Synchrotron X-ray multiscale tomography: Visualization of heterogeneous microstructures and defects in ceramics
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Abstracts
Synchrotron X-ray multiscale tomography is a 3D imaging method that combines microtomography and nanotomography to perform a high spatial resolution measurement with a wide field of view. We show how this method can be used to track the 3D microstructural evolution at multiple length scales in powder processing, sintering, and microfracture of ceramics. Heterogeneity, complexity, diversity, and hierarchical structure of powder compact lead to various types of defects that control the quality, reliability, and lifetime of products. The elimination and formation of defects are affected by applied stress in spark plasma sintering and by internal stresses generated during differential sintering and constrained sintering. The complex subsurface crack system induced by Vickers indentation demonstrates how heterogeneous microstructures control the toughening mechanisms. 

1. Introduction
  Materials science is concerned with understanding processing-microstructure-property relationships. The characterization of the three-dimensional (3D) microstructure will play an important role in revealing the link between processing and properties. The combination of powder processing and sintering is an efficient method for the flexible production of complex and near-net-shaped ceramic components for mechanical, electrical, optical, biological, environmental, and energy applications1. Even though sintered materials may look uniform and homogeneous at the macroscale, all materials and components have small defects and inhomogeneous regions distributed heterogeneously at the multiscale; atomic scale, particle scale, microscale, and mesoscale. The properties, reliability, and lifetime of components are affected by these defects and inhomogeneities, which are originally induced by powder processing and cannot be eliminated completely during sintering2,3. On the other hand, multi-scale hierarchical structures are designed and fabricated by tailoring the microstructural inhomogeneity in order to achieve superior performance. For example, multilayer ceramic capacitors (MLCCs) are made by co-firing the stacked dielectric and ultrathin electrode layers4. The co-sintering process plays a key role also in fabricating membranes for filtration/separation and electrode layers for solid oxide fuel cells (SOFC). The incorporation of heterogeneities, such as discontinuous5 or continuous reinforcements6,7, into a matrix brings the toughening of ceramic composites. The microstructural evolution during sintering is affected by internal stresses arising from different shrinkage rates of heterogeneous regions (differential sintering) or constraints by substrates and rigid reinforcements (constraint sintering)8. Such internal stresses make it difficult to eliminate microstructural defects and pores by pressureless sintering of the green bodies, which may have inhomogeneous powder packings and agglomerates. 
  The powder processing technology has been developed to control heterogeneities and defects by dry pressing and wet processing (colloidal approach)9-11. It is important also for additive manufacturing (AM), or 3D printing, which is a variety of processes to produce complicated-shaped components by adding a material layer-by-layer12. Novel technologies have enhanced the ability to control the microstructural evolution during sintering13, e.g., field-assisted sintering/spark plasma sintering (SPS)14, flash sintering15,16, ultrafast high-temperature sintering (UHS)17, cold sintering18, and photonic (blacklight) sintering19. These techniques aim to achieve the densification in a very short period of time or at lower temperatures. However, in order to assure the reliability of products, it is required to investigate how defects and inhomogeneous regions evolve during these processes. 
X-ray computed tomography (CT)20,21 is a powerful technique to characterize the 3D microstructural evolution non-destructively. In particular, multiscale tomography is a 3D imaging method that combines multiple tomographic systems with different fields of view and spatial resolution so as to perform a high spatial resolution measurement with a wide field of view22,23. The purpose of this review article is to present some case study examples of how synchrotron X-ray tomography can be helpful across a variety of applications, especially for the visualization of heterogeneous microstructures, defects, and microfractures of ceramics. The content of this article is as follows: the applications of X-ray CT in sintering are reviewed briefly in Section 2. The principle of synchrotron X-ray multiscale tomography is described in Section 3. We show how this method reveals heterogeneity, complexity, diversity, and hierarchical structure of powder compacts in Section 4. These heterogeneities arose from agglomerates in fine powder (Section 4.1) and granules (Section 4.2). The defects could not be eliminated completely by pressureless sintering. In Section 5, we show how the applied stress decreases large defects in field-assisted sintering/spark plasma sintering. The observation of 3D structures in electronic devices is indispensable for ensuring performance, reliability, and lifetime. The microstructural evolution during co-firing of MLCC was investigated by synchrotron X-ray nano-CT in Section 6. Tomography images provide knowledge on how the heterogeneous microstructure affects the toughening processes such as crack deflection, crack bridging, and microcracking. The characterization of subsurface cracks induced by indentation is described in Section 7. Future prospects are summarized in Section 8. 


2. Applications of X-ray CT in sintering
X-ray CT revealed detailed morphologies of particles during sintering, such as neck radius24,25, coordination number26, particle motion27,28, particle rotation29,30, pore orientation31, microstructural anisotropy32,33, and constitutive parameters34. The observation at the particle scale led to novel concepts for describing the evolution of pore morphology; topological inversion35, Euler characteristics36, and curvature map37. The observed pore morphologies during the intermediate stage of sintering are represented by a random and heterogeneous network of pore channels connecting void space among particles. The real pore structure is quite different from Coble’s model38, which assumes a periodic network of cylindrical pores along triple junctions. Actually, the pore channels of different shapes and sizes are formed with increasing the number of contacts between particles in the initial stage. The topology of the random network of pore channels is modified by successive pinch-off stochastically in the intermediate stage (Fig. 1). The topological evolution of the porous structure is characterized by using the Euler characteristic, which is given as the number of closed pores minus the genus of the pore network36. As the closed pores are eliminated during the final stage, the average grain size increases several times larger than the initial particle size due to grain growth39. 
