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      Advanced ceramics are specified as the new class of ceramic materials made up of high purity synthetic chemicals. In recent years these ceramics gained much research attention in various applications due to their excellent performance. These advanced ceramics are composed of oxides, carbides and nitrides. Ceramic composites which include both the combinations of oxides and non-oxides Ceramic materials are the different class of materials composed of non-metallic stable and inorganic materials. They are brittle, electrically insulated and thermally insulated materials prepared with combination of more than single element. The ceramic materials will have distinct properties due to their grain boundaries in the materials undergo misalignments with nearby grains and their variations in the structure and quality in the perfections and contributions along with shape and size and material internal stress which they are exposed. For the few decades’ people have observed the tremendous increase in the properties like ferroelectric, ferromagnetic, pyroelectric, dielectric and magnetoresistance, superconducting and gas sensing applications. These ceramic materials also became main materials for the advanced technologies like energy transformation storage and supply and also in the manufacturing, medical field technology and transportation, information technology etc. Hence, awareness and knowledge about ceramics and their derived nanomaterials with conceptual understanding are important for the advanced material community.




      Advanced Ceramics and Applications in Science, Technology and Medicine explores the various advanced ceramic materials and their down to earth applications in distinct fields such as actuators, energy storage, environmental, 3D printing, electronics, biomedical and EMI shielding. This book provides an overview of the structural and fundamental properties, synthesis strategies and versatile applications of advanced ceramic materials and their composites. This book will be beneficial for students, research scholars, faculty members, R & D specialists working in the area of material science, solid-state science, chemical engineering, power sources and renewable energy storage fields and nanotechnologists. Based on thematic topics, the book contains the following 12 chapters:




      Chapter 1 discuss briefly about the importance of piezoelectric actuators and also the principle of piezoelectric actuators. Besides, it is outlined on various advanced ceramic materials for the applications in piezoelectric actuators. In addition to this, some actuator operating methods like finite element method, topology optimization method etc. are also discussed.




      Chapter 2 presents briefly an introduction of ceramics, different types of ceramic materials and role of ceramic materials in the evaluation of supercapacitors. Further, it is focused on different advanced ceramic electrode materials for supercapacitor applications. In addition to this some fabrication techniques like hydrothermal technique, molten salt technique, solution precursor flame spray etc. is discussed as well.




      Chapter 3 focused on future perspective of magnetocaloric effect in refrigeration process and the isothermal entropy and adiabatic variation are the main properties to confine the refrigeration process. Also, the magnetic materials such as Mn doped Fe alloys and rare earth elements such as Gd, La, Ce etc. mixed composites and their properties are discussed.




      Chapter 4 discusses the efficiency of the thermoelectric power generation depends on the figure of merit of the materials and also on the low thermal conductivity and high electrical conductivity. Several ceramic materials and their applications in the field of power generation are also discussed.




      Chapter 5 reviews different ceramic materials including their electromagnetic parameters. The electromagnetic absorption property of the ceramic composites and pure ferrites are discussed. Furthermore, the applications of the advanced ceramics in defense systems, microwave communications and biomedical fields are summarized.




      Chapter 6 briefly presents the discussion on the effect of electromagnetic radiation on the electronic goods, human health and defense system was elaborated. Furthermore, various ceramic materials were introduced for reducing the electromagnetic radiation pollution thereby microwave absorption process. It is focused on the parameters like magnetic loss and dielectric loss for each ceramic material. Subsequently, the applications of microwave absorbers in various fields were elucidated.




      Chapter 7 concentrates on electromagnetic wave interference mechanism and the effected parameters to find the strength of shielding. Also discusses the derived material such as ferrites and its composites, carbon-based materials for shielding the EM interference. In addition, ferrite and polymer composites especially conducting polymer composites have been discussed.




      Chapter 8 discusses the presence of intrinsic polarizations into the ferroelectric materials helps them to get polarized easily on the application of the electric field. Also, the mechanism and applications of ferroelectric materials (Bi3.25La0.75Ti3O12, Barium hafnium titanate, La3Ni2NbO9 etc.) in different fields like ferroelectric memory devices, electro caloric devices, magneto electric devices, DRAM capacitors etc. have been discussed.




