WSC + NHS solution [11]. In another report, they proposed the 

detection of the avidin and biotin [11]. 

 As an evaluation of the output characteristics of the signal transducer sensor with 

immobilizing the fluorescently labeled avidin and the fluorescently labeled biotin, Fig. 

2-10 shows the complex permittivity of the signal transducer sensor depending on the 

frequency of the (1) the surface modification condensing agent (WSC + NHS) fixed on 

the end face of the sensor, (2) the fluorescently labeled avidin adsorption, and (3) the 

fluorescently labeled biotin adsorption on fluorescently labeled avidin. The 
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immobilization of biopolymers was measured three times each, and the average values 

were estimated. According to the result of the complex permittivity depending on the 

frequency in Fig. 2-10, the relaxation process from near 100 kHz to 6 MHz was shifted 

to the low frequency with immobilizing the biopolymer on the sensor. The relaxation 

frequency shifted to the low frequency with about 93.6 kHz by fixing the N-terminal 

fluorescently labeled avidin on the sensor. The relaxation frequency changed to the low 

frequency of about 9.8 kHz by immobilizing the fluorescently labeled biotin. It was 

suggested that the molecular weights of the N-terminal fluorescently labeled avidin and 

fluorescently labeled biotin were significantly different and the output of the sensor with  

Fig. 2-9 Absorbance of the fluorescently labeled avidin and biotin depending on the 

wavelength. (Avidin :495nm, Biotin: 582nm) 
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Fig. 2-10 Complex permittivity of the sensor with bonding fluorescence labeling biotin and 

fluorescence labeling avidin on the sensor depending on frequency．The enlarged 

views of relaxation are shown in ε′ and ε″ figures．Av is the fluorescence labeling 

avidin on the sensor. Bi is the fluorescence labeling biotin on the sensor. 
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Fig. 2-11 Complex permittivity of the sensor depending on frequency during the 

immobilization of fluorescence labeling avidin. The enlarged views of 

relaxation are shown in ’ and ’’ figures. (Each color is shown each 

immobilization time of fluorescence labeling avidin.) 
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immobilizing the fluorescently labeled biotin was less than that of N-terminal 

fluorescently labeled avidin. However, it was proposed that it was possible to detect the 

fluorescently labeled avidin and biotin. In order to confirm the fixation of the 

fluorescently labeled avidin immobilized on the sensor, Fig. 2-11 presences the complex 

permittivity of the signal transducer sensor depending on the frequency during the 

deposition time of the fluorescently labeled avidin. Fig. 2-12 shows the result of the ε' 

change of the signal transducer sensor by the deposition time in pure water and 

Fig. 2-12 Relationship the deposition time and the ε′ in water and in avidin solution. 
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N-terminal fluorescently labeled avidin solution without the irradiation of the plasma 

ion and the treatment of WSC+NHS solution. According to the result of the complex 

permittivity depending on the frequency in Fig. 2-12, the relaxation process was shifted 

to the low frequency with the deposition time of the fluorescently labeled avidin 

solution. The signal transducer sensor without the irradiation of the plasma ions and the 

treatment of WSC+NHS solution was deposited in pure water for 60 minutes, and the ε' 

was not changed (see Fig. 2-12). Similarly, the sensor of the same conditions was 

deposited in N-terminal fluorescently labeled avidin solution for 40 minutes, and the ε' 

was not changed. On the other hand, the relaxation process of the sensor irradiated with 

Fig. 2-13 Frequency shift of relaxation with immobilizing fluorescence labeling avidin on the 

sensor. 
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plasma ions continuously was shifted to the low frequency above 40 minutes (see 

Fig.2-11). Therefore, it was suggested that the low frequency shift of the relaxation 

process by depositing the fluorescence labeled avidin solution was because the 

fluorescence labeled avidin was fixed on the sensor. 

 Fig. 2-13 presences the results of the frequency change with the fluorescence labeled 

avidin with the deposition time based on the results in Fig.2-11. The relaxation 

frequency systematically changed to the low frequency with the deposition time of the 

fluorescently labeled avidin solution. The mass change of the immobilization of the 

fluorescently labeled avidin was slight. However, the frequency change with the fixation 

of the fluorescently labeled avidin in Fig. 2-13 was larger than that in Fig. 2-8. 

Kanazawa and Gordon [12] proposed that a simple relationship is derived which 

expresses the change in the oscillation frequency of a quartz crystal in contact with a 

fluid in terms of material parameters of the fluid and the quartz, and the equation is 

shown : 

 

∆𝑓 =  −𝑓0
3/2

(
𝜂𝐿𝜌𝐿

𝜋𝜇𝜌
)

1/2

                     (2-4) 

 

where f0 is the fundamental frequency of the sensor, ηL is the viscosity of the liquid, ρL 

is the density of the liquid, μ is the elastic constant of the piezoelectric sensor, ρ is the 

density of the piezoelectric sensor, and Δf is the measured frequency change. This is, it 

was considered that the solution significantly affected the shear vibration expected by 

the Kanazawa-Gordon equation [12]
 
since β-PVDF used in this study has a significantly 

smaller elastic constant than quartz. Hence, it was suggested that it was possible to 

detect a small amount of biopolymer by using the relaxation process of the β-PVDF 
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piezoelectric of the signal transducer sensor instead of quartz. 

 

2.1.4 Conclusions 

A polymer piezoelectric sensor was produced to set problems for the application of 

the biosensor using PVDF film. As the signal transducer sensor, it was confirmed the 

response of the sensor to the mass of the polymer film. And then, the sensor detection 

characteristics were evaluated from the change in the complex permittivity 

accompanying the fixation of biopolymers. The conclusions of this study are as follows:  

 

(1) It was confirmed that the signal transducer sensor using β-PVDF detected with 

loading the weight of the polymer film by using the relaxation process of the 

complex permittivity. 

(2) It was possible to detect biopolymers using the immobilization characteristics 

associated with the host-guest reaction in the region of the relaxation process of 

β-PVDF piezoelectric materials at 100 kHz to 6 MHz. 

 

For the diagnosis of TB, it was proposed that this result shows that the detection by 

the relaxation process of the signal transducer sensor was effective for the detection of 

biopolymers. Therefore, the detection of biopolymers such as DNA and RNA by the 

relaxation process of the signal transducer sensor was expected.  

 

2.1.5 Setting of problems for the polymer piezoelectric biosensor 

The change in mass of the target materials adsorbed on the sensor is detected as a 

frequency change with the shear vibration of the piezoelectric polymer sensor. The 



68 

 

measurement is performed in solution. In addition, in order to diagnose rapidly TB, it is 

expected to measure with a small amount of mycobacterial DNA. Therefore, the 

influence of the viscosity of the solution is small, and high sensitivity is required. 

According to the results, it is possible to detect biopolymers using the adsorption 

characteristics of the host-guest reaction on the sensor by using the relaxation behavior 

of the β-PVDF piezoelectric material. However, the problems of the piezoelectric 

biosensor with polymer are shown as: 

 

(1) β-PVDF has a significantly lower elastic constant than quartz, which is a signal 

transducer sensor of a general biosensor for mass detection. Therefore, the shear 

vibration of β-PVDF was affected by the liquid viscosity, which affected the change 

of the dielectric constant of β-PVDF.  

(2) According to the results of this study, the sensitivity of the polymer piezoelectric 

biosensor is 5 μg / ml based on the amount of fluorescently labeled avidin liquid, and 

the response speed is 60 minutes based on Fig.1-12 and Fig.1-13. The final goal of 

TB diagnosis is the sensitivity of less than 1 μg / ml and the response speed of 5 

minutes. Therefore, it is necessary to improve the sensitivity and responsivity of the 

polymer piezoelectric biosensor. 

 

In order to solve the problems, the ceramics / polymer composite materials were 

proposed in this study. It is expected that the elastic constant will be improved by 

adding the ceramic filler. It is necessary to increase the dielectric properties since the 

amount of change in dielectric constant depending on the frequency affects the 

sensitivity of the polymer piezoelectric biosensor. Hence, the ceramics / polymer 
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composite materials were applied to improve the sensitivity and responsivity of 

piezoelectric biosensors. 

 

2.2 Fractal characters and dielectric constant of material texture of self-assembled 

BaTiO3/Poly-L-Lactic-Acid composites 

2.2.1 Introduction 

In Session 2.1, it was presented the problems for applying polymer piezoelectric 

materials to piezoelectric biosensors. The material textures of the ceramics / polymer 

composites were controlled with the self-assembly process to improve the dielectric 

properties related to sensitivity and reactivity. In particular, the relationships between 

the morphology, entropy of configuration, and dispersibility of the self-assembled BT 

secondary particle groups under different manufacturing processes and dielectric 

properties of barium titanate (BaTiO3, BT) / polymer composite materials were 

investigated.  

Generally, the dielectric constant (ε') of a polymer is relatively low at less than 10[13]．

To increase the ε' for the energy storage in polymers, ceramic powder fillers with a high 

ε', such as BT with a ε' of 1,000 or more, are added to the polymer matrix [14]. However, 

a 50vol.% or more of ceramics with a high ε' are applied to the polymer matrix to 

achieve a high ε'. Thus, the mechanical properties of these composites are extremely 

poor and are not suitable for use in dielectric materials, such as capacitors, or 

piezoelectric materials. 

Robertson and Varlow [15] demonstrated that the size, shape, and aggregation of BT 

particles influence the effective bulk ε' of BT fillers or polymer composites with a high ε'. 

Here the authors suggested the formation of agglomerations, which reduces the 
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impedance due to the lower ratio of resin to filler across the shortest impedance path 

[15].Elsewhere, researchers have proposed a more considerable electrical flux for the 

movement of the agglomerated rather than the non-agglomerated particles, which will 

result in a higher permittivity for the per unit sample [15]. Meanwhile, Akimune et al.[16] 

conducted an analysis of the mechanical and electrical properties of TiN / Si3N4, in which 

the particle shape and size of the granules in the related ceramics play an important role in 

the network formation. Here, the authors highlighted that the formation of agglomerates 

improves functioning [16]. Phan et al.[17] reported the effect of controlled BT 

nanoparticle aggregates on the dielectric properties of epoxy nanocomposites in terms of 

various experimental parameters, including frequency, ceramics content, and temperature. 

Here, the authors suggested that the nature of an interphase region depends not only on 

the chemical bonding at the filler interface but also on the network confinement between 

the nanoparticles[17] .  

Recently, researchers have also shown that the average secondary particle area of BT 

filler aggregates of BT filler/poly-L-lactic acid (PLLA) composites is related to 

dielectric constant, regulating the microstructure of aggregates [18]. Therefore, it is 

essential to evaluate the microstructure. A method using fractal analysis has been 

reported to quantitatively analyze the shape of particles [19]. Suzuki et al. reported that 

the particle shape of the projected image of powder particles was characterized by the 

fractal dimension by the box count method [19]. Kobayashi et al. [20] investigated that 

the grain boundary microstructures in SUS316L stainless steel with the fractal analysis. 

They highlighted that the maximum random boundary connectivity was found to have a 

fractal nature for SUS316L stainless steel specimens, and it was suggested that it was 

possible to characterize the grain boundary microstructures by the fractal analyses. On 
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the other hand, image is analyzed by multifractal analysis in medical technology in 

recent years [21]. In a previous report [18], it was proposed that the secondary particle 

area of BT aggregates was increased by increasing the dielectric constant. Therefore, in 

this session, the self-assembled BT / PLLA composites were prepared under different 

conditions. The self-assembly process is assumed as shown in Fig.2-14. According to 

the process, the kneading speed was changed to control the self-assembled material 

texture. The multifractal analysis was attempted to apply to the evaluation of the 

morphology of the filler secondary particle group in the composites. In addition, the 

purpose was that the morphology of the self-assembled BT secondary particle groups 

was quantified by the multifractal analysis, and then the aggregated state under the 

process of the manufacture such as kneading speed which was related to the aggregation 

and decomposition during the self-assembly process was characterized. 

 

Fig. 2-14 Focused points of the self-assembly process in this session. 
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2.2.2 Experimental procedures 

2.2.2.1 Sample preparation 

BT powder was prepared using a conventional solid-state synthesis technique. BaCO3 

(99.95%, High Purity Chemical Co., Japan) and TiO2 (99%, High Purity Chemical Co., 

Japan) were used as the starting materials. Powders used for the experiments were 

ground and properly mixed. The powder mixture was fired at 1373 K for 4 h. The 

sintered BT was ground to get a BT powder. The resultant BT powder had an average 

particle diameter of approximately 1 μm. The powder exhibited a single phase, which 

was determined using powder X-ray diffraction. BT / polymer composites were 

generated from BT powder and granular PLLA (PLLA, Nature Work, Japan). PLLA was 

melted at a temperature of 473 K, and BT powder was added to PLLA to form mixtures. 

The volume fractions of BT were 0%, 5%, 10%, and 20%. Two different processes have 

been adopted during the mixing: (1) slow-speed hand mixing for 30 min with 

approximately 10 rpm and (2) high-speed mixing via a kneader for 10 min with 30 rpm. 

After the mixing was over, each sample was cooled in the air. In order to generate BT / 

PLLA composites with dispersion, both BT powder and Tegomer
®

 P121 (polyolefin 

type, Evonik, U.S.A.) were mixed and kneaded under the same conditions, as described 

earlier. The amount of additive Tegomer
®
 P121 in the mixture was approximately 4 

wt% in BT powder.  

 

2.2.2.2 Measurement method 

The dielectric constants of BT / PLLA composite at the frequency range from 40 Hz 

to 1M Hz were measured at 298 K using an Agilent 4294 A precision impedance 

analyzer; lead wires were made of platinum. Each sample was a rectangle with a surface 
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area of 64 mm
2
 and a thickness of 0.3 mm. Gold was deposited on electrodes with 

square faces. The results of the dielectric constants and the average secondary particle 

area were based on a previous study [18]. 

 

2.2.2.3 Field emission scanning electron microscope (FE-SEM) observation and 

multi-fractal analysis 

The aggregated state of the BT particles in the cross sections of the samples was 

observed using a field emission scanning electron microscope (FE-SEM S-4100 

(Hitachi, Ltd.)). The FE-SEM images were converted to binary images for the 

multifractal analysis. This analysis was used to estimate the probability (pi[r]) of an 

image by covering it with boxes of size r and counting the number of boxes. The 

partition function is as follows: 

 

Pr
q= ∑[p

i
(r)]

q
                                                             

N(r)

i=1

 (2-5) 

 

where q is the order moment (-∞<q<∞). The generalized dimensions of the q of a 

distribution, Dq, can be defined as follows: 

 

Dq=
1

q-1
lim
r→0

ln Pr
q

ln r
=

1

q-1
lim
r→0

ln N(q,r)

ln r
                             (2-6) 

 

When q takes the values of 0, Eq. 2-6 is reduced to the following:  
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D0=- lim
r→0

lnN(r)

lnr
                                                                 (2-7) 

 

where D0 is the capacity dimension. This is the same equation as the box-counting 

method. In this session, the D0 was obtained from the multifractal analysis as an initial 

analysis, and the morphology of the BT secondary particle groups was characterized. 

Fig. 2-15 shows the box-counting method in this session. 

 

 

  Fig. 2-16 shows the process of the manufacturing BT / PLLA composites, 

measurement and the analysis. 

 

Fig. 2-15 Box-counting method. 
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Fig. 2-16 The process of the manufacturing BT / PLLA composites, measurement and the analysis. 

 

2.2.3 Results 

Fig. 2-17 presents the FE-SEM micrograph and binary images of the BT / PLLA 

composites with Tegomer
®

 P121 with a BT volume fraction of 5 vol.% – 20 vol.% 

under low-speed kneading condition (at 10 rpm for 30 minutes). Fig. 2-18 shows the 

FE-SEM micrograph and binary images of the BT/PLLA composites without Tegomer
®
 

P121 with a BT volume fraction of 5vol.%–20vol.% under low-speed kneading 

condition (at 10 rpm for 30 minutes). The FE-SEM micrograph and binary images of 

the BT/PLLA composites with and without Tegomer
®
 P121 with a BT volume fraction 

of 5 vol.% under high-speed kneading condition (at 30 rpm for 10 minutes) are shown 

in Fig.2-19. In Fig.2-17 to Fig.2-19, the black part of the binary images shows the BT 

particle groups, while the white part shows PLLA.  As Fig.2-17 and Fig.2-18, the 

formation of BT secondary particle groups was promoted by increasing the volume 

fraction BT fillers. Comparing the BT secondary particle groups with and without 

Tegomer
®
 P121 depending on the volume fractions of BT in Fig.2-17 and Fig.2-18, the 

formation of BT secondary particle groups with Tegomer
®
 P121 was promoted more  
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Fig.2-17 Cross sectional FE-SEM images (a, b, and c) and image processing pictures (a’, b’, and 

c’) of samples with 5 (a, a’), 10 (b, b’) , and 20 (c, c’) % volume fraction of BT prepared 

under low kneading conditions with Tegomer
®

 P 121． 
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Fig. 2-18 Cross sectional FE-SEM images (a, b, and c) and image processing pictures (a’, b’, and c’) 

of samples with 5 (a, a’), 10 (b, b’) , and 20 (c, c’) % volume fraction of BT prepared 

under low kneading conditions without Tegomer
®

 P 121． 
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than the sample without Tegomer
®
 P121. It was suggested that the secondary particle 

groups were formed because of the cohesive force of the intermolecular force such as 

the Van der Waals force [18]. It was considered that the size of the BT secondary 

particle groups was controlled by the dispersion and aggregation in the kneading 

process. 

In the volume fraction 5 % of BT in Fig.2-17 to Fig.2-19, the formation of the BT 

secondary particle groups were promoted in the order of (1) the sample with Tegomer
®

 

P121 under low-speed kneading condition, (2) the sample without Tegomer
®
 P121  

Fig.2-19 Cross sectional FE-SEM images (a, and b) and image processing pictures (a’, and b’) of samples 

with 5 % volume fraction of BT prepared under high kneading conditions with Tegomer
®
 P 121 

(a, a’) without Tegomer
®
 P 121 (b, b’).  
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under low-speed kneading condition, (3) the sample without Tegomer
®

 P121 under 

high-speed kneading condition, and (4) the sample with Tegomer
®

 P121 under 

high-speed kneading condition. 