Although the microstructures of porous materials are heterogeneous at the particle scale, it is regarded as uniform in the continuum mechanics of sintering at the macro scale. The continuum mechanics describes shear deformation and volume change (shrinkage) as linear responses to mechanical stresses and the thermodynamic driving force, i.e., the sintering stress40-43. It is used to analyze internal stresses that arise in differential sintering and constrained sintering. The concept of representative volume element (RVE) is a fundamental component of the continuum theory. RVE refers to a volume of heterogeneous material that must be large enough to contain adequate information at the micro-scale in order to be representative, while it should be as small as possible in comparison to the macroscopic body44. The concept of RVE links the heterogeneities at the particle scale with macroscopic quantities such as relative density, shrinkage rate, and internal stress (Fig. 2). This separation of scales is known as the Micro-Meso-Macro principle45. The RVE size is associated with a property of interest. Since X-ray CT can observe large volumes, it provides a spatial distribution of volume-averaged data such as relative density and specific surface area. For instance, the size of RVE was estimated to be about ten times larger than the particle diameter from the local relative density fluctuation observed at the particle scale46,47.
Defects and large pores, which are significantly larger than the average grain size, are often critical and lead to the fracture of brittle ceramics. It is necessary to understand how these defects evolve during powder processing and sintering in order to assure the mechanical strength and reliability of products. For example, dry-pressing or compaction is a common process to obtain shaped green bodies. The powder compacts are heterogeneous due to agglomerates and aggregates in fine powders48-51. In order to improve the flowability during die filling, large granules are made from fine particles by spray-drying. The compacts formed from granules have a hierarchical structure with the scale of granules. The frictional interactions among granules and the die wall induce the pressure gradient in the compact. The sintered materials contain large defects and pores that reduce mechanical reliability. X-ray CT has been used to visualize heterogeneous 3D microstructures at mesoscale; morphological evolution during the compaction of granules52, large pores53-56, agglomerated structures57, crack-like defects58 in sintered ceramics. The large volumes that can be observed by X-ray CT make it possible for finding rare defects that might be missed using cross-sections. X-ray CT was applied to detect typical defects generated by the additive manufacturing of metals59 and ceramics60. It was used also to understand the instability of heterogeneous microstructure during processing in order to assure the integrity of MLCC made by co-firing61-63 and all-solid-state lithium-ion battery (ASSLiB)64. Hierarchical pore structures in catalysts were characterized by combining X-ray CT, dual beam focused ion beam tomography (DB-FIB), and electron tomography65.

3. Synchrotron X-ray multiscale tomography at SPring-8 
Figure 3 shows the experimental setup of the multiscale-CT at the synchrotron-radiation facility, SPring-8, Japan. The system was set at the 250-m-long beamline BL20XU by Takeuchi and co-workers22,23. It consists of a microtomography (micro-CT, Fig. 3 (a)) as a wide-field and low-resolution system and a phase-contrast high-energy X-ray nanotomography (nano-CT, Fig. 3 (b)) as a narrow-field and high-resolution system. The micro-CT mode is based on parallel-beam projection optics. X-ray energy of 20 keV is chosen with a Si (111) double-crystal monochromator. The nano-CT mode is based on an X-ray Zernike phase-contrast full-field microscope, consisting of a hollow-cone illumination system using a condenser zone plate (CZP), sample stages, an apodization Fresnel zone plate (A-FZP) objective, a Zernike phase plate (phase ring), and a visible-light conversion type X-ray image detector. The X-ray objective lens (FZP) produces a magnified image on the detector installed at the 2nd hutch located ~160 m downstream from the 1st hutch. Voxel sizes for micro- and nano-CT modes are 0.5 µm and 40–60 nm, respectively. The spatial resolution is typically larger than the voxel size. The measurement mode of micro-CT can be easily switched to that of nano-CT only by inserting the illumination system (inside 1st hutch in Fig. 3 (b)) and removing the detector for micro-CT. The entire body of a cylindrical sample with a diameter of ~1 mm is measured with the micro-CT, and the nano-CT is used for nondestructive observation of regions of interest (ROI) with the effective field of view ~60 mm. The sample is rotated by steps of 0.1° up to 180°. The measuring time for one sample is 8 min for micro-CT. An ROI in the sample is observed by nano-CT with a measuring time of 30 min.
The intensity and the phase change of X-ray wave vary according to the refractive index
 						(1)	
when it passes through an object. The imaginary part  and the real part  control the absorption and the phase shift, respectively. A reconstructed slice from micro-CT data is a map of the linear attenuation (absorption) coefficient at the corresponding section of the object. The attenuation contrast serves for visualizing objects containing very different materials, e.g., material and pore. High-contrast images are obtained by nano-CT using phase contrast that stems from variations in  of the refractive index. The phase shifts are converted into modulated intensity patterns by Zernike phase plate. For weakly attenuating materials,  generating the phase-shift in the X-ray region can be orders of magnitude larger than . The phase contrast X-ray imaging is employed for the high-sensitive observation of fine structures.
The filtered back-projection method was used for reconstructing 3D mappings from the acquired data. Amira (VSG, Burlington, MA, USA) was used to carry out 3D visualization and geometrical measurements. Gaussian filtering was utilized to reduce noise in the 2D images. The local thresholding method was implemented to partition the gray value image into pore and material, in order to measure the size of defects. The surface was discretized using a triangular meshing technique, which allowed the calculation of the volume and surface area of the defects.