      Chapter 9 reviews the transport properties of semiconducting glasses along with amorphous properties of various materials. In addition, some of the synthesis techniques such as thermal evaporation, chemical vapour deposition, melt quenching etc. have also been discussed.




      Chapter 10 presents the applications of 3D printing ceramic materials in various fields. Also discusses the advantages of 3D printing over conventional techniques.




      Chapter 11 focused on bio ceramics and preparation of bio ceramics by advanced 3D printing technology. Besides, different inorganic materials used to print bio ceramics such as alumina, zirconia, Leucite, lithium disilicate and mica-based ceramics for different applications in dentistry and orthopedics are also discussed.




      Chapter 12 presents briefly the origin of ceramics, its advantages and the historical back ground of the ceramic materials and the classification of ceramics. Moreover, antimicrobial activity and the antimicrobial applications of advanced ceramics are summarized.
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        	Overviews on advanced ceramic materials and their derived composites.




        	Coverage on basic research and application approaches.




        	Addresses a wide range of applications in actuators/sensors, energy conversion and storage, 3D printing, antimicrobial, EMI shielding and microwave absorbers.




        	Explores challenges and future directions of advanced ceramic materials.
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      Abstract




      Nowadays, researchers concentrated on the advancements of new types of precision actuators to satisfy the increasing demand for high precision positioning technology. Owing to fast response, high precision, and compact structure, the piezoelectric actuators attracted much attention. In the advancement of science and technology, the ceramics play a vital role. In this chapter, we mainly focussed on applications of piezoelectric actuators in different fields such as nano metrology, and industries. Even, the different advanced ceramics for piezoelectric actuators were discussed.
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      1.1. INTRODUCTION




      In many areas such as MEMS, NEMS, nano metrology and biological engineering, the demand for ultra precision and nano plating technologies have been increased along with the development of science and engineering [1-3]. Accordingly, the significance of nano positioning systems has been increased in many industrial and research areas [4, 5]. The conventional actuators like DC-motors, AC-motors, hydraulic motors, etc., can fulfill the above requirements in the large scale positioning systems. However, the resolution of those actuators is not high [6-8]. Besides, the electromagnetic interference affects the performance of the conventional electromagnetic motors; no electromagnetic resonance can be generated by the piezoelectric actuators and even cannot be affected by electromagnetic interference. Therefore, in recent years, the researchers have




      focussed on introducing new kinds of actuators to meet the demands of nano-positioning systems. In this connection, piezoelectric actuators gained much attention owing to their quick response, simple structure, self-locking, etc. In addition, these actuators exhibit the resolution in nanoscale and suitable for nano positioning systems. Till now these piezo actuators are used in numerous fields such as optical lens systems [9, 10], aerospace [11, 12], and atomic force microscopy [13, 14], etc. In general, the piezoelectric materials which can be utilized as actuators are also called piezoelectric ceramics which consist of a specific crystal structure [15, 16]. They exhibit some unusual properties which make them special when compared to others. Those properties are due to a direct piezoelectric effect and indirect piezoelectric effect. In the case of the direct piezoelectric effect, these materials generate an electric charge by subjecting with mechanical stress. Similarly, in the inverse piezoelectric effect, the stain is developed in the same material by the application of the electric field. The direct effect is used in piezoelectric sensors while the inverse effect is used in actuators [17, 18]. In this chapter, we focussed on the inverse effect of piezoelectric ceramics and their applications in actuators.


    




    

      



      1.2. Advanced Materials for Piezoelectric Actuators




      In continuation with the development of designing the new type of piezoelectric actuators, Markus Flossel et al. [19], introduced a new module design based on the LTCC (Low-Temperature Co-fired Ceramic)/PZT (Lead Zirconate Titanate) multilayer ceramics for the actuator applications. This new technology involves the lamination of PZT ceramic plate sintering with the green layer LTCC followed by sintering to attain a sensor or actuator segment. (Fig. 1.1) of the reference [19], represents the design of LTCC/PZT. Further, they reported that the functioning of the designed module is estimated by measuring dielectric properties and recording the hysteresis loops. In addition, they measured the deflection and reported that at a resonance frequency of 19.7 Hz, the prepared ceramic module exhibits the maximum deflection of 130 x 10-6 m which is in static mode, whereas in dynamic mode the same module shows the deflection of 550 x 10-6 m. Furthermore, through the metal die casting technique, the prepared modules are combined with Al (aluminium) matrix for further enhancement of the properties of the designed module. However, this new technology combines the microsystem technology of LTCC and piezoelectric technology of PZT which allows great improvement in practical applications such as electronic control, sensing and actuation.