A method using the box-counting of the fractal analysis has been reported to 

quantitatively analyze the shape of particles and the packing structure
 
of the particle 

group [22]. The capacity dimension (D0) was obtained from the multifractal analysis as 

an initial analysis, and the BT secondary particle groups were characterized. In order to 

obtain D0 from the multifractal analysis, the D0 was obtained from the multifractal 

analysis and compared with the D0 obtained from the fractal analysis to confirm 

whether both D0 was the same. The multifractal analysis and the box-counting method 

were performed using the binary images shown in Fig.2-17 to Fig. 2-19. Table 2-1 

shows the D0 estimated by the multifractal analysis, the average secondary particle area 

(S) [18], and the average dielectric constant (ε') [18]. This multifractal analysis and the 

box-counting method were performed under the same conditions. In the box-counting 

method, the box-counting method was performed in the region where the box size ln r  

 

Table 2-1 The capacity dimension (D0) and characteristic [18] of BT / PLLA composites． 
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Fig.2-20 Relationship between the number of boxes lnN(q=0,r) for BT/PLLA composites and the 

box size (lnr) ; a) and b) 5% volume fraction of BT under low kneading with and without 

Tegomer
®
 P 121, c) and d) 10% volume fraction of BT under low kneading with and 

without Tegomer
®
 P 121, e) and f) 20% volume fraction of BT under low kneading with 

and without Tegomer
®
 P 121, g) and h) 5% volume fraction of BT under high kneading 

with and without Tegomer
®
 P 121.  R

2
 indicates the correlation coefficient of 

lnN(q=0,r)-lnr plot. D0 is the capacity dimension for BT secondary particle groups． 



81 

 

was 0 to 6.93 pixels, and D0 was calculated from the slope derived by the least-squares 

method. At lnr = 0, the size of the box and the size of the pixels were the same, and ln r 

(= 0) was excluded from the box-counting method. In addition, the region of ln r (D0 = 

2) was excluded from the box-counting method since it meant that the image was 

entirely covered. In the sample without Tegomer
®
 P121 under low-speed kneading 

condition with a volume fraction of 5 vol.%, three slops in the regions of 0 pixel ≤

ln 𝑟 ≤ 0.69 pixel，1.39 pixel ≤ ln 𝑟 ≤ 2.77 pixel and 3.47 pixel ≤ ln r ≤ 6.93 pixel 

was obtained. 3.47 pixel ≤ ln r ≤6.93 pixel regions where ln 𝑟=0 and D0=2 were 

excluded from the fractal analysis for the above reasons. D0<1 was at ln r=0.69 pixel. 

This means that the shape of the secondary particle groups was a dashed line, and ln 

r=0.69 pixel was excluded since the morphology of the BT particle group was not 

confirmed. Fig. 2-20 shows the results of the fractal analysis with the optimum region. 

The correlation coefficient of the least-squares method of ln N(q=0，r)-ln r plot as 

shown in Fig.2-20 was above 0.98, and the slop linear has fractal properties [23], it was 

determined that the morphology of BT secondary particle groups had fractal properties. 

The value of D0 estimated by the multifractal analysis in Table 2-1 and the value of D0 

estimated by the box-counting method in Fig. 2-20 were the same. 

According to the sample under low-speed kneading condition in Table.2-1, the slope 

of the line increased with increasing the volume fraction of BT, and D0 was also 

increased. Comparing the D0 of the sample with and without the Tegomer
®
 P121 under 

high-speed kneading condition, D0 was approximately the same. On the other hand, D0 

of the sample under low-speed kneading condition was increased by adding Tegomer
®
 

P121. In addition, in the sample with 5 vol. % of BT, D0 of the sample with Tegomer
®
 

P121 under low-speed kneading condition was the highest as shown in Fig. 2-20. 
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2.2.4 Discussion 

Fig.2-21 presents the results of S and D0 of the BT / PLLA composites under high and 

low-speed kneading conditions. Fig.2-22 shows that the relationship between D0 and ε’. 

As Fig. 2-21, the D0 was increased by increasing the S, and the S and D0 had a 

correlation. In general, the D0 has increased with increasing the complexity of the 

particles. This is, it was considered that the BT / PLLA interface was increased with 

forming the BT secondary particle groups. It was suggested to contribute to the increase 

in the ε' in Fig.2-22. 

The self-organization processes in a non-equilibrium chemical system have been 

Fig. 2-21 Relationship between the capacity dimension (D0) and the average secondary particle 

area of BT fillers with 5, 10, and 20 % BT/PLLA composites． 
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studied in a solution system described by the Belousov-Zhabotinsky reaction. The 

self-assembly process is seen in the reaction-diffusion system, which is assumed to 

occur due to a competitive reaction between an inhibitor and a promoter within a 

diffusion process. In the kneading process of solid material, the cohesive force and 

dispersion force act. The kneading process can indicate the diffusion process in the 

reaction-diffusion system and the size of the secondary particle groups by the 

self-assembly process of the cohesive force and dispersion force are discussed. 

 

   Aggregation ⇔  Decomposition +  Diffusion process        (2-8) 

Fig.2-22 Relationship between the capacity dimension (D0) and the dielectric constant (’, at 1 kHz) 

with 5, 10, and 20 % BT/PLLA composites． 
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According to the above equation, it was suggested that the formation of BT secondary 

particle groups was promoted by the reactions of both condensation and dispersion 

forces. 

Generally, organic functional groups are generated on the surface of BT particles with 

dispersant is added, and it is attempted to improve the dielectric constant by increasing 

the degree of dispersion in the polymer matrix [24]. In the sample under low-speed 

kneading condition, the BT particles were dispersed by the effect of the dispersant; 

however, the shear stress was low, and then it was suggested that the formation of the 

self-assembled BT secondary particle groups was promoted with the re-aggregation. 

That is, it was considered that the BT particles were secondary particle groups while 

forming the BT / PLLA interface with Tegomer
® 

P121 under low-speed kneading 

condition. On the other hand, it was suggested that the BT secondary particle groups 

were small with Tegomer
®
 P121 since the shear stress was high and the dispersion 

effect was high. 

According to Fig.2-22, the ε’ was increased by increasing the D0. In a previous report 

[18], it was proposed that the inorganic / organic interface was important for the 

dielectric constant. In general, the polymer is p-type and BT is n-type, and it was 

considered that a heterointerface was formed at the BT / PLLA interface. Therefore, a 

depletion layer was formed between BT and PLLA, and BT / depletion layer / PLLA 

was formed, and it was considered that the depletion layer contributed to the 

improvement of the dielectric constant. According to the result of D0, it was suggested 

that the simple BT / BT interface did not sufficiently contribute to the improvement of 

the dielectric constant since the formation of the BT / PLLA interface was promoted. 

Comparing the samples with and without Tegomer
 ®

 P121 in Fig. 2-22, the ε' and D0 of 
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the samples with Tegomer
®
 P121 were higher than the samples without Tegomer

®
 P121. 

This is, it was suggested that the ε' of the sample with TegomerP121 was improved 

since the BT / PLLA interface was formed while forming the self-assembled BT 

secondary particle groups. According to the correlation between the D0 and ε', D0 was 

reflected in the complexity of the BT / PLLA interface, and it was suggested that the 

formation of the BT / PLLA heterointerface was promoted, which affected the 

improvement of the ε'. Thus, it was suggested that the control of the kneading speed and 

the additive Tegomer
®
 P121 affected the self-assembly process of the BT secondary 

particle groups, and the morphology of the self-assembled BT secondary particle groups 

affected the dielectric properties. 

Fig. 2-23 Relationship between the capacity dimension (D0) and the outer perimeter of BT 

secondary particle groups with 5, 10, and 20 % BT/PLLA composites． 
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Fig. 2-23 shows the relationship between S
1/2 

and D0. In general, S
1 / 2

 corresponds to 

the outer parameter change and correlates with the outer length L of the particle group. 

The relationship between  S
1/2

and L can be described by the following equation [25]: 

 

L∝S
1/2∝V1/3                                                              (2-9) 

 

where V is the volume. According to Eq. (2-9), it is shown that the change in the shape 

(unevenness) of the BT secondary particle group corresponds to the change of the outer 

circumference length and reflects the change in S
1 / 2

. As Fig.2-23, S
1 / 2

 and D0 had a 

correlation. The relationship can be described by the following equation: 

 

S
1/2∝L∝D0                                                              (2-10)  

 

Therefore, it was suggested that D0 reflected to indices of the morphology of the 

self-assembled BT secondary particle group. It was considered that it was possible to 

evaluate the effect of the kneading conditions of composites by using the multifractal 

analysis. 

 

2.2.5 Conclusions 

In order to quantitatively analyze the morphology of the self-assembled BT 

secondary particle group under the different manufacturing conditions, the BT / PLLA 

composites were prepared with and without the dispersant under two kneading 

conditions (1) low-speed kneading condition (10 rpm for 30 minutes) and (2) 

high-speed kneading condition (30 rpm for 10 minutes) with 5 vol.% to 20 vol.%, and 
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the multifractal analysis was attempted to apply the evaluation for the morphology of 

BT secondary particle group. The conclusions are as follows: 

 

(1) According to the FE-SEM images of the sample under the low-speed kneading 

condition, it was shown the formation of BT secondary particle groups was 

promoted by increasing the volume fraction of BT. In addition, in the sample 

preparation under low-speed kneading conditions, the D0 was increased with 

increasing the volume fraction of BT.  

(2) In the sample with the dispersant under low-speed kneading condition, the formation 

of BT secondary particle groups was promoted more than the sample without the 

dispersant. 

(3) The D0 was increased linearly with increasing S
1/2

. It was suggested that the 

morphology of BT secondary particle groups became complex with adding BT 

fillers since S
1/2

 correlates with the length L of the outer circumference of the BT 

secondary particle group. 

 

Hence, it was suggested that the BT secondary particle groups were small under 

high-speed kneading condition since the shear stress is high and the dispersibility is 

high. On the other hand, it was suggested that the formation of the BT secondary 

particle groups was promoted since the shear stress was low under the low-speed 

kneading condition. 

According to the results of D0 by the multifractal analysis, the multifractal analysis 

was effective as indices for evaluating the morphology of the self-assembled BT 

secondary particle group under the different processes. In particular, it was clarified that 
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D0 was reflected in the degree of complexity of the outer circumference of the 

secondary particle group. 

 

2.3 Effect of ceramics / polymer heterointerface on dielectric property of 

self-assembled BT / PLLA composite materials 

2.3.1 Introduction 

 In Session 2.2, the morphology of the self-assembled BT secondary particle group 

under the different manufacturing processes and the dielectric properties were 

investigated. In this session, the dispersion state and interface state of BT particle 

groups in self-assembled BT / PLLA composites prepared under different fabrication 

conditions was investigated in more detail. 

Heterointerface of ZnO with Bi2O3 or Pr-Co Oxide has been investigated. The 

insulating region, such as Bi2O3 and Pr-Co, is essential for controlling electrical 

properties, whereas an insulator zone exists between the grain boundaries. Previously, 

Yano et al. [26] fabricated multilayered composites with Ni / ZnO / PrCoOxide / Au 

structure to investigate electrical properties at junctions. They found a depletion region 

formed in ZnO films near the ZnO / PrCo Oxide interface
 
[26]. Matsuoka

 
[27] reported 

nonohmic properties of ZnO ceramics with five additives, such as Bi2O3, CoO, MnO, 

Cr2O3, and Sb2O3, and proposed a microstructure model that surround each of ZnO 

grains with a segregation layer responsible for the nonohmic property. In their model, 

the electrical capacitance of ZnO ceramic was primarily attributed to segregation layers
 

[27]. The electrical properties are therefore controlled by a microstructure with grain 

boundaries such as ceramics / intergranular material.  
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Munakata et al. [18] reported that the dielectric constant of the BT / PLLA 

composites was increased with increasing the secondary particle area of self-assembled 

BT secondary particle groups. In Session 2.2, the morphology of the self-assembled BT 

secondary particle groups was affected by the kneading speed. Therefore, it was 

assumed that the BT secondary particle groups under the different processes were 

different. In this paper, the dispersion state and the interface state of BT secondary 

particle groups in self-assembled BT / PLLA composites prepared by changing the 

fabrication conditions was investigated. In particular, the BT / PLLA / BT 

heterointerface of the BT aggregates by the self-assembly process was analyzed and the 

effect of the BT / PLLA / BT heterointerface and the BT / BT interface on the dielectric 

properties of BT / PLLA composites was investigated. Fig.2-24 shows the points of the 

self-assembly process and the BT secondary particle groups in this session. 
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Fig. 2-24 Focused points of (a) the self-assembly process and (b) the BT secondary particle groups  

in session 2.2. 

 

 

2.3.2 Experimental procedures 

2.3.2.1 Sample preparation 

BT powder was prepared using a conventional solid-state synthesis technique. BaCO3 

(99.95%, High Purity Chemical Co., Japan) and TiO2 (99%, High Purity Chemical Co., 

Japan) were used as the starting materials. Powders used for the experiments were 

ground and properly mixed. The powder mixture was fired at 1373 K for 4 h. The 

sintered BT was ground to get a BT powder. The resultant BT powder had an average 
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particle diameter of approximately 1 μm. The powder exhibited a single phase, which 

was determined using powder X-ray diffraction. BT granules were made using the same 

method and had average particle diameters of over 20 μm and 150 μm. BT / polymer 

composites were generated from BT powder and granular PLLA (PLLA, Nature Work, 

Japan). PLLA was melted at a temperature of 473 K, and BT powder was added to 

PLLA to form mixtures. The volume fractions of BT were 0%, 5%, 10%, and 20%. Two 

different processes have been adopted during the mixing: (1) slow-speed hand mixing 

for 30 min with approximately 10 rpm and (2) high-speed mixing via a kneader 

(TOYOSEIKI, Labo Plastomill (4C150)) for 10 min with 30 rpm. After the mixing was 

over, each sample was cooled in the air. In order to homogenize BT / PLLA composites 

with dispersion, both BT powder and Tegomer
® 

P121 (polyolefin type, Evonik, U.S.A.) 

were mixed and kneaded under the same conditions, as described earlier. The amount of 

additive Tegomer
®
 P121 in the mixture was approximately 4.0 wt% in BT powder. The 

required dosage level is 2.0 – 4.0 %, and we decided the added amount of Tegomer
® 

P121 by a preliminary experiment. 4.0 wt% of Tegomer
® 

P121 was slight for PLLA. BT 

powders with two different diameters (average particle diameters: over 20 μm and over 

150 μm) and PLLA were mixed under low kneading speed to prepare BT / PLLA 

composites by adding BT granules, respectively. The volume fraction of the BT granule 

was 5%.  

 

2.3.2.2 Measurement method 

The dielectric constant and loss tangent of BT / PLLA composite at the frequency 

range from 100 Hz to 100M Hz were measured at 298 K using an Agilent 4294 A 

precision impedance analyzer; lead wires were made of platinum. Each sample was a 
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rectangle with a surface area of 64 mm
2
 and a thickness of 0.3 mm. Gold was deposited 

on electrodes with square faces. A part of the results of the dielectric constant was based 

on a previous study [18]. 

The cross-sections of samples were analyzed using a field emission scanning electron 

microscope, FE-SEM (Hitachi Co., Japan: S-4100 and SU-8230, JEOL Ltd.: 

JSM-7001F). FE-SEM images have been converted to binary images to estimate an 

average secondary particle area of BT filler for each sample. A part of the FE-SEM 

images was based on session 2.2. A part of the results of the average secondary particle 

area of BT filler was based on a previous study [18]. 

 

2.3.3 Results 

Fig.2-25 presents the images of FE-SEM micrographs of BT / PLLA composites with 

and without Tegomer
®
 P121 under high-speed kneading, low-speed kneading, and the 

presence of BT granules (particle size of BT: 20 μm and 150 μm, 5 vol%). Fig.2-25a-b 

shows samples with 5 vol% fraction of BT prepared under high-speed kneading 

conditions with and without Tegomer
®
 P 121. Samples with 5, 10, 20 % volume fraction 

of BT prepared under low-speed kneading conditions with Tegomer
®
 P 121 are shown 

in Fig. 2-25c-e. Samples with 5, 10, 20 % volume fraction of BT prepared under 

low-speed kneading conditions without Tegomer
®
 P 121 are presented in Fig. 2-25f-h. 

Fig.2-25i depicts a sample with 5 % volume fraction of small BT granules prepared 

under low-speed kneading conditions without Tegomer
®
 P 121, whereas Fig.2-25j 

shows a sample with 5 % volume fraction of large BT granules prepared under 

low-speed kneading without Tegomer
®
 P 121． 
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Fig.2-25 Cross-sectional FE-SEM images of the barium titanate (BT) / poly-L-lactic acid(PLLA) 

composites under low and high-speed kneading conditions with and without Tegomer
®

 P 

121. (See the text) 
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Fig. 2-26 Image processing cross-sectional pictures of the BT / PLLA composites under low and 

high-speed kneading conditions with and without Tegomer
®
 P 121. (See the text) 
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The binary images based on Fig.2-25 are shown in Fig.2-26. The result showed that BT 

fillers were highly dispersible in the presence of Tegomer
®
 P121 under high-speed 

kneading. BT aggregates produced under low-speed kneading conditions. Comparing 

samples with and without Tegomer
®
 P 121 under low-speed kneading conditions, it was 

observed that BT aggregates were better promoted with Tegomer
®
 P 121 than without 

Tegomer
®
 P 121. The starting material (BT powder) was aggregated by van der Waals

 

[18]. BT aggregates were formed in the presence of BT granules additive, having a 

particle size of 20 μm (see Fig.2-25 i). However, BT aggregates were not formed by 

adding BT granules when particle size is close to 150 μm (see Fig.2-25 j). 

Fig. 2-27 presents the result of the volume fraction of BT and dielectric constant (ε′) 

at 1 kHz. The addition of Tegomer
®
 P 121 had a negligible effect on the dielectric 

constant of pure PLLA materials. However, the dielectric constant of BT / PLLA 

composites increased by the addition of BT powder. In order to evaluate the effects of 

the filler, the Bruggeman model is used to composite materials wherein the fillers are 

homogeneously dispersed in the matrix, as shown in Fig. 2-27 [28]. The model shows as 

follows: [28]  

 

1 − 𝑉 =
𝜀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

′ −𝜀𝑓𝑖𝑙𝑙𝑒𝑟
′

𝜀𝑚𝑎𝑡𝑟𝑖𝑥
′ −𝜀𝑓𝑖𝑙𝑙𝑒𝑟

′ (
𝜀𝑚𝑎𝑡𝑟𝑖𝑥

′

𝜀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
′ )

1/3

                 (2-11) 

 

Where V refers to the volume fraction of BT; ε′ matrix refers to the dielectric constant of 

PLLA (ε′ matrix = 3.2); ε′filler is the dielectric constant of BT (ε′filler = 1000); ε′composite is the 

dielectric constant of BT / PLLA composite. The dielectric constant of BT/PLLA 

composites with Tegomer
®
 P121 under low-speed kneading was higher than that of the 

Bruggeman model. Earlier, researchers found a higher dielectric constant in the coarse 
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(agglomeration) particle samples, which could be explained by considering the number 

of particles along the agglomerated low-impedance path [15]. Comparing composites of 

5 vol.%, the dielectric constant of (1) a sample with large granules, (2) a sample with 

small granules, and (3) a sample prepared under a low-speed kneading condition with 

Tegomer
®
 P121 was higher than the Bruggeman model. The data related to the average 

secondary particle area, average dielectric constant, and tanδ are shown in Table 2-2.  