4. Heterogeneous microstructure evolution in powder processing and sintering
4.1 Agglomerates
Powder compaction combined with sintering is an important industrial production method for metal and ceramic industries. Any powder consists of particle assemblages in the form of agglomerates and aggregates48-51. The submicron- and nano-sized powder particles easily form agglomerates by interparticle forces (the Van der Walls and electrostatic, etc.) during synthesis, storage, and powder handling. The heterogeneous domain structure exists in powder compacts formed by uniaxial pressing and cold isostatic pressing. Figure 4 illustrates the domain structure in the initial stage of pressureless sintering (relative density, r = 67.7 %) of a submicron a-alumina (Al2O3) powder with an average particle size of 150 nm57. This powder used in the study (TM-DAR, Taimei Chemicals Co., Ltd, Japan) was believed to be free from agglomerate66. The grayscale image of micro-CT image shown in Fig. 4 (a) indicates variations in local density. Regions with high density appear brighter while regions with low density appear darker. These density variations reveal that the initial structure of the powder compact was composed of domains of different sizes and shapes, separated by darker boundaries. Four type of domains were observed; (i) large domains with a size of a few hundred mm, (ii) small irregularly shaped domains with sizes ranging from 10-100 mm, (iii) long rectangular domains with a width of 10 mm, and (iv) round white domains smaller than 10 mm. Fig. 4 (b) shows an enlarged view observed by nano-CT, which depicts the spatial distribution of primary particles. The number density of particles was found to be low in the dark boundary regions among the irregular domains (ii) in Fig. 4 (a). In this review, we refer to these structures with heterogeneous domains as agglomerates. Although the terms “soft agglomerate” and “hard agglomerate” are commonly used in powder technology to differentiate between various types of particle assemblages, we simply use the term agglomerates without distinguishing between them as we cannot determine their softness or hardness from X-ray CT image. 
The pore size distribution is believed to be bimodal, consisting of small inter-particle pores and large inter-agglomerate pores. The densification occurred by the elimination of small inter-particle pores, while inter-agglomerate pores remained even in the final stage (r = 98.9 %). Micro-CT imaging of the porous regions in Fig. 5 (a) clearly shows a heterogeneous distribution with large uniform domains surrounded by numerous small domains of various sizes and shapes. The dark areas between domains indicate the presence of porous regions at the boundaries. Figure 5 (b) provides a 3D visualization of the defect distribution. The large domain was dense with a residual porosity of 0.1 % containing only a few pores. Fig. 5 (c) is the enlarged view of a square region in Fig. 5 (b) observed by nano-CT. The porous region was actually a collection of fine pores. Fine residual pores are also formed among small irregularly shaped agglomerates. The heterogeneous distribution of fine pores was observed by field-emission scanning electron microscopy (FE-SEM) in Fig. 6 (a). The pore distribution associated with the agglomerate structure can also be visualized by using SEM micrographs. As the first step, we do a binary segmentation of the high-resolution gray-scale image into the material (white) and pore (black) (Fig. 6 (b)). The binary image is resampled to make a much larger pixel size. This procedure converts the binary image into a gray-scale image again. The gray level of a pixel is a function of the local porosity or number density of fine pores. Fig. 6 (c) represents a contrast-enhanced SEM image similar to that obtained by the micro-CT. This contrast-enhanced image can illustrate the heterogeneous porous region for the perception of agglomerate structure without access to the synchrotron X-ray micro-CT.
An almost fully dense microstructure was achieved by pressureless sintering inside the large agglomerate. This result suggests that the as-received powder was homogeneous. The formation of small and disordered agglomerates may have occurred during die-filling due to the breakage of large bulk powder lumps. The elimination of fine pores was prevented by the differential sintering of agglomerates in the powder compact. 
The largest defect observed through micro-CT analysis was identified as a crack-like defect as depicted in Fig. 7. It appeared as a crack along the boundary of a plate-shaped agglomerate, which is the long rectangular agglomerate visible in the cross-section. While it may not be a genuine crack, the crack-like distribution of fine pores could intensify stress concentration, making it a potential fracture origin. Our micro-CT observation indicated that this crack-like defect was produced by the differential sintering of a plate-shaped agglomerate. We are uncertain about the reason for the presence of plate-shaped agglomerates with a thickness of 10 mm in the as-received TM-DAR powder, although it is widely known that fine powders are susceptible to adhering to the container walls and equipment surface. The plate-shaped agglomerates may be fragments of the removed adhesion layer.


4.2 Granules
  The granules are used for making complex-shaped powder compacts by die-pressing because the granules improve the flowability during die-filling. The granules made by spray drying are solid or hollow depending on slurry parameters67. The morphologies of granules are controlled by the buckling instability of drying droplets of suspensions68. For example, the alumina granules (DS31, Taimei Chemicals Co., Ltd, Japan) in Fig. 8 (a) have craters or dimples, which were made by the inward collapse of the wall of the hollow granule. Cottrino52 observed the evolution of the compact morphology during the whole compaction process by using an X-ray CT. The problem of dry-pressing the granules is the formation of detrimental defects in compacts made by uniaxial pressing and cold isostatic pressing. The formation of defects at boundaries among granules depends on the shape and size of granules69, the properties and distribution of binders70,71, the binder content72, the moisture content which affects the glass transition temperature of binder73-75, the compaction behavior, and the binder burn out process. 