      

        Table 1.1 Advanced ceramic materials for piezoelectric actuator applications.




        

          

            

              	S.No.



              	Material



              	Synthesis Method



              	d33


              (CN-1)



              	Electro Strain (in %)



              	Applications



              	Ref.

            


          



          

            

              	1



              	LTCC (Low-Temperature Cofired Ceramic)/PZT (Lead Zirconate Titanate) multilayer ceramics



              	



              	



              	



              	Actuator, sensor, electronic control



              	[19]

            




            

              	2



              	0.91K1/2Bi1/2TiO3–0.09 (0.82BiFeO3-0.15NdFeO3-0.03Nd2/3TiO3 ceramics



              	conventional solid-state and mixed route



              	



              	0.16



              	actuator



              	[20]

            




            

              	3



              	(Na0.48-xK0.48-xLi0.04)


              Nb0.89-xTa0.05Sb0.06O3-xSrTiO3 ceramics



              	tape casting method and solid-state reaction method



              	650



              	



              	audible sound device applications



              	[21]

            




            

              	4



              	Pb(Mn1/3Nb2/3) 0.07(Ni1/3Nb2/3) 0.10(Zr0.5Ti0.5)0.83O3 ceramics



              	conventional mixed oxide synthesis technique



              	386



              	



              	piezoelectric speakers



              	[23]

            




            

              	5



              	Ba1-xLn2x/3Zr0.3Ti0.7O3 ceramics



              	solid state reaction technique



              	



              	0.087



              	energy storage and actuator applications



              	[25]

            




            

              	6



              	periodically orthogonal poled method to barium titanate based ceramics



              	



              	



              	0.36



              	large actuation at low temperature and low frequency



              	[27]

            




            

              	7



              	(Zr0.49Ti0.51)0.94Mn0.014Sb0.02W0.014Ni0.02O3 ceramics



              	calcination technique



              	278



              	



              	micromechatronic devices



              	[28]

            




            

              	8



              	Li-doped BNT (Bi0.5Na0.5TiO3) ceramic materials



              	solid state reaction technique



              	600



              	



              	actuator applications



              	[30]

            


          

        




      




      Amir Khesro et al. [20], synthesized lead-free (0.91K1/2 Bi1/2TiO3-0.09 (0.82BiFeO3-0.15NdFeO3-0.03Nd2/3TiO3) ceramics for actuator applications with good thermal stability and fatigue resistant. These samples were prepared through conventional solid-state and mixed routes. The outcomes revealed that the prepared ceramics exhibit high electro strain of 0.16% at 6000 V/mm with a 10% variation from room temperature to 448 K. Therefore, the ceramics show good stability in this temperature range. Also, they designed a multilayer actuator through cobalt firing with Pt internal electrodes. These multilayer actuators exhibit thermal stability up to 300oC with a small variation of 15%. Further, the same ceramics show high fatigue resistance with both multi and mono layers. Hence, these advanced ceramics show the superior properties and are potential candidates for actuators when compared to all other lead-free ceramics. The following Table 1.1 represents some of the advanced ceramic materials used for piezoelectric actuator applications.