  In order to investigate the formation of interface for the BT secondary particle groups, 

the extended FE-SEM images of samples with Tegomer
®
 P121 under high-speed 

kneading and low-speed kneading are shown in Fig.2-28. Fig. 2-28a-a′ and 4b-b′ show 

samples with 5 vol.% fraction of BT prepared under high-speed and low-speed 

Fig.2-27 Dielectric constants (ε′) at 1 kHz of the BT / PLLA composites depending 

on the volume fraction of BT powders under the high and low-speed 

kneading conditions with and without the additive Tegomer
®
 P 121. 
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kneading with Tegomer
®
 P 121, respectively. Fig.2-29 depicts magnified FE-SEM 

images of samples with large granules and small granules under low-speed kneading. 

Fig.2-29 a and a′ presents of a sample with 5 % volume fraction of BT prepared with 

small granules under low-speed kneading without Tegomer
®
 P 121, whereas 2-29b and 

2-29b′ shows of a sample with 5 % volume fraction of BT prepared with large granules 

under low-speed kneading without Tegomer
®
 P 121. BT powder indicates a blue arrow 

and PLLA as a red arrow. The images of a and b in Fig.2-28 and Fig.2-28 present BT 

secondary particle groups. The images of a′ and b′ in Fig.2-28 and Fig. 2-29 are the 

magnified images of BT secondary particle groups. BT particles of a sample with 

Tegomer
®
 P121 prepared under high-speed kneading were dispersed, and BT 

agglomerates were small. It is observed that a sample with Tegomer
®
 P121 prepared 

under high-speed kneading has a small BT / BT interface. The effect of BT / polymer / 

BT interface was decreased due to a large distance between BT particles. It was 

confirmed that BT and PLLA of the sample with Tegomer
®
 P121 under the high-speed 

kneading condition were not partially contacted. The dielectric constant of the samples 

with Tegomer
®
 P121 under the high-speed kneading condition was lower than the 

Table 2-2 The characteristic of BT / PLLA composites. 
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Bruggeman model (see Fig.2-27). The dielectric constant of air is lower than PLLA and 

BT. Therefore, it was suggested that these voids affected the dielectric properties. BT 

aggregates having the BT / polymer / BT heterointerfaces of a sample with Tegomer
®
 

P121 under low-speed kneading condition were formed are found (see Fig.2-28 b) and 

b′). Researchers suggested BT aggregates were formed by a repetition of dispersion and 

aggregation between particles under low-speed kneading
 
[18]. This model explains an 

outcome of the present experiment. The BT / PLLA / BT heterointerface was formed 

under the low-speed kneading condition within the self-assembly process. It was 

confirmed that BT and PLLA were not partially contacted. However, the dielectric 

constant of the samples with Tegomer
®
 P121 under the low-speed kneading condition 

was higher than the Bruggeman model (see Fig.2-27). Therefore, it was suggested that 

the dielectric constants of the BT / PLLA composite with Tegomer
®
 P121 under the 

low-speed kneading condition were not efficiently affected by the voids. The spherical 

voids were confirmed in the sample with Tegomer
®
 P121 under the low-speed kneading 

condition in Fig.2-28 b) and b'). It was suggested that the BT particles were eliminated 

when the samples were cut to prepare for the cross-sections of the samples. Therefore, 

the spherical voids in the BT aggregates did not affect by the dielectric constant of the 

sample. In order to clarify the BT / BT interface and the BT / PLLA / BT heterointerface 

in the BT secondary particle groups, BT granules with a BT / BT interface were added 

to PLLA. BT agglomerates of small granules had polymer, suggesting the formation of 

BT / BT and BT/polymer/BT heterointerfaces (see Fig.2-29 a and a′). The distance 

between BT particles of the sample with Tegomer
®
 P121 under low-speed kneading was 

closer than the small granules sample. BT agglomerates with large granules had BT / BT 

interface and had a coarse (see Fig.2-29 b and b′). Hence, the formation of  
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Fig.2-28 Cross-sectional FE-SEM images and magnified images of samples with 5 % 

volume fraction of BT prepared under a) high and b) low-speed kneading 

conditions with Tegomer
®
 P 121. 

 

Fig.2-29 Cross-sectional FE-SEM images and magnified images of samples with 5 % volume 

fraction of BT prepared with a) small and b) large granules under low-speed kneading 

conditions without Tegomer
®
 P 121. 
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BT / polymer / BT heterointerface was different depending on the production of BT / 

PLLA composites.  

Fig. 2-30 presents results of the dielectric constant and tanδ, depending on the 

frequency used to examine the effects of granules. Fig. 2-30 1 and 1′ shows a sample 

Fig.2-30 Plots of dielectric constant (ε′) and loss tangent (tanδ) of the BT / 

PLLA composites depending on the frequency. (See the text) 
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with 5 % volume fraction of BT prepared by adding large granules under low-speed 

kneading without Tegomer
®
 P 121, whereas Fig. 2-30 2 and 2-30 2′ shows a sample 

with a 5 % volume fraction of BT prepared by adding small granules under low-speed 

kneading without Tegomer
®
 P 121. Furthermore, Fig. 2-30 3 and 2-30 3′ and Fig. 2-30 4 

and 2-30 4′ depicts a sample with 5 % volume fraction of BT formed under low-speed 

and high-speed kneading with Tegomer
®
 P 121, respectively. The relationship between 

tanδ and ε′ is shown in Fig.2-31. Figs 2-30 and Fig. 2-31 present the results of a sample 

of 5 vol.% of BT particles, which is higher than the Bruggeman model and a sample of 

5 vol.% of BT with Tegomer
®
 P121 under high-speed kneading condition. The ε′ of 

these samples with large granules was highest at all frequencies, as shown in Fig.2-30. 
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kneading without TegomerP121
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5% volume fraction of BT under high kneading
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Fig.2-31 A relationship between dielectric constant (ε′) and loss tangent (tanδ) of 

the BT / PLLA composites with 5 % volume fraction of BT prepared 

with small and large granules and BT powders under low-speed 

kneading condition with and without Tegomer
®
 P 121. 
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In contrast, the ε′ of a sample under high-speed kneading was lowest at all frequencies. 

The value of tanδ of BT / PLLA composites with Tegomer
®
 P121 under low-speed 

kneading and high-speed kneading is almost similar. The tanδ of the sample by adding 

BT large granules was the highest, and it was considered that a loss at the interface was 

large as the BT particles were not bonded; thus, delaying the dielectric response (see 

Fig.2-30 b and b′). According to Fig. 2-31, the tanδ of the samples with Tegomer
®
 P121 

under low-speed kneading condition was lower than the tanδ of the sample by adding 

BT large granules, which is 1/15.6 that of the sample with the large granules. It was 

considered that the voids at the BT / PLLA interface of the BT aggregates with 

Tegomer
®
 P121 under the low-speed kneading condition did not efficiently reflect the 

dielectric properties. Based on the results of small granules, samples with Tegomer
®

 

P121 under low-speed kneading and high-speed kneading condition, ε′ were increased 

without raising the tanδ (see Fig.2-31). 

 

2.3.4 Discussion 

Fig. 2-32 shows that a dielectric constant (ε′) of the self-assembled BT / PLLA 

composites is increased with an increase of average secondary particle area of BT fillers. 

Robertson and Varlow [29] suggested that a low-impedance path formed BT 

agglomerations, resulting in an improvement of the dielectric constant. In addition, 

researchers suggested that the dielectric constant of self-assembled BT / PLLA 

composites was increased with increasing the BT secondary particle groups. In order to 

clarify the BT / BT interface and the BT / PLLA / BT heterointerface in the BT 

secondary particle groups, the BT / PLLA composite was prepared by adding BT 

granules with a BT / BT interface. Comparing the results of BT volume fraction (5%), 



103 

 

the change in ε′ was saturated with an increase in the average secondary particle area of 

BT secondary particle groups. The slopes of the change in the ε' depending on the 

secondary particle area of BT fillers were different between the sample having the BT / 

PLLA / BT heterointerface and the sample having the BT / BT interface. In particular, 

the amount of change in ε' depending on the average secondary particle area of the 

self-assembled BT / PLLA under the low-speed kneading condition, which had the 

higher dielectric constant than the Bruggeman model, was 1.8 times higher than that of 

the sample with the small granules and 24.5 times higher than that of the sample with 

the large granules. That is, it was suggested that the interface effect was different and 

Fig.2-32 A relationship between dielectric constant (ε′) and average secondary 

particle area (S) of BT fillers of the BT / PLLA composites. 
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the BT / PLLA / BT heterointerface improved the ε' more efficiently than the BT / BT 

interface.  

  The self-organization processes in a non-equilibrium chemical system have been 

studied in a solution system described by the Belousov-Zhabotinsky reaction [30]. The 

self-organization process is seen in the reaction-diffusion system, which is assumed to 

occur due to a competitive reaction between an inhibitor and a promoter within a 

diffusion process. The reaction is shown in the following equation (2-12), 

 

𝜕𝑣 𝜕𝑡⁄ = 𝑢 − 𝑣 + 𝐷𝑣∇2𝑣                     (2-12) 

 

Where u is the active term; v is the inhibitive term; Dv is the diffusion coefficient. The 

self-assembly process of solid particles is assumed to be driven by both condensing and 

dispersing forces. Equation (2-12) shows the self-assembly process of a solid based on 

equation (2-13).  

 

Aggregation ⇔  Decomposition  +  Diffusion process       (2-13) 

 

This reaction corresponds to a process of aggregation and decomposition. That is, BT 

aggregates are formed by the competitive reaction of dispersion and aggregation. Van 

der Waals force acts as a cohesion force. The shear stress by the stirring speed acts for 

decomposition. The kneading process can indicate the diffusion process in the 

reaction-diffusion system. As a result of self-assembly progress, the secondary particle 

group of BT particles can be formed by reactions of both condensation and dispersion 

forces. In order to homogenize BT fillers in PLLA, Tegomer
® 

P121 was added to BT / 
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PLLA composites. After BT fillers were homogeneity, the shear stress is high in the 

high-speed kneading condition, and the BT fillers were dispersed. In the low-speed 

kneading condition, the shear stress is low, and the BT aggregates are formed within the 

self-assembly process. Therefore, a material texture was dependent on the shear stress. 

As a consequence, BT aggregates with BT / PLLA / BT heterointerface have been 

developed within the self-assembly process, wherein grain boundaries play an essential 

role in electrical properties. From the magnified images in Fig.2-29 b and b′, it is 

considered that the self-assembled BT aggregates had a BT / polymer / BT 

heterointerface by adding Tegomer
®
 P121 under low kneading speed. In general, a 

depletion layer is formed at the interface between the semiconductor and insulator. In 

this experiment, it was suggested that the BT / PLLA / BT heterointerface in which 

PLLA acts as an insulating layer of the semiconductor–insulator–semiconductor (n–i–n) 

model was formed in the BT aggregates. The schematic drawing of the model of the 

electronic structure was shown in Fig.2-33. Ec is the conduction band, Ef is the Fermi 

level, and Ev is the valence band. It was considered that the electric structure of the BT / 

BT interface related to the double Schottky barrier model (see Fig.2-33 a). On the other 

hand, the BT particles were surrounded by PLLA, and the depletion regions which trap 

the electrons at grain boundaries of the BT particles were formed (see Fig.2-33 b). That 

is, in the BT / PLLA / BT heterointerface, it was considered that the electric dipoles 

were increased. Thus, the electric dipole of a BT / PLLA / BT heterointerface was 

induced to improve the dielectric constant (see Fig.2-32). In addition to small BT 

granules, the polymer also contained BT aggregates. In contrast, the composite with 

large BT granules had developed BT / PLLA /BT heterointerface. However, the BT / BT 

interface was dominantly formed, as shown in Fig.2-29 b and b′. For the sample with 
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Tegomer
®
 P121 by high kneading speed, BT / PLLA / BT heterointerface was not 

formed. Therefore, it is proposed that the dielectric properties significantly improved by 

the formation of BT / PLLA / BT heterointerface within the self-assembly process. 

 

 

2.3.5 Conclusions 

BT / PLLA composites were prepared under different processes based on three 

conditions: (1) low-speed kneading, (2) high-speed kneading, and (3) granules (particle 

Fig. 2-33 The schematic drawing the model of the electronic structure. a) is the 

model of the BT / BT interface, and b) is the model of the BT / PLLA/ BT 

heterointerface. 
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sizes: 20 μm and 150 μm) to investigate the dispersion state and the interface state of 

BT secondary particle groups. In particular, the BT / PLLA / BT heterointerface in the 

self-assembled BT aggregates and the effect of the BT / PLLA / BT heterointerface and 

the BT / BT interface in the BT secondary particle groups on the dielectric properties of 

the BT / PLLA composites were investigated. 

 

(1) According to FE-SEM images, it was confirmed that the process of preparing 

composite materials affected the formation of BT aggregates and agglomerates. In 

particular, BT agglomerates having BT / BT interfaces were formed under the 

high-speed kneading condition, and BT aggregates having BT / PLLA / BT 

heterointerfaces were formed under the low-speed kneading condition. It was 

suggested that BT aggregates having the BT / PLLA / BT interface were formed 

under the low-speed kneading condition and the self-assembly process was driven.  

(2) Comparing BT granules having the BT / BT interface with the self-assembled BT 

aggregates having the BT / PLLA / BT heterointerface, the tanδ of the self-assembled 

BT aggregates was lower than that of BT granules having the BT / BT interface, and 

the amount of the change in the dielectric constant of the self-assembled BT 

aggregates depending on the secondary particle area was higher than that of the BT 

granules. In particular, comparing the sample of 10 vol.%, the amount of the change 

in the ε′ of the self-assembled BT / PLLA composites depending on the S was 24.5 

times higher than that of the sample with the large granules, and the tanδ of the 

self-assembled BT / PLLA composites was 1/15.6 that of the sample with the large 

granules. 
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Hence, it was suggested that it was an important role in improving the dielectric 

properties to form ceramics secondary particle groups having the ceramics / polymer / 

ceramics heterointerface by the self-assembly process.  It is expected that the dielectric 

properties can be improved by controlling the formation of ceramics aggregates with a 

ceramics / polymer / ceramics heterointerface. 

 

2.4 Material texture of self-assembled BT / polyvinylidene fluoride composites and 

dielectric properties 

2.4.1 Introduction 

Polyvinylidene Fluoride (PVDF) was used as the polymer matrix material, and the 

relationship between the self-assembled material texture of the BT / PVDF composite 

material and the dielectric constant was discussed. The effect of dispersant viscosity on 

self-assembled BT / PVDF composites and the dielectric properties was investigated 

with the multifractal dimension. 

A method incorporating fractal analysis was devised to quantitatively analyze the 

shape of particles [19], with Kobayashi et al.[20] investigating the grain boundary 

microstructures in SUS316L stainless steel using the fractal analysis method. Here, the 

authors highlighted how the maximum random boundary connectivity was found to 

have a fractal nature in the SUS316L specimens and suggested that it was possible to 

characterize the grain boundary microstructures via fractal analysis [20]. In another of 

the previous report in session 2.2, the characteristics of the aggregated morphology of 

the secondary particle group in BT / PLLA polymers using multifractal analysis was 

investigated [31]. Here it reports that the self-assembled BT aggregate morphology had 

fractal characteristics and that the self-assembled BT aggregate morphology affected the 
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dielectric properties [31]. In fact, recently, multifractal analysis, which is seen as an 

extension of fractal analysis, has been widely used in the medical field.[21]
 
Here, Pérez 

et al.[32] reported the dispersion of CaCO3 particles in polypropylene (PP) and the 

fracture morphology of tensile samples using the box-counting method and multifractal 

analysis (multifractal spectrum (α,f(α)). Here, the authors suggested that multifractal 

theory can be applied to elucidate the relationship between the structure and the 

mechanical behavior of PP–CaCO3 composite materials [32]. Meanwhile, the report 

previously estimated the multifractal dimensions of the β-Si3N4 (SN) secondary particle 

network, Dq (q = 0, 1, 2), to investigate the relationship between the thermal 

conductivity and the connectivity of SN secondary particles in the SN / SUS316L 

composites related to the propagation path of heat conduction, while it also highlighted 

the usefulness of the analysis of the multifractal dimensions of material textures in the 

solid-state reaction [33]. This report also outlined how the capacity dimension D0 is 

related to the morphology of β-Si3N4 agglomerates, how the information dimension D1 

for these samples was related to the entropy of configuration affected by the dispersion 

of the β-Si3N4 particles, and how the correlation dimension D2 reflected the connectivity 

(or dispersibility) among the particles [33].  

As shown in Fig. 2-34, it is considered that the viscosity affects the kneading and 

diffusion process and is able to control the self-assembly material texture. In this study, 

the multifractal dimensions and the ε' of the self-assembled BT / PVDF composites 

depending on the material texture are investigated, with a specific focus on the viscosity 

of the dispersant which was related to the diffusion process of the self-assembly process 

(see Fig. 2-34). The multifractal analysis was adopted for the evaluation of the 

morphology, entropy of configuration, and dispersibility of the self-assembled BT 
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secondary particle groups in BT / PVDF composites. 

 

 

 

2.4.2. Experimental procedures 

2.4.2.1 Sample preparation 

The BT powder (Fuji Titanium Industry Co., Ltd., Japan, HPBT-1) used as the 

starting material had a particle diameter of approximately 0.58–0.75 μm (D50). 

BT/PVDF composites were generated from the BT powder and PVDF powder (Arkema 

S.A., KYNAR
®
711), with the PVDF melted at a temperature of 483 K and the BT 

powder subsequently added to the PVDF to form a mixture. The volume fractions of the 

BT were 0%, 5%, 10%, and 20%. The BT/PVDF composites were mixed under 10 rpm 

Fig. 2-34 Focused points of the self-assembly process in Session 2.4. 



111 

 

for 30 min, with each sample cooled in air following mixing. To generate BT/PVDF 

composites with dispersion, both BT powder and polyethylene glycol (FUJIFILM Wako 

Pure Chemical Corporation, Japan, PEG [PEG1000, average molecular weight = 900–

1,100, viscosity = 15–35 mPa・s at 25°C]) were mixed and kneaded under the same 

conditions as described above. The dispersant was decided by a preliminary experiment. 

The amount of additive PEG in the mixture was approximately 4wt% of the BT powder. 

To investigate the effect of the viscosity of the dispersion on the self-assembly process, 

the BT/PVDF composites were manufactured under the same conditions as PVDF 

(KYNAR
®
711) and PEG (1: PEG2000, FUJIFILM Wako Pure Chemical Corporation, 

Japan, average molecular weight = 1,800–2,200, viscosity = 35–60 mPa・s [at 25°C], 

and 2: PEG20000, Showa Chemical Co., Ltd., Japan, average molecular weight = 

20,000, 10,000–15,000 cst [at 99°C]). The viscosity of the PEG20000 was estimated 

using the PEG density: 

 

𝜇 =  (𝜈𝜌)/10−3 / mPa・s                    (2-14) 

 

where μ is the viscosity of PEG20000/mPa・s, ν is the kinematic viscosity (10,000–

15,000 cst), and ρ is the density of PEG (1.12). 