The spray-dried granules (DS31) in Fig. 8 (a) are composed of primary particles of submicron α-alumina which are almost identical to TM-DAR powder. The granule diameters fell within the range of 10-120 mm. The contrast-enhanced SEM image in Fig. 9 (a) presents the shape, size, and spatial distribution of defects in alumina (r = 97.6 %) made by pressureless sintering of DS31 granules. The SEM micrographs in Fig. 9 (b) – (f) show a variety of types of defects76. The origin of these defects is schematically illustrated in Fig. 8 (b); I) coarse round pores (Type I) distributed randomly (Fig.9 (b)), II) branched crack-like defects (Type II) along boundaries (Fig. 9 (c))58,77,78, III) linear crack-like defects (Type III) that are perpendicular to the pressing direction (Fig. 9 (d))58,79. Type II and III defects, which are crack-like in nature, are the defects that limit the strength of the material. On the other hand, the coarse round pore shown in Fig. 9 (b) is too small to have any impact on the material’s fracture strength. Additionally, there were localized porous regions, such as the complex pores shown in Fig. 9 (e)  and the ellipsoidal porous region shown in Fig. 9 (f). These porous regions may consist of a mutually connected pore structure or a collection of small fine pores. The complexity of the pore structure can be described in terms of its connectivity or genus g, which is roughly the number of holes in the pore surface. A pore with a spherical shape is classified as a genus-zero surface, while a pore shaped like a doughnut (torus) has genus one. We refer to the mutually interconnected pore  in Fig. 9 (e) with a genus greater than zero as a complex pore76. We hypothesize that the complex pores are formed from aggregates present in the raw powder or porous regions at quadruple points of granules in Fig. 8 (b). The ellipsoidal porous region in Fig. 9 (f) is a large complex pore with an ellipsoidal shape.
The 3D structures of defects are observed by micro-CT in Fig. 10 (a)58. Synchrotron X-ray micro-CT could detect crack-like defects with the crack opening displacement of 0.6 mm. It reveals that the linear crack-like defects perpendicular to the pressing direction (Type III) are circular crack-like defects. The nano-CT image in Fig. 10 8b) clearly demonstrates that the branched crack-like defect (type II) is linked to cell structures that arise from the compaction of granules. These defects are comprised of planar boundaries that separate granules, with three of these planes meeting at a linear triple junction, which in turn meets at a quadruple point. Branched crack-like defects exhibit several variations in shape. The micro-CT image in Fig. 10 (a) illustrates also (ii) the linear defects along the triple junction (branched rodlike defects), and (iii) four rodlike defects meeting at a quadruple point. Both complex pores and ellipsoidal porous regions look as if they are coarse round pores in Fig. 10 (a). In most cases, small defects observed by micro-CT are not coarse round pores, but either complex pores or ellipsoidal porous regions.
Micro-CT is an efficient method to obtain the data necessary for predicting the mechanical reliability of products, i.e., size, shape, orientation, and spatial distribution of strength-limiting defects. The largest defect in a volume  = 1. 55 mm3 was a circular crack-like defect with a diameter of 87.5 mm. The fracture will occur from this defect, when a tensile stress is applied perpendicular to it. The fracture strength of ceramics is limited by the largest pre-existing flaw size, and is proportional to the critical stress intensity factor ,
 							(2)		 where  is the flaw size, and Y is a geometry factor. The fracture resistance of alumina increases with crack extension by crack-tip shielding mechanisms such as grain bridging80. The fracture strength at realistic flaw size is not controlled by the fracture toughness determined from macroscopic cracks, but rather by the toughness at the crack tip, 81,82. The microscopic fracture strength of this circular crack was approximated to be within the range of 310-380 MPa by using measured  values. The average strength and Weibull modulus measured by four-point bending were = 332 MPa and m = 8.5, respectively72. The fracture strength of ceramics decreases with increasing the specimen size since there is a greater chance of larger defects being present in larger specimens. The correlation between the average tensile strength  of the region examined using micro-CT and the average strength of four-point bending test  is presented as
				(3)	
where  is the effective volume which is defined from the stressed volume of the four-point bending specimen (V = 3  4  10 mm3) and Weibull modulus. The value of  predicted from the average strength of four-point bending test is 352 MPa, and is in the range of microscopic fracture strength. Although there is no straight forward analytical approach to determine the fracture strength based on the size of branched crack-like defects, we can evaluate the stress intensity factor of crack-like defects with any shape by utilizing methods, such as the extended finite element method (XFEM). With the knowledge on the size, shape and orientation of largest defects observed by micro-CT, it will be able to predict which defect will be responsible for the fracture strength under particular loading direction.

5. Field-assisted sintering/spark plasma sintering 
Field-assisted sintering (FAST) or spark plasma sintering (SPS) is pressure-assisted sintering, in which the densification of powder compacts is enhanced by the application of pressure so that fully dense materials are obtained in a short holding time at temperatures usually lower than those required for pressureless sintering. In this technique, the electroconductive die and powders are heated directly by electric current, while non-conductive powders are heated indirectly in a conductive tool14,83. This method is also referred to as pulsed electric current sintering (PECS) or electric current-assisted sintering (ECAS). This technology has made significant progress in recent years for industrial applications84 and the production of complex-shaped components85. 