      Using the multilayer technology, Su et al. [21], prepared the piezoelectric acoustic actuators. For this purpose, they prepared non-stoichiometric lead-free (Na0.48-xK0.48-xLi0.04) Nb0.89-xTa0.05Sb0.06O3-xSrTiO3 (NKLNTS-xST) (where x=0 and x=0.007) ceramics for the piezoelectric actuator applications by using the tape casting method and solid-state reaction method. They investigated the phase and domain structures of the prepared ceramics. The X-ray diffraction studies revealed the coexistence of the tetragonal and orthorhombic phases in x=0.007 compound. Further, the TEM and SEM images provide the information about the morphology of the prepared materials. We know that in the enhancement of piezo and ferroelectric properties, the domain structures have an important role. Again, for x=0.007 compound in NKLNTS-xST ceramics, the stripe and herringbone domain morphology were observed which increase the wall density. In general, when the tetra and orthorhombic phases are coexisted, the domain is originated in nanoscale dimension which can improve the electrical properties. Furthermore, the NKLNTS-xST ceramics for x=0.007 compound exhibit the high piezoelectric coefficient of 650 pCN-1. Therefore, the comparative studies evidenced that the piezoelectric acoustic actuator with nonstoichiometric lead free NKLNTS-xST (where x = 0.007) ceramic material exhibits high coexistence of orthorhombic-tetragonal phases, stripe & herringbone morphology, nanoscale dimensions, large piezoelectric co-efficient and high electric properties. Therefore, the NKLNTS-xST (where x = 0.007) piezo acoustic actuator is a potential candidate for lead-free audible sound device applications.




      Bruno et al. [22], compared the performances of one PMN-PT and 8-PZT ceramics for actuator applications. They observed that all the materials show high values of charge coefficients and also the enhancement in charge coefficients with respect to the field strength up to saturation point. After this decrement in charge, coefficients take place. They concluded that PMN-PT ceramic material shows high d33 co-efficient than other materials. Besides, the same materials exhibit the low Curie temperature and low coercive field strength. Despite of this, the PZT ceramic materials exhibit high operating field voltage up to 50% of Ec with an extension up to 95%. Furthermore, these materials show more than 90% of retention after million operation cycles. Juhyun Yoo [23], investigated the dielectric and piezoelectric properties of the PNN-PMN-PZT Ceramics sintered at low temperatures. In recent years, the piezoelectric actuators are also used in piezoelectric speakers. But still, the scientists are searching for the new materials for piezoelectric actuators which can be used in piezoelectric speakers. Yoo [23], proposed the PNN-PMN-PZT ceramics and reported that with the help of conventional mixed oxide synthesis technique Pb(Mn1/3Nb2/3)0.07 (Ni1/3Nb2/3)0.10 (Zr0.5Ti0.5)0.83O3 composition ceramic materials were prepared. In addition, Yoo [23], studied how the microstructure and piezoelectric properties affected with ZnO and Nb2O5. The enhancement of Nb2O5 content increases the tetragonality of the prepared ceramics. Moreover, for the same content which was sintered at the temperature of 940oC exhibits the high relative permittivity of 1667, Kp value of 0.661, Qm is 1285 and d33 coefficient of 386 PC/N. Hence, these outcomes evidenced that the prepared ceramics are capable of serving low loss actuators which are useful for piezoelectric speakers. Jie Deng et al. [24], proposed a highly sensitive planar piezoelectric actuator with hybrid bending-bending operating mode. The proposed actuator consists of four transducers which can bend vertical and horizontal directions dependently. Further, it can be operated in two different modes which are dynamic and quasi-static mode. For large scale measurement with high speed, the dynamic mode is much suitable in which the hybrid bending is used. Whereas, the quasi static mode is suitable for small scale measurements with very high resolution and horizontal bending played a key role in this mode of operation. The (Fig. 1.1) of the reference [24] represents the structure of the proposed planar actuator.




      In addition, they reported that FEM (finite element method) is utilized to explain the operating principle of the actuator along with simulation. Further when the device is operated at 400 voltage and 11.86 kHz frequency, in dynamic mode it displayed a maximum linear speed of about 19.8 mm/s and rotatory speed of 0.266 rad/s. But, in the quasi static mode, it exhibited the same values in nano range of the order of 16 nm and 198 nano radians. Hence, the planar actuator can find the applications in various areas like scanning, transporting etc., with very high resolution. By using solid state reaction technique, Ghosh et al. [25], prepared Ba1-xLn2x/3Zr0.3Ti0.7O3 ceramics where Ln=La, Nd, Sm, Eu, and Sc and x = 0.2-1.0 for energy storage and actuator applications. They reported the effect of rare elements on the efficiency of the energy storage and electro-strictive coefficients of the prepared ceramics. Besides, the outcomes of the investigations evidenced that the compound (2-4 volume %) exhibit the improved energy density around 2.6 times the pure BZT ceramic material. The strain (S) of 0.087% and large electro-strictive coefficients (M11 & Q11 of 0.16 x 10-19 m2/V2 & 6 x 10-2 m4/V2) were noticed. Therefore, the substitution of the rare earth elements causes the improvement in the efficiency of the prepared ceramics due to relaxor phase and slim hysteresis loop. Hence, these properties indicated that the lead free BLnZT ceramics are potential candidates for actuator and energy storage applications.