 

2.4.2.2 Measurement method 

The ε' and the loss tangent (tanδ) of the BT/PVDF composite at a frequency range of 

100–110 MHz were measured at 298 K using an Agilent 4294A precision impedance 

analyzer with lead wires made of platinum. Each sample presented a rectangle with a 

surface area of 70 mm
2
 and a thickness of 0.3 mm. The electrodes were gold with 
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square faces.  

The cross-sections of the samples were analyzed using a scanning electron 

microscope (SEM, Hitachi High-Tech Co., Japan TM3000) and a field emission 

scanning electron microscope (FE-SEM, Hitachi Co., Japan: S-4100 and SU-8230, 

JEOL Ltd.: JSM-7001F) . The SEM images were converted to binary images to estimate 

the S of the BT particles for each sample. 

  

2.4.2.3 Multifractal analysis 

 The morphology and dispersion state of self-assembled BT/PVDF composites were 

characterized using multifractal analysis, which was performed using the binary images 

described in 2.4.2.2. This analysis was used to estimate the probability (pi[r]) of an 

image by covering it with boxes of size r and counting the number of boxes. The 

partition function is as follows: 

 

Pr
q= ∑[p

i
(r)]

q
 

N(r)

i=1

                                                              (2-15) 

 

where q is the order moment (-∞<q<∞). The generalized dimensions of the q of a 

distribution, Dq, can be defined as follows: 
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Dq=
1

q-1
lim
r→0

log Pr
q

log r
=

1

q-1
lim
r→0

log N(q,r)

log r
                                      (2-16) 

 

When q takes the values of 0, 1, or 2, Eq. 2-16 is reduced to the following:[34]  

 

D0=- lim
r→0

logN(r)

logr
                                                               (2-17) 

𝐷1 = lim𝑟→0

∑ 𝜇𝑖(𝑟)𝑙𝑜𝑔(𝜇𝑖(𝑟))
𝑁(𝑟)
𝑖=1

𝑙𝑜𝑔(𝑟)
                                      (2-18) 

𝐷2 = lim𝑟→0
𝑙𝑜𝑔(𝐶(𝑟))

𝑙𝑜𝑔(𝑟)
                         (2-19) 

 

where D0 is the capacity dimension, C(r) is the correlation function, and D1 and D2 are 

the entropy dimension and the correlation dimension, respectively. The relationship 

 

Fig. 2-35 The method of the multifractal analysis. 
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between D0, D1, and D2 is as follows: 

 

𝐷2 ≤ 𝐷1 ≤ 𝐷0                                (2-20) 

 

In this paper, D0, D1, and D2 were estimated to evaluate the morphology (D0), entropy of 

configuration (D1), and dispersibility (D2) of the self-assembled BT secondary particle 

groups in the BT / PVDF composite. Fig. 2-35 shows the method of the multifractal 

analysis. 

 

2.4.3 Results 

Fig.2-36 to Fig. 2-38 presents the SEM micrograph and binary images of the 

BT/PVDF composites without the dispersant under low-speed kneading. In Fig. 2-36 to 

Fig. 2-38, the black part of the binary images shows the BT particle group, while the 

white part shows PVDF. As Fig.2-36 shows, the formation of self-assembled BT 

secondary particle groups was promoted with the addition of BT particles, while as 

Fig.2-37 shows, the formation of self-assembled BT secondary particle groups was 

promoted with an increase in PEG viscosity. Meanwhile, as Fig.2-38g and Fig.2-38h 

show, the formation of self-assembled BT secondary particle groups of the BT / PVDF 

composites with PEG1000 was promoted with the addition of BT particles with a BT 

volume fraction of 5 vol.% and 20 vol.%. However, the formation of self-assembled BT 

secondary particle groups was not promoted from 10vol.% to 20vol.%. Comparing the 

10vol.% BT particles, it was confirmed that self-assembled BT secondary particle 

groups were larger in the order of (1) the sample with additives of PEG20000, (2) the 

sample with additives of PEG2000, (3) the sample with additives of PEG1000, and (4) 
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Fig. 2-36 Cross-sectional SEM images of self-assembled BT/PVDF composites under the low-speed 

kneading condition without the dispersant. 
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Fig. 2-37 Cross-sectional SEM images of self-assembled BT/PVDF composites under the low-speed 

kneading condition PEG1000, PEG2000, and PEG20000. 
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the sample without the dispersant. It was also found that the formation of 

self-assembled BT secondary particle groups was affected by viscosity due to the 

diffusion process of the self-assembly process. 

  Fig.2-39 shows the ε’ in relation to the frequency dependence with the addition of BT 

powder. The ε' of the samples with and without PEG1000 with 20vol.% BT was the 

highest at all frequencies. Xia et al.[35] proposed the dielectric response of three PVDF 

phases of α, β, and γ as a function of frequency. Here, the authors reported that the 

dielectric loss (tanδ) of α-PVDF and γ-PVDF increased clearly at above 1 MHz due to 

 

Fig. 2-38 Cross-sectional SEM images of self-assembled BT/PVDF composites with 5 and 20 vol.% 

under the low-speed kneading condition with PEG1000. 
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the dielectric relaxation [35]. As shown in Fig.2-39, the maximum value of tanδ was 

confirmed at 4 MHz, while it subsequently decreased at values above 4 MHz. Here, it is 

suggested that β-PVDF was partially formed by adding BT powder.  

  Fig. 2-40 presents the results of the volume fraction of BT and the ε′ at 1 kHz. To 

evaluate the effects of the filler, the Bruggeman model [36] was used with the 

composite materials as shown in Fig. 2-40. The model can be described as follows:[28]  

Fig. 2-39 Plots of ε′ and tanδ of BT/PVDF composites with and without PEG1000, PEG2000, and 

PEG 20000 in relation to the frequency. 
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1 − 𝑉 =
𝜀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

′ −𝜀𝑓𝑖𝑙𝑙𝑒𝑟
′

𝜀𝑚𝑎𝑡𝑟𝑖𝑥
′ −𝜀𝑓𝑖𝑙𝑙𝑒𝑟

′ (
𝜀𝑚𝑎𝑡𝑟𝑖𝑥

′

𝜀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
′ )

1/3

              (2-21) 

 

 where V is the volume fraction of BT, ε′ matrix is the ε' of PVDF (ε′ matrix = 7.2 [0 vol.%]), 

ε′filler is the ε' of BT (ε′filler = 1,000), and ε′composite is the ε' of the BT / PVDF composite. 

The relationship between the viscosity of the dispersant and the ε' was then examined. 

In the 10vol.% BT particles, the ε' of the BT / PVDF without PEG was slightly higher 

than that of the Bruggeman model, while the ε' of the BT / PVDF composites with PEG 

was higher than that of the Bruggeman model. Comparing the ε' of the samples of 

10vol.% BT particles with and without PEG, it was confirmed that the ε' were in the 

Fig. 2-40 ε′ of BT/PVDF composites at 1 kHz in relation to the volume fraction of BT powders. 
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order of (1) the sample with PEG1000, (2) the sample with PEG2000, (3) the sample 

with PEG20000, and (4) the sample without PEG. The dielectric constant of the BT / 

PVDF composite with PEG1000 was 1.08 times higher than that of the sample without 

PEG. In this paper, samples of 5vol.% and 20vol.% were prepared with PEG1000 since 

the ε' of the sample with PEG1000 was the highest among the samples with the 

dispersant. In the sample without PEG1000, the ε' of the 10vol.% and 20vol.% samples 

were higher than that of the Bruggeman model. By adding 20 vol.% of BT filler to 

PVDF,  the dielectric constant of the sample with PEG1000 of 20 vol.% could be 

improved 2.22 times compared to the sample with 0 vol.%. However, the ε' of the 

5vol.% sample was the same as that of the Bruggeman model. This could have been due 

to the coarse (agglomeration) particle samples that can be explained in terms of the 

number of particles along the agglomerated low-impedance path [15].  

  The morphology, entropy of configuration, and dispersibility of the self-assembled 

BT secondary particle groups in the BT/PVDF composites were investigated using D0, 

D1, and D2 estimated with the multifractal analysis. Fig. 2-41 shows the results for the 

generalization dimension of all samples, with D0, D1, and D2 determined based on these 

results. Generally, the relationship between D0, D1, and D2 is reported to be 𝐷2 ≤ 𝐷1 ≤

𝐷0 [34]. However, the equality D0 = D1 = D2 occurs only if the fractal is statistically or 

exactly self-similar and homogeneous [34]. The data related to the S, the average ε', and 

D0, D1, and D2 are shown in Table 2-3.  
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Table 2-3 Characteristics of BT/PVDF composites 

The third decimal place in parenthesis contains an error. 

Fig. 2-41 Multifractal spectra curves (D[q]-q) for BT/PVDF composites with and without 

PEG1000, PEG2000, and PEG20000. 
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2.4.4 Discussion 

Fig. 2-42 shows the results for the S and ε'. It has previously been reported that the ε’ 

of self-assembled BT/PLLA composites increases with an increase in the S of BT 

particles when BT aggregates are formed via the self-assembling process in BT/PLLA 

composites [18]. Robertson and Varlow [15] suggested that a low-impedance path forms 

BT agglomerations, improving the ε'. From the results shown in Fig. 2-42, it is clear that 

the ε’ of the sample with and without PEG1000 increased with the formation of a 

self-assembled BT secondary particle group. Meanwhile, comparing the 10vol.% BT 

samples, the S of the BT particles of the samples increased with an increase in PEG 

Fig. 2-42 Relationship between ε′ and S of BT particles of BT/PVDF composites. 

 



123 

 

viscosity, while the ε’s of the samples with PEG1000 and PEG2000 were close to equal. 

However, the ε′ was decreased by increasing PEG viscosity. The amount of change in 

the dielectric constant of the sample with PEG1000 depending on the average secondary 

particle area of BT filler was 1.06 times higher than that of the sample with PEG2000 

and 1.16 times higher than that of the sample with PEG20000. This means the ε' was 

affected by the viscosity of the dispersant. On comparing the volume fractions of BT 

powder in the samples with and without PEG1000, the S of BT particles of the 10vol.% 

and 20vol.% BT samples were found to be the same, while the number of 

self-assembled BT secondary particle groups was increased by adding BT powder. 

Fig. 2-43 presents the results for PEG viscosity and S of the BT particles of the BT / 

PVDF composites with 10vol.% BT powder. In the sample without PEG1000, the 

viscosity of the dispersant was set to 0. The formation of BT secondary particle groups 

was promoted with an increase in PEG viscosity, as shown in Fig. 2-43. Comparing the 

average secondary particle area of the sample with PEG1000 and PEG20000, the S of 

the sample with PEG20000 was 1.14 times larger than that of the sample with PEG1000. 

The self-organization processes in a non-equilibrium chemical system have been studied 

in a solution system described by the Belousov–Zhabotinsky reaction [30]. The 

self-organization process is observed in the reaction–diffusion system, which is assumed 

to occur due to a competitive reaction between an inhibitor and a promoter within the 

diffusion process. The reaction can be described by the following equation: 

 

𝜕𝑣 𝜕𝑡⁄ = 𝑢 − 𝑣 + 𝐷𝑣∇2𝑣                (2-22) 

 

where u is the active term, v is the inhibitive term, and Dv is the diffusion coefficient.  
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Eq. 2-19[37], [38] presents the self-assembly process of a solid based on Eq. 2-19: 

 

Aggregation ⇔  Decomposition +  Diffusion process           (2-23) 

 

This reaction corresponds to a process of aggregation and decomposition, where the van 

der Waals force acts as a cohesion force, and the shear stress induced by the stirring 

speed acts in terms of decomposition. The kneading process can indicate the diffusion 

process in the reaction–diffusion system. Generally, when particles are mixed in a 

viscous liquid, the diffusivity of the particles is affected by the viscosity of the liquid. 

As such, it is suggested that the formation of self-assembled BT secondary particle 

groups was promoted with the increase in PEG viscosity. 

 

Fig. 2-43 S of BT particles of BT / PVDF composites in relation to the PEG viscosity. 
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To investigate the formation of the self-assembled BT secondary particle groups in 

relation to the viscosity of the dispersant, the morphology, entropy of configuration, and 

dispersibility of the self-assembled BT secondary particle groups were characterized via 

multifractal analysis. In a previous report, D0 was found to be related to the morphology 

of ceramics agglomerates, D1 to the entropy of configuration affected by the dispersion 

of ceramic particles, and D2 to the dispersibility (or connectivity) among the particles 

[33]. Fig. 2-44 shows the D0, D1, and D2 in relation to PEG viscosity. Here, the D0, D1, 

and D2 of the samples with PEG1000 and PEG2000 were almost the same, while those 

of the sample with PEG20000 were very close to those of the PEG1000 and PEG2000 

samples; however, the D0, D1, and D2 of the sample with PEG20000 were slightly lower 

than those of the samples with PEG1000 and PEG2000. As such, it is suggested that the 

Fig. 2-44 Dq of BT/PVDF composites in relation to the PEG viscosity. 
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viscosity of the dispersant affected the formation of the secondary particle group.  

To investigate the formation of self-assembled BT aggregates with the BT/PVDF/BT 

heterointerface resulting from the change in the viscosity of the dispersant, FE-SEM 

was performed for samples with and without PEG1000, PEG2000, and PEG20000 with 

10vol.% BT, with the resulting images shown in Fig. 2-45. Fig. 2-45a and Fig. 2-45a' 

show the sample without PEG, while Fig. 2-45b and b', Fig. 2-45c and c', and Fig. 2-45d 

and d' present the samples with PEG1000, PEG2000, and PEG20000, respectively. The 

BT powder is indicated by the blue arrow and the PVDF by the red arrow. In the sample 

without PEG (Fig. 2-45a and a'), it was confirmed that the self-assembled BT 

aggregates had a BT/PVDF/BT heterointerface. However, the formation of voids 

between the BT and PVDF was confirmed. In the sample with PEG1000 (Fig. 2-45b 

and b'), it was confirmed that the BT particles and the PVDF were aggregated in the 

secondary particle groups. Furthermore, the self-assembled BT aggregates with a BT / 

PVDF / BT heterointerface were predominantly formed in the secondary particle groups. 

In the sample with PEG2000 (Fig. 2-45c and c'), the formation of self-assembled BT 

aggregates with a BT / PVDF / BT heterointerface was confirmed. However, here, a 

BT/BT interface was also formed. Finally, in the sample with PEG20000 (Fig. 2-45d 

and d'), the formation of self-assembled BT aggregates with a BT/PVDF/BT 

heterointerface was confirmed. However, here, the BT/BT interface was dominantly 

formed. Therefore, it is suggested that the PEG viscosity affected the formation of the 

BT/PVDF/BT heterointerface. As such, the sample with PEG1000 had BT aggregates, 

the sample with PEG20000 had BT agglomerates, and the sample with PEG2000 had a 

mixture of BT aggregates and agglomerates. In session 2.3, it was suggested that the 

electric dipole of a BT/polymer/BT heterointerface can be induced by improving the ε'  



127 

 

  

Fig. 2-45 Cross-sectional FE-SEM images and magnified images of BT/PVDF with and without 

PEG1000, PEG2000, and PEG20000, with 10%vol. fraction of BT. 
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[37]. In fact, when BT granules with a BT/BT interface were added, the S was found to 

be large, while the change in the ε' was found to be saturated [37]. In our results for the 

S and ε' of the samples with PEG2000 and PEG20000 (Fig. 2-42), it was clear that the S 

increased with the increase in PEG viscosity. However, the ε' decreased, which was 

likely due to the formation of the BT/BT interface (Fig. 2-45). As such, it is suggested 

that the viscosity of the dispersant affected the formation of the BT/PVDF/BT 

heterointerface and that the heterointerface plays an important role in improving the ε’. 

As Fig. 2-44 and Fig. 2-45 show, the self-assembled BT agglomerates with PEG20000 

had a predominant BT/BT interface, while the D1 and D2 of the sample were lower than 

those of the PEG1000 and PEG2000 samples. It is thus suggested that the viscosity of 

the dispersant affected the self-assembling process and that the multifractal dimension 

was affected by the viscosity. 

To investigate the effect of the BT fillers, the D0, D1, and D2 of the samples with and 

without PEG1000 were examined, with the results shown in Fig. 2-46. Here, the D0 of 

the samples increased with the addition of BT powder. Therefore, it is suggested that the 

morphology of the self-assembled BT aggregates with and without PEG1000 depended 

on the volume fraction of the BT powder. On comparing the samples with and without 

PEG1000, it was confirmed that the D0 of the samples without PEG1000 was higher 

than that of the sample with PEG1000. This was likely because the morphology of the 

self-assembled BT aggregate with the dispersant was more anisotropic than the samples 

without the dispersant. As Fig. 2-46 shows, the D1 of the samples with and without 

PEG1000 was increased by adding the BT powders. On comparing the samples with 

and without PEG1000, it was confirmed that the D1 of the samples with PEG1000 was 

lower than that of the samples without PEG1000, with the configuration entropy likely 
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decreased with the addition of the PEG1000. That is, the formation of BT aggregates 

was promoted by adding PEG1000. Meanwhile, the D2 was estimated to investigate the 

dispersibility of the BT aggregates. The D2 of the samples with and without PEG1000 

was increased by increasing the volume fraction of the BT particles. On comparing the 

sample with and without PEG1000, it was confirmed that the D2 of the samples with 

PEG1000 was lower than that of the samples without PEG1000. As such, it is suggested 

that the bias was reduced. As Fig. 2-46 shows, the D1 and D2 decreased with the 

addition of PEG1000. This indicated that the distribution was biased by adding the 

PEG1000 and that the formation of self-assembled BT aggregates was promoted. The 

D0, D1, and D2 of the samples with PEG1000 approached those of the samples without 

Fig. 2-46 Dq (q = 0, 1, and 2) of BT/PVDF composites in relation to the volume fraction of BT 

powders. 
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PEG1000 with the addition of BT powder. Here, it is suggested that the morphology and 

distribution of BT aggregates with and without PEG1000 were approached with the 

addition of the BT powder. Therefore, the ε’ and the S of the self-assembled BT 

aggregates of the samples with and without PEG1000 of 20vol% BT were almost the 

same. 

 

2.4.5 Conclusions 

To investigate the formation of BT aggregates in relation to the viscosity of the 

dispersant, samples without the dispersant, samples with PEG1000, samples with 

PEG2000, and samples with PEG20000 of 5vol.%–20 vol.% BT were prepared. The 

conclusions are as follows: 

 

(1) The ε’ of the BT / PVDF composites with self-assembled BT secondary particle 

groups was higher than that of the Bruggeman model. The ε’ increased with an 

increase in the S of the BT particles. The S of the BT particles increased in 

accordance with the increase in PEG viscosity. However, the change in ε′ was 

decreased. The amount of change in the ε' of the sample with PEG1000 depending 

on the S was 1.16 times higher than that of the sample with PEG20000. 