To ensure the mechanical strength and reliability of products, it is important to understand how morphologies of pores and defects evolve during the SPS process. The shape and size of defects and their spatial distributions are critical microstructural features that affect mechanical strength. In pressure-assisted sintering techniques such as hot isostatic pressing, hot pressing, and SPS, large defects and pores in inhomogeneous powder packing in the green bodies evolve and change in shape and size. They can be removed completely at high pressures. In particular, fully dense and highly transparent materials are fabricated by SPS of the submicron alumina powder (TM-DAR). The light transmission property is improved by reducing the scattering of light at pores and at grain boundaries86. Although fine residual pores remain in pressureless sintering as a result of agglomerate structure in green bodies as described in Section 4.1, these defects were eliminated by SPS almost completely. The application of high pressures decreased the sintering temperature; 1150, 1100, and 800 °C at 8087,88, 500 MPa89,90, and 7.7 GPa91, respectively. The transparent alumina could be fabricated by controlling the heating rate for minimizing grain growth at low temperatures so as to reduce light scattering at grain boundaries87,88.
The morphological evolution of large defects during SPS was investigated by using the spray-dried alumina granules (DS31) as a model76. The relative density increased with increasing the applied stress; 97.59 % and 99.47 % at 30 and 50 MPa, respectively. While the branched crack-like defects and the circular crack-like defects could not be eliminated by pressureless sintering (Fig. 10 (a)), they disappeared by SPS at a pressure of 30 MPa. Nevertheless, there were branched rodlike defects along the triple lines of granules as shown in Fig. 11. There remained also complex pores and ellipsoidal porous regions. The branched rodlike defects were eliminated at the applied stress of 50 MPa, but small defects could not be removed. Figure. 12 (a) shows the spatial distribution of small defects observed by nano-CT. The ellipsoidal defects lay in a plane perpendicular to the pressing direction. It suggests that they are partly flattened during SPS. Although they look like ellipsoidal pores, most of them are actually ellipsoidal porous regions. The 3D image of an ellipsoidal porous region in Fig. 12 (b) displays a complicated internal structure. This is the ellipsoidal porous region which is bounded by a circular circumferential gap as depicted in Fig. 12 (c). There was a complicated network of connected pores, the enlarged view of which is displayed in Fig. 12 (d). It is a 3D image of a complex pore, the cross-section of which is similar to Fig. 9 (e). These small defects are so small that they do not seem to affect the mechanical strength.
It is required to find the largest defect inside the total volume of the specimen so as to predict the fracture strength. For example, we found a defect larger than 100 mm in alumina sintered at 50 MPa. The cross section of this large defect indicates that mutually connected voids among granules still remained even under the pressure of 50 MPa. This strength-limiting defect was uncommon because no defect larger than 32 µm was found in the specimen sintered at 30 MPa. It is believed that this defect originated from a large spherical void in loosely packed granules in the initial packing structure. Cottrino52 noted large voids in loosely packed granules, several times larger than the granule size. Such a large void disappears by tapping and die compaction at stresses higher than 100 MPa prior to pressureless sintering usually. For instance, transparent alumina was obtained by SPS of freeze dried granules at 100 MPa92,93. However, when SPS is performed at moderate pressures, a large void will be flattened but can happen to remain as a large defect. A uniaxial stress greater than 100 MPa is needed to eliminate large defects during SPS of alumina granules.
The deformation and shrinkage of a large defect during SPS can be analyzed by using the continuum mechanics of sintering, which expresses a linear relation between the strain rate  and the stress  
						(4)
where  is the Kronecker delta,  is the hydrostatic stress,  denotes the deviatoric component,  is the sintering stress, and  and  are the shear and bulk viscosity, respectively40-43. The first term on the right-hand side describes shear deformation without volume change. The densification is described by the second term. Consider the deformation and shrinkage of a large oblate spheroidal pore with the polar radius  and equatorial radius  () in Fig. 14. The -direction is the pressing direction in SPS. The shape evolution of the pore can be predicted by using Taya-Seidel model94 and parameters , , and  experimentally measured for sintering of the submicron alumina powder (TM-DAR)95,96. The detailed simulation method was described by Wakai and coworkers97. The spherical pore is flattened with densification during SPS at 30 MPa, but it still remains even at a relative density of 95%. This simulation explains the presence of a large defect in Fig. 13. In contrast, an oblate pore with  is removed around the relative density of 80%. Flat crack-like defects are eliminated by SPS more easily, then there remain almost no crack-like defects in alumina sintered at 30 MPa. 

6. Multilayer ceramic capacitor (MLCC)
Multilayer ceramic capacitors (MLCC) are widely used in electronic devices such as smartphones and automotive applications. In recent years, as the modern electronic industry demands for miniaturization of MLCC consisting of metal electrodes and ceramic dielectric layers stacked alternately (Fig. 15 (a)), the thickness of both layers has been reduced significantly. These multilayer components are manufactured through a process involving tape casting of the dielectric material, screen printing of the metal electrode on the ceramic layer, stacking layers, pressing, cutting/dicing into green chips, binder burnout, and co-firing in a reducing atmosphere. The microstructural changes that occur during co-sintering of the electrode and dielectric layers have an impact on the final product’s capacitance, reliability, and lifetime4.
Figure 15 (b) illustrates an SEM micrograph of a cross-section perpendicular to the layers of a model MLCC chip with 1005 size (1.0  0.5  0.5 mm) fabricated by TAIYO YUDEN Co., LTD. The MLCC is composed of base metal (Ni) electrodes and the dielectric BaTiO3 (barium titanate) layers. As the thickness of the layer has been reduced to the micrometer range, the process introduces the defect of the inner electrode called discontinuity98. The electrode layers are not ideal flat parallel plates, but their surface is rough. Figure 15 (c) shows a top view of the Ni electrode layer (magenta) observed by nano-CT. BaTiO3 grains are transparent so that the black background indicates discontinuity. The morphology of discontinuity in a thin electrode layer is round61,62,99 or irregularly shaped holes63, and looks like Swiss cheese slices. The pores (yellow) in the electrode layer are located at discontinuities. The discontinuity (the ratio of the black background area to the total area) increased with decreasing the thickness of the Ni electrode layer: it was 13 % (Fig. 15 (c)) and 44 %63 for the thickness of 0.9 mm and 0.66 mm, respectively.