      In the advancement of piezoelectric actuator technology, the Pommier-Budinger et al. [26], developed piezoelectric actuator based de-icing system, in which they introduced a computational method to estimate the current and voltage required to induce the first ice delamination/cracks. They reported that the proposed method is also helpful to estimate the frequency range with respect to the performance of the de-icing system. Hence, the piezoelectric actuators also play vital role in de-icing systems which regulate the power consumption in such systems. Generally, the high lead-concentration leads to toxicity problem and the piezoelectric actuators based on PZT-ceramics suffer from small output strains of the order of 0.1 to 0.15% to overcome the problems of these PZT based actuators. Qiang zhong Wang and Faxin Li [27], applied periodically orthogonal poled (POP) method to barium titanate (BT) based ceramics and also designed a multilayer actuator which can exhibit large actuation strain in plane poled region of the order of 0.36% through reversible domain switching. The mechanism of the reversible domain switching can be understood by the structure (tetragonal) of the proposed ceramics. It is arising due to the large internal compressive-stresses in both plane-poled and thickness-poled regions. From the outcomes, they reported that along with the period direction, the non-uniform actuation strain (0.22-0.36%) is observed in the proposed actuator. Nevertheless, in-plane poled regions, the layers of the proposed actuator are bonded together which lead to uniform actuation strain of about 0.34% at 0.1 Hz under 2 kV/mm. In addition, the actuation strain is stable and uniform even after 20000 cycles of operation. But, it decreases very quickly with increasing frequency. Therefore, the proposed POP-BT ceramics are very useful when lead-free ceramics are compulsory at low temperature actuation. However, these are not useful at high temperatures because of low Curie temperature of the BT ceramics. So, the POP-BT ceramic actuators are very useful for attaining large actuation at low temperature and low frequency. Dariusz Bochenek et al. [28], investigated the electro-physical properties of Mn4+, Sb3+, W6+ and Ni2+ doped lead zircon ate ceramics of (Zr0.49Ti0.51)0.94 Mn0.014 Sb0.02 W0.014Ni0.02O3 synthesized via calcination technique followed by free sintering. They reported that the prepared multicomponent ceramic powders exhibit the tetragonal phase with no secondary phases confirmed from X-ray diffraction studies and scanning electron microscope images. Further, for the same samples the observed low values of dielectric loss (at Tr =0.003 and at Tm=0.12) and high values of dielectric permittivity (at Tr = 1350 and at Tm= 20900) at room temperature (Tr) as well as at transition temperatures (Tm= 573K). Besides, the ferroelectric loops exhibit the broad hysteresis loops (as shown in (Fig. 1.1) of Ref [28].) with large values of spontaneous polarization (Ps = 18.70 µC/cm2). In addition, they attained large electromechanical coupling coefficient (Kp=0.48) and d33 coefficient of 278 pC/N. With all these results, Bochenek et al. [28], concluded that the prepared multicomponent PZT-ceramics with high values of spontaneous polarization, dielectric permittivity and low values of dielectric loss are much suitable for the applications in modern micro-mechatronic devices such as actuators. Xinqi Tian et al. [29], designed a new type of U-shaped stepping piezo electric actuator as shown in Fig. (1.1) of reference [29] by using four PAUs (piezoelectric actuation units). The designed actuator consists of two pushing units and two clamping units. The coupling motion is suppressed by the clamping units with the help of brackets fixed at the base and sliders connected to the clamping units. In addition to this, the static model is also developed to measure the clamping force and step length of the proposed actuator. The measured values of the actuator were well matched with the outcomes of the static model. Further, the dependence of the output speed on the frequency and voltage is examined. They observed that the linear increment of the output speed with respect to the voltage in the frequency range 0-5 Hz. After this, up to 6.25 Hz the output speed is increased slightly, beyond 6.25 Hz, it is decreased with increasing voltage. The maximum thrust force of the designed model is about 189 N and output speed is 273 μm/s. These investigations suggested that the new actuator can be useful in the areas such as precision feeding machine tool, precision zoom lens adjustment system and pression positioning platform for microscope. Kang et al. [30], prepared Li-doped BNT (Bi0.5Na0.5TiO3) ceramic materials via solid state reaction technique. They explored the dependence of electro-strain on temperature of the prepared lead-free ceramics. In addition, they designed a piezoelectric actuator with multilayer through gradient doping and compared the outcomes with single layer one. Further, they reported that five-layer composition shows high electro-strain and high thermal stability. Moreover, the high d33 coefficient of 600 pm/V at 70oC is noticed at relatively low electric field. The enhancement of the stability and electro-strain can be achieved by composition adjustment in different layers. Hence, this is a new strategy for the actuator applications with good thermal stability. In addition, to measure the vibrational loss in dynamic mode, Moretti et al. [31], designed FPEA (fextensional piezoelectric actuator) by applying TOM (Topology Optimization Method). In the proposed actuator, the fixed shape of the materials helps to optimize the topology of the host structure. Therefore, the actuator which is formed through two layers of the piezoelectric materials can serve as an actuator and also a sensor and provides constant gain.