(2) On comparing the S of the BT particles with PEG1000, PEG2000, and PEG20000, 

the formation of self-assembled BT secondary particle groups was found to have 

been promoted with the increase in PEG viscosity. The S of the sample with 

PEG20000 was 1.14 times larger than that of the sample with PEG1000. Here, it 

can be concluded that the viscosity of the dispersant affected the self-assembly 

process. 
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(3) On comparing the results of the multifractal analysis for the samples with PEG1000, 

PEG2000, and PEG20000, the D0, D1, and D2 of the sample with PEG20000 were 

found to be slightly lower than those of the samples with PEG1000 and PEG2000. 

Here, it can be concluded that the viscosity of the dispersant affected the 

self-assembling process and the multifractal dimension was affected by the 

viscosity.  

(4) The FE-SEM results for the samples with PEG1000, PEG2000, and PEG20000 

indicated that the formation of a BT / PVDF / BT heterointerface was promoted 

with the addition of the lowest PEG viscosity. That is, the formation of 

self-assembled BT aggregates was dependent on the viscosity of the dispersant.  

(5) On comparing the samples with and without PEG1000, the morphology and 

distribution of self-assembled BT aggregates were found to be different. That is, it 

was indicated that the distribution was biased by adding PEG1000, while the 

formation of self-assembled BT aggregates was promoted. 

 

Hence, BT aggregates were formed in the sample with PEG1000, BT agglomerates 

were formed in the sample with PEG20000, and both aggregates and agglomerates were 

formed in the sample with PEG2000. The viscosity of the dispersant affected the 

self-assembly process, with the multifractal dimension subsequently reflecting this. 

 

2.5 Conclusions of chapter 2 

In this chapter, the problems were presented for the application to a piezoelectric 

biosensor using a polymer first. The self-assembled material texture (the morphology, 

entropy of configuration, and dispersibility of the self-assembled BT secondary particle 
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groups in BT / polymer composites) and dielectric properties of the BT / polymer 

composite material were investigated from the results. The conclusions are as follows:  

 

In the polymer piezoelectric sensor, β-PVDF was applied to the signal transducer 

sensor of a polymer piezoelectric biosensor, and the fixation with the host-guest reaction 

was detected with the relaxation process of the complex permittivity of β-PVDF in 2.1. 

In Session 2-1, the problems of the polymer piezoelectric biosensor were presented. 

 

(1) It was proposed that the shear vibration was affected by the liquid since the elastic 

constant of β-PVDF is lower than the quartz of the general material. 

(2) It was necessary to improve the sensitivity and responsivity of the sensor for the 

application. 

 

It is expected that the elastic constant will be improved by adding the ceramic filler. 

In order to improve the sensitivity, it is necessary to improve the dielectric properties. 

Therefore, the relationship between self-assembled material texture (the morphology, 

entropy of configuration, and dispersibility of the self-assembled BT secondary particle 

groups) and dielectric properties was investigated by adding BT fillers to the polymer in 

session 2.2, 2.3, and 2.4. The conclusions of this chapter are as follows:  

 

(1) It was suggested that it was possible that the fractal analysis was applied to evaluate 

the morphology, the entropy of configuration and dispersibility of self-assembled 

BT secondary particle groups and the formation of BT / polymer / BT 

heterointerfaces based on the results of the D0, D1 and D2 using the box-counting 
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method and the multifractal analysis.  

(2) According to the results of the dielectric properties and the D0, D1, and D2, 

it was suggested that the morphology and dispersion states of self-assembled BT 

secondary particle groups affected the dielectric properties. From the results of the 

dielectric constant and box-counting method for BT / PLLA composites of 20 

vol.% with and without Tegomer
®
 P121, the D0 was increased by 1.16 times and the 

ε' was increased by 1.45 times. 

(3) From the results of S and ε′, it was suggested that the BT / polymer / BT 

heterointerface is an important role in improving the dielectric properties since it 

was considered that the electric dipole of a BT / polymer / BT heterointerface 

induced to improve the dielectric properties. In particular, the amount of change in 

the ε′ of the self-assembled BT / PLLA composites with Tegomper
® 

P121 of 10 

vol.% depending on the S was 24.5 times higher than that of the sample with the 

large granules. 

(4) It was suggested that the viscosity and kneading condition affected the self-assembly 

process involved in the solid. The formation of BT secondary particle groups was 

promoted under the low-speed kneading condition. The S of the sample with 

PEG20000 was 1.14 times larger than that of the sample with PEG1000 based on 

the results of the relationship between the S and the viscosity of PEG. 

 

Hence, it was suggested that the morphology, entropy of configuration, and 

dispersibility of the self-assembled BT secondary particle groups and the formation of 

BT / polymer / BT heterointerface in BT aggregates were controlled by using the 

self-assembly process. Thus, the dielectric constant of the BT/ PVDF could be improved 
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2.22 times compared to the sample with 0 vol.% 

Table 2-4 shows the assumption values of the sensitivity and responsivity of the 

piezoelectric biosensors with the BT / PVDF composite materials based on the results. 

The assumption values of the sensitivity and responsivity were determined as follows. 

 

<Sensitivity of the piezoelectric biosensors with BT / PVDF composite materials> 

The sensitivity of the sensor detection shows the detectable minimum concentration 

of the target. The sensitivity depends on the dielectric properties. In this study, the 

adsorption characteristics of biopolymers are detected by the change in the dielectric 

constant and the frequency. The sensitivity was determined by the amount of change in 

the dielectric constant depending on the frequency (see Fig.2-47). For instance, it was 

assumed that the sensitivity of the BT / PVDF with PEG1000 was higher 1.03 times 

than the sample with PEG20000. The comparison of the sensitivity in Table 2-4 was 

decided from the results of the dielectric constant of the BT / PVDF composite materials 

of 0 vol.%  (slope: 0.77)and the sample with PEG1000 of 20 vol.% (slope: 1.62) based 

on session 2.4. 

 

Fig. 2-47 Schematic drawing of the sensitivity of the piezoelectric biosensor with BT / PVDF 

composite materials. 
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<Responsivity of the piezoelectric biosensors with BT / PVDF composite materials> 

The responsivity of the piezoelectric biosensor was decided from the amount of 

change in the capacitance of the sensor depending on deposition time in pure water. In 

this study, the amount of change in the capacitance of the PVDF sensor depending on 

the deposition time shown in Fig. 2-12 and the amount of change in the capacitance of 

the prototype biosensor using BT / PVDF composite material of 10 vol.% depending on 

the deposition time were compared. The deposition time in pure water was between 15 

minutes (PVDF sensor: 122.15 pF, the BT / PVDF composite with 10 vol.%: 32.75 pF) 

and 25 minutes (PVDF sensor: 122.08 pF, the BT / PVDF composite with 10 vol.%: 

32.23 pF). 

 

Table 2-4 Comparison of the piezoelectric biosensor of this study and the technologies for TB 

detection. 

 

<This study>  

Combination of Loop-Mediated Isothermal 

Amplification (LAMP) and piezoelectric 

biosensors (Polymer) 

Combination of 

LAMP and a 

piezoelectric 

biosensor (Quartz) 

Polymerase 

chain reaction 

(PCR) 

PVDF 
Ceramics / polymer 

composites based on this study 

Sensitivity 5 μg/ml 
<Assumption>  

 Approximately 2.4 μm/ml 
0.01 μm/ml [6] 1 μg/ml [39] 

Response 

speed 
60 minutes 

<Assumption> 

Approximately 8.2 minutes 
30 minutes [6] 

About 200 

minutes 

Safety 

High 

(Sensors are able to be incinerated  

after a diagnosis.) 

Low 

(Sensors are 

reused.) 

Medium 

(Reaction 

tubes are 

disposable.) 

Total Cost Low High High 
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According to Table 2-4, it was expected that the sensitivity could be improved by 

about 2.1 times and the responsivity by about 7.4 times by applying the BT / PVDF 

composite materials of this study to the piezoelectric biosensor as compared with the 

PVDF materials (BT / PVDF of 0 vol.%). From this result, it is expected to be applied 

the BT / PVDF composite materials to piezoelectric biosensors for TB detection used in 

developing countries. In order to apply the BT / PVDF composite materials to the 

piezoelectric biosensor in the future, it is necessary to treat the BT / PVDF composite 

material with the electrical and mechanical polarization to manufacture the sensor and 

investigate the relationship between the self-assembled material texture and the 

dictation characteristics related to the piezoelectricity of the BT / PVDF composites. In 

addition, it is necessary to investigate the biopolymer fixation control of DNA, RNA, 

and protein for the bioreceptor. 
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Chapter 3 Self-assembled silicon nitride / stainless steel (SUS316L) composites 

material texture and thermal conductivity  

 

3.1 Fractal characters and thermal conductive properties of self-assembled 

material texture of silicon nitride / stainless steel (SUS316L) composites 

3.1.1 Introduction 

Thermal conductivity is an important physical property, as it determines the 

reliability and performance of industrial components in many industrial applications. In 

particular, the development of highly thermal conductive solid materials and the 

improvement of thermal conductivity are important for manufacturing 

high-performance and highly reliable insulations. In the case of automotive engines, low 

thermal conductivity is necessary for heat insulation components to reduce fuel 

consumption. In contrast, high thermal conductivity is required for excellent thermal 

shock resistance, and iron alloys are often used in engine components. However, the 

thermal conductivity of iron alloys is relatively low around room temperature. 

Silicon nitride (Si3N4) has a highly thermally conductive compound with excellent 

mechanical strength, fracture toughness, wear resistance, corrosion resistance, and fire 

resistance, and it is lightweight. The silicon nitride has two crystal structures, α- and β-. 

In particular, it was reported that the thermal conductivity of β-Si3N4 material with the 

ceramic crystal nuclei was about 100 Wm
-1

K
-1

[1]．It was also reported that the thermal 

conductivity of β-Si3N4 along the a-axis and c-axis decreases due to the crystal defects 

of the impurities, the empty lattice points, and the dislocations. The β-Si3N4 ceramics is 

applied as a high-strength material to gas turbine engines and bearings of the 

components for aircraft and automobile engines
 
[2]．  



145 

 

Stainless steel (SUS316L) is one of the austenitic stainless steel alloys containing 

molybdenum. It has excellent corrosion resistance, mechanical strength, toughness, and 

weldability. However, the thermal conductivity of stainless steel alloys is much lower 

than that of carbon steel. Therefore, it has limitations for the application in the sliding 

components of the engine that operates at high load pressure. Thus, it is found to 

combine SUS316L and β-Si3N4 to increase the thermal conductivity of SUS316L while 

maintaining excellent characteristics. However, few studies have been done on β-Si3N4 / 

SUS316L composites.  

In a report on the thermal conductivity of composite materials, Shimamura et al. [3] 

propose that α- and β-Si3N4 additives be added to epoxy to prepare the Si3N4 / epoxy 

composites, and a percolation network of α and β-Si3N4 additives can be formed to 

improve the thermal conductivity．In a similar example, Hong He et al. [4] propose the 

importance of reducing the effect of thermal resistance at the interface between Si3N4 

and polystyrene to improve the thermal conductivity of Si3N4 / polystyrene composites．

Therefore, it is essential to control the microstructure of the thermal conductive 

composite material and to investigate the dispersed state of the SN particles to improve 

thermal conductivity.  

A method using fractal analysis has been reported to quantitatively analyze the shape 

of particles[5]. Kobayashi et al. [6] investigate that the grain boundary microstructures 

in SUS316L stainless steel with fractal analysis. They highlight that the maximum 

random boundary connectivity was found to have a fractal nature for SUS316L stainless 

steel specimens, and it was suggested that it was possible to characterize the grain 

boundary microstructures by fractal analyses [6]. There are few reports that fractal 

analysis has never been used for the quantitative evaluation of dispersion and 
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agglomerated particles. 

In this session, the β-Si3N4 (SN) / SUS316L composites were prepared with SN fillers 

and SUS316L matrix with different particle sizes. And then, the self-assembled material 

structure formed was evaluated using the multifractal analysis to investigate the 

relationship between the material texture and the thermal conductivity. In particular, the 

purpose of this session was that the morphology of the self-assembly SN secondary 

particle groups using the multifractal, and the thermal conductivity network with the SN 

agglomerates in SN / SUS316L stainless steel composites were discussed. The point of 

the self-assembly process in this session was shown in Fig. 3-1. 

 

3.1.2 Experimental procedures 

3.1.2.1 Sample preparation  

The β-Si3N4 (SN) powder (Denka Corp., HP-60, average particle size：about 1μm）

and SUS316L powder (Epson Atomix Corp., PF-3F, average particle size：3μm) were 

used as the starting material to manufacture SN / SUS316L stainless steel composites. 

Fig. 3-1 The point of the self-assembly process in this session. 
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The volume fractions of β-Si3N4 fillers were 0 vol.%  to 10 vol.%. As the composite 

materials fabrication process, weighted powders (12 g) were put into a poly-ethylene jar 

(100 ml) with ϕ5 mm Si3N4 balls (60 g) and then ball-milled for 24 hours. The rotation 

speed of the ball-milling for the mixture of SUS316L powder with a particle size of 3 

μm was 120 rpm. A mixed powder was also prepared by using SUS316L powder 

(average particle size: 8 μm). The rotation speed of the ball-milling for the mixture of 

SUS316L powder with a particle size of 8 μm was 150 rpm. The powder was put into a 

carbon mold and sintered by a spark plasma sintering (SPS) at 900℃ 50 MPa for 10 

minutes in a vacuum (less than 5 Pa). The sintered samples were mirror-polished by 

using sandpaper and alumina powders. 

 

3.1.2.2 Measurement method 

The bulk densities (ρbulk) of the obtained samples were measured by the Archimedes 

method using pure water. The relative densities (ρrel) were calculated from the measured 

bulk densities and estimated theoretical densities from these of SUS316L (7.98 gcm
-3

) 

and β-Si3N4 (3.18 g cm
-3

). The thermal diffusivities α was measured by the laser flash 

method and the thermal conductivities λe of the samples were obtained: 

 

  𝜆𝑒 = 𝛼 ∙ 𝜌𝑏𝑢𝑙𝑘 ∙ 𝐶𝑝                               (3-1) 

where Cp is specific heat capacity estimated from those of SUS316L (0.54 Jg
-1

K
-1

) and 

β-Si3N4 (0.71 Jg
-1

K
-1

)． 

The average secondary particle area (S) of the SN fillers of the SN / SUS316L 

composite material was estimated. The polished surfaces of the samples were analyzed 

using a scanning electron microscope (SEM, Hitachi High-Tech Co., Japan TM3000) 
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and a field emission scanning electron microscope (FE-SEM, Hitachi Co., Japan: 

SU-8230). The FE-SEM images were converted to binary images to estimate the S of 

the SN fillers for each sample. 

 

3.1.2.3 Multifractal analysis 

The morphology and dispersion of self-assembled SN / SUS316L stainless steel 

composites were characterized using multifractal analysis, which was performed using 

the binary images described in section 2.2. This analysis was used to estimate the 

probability (pi[r]) of an image by covering it with boxes of size r and counting the 

number of boxes. The partition function is as follows: 

 

Pr
q= ∑[p

i
(r)]

q
                                                              

N(r)

i=1

 (3-2) 

 

where q is the order moment (-∞<q<∞). The generalized dimensions of the q of a 

distribution, Dq, can be defined as follows: 

 

Dq=
1

q-1
lim
r→0

ln Pr
q

ln r
=

1

q-1
lim
r→0

ln N(q,r)

ln r
                                      (3-3) 

 

When q takes the values of 0, 1, or 2, Eq. 3-4 is reduced to the following:[7]  

 

D0=- lim
r→0

logN(r)

logr
                                                                    (3-4) 
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where D0 is the capacity dimension. In this session, the D0 was obtained from the 

multifractal analysis as an initial analysis, and the morphology of the SN secondary 

particle groups was characterized. 

 

3.1.3 Results and discussion 

3.1.3.1 The volume fraction of SN fillers and thermal conductivity 

Fig. 3-2 presents the FE-SEM micrograph and the binary images of the SN / 

SUS316L stainless steel composites of SUS316L powder with a particle size of 3 μm of 

5 vol.% and 10 vol.%.  Fig. 3-3 shows the FE-SEM micrograph and the binary images 

of the SN / SUS316L stainless steel composites of SUS316L powder with a particle size 

of 8 μm of 5 vol.% and 10 vol.% under the different fabrication condition. In Fig. 3-2 

and Fig.3-3, the black part of the binary images shows the SN secondary particle group, 

while the white part shows SUS316L. In Fig.3-2, the formation of self-assembled SN 

secondary particle groups was promoted by increasing the volume fraction of SN. It was 

considered that the self-assembled SN secondary particle groups had the same similarity 

with increasing the volume fraction of SN. In the result of the SN / SUS316L stainless 

steel composites of SUS316L powder with a particle size of 8 μm at 150 rpm as shown 

in Fig.3-3, the SN secondary particle groups were anisotropy with increasing the 

volume fraction of SN fillers, and the formation of the similarity SN secondary particle 

group was promoted. Comparing the results of Fig. 3-2 and Fig. 3-3, it was considered 

that the self-assembled SN secondary particle groups were distributed homogenize in 

the SUS316L matrix with a particle size of 3 μm. On the other hand, it was considered 

that SN particles of the samples of SUS316L powder with a particle size of 8 μm were 

introduced to the vacant space because of the difference in particle size of   
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Fig. 3-2 Cross sectional FE-SEM images (a and b) and image processing pictures (a’and b’) of 

samples with 5 (a, a’) and 10 (b, b’) % volume fraction of SN with SN/SUS316L 

(average particle diameter: 3μm)． 

Fig. 3-3 Cross sectional FE-SEM images (a and b) and image processing pictures (a’and b’) of 

samples with 5 (a, a’) and 10 (b, b’) % volume fraction of SN with SN/SUS316L 

(average particle diameter: 8μm) 
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Fig. 3-4 Relationship between the volume fraction of SN and the thermal conductivity (λe) with 5% 

and 10% SN/SUS316L (average particle diameter: a) 3μm and b) 8μm) composites． 
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SN powder and SUS316L powder. This is, it was suggested that the formation of the SN 

secondary particle groups of the samples of SUS316L powder with a particle size of 8 

μm was limited.  