The microstructural control for obtaining smoother and more continuous electrodes is crucial to enhance the performance of MLCCs. The capacitance of MLCC is directly proportional to the continuity and connectivity of the electrode area, then the discontinuity brings about capacitance loss. The lifetime of MLCCs is limited by insulation resistance degradation under DC electrical field. The degradation is accelerated with increasing temperature. The Schottky barrier formed at the interface between the Ni electrode and BaTiO3 grains gives the largest contribution to the total insulation resistance composed of the intragranular core-shell structure, grain boundaries, and electrode interfaces100,101. Local electric field concentration is intensified by electrode discontinuities and rough interfaces, lowering the dielectric breakdown strength102,103. The roughness of the two electrodes adjacent to the dielectric layer affects the thickness of the dielectric layer and the local electric field. The degradation of insulation resistance occurs locally from the cathode where the local thickness of the dielectric layer is slightly thinner104. Local electric field concentration is found near electrode roughness, discontinuity, and pores105.
The multilayer structures are unstable under internal stresses arising from differential shrinkage during co-sintering106. The Ni electrode layer is under tensile stress at temperatures from 500 to 1000 °C because the shrinkage rate of the electrode is higher than the dielectric layer. As the densification of the dielectric layer occurs at temperatures higher than 1100 °C, the electrodes are under compression. The interface morphology of elastically stressed layered structure evolves toward decreasing the total elastic strain energy by diffusion at elevated temperatures107,108. The stress-induced instability promotes the diffusion from thinner regions toward thicker regions leading to the increase of roughness of the electrode layer and the formation of discontinuity during sintering. 
The discontinuity increased with the sintering temperature63. The characteristic length of discontinuity, which is defined as the average intercept length, increased with sintering temperature as shown in Fig. 16. This implies that the morphological evolution of electrodes was described as coarsening. The formation of discontinuity and the coarsening are promoted by internal stresses arising from differential sintering of the metal layer and ceramic layer 61,63,106. This stress-induced surface instability also affects the lifetime and reliability of electrodes that are used as heaters and sensors in severe environments109.

7. Microfracture induced by indentations in a heterogeneous material
The surface crack patterns induced by sharp or blunt indenters offer valuable information on the mechanical properties of brittle materials, such as glass, glass-ceramic, ceramics, and composites, which are crucial for developing damage-resistant materials for structural, dental, and optical applications. Even so, the observable surface crack pattern only represents a fraction of the total crack system. The characterization of subsurface cracks is a challenge for understanding contact damage, impact, wear, erosion, and abrasion of brittle materials. Vickers indenter generates radial/median 110,111, and lateral cracks110,112 that initiate at the boundary of the elastic-plastic deformation zone, or, process zone. Transparent materials can be examined through optical microscopy during loading and unloading sequences to directly observe the crack initiation and growth113. The 3D crack system will be more complex in tough materials having heterogeneous microstructures with weak internal interfaces and high internal residual stress. The complicated subsurface indentation crack system has been studied by observing the cross-section using optical microscopy and scanning microscopy. Focused ion beam (FIB) tomography is used as a serial sectioning technique. However, these sectioning methods can modify the stress field around the process zone, potentially altering the crack system’s original morphology. X-ray CT can be used to observe the internal cracks non-destructively114,115. 
The synchrotron X-ray multiscale tomography was used to investigate the complicated 3D crack system generated in brittle materials with heterogeneous microstructure116. A translucent glass-ceramic was utilized as the model material in our study. Glass-ceramics are inorganic, non-metallic materials that can be prepared through controlled crystallization of glasses using various processing methods. By controlling the chemical composition of the glass and the size, shape, and volume fraction of the crystalline phase embedded in it, a diverse range of glass ceramics with heterogeneous microstructures has been developed to enhance strength and fracture toughness117. The mechanical properties of glass-ceramics are influenced by residual stresses resulting from thermal expansion and elastic mismatch between the crystal and glass118. Various toughening mechanisms can be applied to glass-ceramics, including crack bowing, crack deflection119, crack bridging120, and microcrack toughening121. A novel glass-ceramic composed of a CaO-Al2O3-SiO2 glass and hexagonal CaAl2Si2O8 crystals (h-CAS) was found by Maeda recently122,123. This glass-ceramic (CAS-GC) exhibited improved fracture toughness. The crack propagation is influenced by a house-of-cards microstructure formed by plate-like h-CAS crystals. Cracks travel along the glass-crystal interface and the cleavage plane, since the h-CAS crystal structure is analogous to that of mica. 