      In this, the actuator is coupled with the AVFC (active velocity feedback control law) which modifies the damping matrix with respect to the observations as a function of time. (Fig. 1.1) of reference [31] indicates the proposed actuator model design. This model is also named as the ‘nc’ (non-collapsed)-nodes model because piezoelectric ceramic intermediate nodes are not simplified while optimizing the model through analyzing dynamic equation. Further, with the help of Netmark’s time integration method, FE (finite element) analysis attained in order to measure the dynamic response of the rectangular nodes. Also, under the influence of transient mechanical load the energy of the response signal of designed actuator (FPEA) is reduced by gradient based optimization technique. Finally, they compared the outcomes of the prepared model with the collapsed node (c-node) model. From the comparison, it is evidenced that the new nc-model is suitable for the impending advancements that anticipates affording an external circuit to the proposed structure pointing to intensity the damping effect of the AVFC.




      Nowadays, these advanced ceramics play an important role in modern vehicles i.e., in modern vehicles, these are used as automatic sensors to ensure smart engine management to keep the passengers safe. In addition, these are used in generating great ultrasonic intensities for ultrasonic drilling and cleaning. Besides, these are also used in ultrasonic transmitters and receivers for transmitting the signal, receiving the signal and processing the information. Furthermore, while operating the piezoelectric actuators the deformation takes place in micrometer range. From this, it can also be used as an actuator for pneumatic and hydraulic values, dispensing systems for gases and liquids, micromanipulators etc. In addition to this, the piezoelectric actuators are being used in sound emitters, optical fiber adjustment, active vibration damping etc. Research is going on to improve the efficiency of the piezoelectric actuators by using some advanced ceramic materials. In this chapter, we have discussed some of those ceramic materials and their actuator applications. The following (Fig. 1.1) [31] represents piezoelectric rotatory actuator for dynamic mirror deflection of head up display.
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Fig. (1.1))


      Piezoelectric rotatory actuator for dynamic mirror deflection of head up display.

    




    

      



      CONCLUSIONS




      We have discussed briefly about the importance of piezoelectric actuators and also the principle of piezoelectric actuators. Besides, we focused on various advanced ceramic materials such as LTCC (Low-Temperature Cofired Ceramic)/PZT (Lead Zirconate Titanate) multilayer ceramics, NKLNTS-xST, PMN-PT, PNN-PMN-PZT, Ba1-xLn2x/3Zr0.3Ti0.7O3, POP-BT, Li-doped BNT ceramics for the applications in piezoelectric actuators. In addition to this, some actuator operating methods like finite element method, topology optimization method etc. are also discussed.
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