In order to investigate the effect of the SN additive, the thermal conductivity 

estimated by Kanari's model and the results of this experiment were compared. Kanari's 

model is an example assuming that a composite material in which particles are 

uniformly and randomly dispersed is a continuous medium. The model can be described 

as follows [8][9]:  

1 − 𝜈 =
𝜆𝑒−𝜆𝑑

𝜆𝑐−𝜆𝑑
・ (

𝜆𝑐

𝜆𝑒
)

1/(𝑥+1)

                      (3-5)   

 

where v is the volume fraction of the filler. λc，λd，and λe are the thermal conductivities 

of the matrix material (SUS316L), filler (SN), and composite material, respectively. x is 

determined by the particle shape of the additive and is 2 for a spherical shape. Fig.3-4 a 

presents the results of the volume fraction and thermal conductivity (λe) of the 

self-assembled SN / SUS316L stainless steel composites of SUS316L powder with a 

particle size of 3 μm. Fig.3-4 b shows the results of the volume fraction and thermal 

conductivity (λe) of the self-assembled SN / SUS316L stainless steel composites of 

SUS316L powder with a particle size of 8 μm. The thermal conductivity of the 

composite was calculated with λd of SN volume fraction 0 vol.% of each SUS316L 

particle size, assuming that λc of SN was 80Wm
-1

K
-1

. The results of thermal 

conductivity estimated by Kanari's model were shown in Fig. 3-4 a and b. Table. 3-1 

shows the bulk density (ρbulk) and relative density (ρrel) of the samples. The relative 

density was calculated by the density of SN (3.18 gcm
-3

) and the density of SUS316L 

(7.98 gcm
-3

).  According to the result of the samples of SUS316L powder with a 
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particle size of 3 μm in Fig. 3-4 a, λe was increased by increasing the volume fraction of 

SN fillers. Comparing the results of the thermal conductivity of Kanari's model and this 

study, the behavior of the samples of SUS316L powder with a particle size of 3 μm was 

slightly different from Kanari's model. The thermal conductivity was improved by 1.22 

times at 10 vol.% compared to the volume fraction of 0 vol.% for SN. The λe of the 

samples of SUS316L powder with a particle size of 8 μm was increased with increasing 

the volume fraction of SN filler as shown in Fig. 3-4 b. However, the λe of the samples 

of SUS316L powder with a particle size of 8 μm was lower than Kanari's model. It was 

suggested that the SN particles were deviation since the SN particles were selectively 

introduced to the vacant space and that the thermal conductivity network using the SN 

secondary particle groups was not effectively formed. In addition, it was considered that 

there were large and small SN secondary particle groups in the self-assembled SN / 

SUS316L stainless steel, approaching the effective medium approximation theories [10] 

that assume homogeneous dispersion and the thermal conductivity was lower than 

Kanari's model. Therefore, it was suggested that the distributed state of the SN 

secondary particle groups affected the thermal conductivity. 

 

3.1.3.2 Multifractal analysis of self-assembled material texture  

The particle shape and grain boundary shape are evaluated by the box count method 

for fractal analysis [5], [6]．In chapter 2, it was reported that the multifractal analysis 

was applied to the morphology of the self-assembled BT aggregate of BT / polymer 

composite materials. In the self-assembled BT / PLLA composites, the capacity 

dimension (D0) obtained from the fractal analysis using the box-counting method and 

the multifractal analysis using the generalized dimension were the same and 
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self-assembled BT secondary particle groups were characterized with the D0 by the 

different fractal analysis. This is, it was proposed that the characteristics of the ceramics 

secondary particle groups are able to be evaluated with the D0. The multifractal analysis 

was performed based on the binary images as shown in Fig. 3-2 and Fig. 3-3. Table 3-1 

presences the D0 obtained from the multifractal analysis, the average particle swarm 

area (S), and the result of λe shown in Fig. 3-4. Fig. 3-5 shows the result of the SN 

volume fractions and D0 of the samples of SUS316L powder with a particle size of 3 

μm and 8 μm. According to the results of Table.3-1 and Fig.3-5, the average particle 

group area of the SN particle group of the samples of SUS316L powder with a particle 

size of 3 μm was increased by increasing the volume fraction of SN; however, D0 was 

not changed. It was considered that the similarity of the self-assembled SN secondary 

particle group was not changed by forming the self-assembled SN secondary particle 

groups.  

Table 3-1 The capacity dimension (D0) and characteristic of SN/SUS316L stainless steel composites． 
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In general, the self-assembly (self-organization) process is observed in the reaction–

diffusion system, which is assumed to occur due to a competitive reaction between an 

inhibitor and a promoter within the diffusion process. In the kneading process of solid 

material, the formation of self-assembled SN secondary particle groups is proposed. 

 

Agglomeration ⇔  Decomposition  +  Diffusion process             (3-6) 

 

The Van der Waals force acts as a cohesion force. The shear stress caused by the 

kneading speed acts for decomposition. It is considered that the diffusion processes 

Fig.3-5 Relationship between the volume fraction of SN and the capacity dimension (D0) with 

5% and 10% SN/SUS316L (average particle diameter: 3μm and 8μm) composites． 
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include the diffusion dissipation process, which arises in the agglomeration-dispersion 

reaction during the powder agitation mixing of SN ceramics and SUS and the 

subsequent sintering process, which is produced by the volume diffusion process that 

promotes grain growth [11]. The kneading process corresponds to one of the diffusion 

processes in the reaction-diffusion system. In this study, the subsequent sintering 

process was not contained in the diffusion process within the self-assembly process. It 

was reported that SN particles formed the secondary particle groups by the Van der 

Waals forces [12]. It was suggested that the similarity of self-assembled SN secondary 

particle groups was formed since the cohesion force of the SN powder within the 

self-assembly process was not changed. The SN secondary particle area of the SUS316L 

powder with a particle size of 8 μm was increased with increasing the volume fraction 

of SN; however, the D0 was not changed. It was suggested that the packing degree of 

the SN secondary particle groups aggregated by van der Waals forces was controlled; 

however, the SN secondary particle group was similar. 

  Fig. 3-6 presents the relationship between the S and the λe. The thermal conductivity 

of the samples of the SUS316L powder with a particle size of 3 μm was increased with 

the secondary particle area of SN particles. Similarly, the thermal conductivity of the 

samples of the SUS316L powder with a particle size of 8 μm was increased with the 

secondary particle area of SN particles. Therefore, it was suggested that the formation 

of the SN secondary particle group was an important role in improving the thermal 

conductivity. It was highlighted that the interface of the two-phase composite acts as a 

barrier of heat transmission [4]. In this result, it was suggested that the amount of the 

SN / SUS316L interface was decreased and the SN / SN interface was increased with 

forming the SN secondary particle group of the SN particle group, and then the thermal 
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conductivity networks using the self-assembled SN secondary particle groups were 

formed effectively. 

Shimamura et al. [3] proposed that α- and β-Si3N4 additives were added to epoxy to 

prepare the  Si3N4 / epoxy composites, and a percolation network of α and β-Si3N4 

additives was formed to improve the thermal conductivity．In order to discuss the 

relationship between the material texture and the thermal conductivity, Fig. 3-7  

presents the results of the D0 and λe. The D0 was related to the morphology of the 

self-assembled SN secondary particle groups, and it was suggested that the SN 

secondary particle group was formed similarity. According to the result in Fig. 3-7, the 

Fig. 3-6 Relationship between the average particle area of SN particles and the thermal 

conductivity (λe) with 5% and 10% SN/SUS316L (average particle diameter: 3μm 

and 8μm) composites 
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thermal conductivity of the samples of the SUS316L powder with a particle size of 3 

μm that was prepared at 120 rpm was increased; however, D0 was constant. In addition, 

the thermal conductivity of the samples of the SUS316L powder with a particle size of 8 

μm that was prepared at 150 rpm was increased; however, D0 was constant. That is, in 

this manufacturing process, the thermal conductivity was improved without changing 

the morphology of the self-assembled SN secondary particle groups. It was suggested 

that the thermal conductivity of the samples of the SUS316L powder with a particle size 

of 8 μm was lower than Kanari's model since the SN particles were introduced to the 

vacant space selectively and the thermal conductivity network using the SN secondary 

particle groups was not formed effectively. Therefore, it was considered that the 

distribution of SN particle groups was important for the thermal conductivity of 

Fig. 3-7 Relationship between the capacity dimension (D0) and the thermal conductivity (λe) with 

5% and 10% SN/SUS316L (average particle diameter: 3μm and 8μm) composites． 



159 

 

self-assembled SN / SUS316L composites. Sarika Jalan et al. [13] reported that the 

network was estimated by the generalized dimension of the multifractal analysis. They 

proposed that the D0 reflected to the morphology of the SN particle group morphology, 

the D1 reflected the information entropy, and the D2 reflected the correlation dimension 

can be obtained from the generalized dimension. It is considered that it may be possible 

to evaluate network properties, that is, the configuration and connectivity of SN 

particles with the D1 and the D2. Therefore, it is expected that it is possible to quantify 

the network with the D0, D1 and D2. The D0, D1, and D2 were discussed in Session 3.2. 

 

3.1.4 Conclusions 

In order to quantitatively analyze the morphology of the self-assembled SN 

secondary particle group, (1) SN / SUS316L stainless steel composites of the SUS316L 

powder with a particle size of 3 μm and under the rotation speed of ball-milling at 120 

rpm and (2) SN / SUS316L stainless steel composites of the SUS316L powder with a 

particle size of 8 μm and under the rotation speed of ball-milling at 150 rpm were 

prepared. In the formation of the self-assembly SN agglomerates with adding SN fillers 

of the volume fraction 5 % and 10 % of SN, the multifractal analysis was applied to 

evaluate the morphology of the self-assembled SN secondary particle groups. The 

conclusions are as follows: 

 

(1) According to the relationship between the volume fraction of SN and λe, the λe of the 

SN / SUS316L stainless steel composite of the SUS316L powder with a particle 

size of 3 μm showed higher than the Kanari's model since it was suggested that 

the self-assembled SN secondary particle group was formed．The thermal 
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conductivity was improved by 1.22 times at 10 vol.% compared to the volume 

fraction of 0 vol.% for SN. 

(2) The self-assembled secondary particle area of SN particle was increased by 

increasing the thermal conductivity since it was considered that the SN secondary 

particle group was formed and the thermal conductivity network using the SN 

secondary particle group was formed in the SN / SUS316L stainless steel 

composite. 

(3)  According to the multifractal analysis, D0 was constant; however, the volume 

fraction of SN was increased. This is, it was considered that the similarity of 

self-assembled SN secondary particle group was formed with increasing the 

volume fraction of SN. 

 

Hence, it was suggested that the formation of the thermal conductivity network using 

the SN secondary particle groups was an important role in improving the thermal 

conductivity, and it was expected that the thermal conductivity was higher than Kanari's 

model. 

 

3.2 Grain size effect of material matrix SUS316L in SN / SUS316L stainless steel 

composites on self-assembled texture and thermal conductivity 

3.2.1 Introduction 

  In Session 3.1, it was considered that the dispersant state of SN secondary particle 

groups was important for the thermal conductivity of self-assembled SN / SUS316L 

composites to form the thermal conductivity network using the SN secondary particle 

group. Therefore, in this session, the morphology, entropy of configuration, and 
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dispersibility of the self-assembled SN secondary particle groups and the thermal 

conductivity of the self-assembled SN / SUS316L composites were investigated by the 

multifractal analysis in detail. 

A method using fractal analysis has been reported to quantitatively analyze the shape 

of particles[5]．Kobayashi et al. [6] investigate that the grain boundary microstructures 

in SUS316L stainless steel with the fractal analysis. They highlight that the maximum 

random boundary connectivity was found to have a fractal nature for SUS316L stainless 

steel specimens, and it was suggested that it was possible to characterize the grain 

boundary microstructures by fractal analyses [6]. The characters of the morphology of 

the secondary particle group in the BT / poly-L-lactic-acid (PLLA) polymer were 

investigated through the multifractal analysis [14] (Chapter 2). The multifractal analysis 

was applied to evaluate the morphology of the self-assembled SN secondary particle 

groups of the SN/SUS316L composite material [15]. It was suggested that the 

similarity of the SN secondary particle group was not changed by adding the SN fillers 

[15]. In order to improve thermal conductivity, it was proposed that it was necessary 

to investigate the formation of the thermal conduction network by the SN secondary 

particle group. Recently, the multifractal analysis, which is seen as an extension of 

fractals has been used in the image analysis of medical technology [16]．Sarika Jalan et 

al. [13] report that the network was estimated by the generalized dimension of the 

multifractal analysis. In another example, E. Pérez et al. [17] report on the dispersion of 

CaCO3 particles in polypropylene (PP) and the fracture morphology of tensile samples 

using the box-counting method and multifractal analyses (multifractal spectrum [f ,α]. 

They suggest that multifractal theory can be applied to elucidate the relationship 

between the structure and mechanical behavior of PP–CaCO3 composite materials [17]. 
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They reported that the multifractal dimensions of the β-Si3N4 secondary particle 

network, Dq (q=0, 1, 2), were estimated to investigate the relationship between the 

thermal conductivity and the connectivity of the SN secondary particles in the SN / 

SUS316L composites related to the propagation path of heat conduction [11]. In 

addition, the usefulness of the analysis of multifractal dimensions for material texture in 

a solid-state reaction was proposed [11]. The report highlights that the capacity 

dimension D0 related to the morphology of β-Si3N4 agglomerates, and the information 

dimension D1 for these samples are related to the entropy of configuration affected by 

the dispersion of β-Si3N4 particles, and the correlation dimension D2 reflected the  

dispersibility between the particles [11].  

In this session, the self-assembled SN / SUS316L composite materials were prepared 

using the SUS316L particle sizes of 3 μm and 8 μm to investigate the effect of the 

SUS316L particle size on thermal conductivity. In particular, the morphology, entropy 

of configuration, and dispersibility of the self-assembled SN secondary particle groups 

were investigated. The formation of the self-assembled SN secondary particle groups 

was investigated by changing the dispersant state of the SN secondary particle groups 

with the different SUS316L particle sizes. The self-assembled SN / SUS316L stainless 

steel composite with the SUS316L particle size was evaluated by multifractal analysis 

Dq (q = 0, 1, 2).  

 

3. 2.2Experimental procedures 

3. 2.2.1 Sample preparation 

The β-Si3N4 (SN) powder (Denka Corp., HP-60, average particle size: about 1 μm）

and the SUS316L powder (Epson Atomix Corp., PF-3F, average particle size: 3 μm) 
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were used as the starting material to manufacture SN/SUS316L composites. The starting 

compositions were 0 vol.% β-Si3N4 –100 vol.% SUS316L, 5 vol.% β-Si3N4 –95 vol.% 

SUS316L, and 10 vol.% β-Si3N4 –90 vol.% SUS316L. In the composite materials 

fabrication process, weighted powders (12 g) were put into a polyethylene jar (100 ml) 

with ϕ5 mm Si3N4 balls (60 g) and then ball-milled for 24 hours. A mixed powder was 

also prepared using the SUS316L powder (average particle size: 8 μm). The powder was 

put into a carbon mold and sintered by a spark plasma sintering (SPS) at 900°C 50 MPa 

for 10 minutes in a vacuum (less than 5 Pa). The sintered samples were mirror-polished 

using sandpaper and alumina powders. 

 

3. 2.2.2 Measurements 

The bulk densities (ρbulk) of the obtained samples were measured by the Archimedes 

method using water. The relative densities (ρrel) were calculated from the measured bulk 

densities, and the estimated theoretical densities were calculated from those of 

SUS316L (7.98 g cm
−3

) and β-Si3N4 (3.18 g cm
−3

). The thermal diffusivities, α, were 

measured by the laser flash method, and the thermal conductivities λe of the samples 

were obtained by: 

 

  𝜆𝑒 = 𝛼 ∙ 𝜌𝑏𝑢𝑙𝑘 ∙ 𝐶𝑝                               (3-7) 

 

where Cp is the specific heat capacity estimated from those of SUS316L (0.54 Jg
-1

K
-1

) 

and β-Si3N4 (0.71 Jg
-1

K
-1

)． 

The average secondary particle area (S) of the SN fillers of the SN / SUS316L 

composite material was estimated. The polished surfaces of the samples were analyzed 
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using a scanning electron microscope (SEM, Hitachi High-Tech Co., Japan TM3000) 

and a field emission scanning electron microscope (FE-SEM, Hitachi Co., Japan: 

SU-8230) . The FE-SEM images were converted to binary images to estimate the S of 

the SN fillers for each sample. The ρrel, λe, and S were based on session 3.1. 

 

3. 2.2.3 Multifractal analysis  

The morphology, entropy of configuration, and dispersibility of self-assembled SN / 

SUS316L stainless steel composites were characterized using multifractal analysis, 

which was performed using the binary images described in section 3.2.2.2. This analysis 

was used to estimate the probability (pi[r]) of an image by covering it with boxes of size 

r and counting the number of boxes. The partition function is as: 

Pr
q= ∑[p

i
(r)]

q
 

N(r)

i=1

                                                        (3-8) 

where q is the order moment (-∞<q<∞). The generalized dimensions of the q of a 

distribution, Dq, can be defined as: 

 

Dq=
1

q-1
lim
r→0

log Pr
q

log r
=

1

q-1
lim
r→0

log N(q,r)

log r
                                                  (3-9) 

 

When q takes the values of 0, 1, or 2, Eq. 3-9 is reduced to the following:[7]  

 

D0=- lim
r→0

logN(r) 

logr
                                                             (3-10) 

𝐷1 = lim𝑟→0

∑ 𝜇𝑖(𝑟)𝑙𝑜𝑔(𝜇𝑖(𝑟))
𝑁(𝑟)
𝑖=1

𝑙𝑜𝑔(𝑟)
                 (3-11) 

𝐷2 = lim𝑟→0
𝑙𝑜𝑔(𝐶(𝑟))

𝑙𝑜𝑔(𝑟)
                        (3-12) 
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where D0 is the capacity dimension, C(r) is the correlation function, and D1 and D2 are 

the entropy dimension and the correlation dimension, respectively. The relationship 

between D0, D1, and D2 is as: 

 

𝐷2 ≤ 𝐷1 ≤ 𝐷0                       (3-13) 

 

In this paper, D0, D1, and D2 were estimated to evaluate the morphology, entropy of 

configuration, and dispersibility of the self-assembled SN agglomerates in the SN / 

SUS316L stainless steel composite. 

 

3.2.3 Results 

Fig. 3-8 presents the FE-SEM micrograph, binary images, and magnified images of 

the SN / SUS316L stainless steel composites of the SUS316L powder with a particle 

size of 3 μm. Fig.3-9 shows the FE-SEM micrograph, binary images, and magnified 

images of the SN / SUS316L stainless steel composites of the SUS316L powder with a 

particle size of 8 μm. In Fig. 3-8 and Fig.3-9, the black portion of the binary images 

shows the SN particle group, while the white portion shows SUS316L. According to the 

FE-SEM micrograph of the samples of the SUS316L powder with a particle size of 3 

μm as shown in Fig. 3-8, the formation of the self-assembled isotropic SN agglomerates 

was promoted by increasing the volume fraction of SN. In Fig. 3-9, the formation of the 

self-assembled anisotropic SN agglomerates of the samples of the SUS316L powder 

with a particle size of 8 μm was promoted by increasing the volume fraction of SN. In 

the magnified images of the samples of the SUS316L powder with a particle size of 3  
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Fig.3-8  Cross-sectional FE-SEM images (a and b) and image processing pictures (a’and b’) of 

samples with 5 (a and a’) and 10 (b and b’) % volume fraction of SN with SN / 

SUS316L stainless steel composites (average particle diameter: 3μm)． 
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Fig. 3-9 Cross-sectional FE-SEM images (a and b) and image processing pictures 

(a’and b’) of samples with 5 (a and a’) and 10 (b and b’) % volume 

fraction of SN with SN / SUS316L stainless steel composites (average 

particle diameter: 8μm)． 
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μm, it was confirmed that the SN agglomerates were distributed relatively 

homogeneously in the SUS316L matrix, and the distance between the SN secondary 

particle groups was small. On the other hand, in the magnified images of the samples of 

the SUS316L powder with a particle size of 8 μm in Fig. 3-9 c, the self-assembled SN 

agglomerates deviated and the SN agglomerates were individual. 