The Vickers indentation cracks in CAS-GC are symmetric at a high load (196 N) as schematically illustrated in Fig. 17 (a). Four radial cracks on the surface emanate from the corners of the indent (Fig. 17 (b)). The subsurface lateral crack is seen by optical microscopy as a brilliant circular area. The microcrack zone is defined as a circular opaque white area at the center. The indentation crack patterns become irregular under low loading (9.8 N) in Fig. 17 (c), because the crack nucleation depends on the heterogeneous distribution of CAS crystals as the available nucleation sites decrease. The top view and the side view of the micro-CT image of the cracks are shown in Fig. 18 (a) and (b), respectively. They reveal that a diversity of cracks with different types, locations, and orientations, are formed outside the microcrack zone. The complicated subsurface crack system is described as a collection of crack components113; primary radial cracks (R), secondary radial cracks (SR), lateral cracks (L), shallow lateral cracks (SL), and median cracks (M). The inclined lateral crack (Fig. 18 (c)) was identified as a new type of crack component. The inclined lateral crack (IL) initiates along a shallow lateral crack or a surface-localized radial crack (Palmqvist crack, Pq). High-resolution nano-CT observation was conducted on the region inside red squares in Fig. 18 (a) and (b). A significant crack deflection and crack branching were observed in the secondary radial crack (SR) in Fig. 18 (b) and (d). The median cracks (M1-M5) in the region below the microcrack zone were flat and parallel to the load axis. The complicated crack morphology arose due to the stochastic nature of crack nucleation in the inhomogeneous microstructure. The observed diversity in the crack profile suggests that the crack deflection depends on the crack type, the fracture mode, and the local stress field.

8. Future prospects
  Synchrotron X-ray multiscale tomography is finding broad applications for revealing the link among processing, microstructure, and properties of ceramics. The combination of micro-CT, nano-CT, and SEM provides an opportunity to investigate the 3D microstructural evolution at multiple length scales systematically in powder synthesis, forming, drying/binder burnout, and sintering. The microstructures at each stage affect the quality of the products, reliability, and lifetime. The knowledge of 3D structures, heterogeneities, and defects, at the mesoscale, enables us to bridge the gap between the macroscopic properties to the microstructures at the particle scale. It is our hope this review will inspire new research for providing scientific insights into heterogeneous microstructural evolution during ceramic processing, which may arise from synchrotron X-ray tomography technique.
In-situ real-time and time-lapsed (i.e., interrupted) 3D imaging has been conducted to track microstructure evolution during sintering. It is referred to 4D imaging (three spatial directions plus time). Both macroscopic strain and heterogeneous local strain are analyzed from accurate quantification of the three-dimensional movements of particles by using digital volume correlation (DVC) 28. The local strain rate tensor is associated with the viscosity tensors and the sintering stress tensor, the origin of which are local structures at particle scale33,34. The experimental observations from multiscale tomography will facilitate the development of theoretical models (continuum mechanics40-43 and kinetics at particle scale124) and numerical simulations such as the phase-field method, the Monte Carlo method, and the discrete element method. The results will enlarge our understanding of underlying physical mechanisms and support the development of suitable process strategies. The advancements of this fast-growing imaging technique and computational simulations will help to drastically improve the practice of producing ceramic components with the desired dimensional accuracy, material characteristics, and mechanical properties, which requires an intensive and expensive trial-and-error method usually.  
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Figure captions
Fig. 1. Microstructural evolution during the intermediate stage of sintering36. (a) solid phase, (b)-(f) pore phase. The topology of the pore structure is modified by the shrinkage and pinch-off of pore channels with different shapes and sizes. Arrows indicate pore channels.
Fig. 2. Micro, meso, and macro structures in constrained sintering of a thin film on a substrate. 
Fig. 3. Schematic image of synchrotron X-ray multiscale CT set-up in SPring-858. (a) micro-CT, (b) nano-CT. 
Fig. 4. Microstructure of alumina at the initial stage (r = 67.7 %)57. (a) cross-section observed by micro-CT, (b) cross-section observed by nano-CT. The powder compact (TM-DAR) was formed by uniaxial pressing at 40 MPa and cold isostatic pressing at 200 MPa. 
Fig. 5. Microstructure of alumina at the final stage of pressureless sintering at 1300 °C (r = 98.9 %)57. (a) cross-section observed by micro-CT, (b) 3D reconstruction of defects. The thickness of the reconstructed volume is 5 mm. (c) 3D reconstruction of the defect observed by nano-CT. The defect is a porous region with a collection of fine pores. 
Fig. 6. Visualization of the distribution of fine pores by SEM (alumina, r = 98.9 %)57. (a) high-resolution gray-scale image, (b) binary segmentation of the image, (c) low-resolution gray-scale image.
Fig. 7. Crack-like defect along the boundary of a plate-shaped agglomerate observed by micro-CT57. The plate-shaped agglomerate is a long rectangular one in the cross-section.
Fig. 8. Packing structure of granules. (a) SEM image of alumina granules (DS31), (b) relation between defects and hierarchical powder packing structure.
Fig. 9. SEM micrographs of defects in alumina (r = 97.6 %) fabricated by pressureless sintering of granules (DS31)76. The powder compact was formed by uniaxial pressing at 40 MPa and cold isostatic pressing at 200 MPa, and sintered at 1300 °C58.
Fig. 10. 3D multiscale CT images of defects in alumina (r = 97.6 %) fabricated by pressureless sintering of granules (DS31)58. (a) micro-CT image, (b) nano-CT image of a branched crack-like defect (type II).
Fig. 11. Micro-CT image of branched rod-like defects along triple lines of granules in alumina sintered at 30 MPa and at 1300 °C by SPS76. An arrow indicates the pinch-off of the branched rodlike defect.
Fig. 12. Nano-CT image of small defects in alumina sintered at 50 MPa by SPS76. (a) distribution of small defects in a volume (36 ´ 36 ´ 36 mm). The pressing direction is indicated by a red arrow. (b) enlarged view of an ellipsoidal porous region. (c) SEM image of a cross section of an ellipsoidal porous region with circumferential gap in alumina sintered at 30 MPa. (d) enlarged view of a complex pore. 
Fig. 13. 3D image of a large defect in alumina sintered at 50 MPa by SPS76. The cross-section of the defect shows that it was formed from a large void among granules.
Fig. 14. Shrinkage and deformation of a spherical pore and oblate spheroidal pores (c < a) during SPS76.
Fig. 15. Internal structure of a model MLCC consisting of Ni electrodes and BaTiO3 dielectric layers stacked alternatively. (a) SEM micrograph of MLCC observed in the cross-section perpendicular to layers. (b) top view, nano-CT image of a Ni electrode and pores.
Fig. 16. Relation between characteristic length and sintering temperature. The microstructural evolution of electrode layer is described as the coarsening of characteristic length63.
Fig. 17. Optical micrograph of cracks induced by Vickers indentation in CaO-Al2O3-SiO2 glass-ceramic (CAS-GC)116. (a) an idealized crack structure, (b) indentation load 196 N, (c) 9.8 N.
Fig. 18. Micro-CT and nano-CT observation of Vickers indentation cracks at 9.8 N load116. (a) Top view and (b) side view of micro-CT. (c) side view of a region-of-interest (ROI) observed by nano-CT. (d) schematic illustration of an inclined crack.
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Fig. 1. Microstructural evolution during the intermediate stage of sintering36. (a) solid phase, (b)-(f) pore phase. The topology of the pore structure is modified by the shrinkage and pinch-off of pore channels with different shapes and sizes. Arrows indicate pore channels.
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Fig. 2. Micro, meso, and macro structures in constrained sintering of a thin film on a substrate. 


















[image: ]
Fig. 3. Schematic image of synchrotron X-ray multiscale CT set-up in SPring-858. (a) micro-CT, (b) nano-CT. 
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Fig. 4. Microstructure of alumina at the initial stage (r = 67.7 %)57. (a) cross-section observed by micro-CT, (b) cross-section observed by nano-CT. The powder compact (TM-DAR) was formed by uniaxial pressing at 40 MPa and cold isostatic pressing at 200 MPa. 























[image: ]
Fig. 5. Microstructure of alumina at the final stage of pressureless sintering at 1300 °C (r = 98.9 %)57. (a) cross-section observed by micro-CT, (b) 3D reconstruction of defects. The thickness of the reconstructed volume is 5 mm. (c) 3D reconstruction of the defect observed by nano-CT. The defect is a porous region with a collection of fine pores. 
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Fig. 6. Visualization of the distribution of fine pores by SEM (alumina, r = 98.9 %)57. (a) high-resolution gray-scale image, (b) binary segmentation of the image, (c) low-resolution gray-scale image.
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Fig. 7. Crack-like defect along the boundary of a plate-shaped agglomerate observed by micro-CT57. The plate-shaped agglomerate is a long rectangular one in the cross-section.
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Fig. 8. Packing structure of granules. (a) SEM image of alumina granules (DS31), (b) relation between defects and hierarchical powder packing structure.
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Fig. 9. SEM micrographs of defects in alumina (r = 97.6 %) fabricated by pressureless sintering of granules (DS31)76. The powder compact was formed by uniaxial pressing at 40 MPa and cold isostatic pressing at 200 MPa, and sintered at 1300 °C58.
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Fig. 10. 3D multiscale CT images of defects in alumina (r = 97.6 %) fabricated by pressureless sintering of granules (DS31)58. (a) micro-CT image, (b) nano-CT image of a branched crack-like defect (type II).
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Fig. 11. Micro-CT image of branched rod-like defects along triple lines of granules in alumina sintered at 30 MPa and at 1300 °C by SPS76. An arrow indicates the pinch-off of the branched rodlike defect.
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Fig. 12. Nano-CT image of small defects in alumina sintered at 50 MPa by SPS76. (a) distribution of small defects in a volume (36 ´ 36 ´ 36 mm). The pressing direction is indicated by a red arrow. (b) enlarged view of an ellipsoidal porous region. (c) SEM image of a cross section of an ellipsoidal porous region with circumferential gap in alumina sintered at 30 MPa. (d) enlarged view of a complex pore. 
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Fig. 13. 3D image of a large defect in alumina sintered at 50 MPa by SPS76. The cross-section of the defect shows that it was formed from a large void among granules.
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Fig. 14. Shrinkage and deformation of a spherical pore and oblate spheroidal pores (c < a) during SPS76.


















[image: ]
Fig. 15. Internal structure of a model MLCC consisting of Ni electrodes and BaTiO3 dielectric layers stacked alternatively. (a) SEM micrograph of MLCC observed in the cross-section perpendicular to layers. (b) top view, nano-CT image of a Ni electrode and pores.
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Fig. 16. Relation between characteristic length and sintering temperature. The microstructural evolution of electrode layer is described as the coarsening of characteristic length63.
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Fig. 17. Optical micrograph of cracks induced by Vickers indentation in CaO-Al2O3-SiO2 glass-ceramic (CAS-GC)116. (a) an idealized crack structure, (b) indentation load 196 N, (c) 9.8 N.
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[bookmark: _Hlk132017481]Fig. 18. Micro-CT and nano-CT observation of Vickers indentation cracks at 9.8 N load116. (a) Top view and (b) side view of micro-CT. (c) side view of a region-of-interest (ROI) observed by nano-CT. (d) schematic illustration of an inclined crack.
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