Previously, Sarika Jalan et al. [13] reported that the network was estimated by the 

generalized dimension of the multifractal analysis. They proposed that D1 indicating the 

information entropy and D2 indicating the correlation dimension were obtained from the 

generalized dimension [13]. In a previous report, D0 was found to be related to the 

morphology of ceramics agglomerates, D1 to the entropy of configuration affected by 

Fig.3-10 Relationship between Dq and q of SN /SUS316L (3 μm and 8 μm). 
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the dispersion of ceramic particles, and D2 to the dispersibility among the particles [15]. 

The morphology, entropy of configuration, and dispersibility of self-assembled SN 

agglomerates in the SN / SUS316L stainless steel composites were investigated using 

D0, D1, and D2, which were estimated via multifractal analysis. Fig.3-10 indicates the 

results for the generalization dimension of all samples, with D0, D1, and D2 determined 

based on these results. In general, the relationship between D0, D1, and D2 is reported to 

be 𝐷2 ≤ 𝐷1 ≤ 𝐷0 [7]. However, equality D0 = D1 = D2 occurs if the fractal is 

statistically or exactly self-similar and homogeneous [7]. The data related to the S, 

thermal conductivity (λe) , and D0, D1, and D2 are shown in Table 3-2. According to the 

results of the samples of the SUS316L powders with a particle size of 3 μm and 8 μm in 

Table.1, the S was increased by adding SN particles. Comparing S the samples of the 

SUS316L powders with a particle size of 3 μm and 8 μm, the S of SUS316L (3 μm) was 

larger than that of SUS316L (8 μm). It was determined that SN particles in the 

SUS316L matrix with a particle size of 3 μm avoided being introduced to the vacant 

space more often than those in the SUS316L (8 μm) matrix due to the packing degree of 

the SUS316L powder with a particle size of 3 μm being higher than that of 8 μm.  

Table 3-2 The multifractal dimension and characteristic of SN / SUS316L composites． 

Average 

particle 

diameter of 

SUS316L 

powder / μm

SN Volume 

fraction / 

vol.%

Average 

particle area 

of SN fillers 

(S) / μm2

Capacity 

dimension 

(D0)

Entropy 

dimension

(D1)

Correlation 

dimension

(D2)

Relative 

density 

(ρrel)/ %

Thermal 

Conductivity 

(λe) / Wm-1k-1

3

0 0 - - - 92.1 13.65

5 1.40 1.72(4) 1.66(3) 1.63(9) 96.7 15.33

10 1.93 1.73(5) 1.69(1) 1.68(0) 96.7 16.60

8

0 0 - - - 97.1 14.13

5 1.31 1.69(1) 1.64(9) 1.63(5) 96.8 14.76

10 1.66 1.70(7) 1.67(8) 1.67(2) 97.2 15.91

(The third decimal place in parenthesis contains an error.) 
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3.2.4 Discussion 

Fig.3-11 presents the results of the volume fraction of SN and the thermal 

conductivities of the samples. The results of the thermal conductivity estimated from 

Kanari’s model are shown in Fig.3-11. The model can be described as [8], [9]:  

 

1 − 𝜈 =
𝜆𝑒−𝜆𝑑

𝜆𝑐−𝜆𝑑
・ (

𝜆𝑐

𝜆𝑒
)

1/(𝑥+1)

                      (3-14)   

Fig. 3-11 Relationship between the volume fraction of SN and the thermal conductivity (λe) 

with 5% and 10% SN / SUS316L stainless steel. 
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where v is the volume fraction of the filler. λc, λd, and λe are the thermal conductivities of 

the matrix material (SUS316L), filler (SN), and composite material, respectively. x is 

determined by the particle shape of the additive and is 2 for a spherical shape. The 

thermal conductivity of the composite was calculated with λd of SN volume fraction 0 

vol.% of each SUS316L particle size, assuming that λc of SN is 80 Wm
-1

K
-1

. The 

thermal conductivity of the samples of the SUS316L powder with a particle size of 3 

μm was higher than that of Kanari’s model. On the other hand, the thermal conductivity 

of the samples of the SUS316L powder with a particle size of 8 μm was lower than that 

of Kanari’s model. In general, in order to improve thermal conductivity, it is important 

to form the thermal conduction network using filler particles [3]. In session 3.1, it was 

essential to form the thermal conductivity network by SN secondary particle groups to 

improve thermal conductivity [15]. Thus, a multifractal analysis was performed to 

Fig. 3-12 Relationship between particle size of SUS316L powder and the 

dimension. 
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discuss the formation of the thermal conductivity network by self-assembled SN 

secondary particle groups. 

Fig.3-12a presents the results of the D0, D1, and D2 of the samples of the SUS316L 

powder with a particle size of 3 μm and 8 μm for 5 vol.% of SN. The results of the D0, 

D1, and D2 of the samples of the SUS316L powder with a particle size of 3 μm and 8 

μm for 10 vol.% of SN are shown in Fig.3-12 b. Fig.3-13 shows the results of the D0, D1, 

and D2 of the samples of the SUS316L powder with a particle size of 3 μm and 8 μm 

with the volume fraction of SN. Comparing the S of the SUS316L powder with a 

particle size of 3 μm and 8 μm of the volume fraction of 5 vol.% as shown in Fig.3-12a, 

the results of the D0, D1, and D2 of the self-assembled SN / SUS316L stainless steel 

Fig.3-13 Relationship between the volume fraction of SN and the dimension. 
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composites of the SUS316L powder with a particle size of 3 μm were higher than those 

of 8 μm. In the D0, it was found that the self-assembled SN agglomerates of the SN / 

SUS316L stainless steel composites of the SUS316L powder with a particle size of 8 

μm were more anisotropic than that of 3 μm. In fact, according to the FE-SEM 

micrograph in Fig.3-8, it was confirmed that the SN agglomerates of the self-assembled 

SN / SUS316L composites of the SUS316L powder with a particle size of 8 μm were 

reflected by anisotropy. According to the results of the D1 and D2, the packing degree of 

the SUS316L powder with a particle size of 8 μm was lower than that of 3 μm, and the 

formation of the SN secondary particle group was limited. It was confirmed that the 

distribution of the SN secondary particle groups from the FE-SEM micrograph in 

Fig.3-8 and Fig.3-9. As the results for 10 vol.% of SN in Fig.3-12b, the D0, D1, and D2 

of the self-assembled SN / SUS316Lstainless steel composites of the SUS316L powder 

with a particle size of 3 μm were higher than those of 8 μm. 

According to the results in Fig.3-12, the D1 and D2 of the SN / SUS316L stainless 

steel composites of the SUS316L powders with the particle sizes of 3 μm and 8 μm 

increased by adding SN fillers. Therefore, it was suggested that the configuration 

entropy and dispersibility of the self-assembled SN agglomerates were affected by the 

volume fraction of SN particles. Conversely, the D0 was not changed by adding SN 

fillers. In general, the self-assembly (self-organization) process is observed in the 

reaction–diffusion system, which is assumed to occur due to a competitive reaction 

between an inhibitor and a promoter within the diffusion process., the formation of SN 

secondary particle groups is proposed in the kneading process of solid material. 

 

Agglomeration ⇔  Discomposition  +  Diffusion process             (3-15) 
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The Van der Waals force acts as a cohesion force. The shear stress caused by the 

kneading speed contributes to decomposition. In this study, the subsequent sintering 

process was not contained for the diffusion process. It was reported that SN particles 

formed the secondary particle groups by the Van der Waals forces [12]． In the results of 

the samples of the SUS316L powder with a particle size of 3 μm and 8 μm, the D0 was 

not changed by increasing the volume fraction of SN. This suggests that the packing 

degree of the SN agglomeration was controlled by the particle size of the SUS316L 

powder; however, the morphology of the SN secondary particle group was similar. In 

the results of the D1 depending on the volume fraction of SN in Fig.3-13, the slope of 

the D1 with the samples of the SUS316L powder with a particle size of 3 μm and 8 μm 

depending on the volume fraction of SN were the same. In the dependence of the 

volume fraction of SN in Fig.3-13, the slope of the D2 with the samples of the SUS316L 

powder with a particle size of 3 μm was higher than those of 8 μm. From the FE-SEM 

micrographs as shown in Fig.3-8 and Fig.3-9, the location of the self-assembled SN 

agglomerates in which the samples were prepared with the SUS316L powder with a 

particle size of 3 μm was close. The self-assembled SN agglomerates of the samples of 

the SUS316L powder with a particle size of 8 μm were individual. In Fig. 3-13, the 

thermal conductivity of the samples of the SUS316L powder with a particle size of 3 

μm was higher than Kanari’s model. However, the thermal conductivity of the samples 

of the SUS316L powder with a particle size of 8 μm was lower than Kanari’s model. 

From the results shown in Fig.3-13, the D1 and D2 of the samples of the SUS316L 

powder with a particle size of 8 μm were lower than that of 3 μm, and it was determined 

that the SN was agglomerated. According to the D0 of the samples of the SUS316L 
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powder with a particle size of 8 μm as shown in Fig.3-13, the self-assembled SN 

agglomerates were anisotropic. Therefore, it was suggested that the self-assembled SN 

agglomerates of the samples of the SUS316L powder with a particle size of 8 μm were 

not connected for the formation of the thermal conductivity network.  

Recently, it was proposed that global parameters τ(q) and Dq and local parameters 

α(q) and f(α) were determined by multifractal analysis to quantitatively evaluate the 

microstructural morphology of the texture of the self-assembled composite material. It 

was suggested that the D0, D1, D2, and α (q) (related to internal energy) reflect the 

differences in morphology, arrangement (or configuration), dispersibility (or 

connectivity), and cohesion of the additive particle agglomeration composed of the 

self-assembly process under the solid-state reaction. In order to investigate the 

formation of the thermal conductivity network using SN particle groups, it is necessary 

to evaluate not only Dq but also the cohesion of the additive particle agglomeration 

composed of the self-assembly process of SN particles. 

 

3.2.5 Conclusions 

To investigate the morphology, entropy of configuration, and dispersibility of the 

self-assembled SN secondary particle groups and the formation of the thermal 

conductivity network by the SN secondary particle groups in relation to the SUS316L 

SUS316L powder with a particle size of 3 μm and 8 μm of 5vol.%–10 vol.% SN were 

prepared. The conclusions are as: 

 

(1)  According to the results of the FE-SEM micrograph, the self-assembled SN 

agglomerates of the SN / SUS316L stainless steel composites of the SUS316L 
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powder with a particle size of 3 μm were isotropic, and the location of the 

self-assembled SN secondary particle groups was close. On the other hand, the 

self-assembled SN agglomerates of the sample with the SUS316L powder with a 

particle size of 8 μm were reflected by anisotropy and the self-assembled SN 

agglomerates were individual. 

 (2)  According to the results of the multifractal analysis, the D0 of the samples of the 

SUS316L powders with particle sizes of 3 μm and 8 μm were not significantly 

changed with an increase in the volume fraction. Conversely, the D1 and D2 were 

increased by increasing the volume fraction of SN. It was suggested that the 

configuration entropy and dispersibility were affected by the SN volume fraction. 

 

Hence, it was considered that the packing degree affected the morphology and 

distribution of the self-assembled SN secondary particle groups and affected the 

formation of the thermal conductivity network by the self-assembled SN secondary 

particle group. To investigate the formation of the thermal conductivity network using 

SN particle groups, it is necessary to evaluate not only Dq but also the cohesion of the 

additive particle agglomeration composed of the self-assembly process of SN particles 

with the multifractal analysis [α(q) and f(α)]. 

 

3.3 Conclusions of chapter 3 

In this chapter, the self-assembled SN / SUS316L stainless steel composite materials 

were prepared, and the relationship between the morphology, entropy of configuration, 

and dispersibility of the self-assembled SN agglomerated and the thermal conductivity 

of the composites was investigated by the multifractal analysis. The conclusions are as 
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follows: 

 

(1) The secondary particle area of SN fillers was increased by increasing the thermal 

conductivity since it was considered that the self-assembled SN secondary particle 

group was formed and the thermal conductivity network using the self-assembled 

SN secondary particle group was formed in the SN / SUS316L stainless steel 

composite. The thermal conductivity of the SN / SUS316L composite of the 

SUS316L powders with particle sizes of 3 μm was improved by 1.22 times at 10 

vol.% compared to the volume fraction of 0 vol.% for SN. 

(2) It was suggested that the formation of the thermal conductivity network using the 

self-assembled SN secondary particle group was an important role in improving the 

thermal conductivity, and it was expected that the thermal conductivity was higher 

than Kanari's model. 

(3) According to the results of the multifractal analysis, the D0 of the samples of 

SUS316L powders with a particle size of 3 μm and 8 μm not were changed 

significantly with an increase of the volume fraction. On the other hand, the D1 and 

D2 were increased by increasing the volume fraction of SN. It was suggested that 

the configuration entropy and dispersibility were affected by the SN volume 

fraction. 

 

Hence, it was considered that the packing degree affected the morphology and 

distribution of the self-assembled SN secondary particle groups and affected the 

formation of the thermal conductivity network by the self-assembled SN secondary 

particle groups.  
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Chapter 4 Conclusions of this thesis and future works 

 

4.1 Conclusions of this thesis 

The targets applications of the ceramics / polymer and ceramics / stainless steel 

composite materials were the piezoelectric biosensor and the high thermal conductivity 

components in this study. In this study, the TB diagnostic method that combines the 

LAMP method and polymer piezoelectric material was proposed to solve the safety and 

cost problems. In order to achieve the final goal of TB diagnosis by combining the 

LAMP method and the polymer piezoelectric biosensor, it is necessary to improve the 

sensitivity and responsivity of the biosensor. Therefore, in this study, the ceramics / 

polymer composite materials were applied to biosensors to increase the dielectric 

properties related to the sensitivity and responsivity. 

In high thermal conductivity components, the friction and abrasions of the engine 

generated cause energetic and material losses and decrease the efficiency of mechanical 

systems. However, the thermal conductivity of general iron alloys is low. Therefore, in 

order to improve the thermal conductivity, the ceramics/stainless steel composites were 

applied as high thermal conductivity components in this study. 

In the general studies of composite materials, ceramic fillers are dispersed. However, 

the volume fraction of the filler is 50 vol.%, and it is not suitable for the applications. 

Therefore, the purpose of this study was to design composite materials in order to 

improve dielectric properties and thermal conductivity with a small amount of ceramic 

filler addition (0-20 vol.%). The dielectric properties and the thermal conductivity are 

affected by the material texture. Therefore, in this study, the material texture of the 

composite was controlled in order to improve the dielectric properties and thermal 
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conductivity. In particular, this thesis focused on the self-assembly process involving 

solids to control the material texture. The relationship between the dispersion states of 

self-assembled BT and SN secondary particle groups under the different manufacturing 

processes and the dielectric properties and the thermal conductivity of the BT / polymer 

and SN / SUS316L composites were investigated to design the materials. The 

multifractal analysis was performed to quantify the self-assembled material texture (the 

morphology, entropy of configuration, and dispersibility of the self-assembled BT and 

SN secondary particle groups). According to the results of this thesis, it was clarified 

that the morphology, the entropy of the configuration, and dispersibility of the BT and 

SN secondary particle groups and the interface state in the BT and SN secondary 

particle groups were able to be controlled by the self-assembly process. It was found 

that the dielectric properties and thermal conductivity were able to be improved by these 

morphologies, entropy of configuration, and dispersibility and interface states. Thus, the 

material designs that are able to improve dielectric properties and thermal conductivity 

with a small amount of filler were proposed. The conclusions of this thesis are as 

follows: 

 

Chapter 1 

The research background, problems, concepts and approach, and purpose were 

summarized in this chapter. 

 

Chapter 2 

In this thesis, in order to apply the BT / polymer composites to piezoelectric 

biosensors, the piezoelectric biosensors were prepared using polymeric piezoelectric 
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materials (β-PVDF), and the problems of the piezoelectric biosensors using polymeric 

piezoelectric material were presents. Based on the problems, the BT / polymer 

composite material was designed to improve the dielectric properties. In this study, the 

morphology, entropy of configuration, and dispersibility of the self-assembled BT 

secondary particle groups, and interfacial state in the BT secondary particle group were 

controlled using the self-assembly process involving solids. The relationship between 

these material textures and dielectric properties was discussed.  

In the piezoelectric biosensors using β-PVDF, the biosensors were fabricated, and the 

sensor detection characteristics of the weight change with polymer tape and adsorption 

characteristics of fluorescently labeled avidin and biotin were investigated. The results 

are as follows.  

 

(1) It was confirmed that the piezoelectric biosensor using β-PVDF detected with 

loading the weight of the polymer film (0 - 4.2 mg) by using the relaxation process 

of the complex permittivity. 

(2) It was possible to detect biopolymers using the immobilization characteristics 

associated with the host-guest reaction at 100 kHz to 6 MHz. 

 

The sensitivity of the piezoelectric biosensor using β-PVDF is 5 μg / ml and the 

response speed is 60 minutes. The problems of piezoelectric biosensors with β-PVDF 

are shown below.  

 

(1) The shear vibration of β-PVDF was affected by the liquid viscosity since β-PVDF 

has a significantly lower elastic constant than quartz. 
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(2) In order to achieve the final goal of the sensitivity of less than 1 μg/ml and the 

reaction speed of 5 minutes, it is necessary to improve the sensitivity and 

responsivity of the polymer piezoelectric biosensor. 

 

To solve the above problems, the ceramics / polymer composite materials were 

applied to the piezoelectric biosensors. The ceramics / polymer composite materials 

with high dielectric properties were designed to improve sensitivity and responsivity. In 

particular, the material textures of the BT / polymer composites were controlled using 

the self-assembly process. The relationship between the morphology, entropy of 

configuration, and dispersibility of the self-assembled BT secondary particle groups, 

and the interface state in the ceramic secondary particle groups and the dielectric 

properties of the BT / polymer composites were investigated using fractal analysis. BT 

filler (0-20 vol.%) was added to PLLA and PVDF, and BT / polymer composites were 

prepared by varying (1) the kneading conditions and (2) the viscosity of the dispersant 

to control the material textures. The self-assembled material textures were analyzed by 

fractal analysis using SEM images and binary images. The results are as follows. 

 

(1) The manufacturing process affected the dispersion states and the interface states of 

the self-assembled BT secondary particle groups. In particular, BT agglomerate 

with the BT / BT interface was formed under high-speed kneading conditions (30 

rpm) and high viscosity (10,000–15,000 cst) of PEG. On the other hand, the BT 

aggregates with the BT / polymer / BT heterointerface were formed under the low 

kneading conditions (10 rpm) and low viscosity (35–60 mPa・s) of PEG.  

(2) It was suggested that it is possible that multifractal analyses were applied to evaluate 
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the morphology, configuration entropy, dispersibility and the formation of BT / 

polymer / BT heterointerfaces in self-assembled BT aggregates. 

(3) It was suggested that it was an important role in improving the dielectric properties 

to form ceramics secondary particle groups having the ceramics / polymer / 

ceramics heterointerface by the self-assembling process since the electric dipole of 

a BT / polymer / BT heterointerface induced to improve the dielectric constant. In 

particular,  the dielectric constant of the self-assembled BT aggregates with the 

BT/ PLLA / BT heterointerface depending on the average secondary particle area of 

BT fillers improved by 24.5 times compared to the BT / PLLA composite with BT / 

BT interface. Similarly, the dielectric constant of the self-assembled BT aggregates 

depending on the average secondary particle area of BT fillers improved by 1.16 

times compared to the BT / PVDF composite with BT agglomerates. 

 

Hence, it was suggested that the morphology, entropy of configuration, and 

dispersibility of the self-assembled BT secondary particle groups and the formation of 

BT / polymer / BT heterointerface in BT secondary particle group was controlled by 

using the self-assembly process. In addition, it was suggested that the dispersion states 

of BT secondary particle groups and the formation of BT / polymer / BT heterointerface 

were an important role in improving the dielectric properties of the BT / polymer 

composites. In the BT / PVDF composites, the materials with 2.22 times higher 

dielectric constant comparing 0 vol.% and 20 vol.% were designed. It was expected to 

improve the sensitivity by 2.1 times and responsivity by about 7 times compared to the 

conventional PVDF by applying the BT / PVDF composites to the piezoelectric 

biosensors. Hence, this study proposed the material design to solve problems that could 
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not be solved with conventional PVDF. 

 

Chapter 3 

In order to improve thermal conductivity, it is important to connect a thermal 

conductivity network using filler particles. Therefore, in this thesis, the formation of the 

thermal conductivity network using SN secondary particle groups was attempted by the 

self-assembly process. In particular, the purpose was that the thermal conductivity 

network of the self-assembled SN secondary particle group in the SN / SUS316L 

stainless steel composites was quantitatively evaluated with the multifractal analysis 

and the relationship between the morphology, entropy of configuration, and 

dispersibility of the self-assembled SN secondary particle group and the thermal 

conductivity was investigated. 

 

(1) According to the results of the average secondary particle area of SN filler 

and thermal conductivity, the amount of SN / SN interfaces was increased and 

the thermal conductivity of the SN SUS316L composites was increased by forming 

the SN secondary particle groups. Thermal conductivity of the SN / SUS316L 

composites with 3μm SUS316L powder was improved by 1.22 times at 10 vol.% 

compared to the volume fraction of 0 vol.% for SN. That is, it was considered that 

the SN particle group acted as the thermal conductivity network with forming the 

SN secondary particle group, and the thermal conductivity was efficiently 

improved.  

(2) It was suggested that the difference in packing within the self-assembly process 

affected the morphology, entropy of configuration, and dispersibility of the SN 



187 

 

secondary particle groups. Based on the FE-SEM images, the location of the 

self-assembled SN agglomerates with 3 μm SUS316L powder was close. The 

self-assembled SN agglomerates with 8 μm SUS316L powder were individual. 

(3) According to the multifractal analysis, Comparing the SN/ SUS316L composites 

with 3 μm and 8 μm SUS316L powders at 5 vol.%, D0 was 1.020 times higher, D1 

was 1.009 times higher, and D2 was 1.003 times higher for 3 μm SUS316L powder 

than those of 8 μm SUS316L powder. At 10 vol.%, D0 was 1.016 times higher, D1 

was 1.008 times higher, and D2 was 1.005 times higher for 3 μm than those of 8 μm 

SUS316L powder. This is, it was possible to evaluate the character of the thermal 

conductivity network using the SN secondary particle group, and it was considered 

that the multifractal analysis could be used as an index. 

 

Hence, it was suggested that the connection of the SN secondary particle group 

affected the formation of the thermal conductive network using the SN secondary 

particle groups and affected the thermal conductivity. 

 

According to the material texture control in chapter 2 and chapter 3, it was suggested 

that the self-assembly process related to the solids was driven by the aggregation or 

agglomeration, decomposition, and diffusion processes. It was suggested that the 

dispersion states and the interface states of the BT / polymer and SN / SUS316L 

composites were controlled by the self-assembly process and improved the dielectric 

constant and thermal conductivity. The characters of the self-assembly process 

involving the solids with the fractal analysis are as follows:  
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< The self-assembly process of solids in the liquid>  

(1) The morphology of the BT secondary particle group was changed by increasing the 

volume fraction of BT fillers. According to the result of D0 of the BT / PLLA 

composites with Tegomer P121 using the box-counting method, the D0 of the 20 

vol.% sample was 1.16 times higher than that of the 5 vol.% sample. 

(2) The configuration entropy and dispersibility were increased by increasing the 

volume fraction of BT fillers. This was the same as the process of self-assembly 

process of solids within solids. Based on the result of D1 and D2 of the BT / PVDF 

composites with PEG1000 using the multifractal analysis, The D1 was 1.13 times 

higher and D2 was 1.15 times higher for the samples of 20 vol.% than that of the 

samples of 5 vol.%. 

(3) The results of the SEM images showed that the kneading speed affected the 

formation of BT aggregates having the BT / polymer / BT heterointerface and 

agglomerates having the BT / BT interface. 

(4) It was considered that the viscosity of the dispersant affected the self-assembly 

process. In particular, 

1. According to the SEM images, the BT aggregates having the BT / PVDF / BT 

heterointerfaces were formed with PEG1000. The BT agglomerates having the BT 

/ BT interface were formed with PEG20000. It was proposed that the viscosity of 

the dispersant affected the formations of the self-assembled BT aggregates, the BT 

agglomerates, and the mixture of the BT aggregates and agglomerates. 

2. It was proposed that the size, morphology, and distribution of the self-assembled 

BT secondary particle groups were depended on the viscosity of the dispersant 

based on the results of the relationship between the average secondary particle 
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area of BT fillers and the viscosity of PEG and the multifractal analysis. As one of 

the results, the average secondary particle area of the BT / PVDF composite with 

PEG2000 was 1.14 times larger than that of the sample with PEG1000. 

Fig. 4-1 shows the self-assembly process of solids in liquid. 

 

Fig. 4-1 The self-assembly process of solids in liquid in this study. 

 

< The self-assembly process of solids in a solid >  

(1) According to the results of the box-counting and multifractal analysis, the 

morphology of the SN secondary particle groups was not changed; however, the 

volume fraction of the SN fillers was increased. From the results of the 

box-counting method for the sample with 8 μm SUS316L powder, the D0 of 5 

vol.% and 10 vol.% was 1.68; however, the average secondary particle area of 10 

vol.% was 1.27 times larger than that of 5 vol.%. In the self-assembly process of 
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solids in a solid, the van der Waals forces within mixing are the same, and it was 

considered that the morphology of the SN secondary particle group was not 

changed. This was different from the process of self-assembly process of solids in 

the liquid. 

(2) It was suggested that the difference in packing within the self-assembly process 

affected the morphology, entropy of configuration, and dispersibility of the SN 

secondary particle groups based on the FE-SEM images and the multifractal 

analysis. 

 

Fig. 4-2 shows the self-assembly process of solids in solid. 

 

Fig. 4-2 The self-assembly process of solids in solid in this study. 

 

The properties of ceramics / polymer composites and ceramics / stainless steel 
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composites were discussed with the material texture using the self-assembly process.  

In the dielectric material, it was suggested that the BT / polymer / BT heterointerface in 

the BT aggregates and the morphology and dispersion state of BT secondary particle 

groups were an important role in improving the dielectric constant. On the other hand, 

in high thermal conductivity components, it was proposed that self-assembly SN 

secondary particle groups were formed to reduce the SN / SUS316L interface, and the 

connectivity of SN secondary particle group was important for the formation of the 

thermal conductivity network using SN secondary particle groups. Hence, in this study, 

the material designs that were able to improve the dielectric properties and thermal 

conductivity by controlling the material texture with the self-assembly process were 

proposed. 

 

4.2 Future works  

The results of this thesis contributed to the material design for target applications for 

the piezoelectric biosensors and high thermal conductive components. In the future, the 

application of BT / polymer composites to piezoelectric biosensors for TB diagnosis 

requires improved selectivity and sensitivity. In the biorecepter of the piezoelectric 

biosensors, the target biomaterial can be selectively fixed by host-guest reactions on the 

sensor. For example, there is a method of detecting guest biopolymer by binding 

DNA-DNA and antigen-antibody. Based on the results of this study, it was found that 

fluorescently labeled avidin and biotin were immobilized on the sensor by the plasma 

ion irradiation method, which was expected to detect DNA, RNA, and proteins. By 

extending the results of this study, DNA, RNA, and proteins can be immobilized on the 

surface of the sensor, which is expected to improve the selectivity. As a specific method, 
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based on the results of this study, the plasma ion irradiation treatment is performed to 

fix avidin on the sensor, and biotinylated fluorescently labeled DNA, RNA, or protein is 

bound to the avidin. By measuring the fluorescence of DNA, RNA, and protein, the 

method of fixing biopolymer by plasma ion irradiation method will be investigated. In 

the QCM method, it is known that the detection characteristics of the sensor are 

different depending on the method of fixing DNA, RNA, and protein on the sensor and 

the structure of the biopolymer (shape, length of DNA, RNA, and protein). Therefore, it 

is necessary to consider the control of the fixation of DNA, RNA, and proteins. It is also 

necessary to investigate the sensor detection characteristics associated with the structure 

of biopolymers. 

Based on the results of this study, it is expected that the sensitivity of the piezoelectric 

biosensors with the BT / PVDF composite materials is improved by 2.1 times. In the 

future, it will be necessary to fabricate piezoelectric biosensors using BT/PVDF 

composites and investigate the relationship between the material textures and sensor 

detection characteristics for TB diagnosis. β-PVDF has piezoelectric properties. To 

fabricate piezoelectric biosensors using BT / PVDF composites, electrical and 

mechanical polarization is required. For example, the treatment methods are the 

polarizations by applying an electric field or stretching. It is considered that the 

morphology of the BT secondary particle group is changed by stretching. For TB 

diagnosis, it is necessary to investigate the relationship between the morphology and 

dispersion state of BT secondary particle groups and sensor detection characteristics by 

multifractal analysis. 

From this study, it was clarified that the morphology and dispersion state of the 

secondary particle groups of BT and SN fillers were controlled by the self-assembly 



193 

 

process. In order to improve the dielectric properties related to the sensitivity and 

thermal conductivity, the following methods are shown. 

 

(1) Investigation of critical conditions for the formation of BT and SN secondary 

particle groups by the self-assembly process 

 In previous studies, changing the rotation speed of the ball milling resulted in the 

maximum size of the SN particle groups at 90 rpm. It was considered that there is a 

critical region for the formation of self-assembled secondary particle groups. Therefore, 

it is necessary to investigate the material textures and dielectric properties and thermal 

conductivity by changing the kneading conditions, time, and temperature related to the 

reaction-diffusion system.  

 

(2) Investigation of the relationship between orientation and connectivity of ceramic 

secondary particle groups and dielectric properties and thermal conductivity 

In order to improve the dielectric properties and thermal conductivity, it is necessary to 

control the orientation and connectivity of ceramic secondary particle groups by 

applying and stretching, electric and magnetic fields, and to investigate their material 

texture, dielectric properties and thermal conductivity.  

 

(3) Chemical modification of ceramic filler surface 

In our previous study, it was confirmed that the dispersant covered the BT secondary 

particle groups when the dispersant was not compatible with PVDF. The dielectric 

constant of the BT / PVDF composites was decreased by the dispersant. Therefore, it 

will be important to select a dispersant that is compatible. 
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According to the results of material texture control by the self-assembly process in 

this study, the material designs were able to be proposed to solve the problems of 

conventional PVDF and stainless steel. The material designs of this study can be applied 

to materials for other applications, as shown in Fig. 4-3, and the results of this study can 

contribute to the development of new materials. By combining the material design of 

the dielectric properties and thermal conductivity of the composite materials of this 

study, it is expected to contribute to the electronic substrate materials that are required 

low loss and high thermal conductivity. 

 

 

Fig. 4-3 Other applications with the material designs based on this study. 
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New Frontiers of Thermal Studies of Materials，p-07，Kanagawa，November (2019). 

 

7．〇Mariko TAKEDA，Yuki NAKATA，Haruna YAMAZAKI，Kentaro YOSHINO，

Yuka MIZUKAMI，Yoshihiro SATO，Akira ITO，Satoko ABE，Yue BAO，Makoto 

TANIMURA，Yasuhide INOUE，Yasumasa KOYAMA，Fumio MUNAKATA．

“Self-assembly Material Texture of BaTiO3 / Piezo-Polymer Composites (2) 

―Multifractal Analysis of Material Texture―”，The 13th Pacific Rim Conference of 

Ceramic Societies (PACRIM13)，28-P-S07-22，Okinawa，October (2019). 

 

8．〇Mariko TAKEDA，Yuki NAKATA，Haruna YAMAZAKI，Kentaro YOSHINO，

Yuka MIZUKAMI，Yoshihiro SATO，Akira ITO，Satoko ABE，Yue BAO，Makoto 

TANIMURA，Yasuhide INOUE，Yasumasa KOYAMA，Fumio MUNAKATA．

“Self-assembly Material Texture of BaTiO3 / Piezo-Polymer Composites (1) 

―Composite Material Texture and Dielectric Property―”， The 13th Pacific Rim 

Conference of Ceramic Societies (PACRIM13)，28-P-S07-21，Okinawa，October 

(2019). 

 

 

(4) Presentations at domestic conference： 

 

【Oral presentation】 

1．〇武田 真理子，吉野 謙太郎，水上 侑香，佐藤 圭浩，伊東 顕，包 躍，谷

村 誠，井上 靖秀，小山 泰正，宗像 文男．“自己組織化したBaTiO3/ポリ-L-

乳酸コンポジットの材料組織におけるフラクタル特性(2) -マルチフラクタル

解析による凝集体形態評価と誘電特性- (Fractal Characters of Material Texture 

of Self-assembled BaTiO3/Poly-L-Lactic-Acid Composites (2) -Evaluation of 

aggregated morphology and dielectric properties using by multifractal analysis)”，日

本セラミックス協会 2019年年会，3K01 ，東京，2019年3月. 

 

2．〇武田 真理子，大久保 和也，水上 侑香，佐藤 圭浩，根本一 宏，小林 亮

太，包 躍，宗像 文男．“β-Si3N4/ステンレス鋼コンポジット材料組織の熱伝
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導特性とマルチフラクタル解析 (Thermal Conductivity and Multifractal Analysis 

of Material texture of β-Si3N4 /Stainless steel composites  )”，第 54 回熱測定討論

会，3A1140，神奈川，2018年11月． 

 

【Poster】 

3. ○山崎 陽菜，武田 真理子，井上 靖秀，小山 泰正，谷村 誠，宗像 文男，

“自己組織化したチタン酸バリウム/圧電性ポリマー複合材料の誘電特性と

分散剤効果 (The Dispersant effect on Dielectric Properties of Self-assembled 

Barium titanate/Piezoelectric Polymer Composites)”，日本セラミックス協会第33

回秋季シンポジウム，1TH04，オンライン，2020年9月 

 

4．〇武田 真理子，冨山 涼介，山崎 陽菜，仲田 勇貴，水上 侑香，佐藤 

圭浩，伊東 顕，包 躍，谷村 誠，井上 靖秀，小山 泰正，宗像 文男，

“自己組織化したセラミックス/PVDFコンポジット材料組織のマルチフラク

タル特性 (Multifractal Characters of Material Texture of Self-assembled Ceramics/ 

PolyVinylidene DiFluoride (PVDF) Composites)”，日本セラミックス協会 2020

年年会，1P011，東京，2020年3月． 

 

5．〇冨山 涼介，武田 真理子，伊東 顕，気谷 卓，川路 均，谷村 誠，井上 靖

秀，小山 泰正，宗像 文男，“自己組織化したBN/PVDFコンポジット材料の

誘電特性と熱伝導特性の両立 (Compatibility of the dielectric properties and 

thermal conductivity of Self-assembled BN/PVDF Composite)”，日本セラミック

ス協会 2020年年会，1P006，東京，2020年3月． 

 

6．〇武田 真理子，吉野 謙太郎，水上 侑香，佐藤 圭浩，伊東 顕，包 躍，宗

像 文男，“自己組織化したBaTiO3/ポリ-L-乳酸コンポジットの材料組織にお

けるフラクタル特性(1) -凝集体形態評価へのマルチフラクタル解析の適用- 

(Fractal Characters of Material Texture of Self-assembled BaTiO3 / 

Poly-L-Lactic-Acid Composites (1) -Application of multifractal analysis to 

evaluation of aggregated morphology-)”，日本セラミックス協会 2019年年会，

1P008，東京，2019年3月． 
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7．〇大久保 和也，武田 真理子，根本 一宏，水上 侑香，佐藤 圭浩，小林 亮

太，包 躍，宗像 文男．“β-Si3N4/ステンレス鋼コンポジット材料の自己組織

化と熱伝導特性 (Self-assembly and thermal conductivity of β-Si3N4/stainless 

composite material)”，第 54 回熱測定討論会，P35，神奈川，2018年10月． 

 

8．〇武田 真理子，平田 孝道，黒岩 崇，中島 千絵，鈴木 定彦，宗像 文男．

“ポリマー圧電素子を用いた病原体特異的分子検出用バイオセンサの開発-

検知用バイオセンサの試作と評価 - (Development of Biosensor using 

Piezoelectric Polymer for Pathogen specific molecular Detection -Development and 

Evaluation of Biosensor Element -)”，電気化学会第85回，PS-93，東京，2018年3

月． 

 

9．〇武田 真理子，矢萩 洸貴，杉山 龍男，黒岩 崇，平田 孝道，中島 千

絵，鈴木 定彦，宗像文男．“高分子量を有する病原体特異的分子のポリマー

圧電素子を用いた新規高感度検出素子の開発”，人獣共通感染症研究拠点シン

ポジウム，北海道，2018年2月． 

 

 

(5) Award: 

 

1．日本セラミックス協会 2019年年会 優秀ポスター発表賞 (優秀賞) 受賞，

2019年3月. 
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