Evolution of microstructure and defects in sintering of tape-cast alumina laminates observed by synchrotron X-ray multiscale tomography
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Abstract
  Processing-induced defects affect the performance and reliability of multilayered ceramics. They are introduced from the raw powder, or during tape casting, drying, thermo-compression, binder burnout, and sintering. Using synchrotron X-ray multiscale tomography, we investigated how the microstructural heterogeneities and various defects evolve in the sintering of tape-cast alumina laminate. The strength-limiting defects were identified as large defects at the layer interface and peculiar crack-like defects formed around large inclusions contained in the raw powder. Although a slurry might be uniform in colloidal processing, the particle packing in the tape was heterogeneous. This heterogeneity determined the spatial distribution of pores and formed complex pores in later stages. Moreover, we found the formation of flake-like sheets in slurry due to the self-assembly of polyhedral alumina crystals. This phenomenon has the potential to be applied in the manufacture of 2D micro-sheets controlled to the thickness of a single particle.

1. Introduction
The multilayered structure is a typical design in ceramics, particularly for applications in multilayered ceramic capacitors (MLCC) [1], low-temperature co-fired ceramics [2, 3], solid oxide fuel cells, all-solid-state batteries, sensors, and multi-layered ceramic composites [4]. These structures are produced by sintering stacked and laminated thin sheets created using tape casting. As the demands of the industry for miniaturization have led to a decrease in layer thickness from several tens of micrometers to the submicron scale, controlling microstructural heterogeneities and ensuring uniformity are crucial for the reliability of device performance. The mechanical reliability of ceramic components depends on the size of strength-limiting defects, typically larger than 30 - 50 µm, introduced during processing [5-7]. However, the performance of electrical devices may be impaired by more minor defects comparable in size to the layer thickness. Defects even less than 10 micrometers in length can be detrimental to the functions of miniaturized devices. Therefore, understanding the fundamental processes that drive the evolution of microstructural heterogeneities and defects is vital for achieving high reliability in ceramic devices and components. 
Processing-induced defects in ceramic laminates can arise during various stages: 1. Slurry preparation, 2. Tape casting, 3. Drying, 4. Stacking/lamination, 5. Binder burnout, and 6. Sintering (Fig. 1) [8, 9]. Additionally, crack-like defects may form in laminated structures of different phases due to mismatch stresses caused by differential sintering and thermal expansion mismatch [10]. Laminates exhibit hierarchical material structures across multiple scales, including particle size, inclusion size, crack-like defect size, layer size, and device size. To optimize process parameters efficiently, multiscale modeling/simulation of microstructural evolution should be developed, moving away from a trial-and-error approach.
Recently, the microstructural evolution at the particle length-scale in sintering of alumina powder was analyzed by synchrotron X-ray nano tomography at the European Synchrotron Radiation Facility (ESRF) [11,12]. Synchrotron X-ray multiscale tomography, a three-dimensional (3D) imaging method that combines microtomography (micro-CT) and nanotomography (nano-CT), enables high spatial resolution measurements with a wide field of view at Japan Synchrotron Radiation Research Institute (JASRI) [13-15]. It has emerged as a potent tool for analyzing microstructural inhomogeneities and defects evolved during the sintering of MLCC [16], fine powders [17], and granules [18, 19]. Utilizing synchrotron X-ray multiscale tomography to visualize defects will enhance our understanding of their formation during processing. This knowledge gained through X-ray CT is indispensable for comprehending the physical mechanisms in each processing step and identifying factors to control the process. It is also necessary to develop and verify computational material models and simulations. 
In this study, we employed synchrotron X-ray multiscale tomography to investigate the microstructural evolution in the sintering of tape-cast alumina laminate. Alumina was chosen because the role of polymers in tape casting is well-known. In organic solvents, the interaction between particles arises from the steric force by surfactant molecules adsorbed on the surface. The surfactant molecules are electrostatically interacted with alumina surfaces [20, 21]. This material serves as a model to examine the size, shape, and spatial distributions of all kinds of potential defects that develop during the processing of laminates under non-optimized conditions. The results observed provide new insights for optimizing the processing conditions. Furthermore, our research identified that polyhedral alumina crystals naturally organize themselves into flake-like structure within the slurry. This self-assembly process offers promising applications in producing 2D micro-sheets, with the capability to control their thickness down to a single particle’s dimensions. 
  
[bookmark: _Hlk154043588]2. Experimental 
[bookmark: _Hlk152320064]2.1 Starting material
  The powder used in this work was high-purity α-alumina (Al2O3) (Sumicorundum AA-03, Sumitomo Chemical Co. Ltd), synthesized via in-situ growth of particles through halogen gas phase in the calcination of hydrated alumina (in-situ Chemical Vapor Deposition) [22]. The diameter d50, d10 and d90 of the as-received AA-03 powder consisted of polyhedral-shaped single crystal α-alumina particles measured by centrifugation were 0.35 µm, 0.22 µm and 0.49 µm, respectively. These values agree fairly well with the previous works [21, 23]. On the other hand, SEM images revealed the inclusion of coarse particles with sizes larger than 0.5 mm (Fig. 2(a)). The shape of primary particles was rounded with decreasing the particle size to less than 0.15 µm. 
The as-received powder contained some coarse polyhedral-shaped single-crystal particles (Fig. 2 (a)) and a few rounded fragments of an unknown inclusion (Fig. 2 (b)), consisting of ultra-fine particles (Fig. 2 (c)). The authors hypothesize that the inclusion is a form of transition alumina, e.g., γ-alumina, formed during the transformation to α-alumina. 

2.2 Slurry preparation and tape casting 
Tape casting slurries were prepared using a mixture of isopropyl alcohol (IPA) and butyl alcohol (BuOH) in an 80/20 wt% ratio. Polycarboxylic acid (Celuna E-503, Chu-kyo Yushi. Co. Ltd. Japan) was used as a dispersant for stable and homogeneous dispersion of the alumina powder. Polyvinyl Butyral (PVB) (BM-1, Sekisui Chemical Co. Ltd. Japan) and dioctyl phthalate (DOP) served as the binder and plasticizer, respectively, with a binder/plasticizer ratio of 2.0. The volume fraction of solids in the slurry was maintained at 17.3 vol%. Homogenization was performed by ball milling at 100 rpm for 24 h. Following the de-airing process, the slurry was tape-cast onto a polyethylene terephthalate separator film at the casting speed of 10 mm/s.

2.3 Stacking and sintering of laminates 
　Alumina laminate was prepared from the cast tapes, cut to 30 mm × 30 mm, and stacked in 13 layers in a die. Thermo-compression was conducted at 130 °C, initially at 5.55 MPa for 10 min, followed by 11.1 MPa for 3 min. The laminate was divided into four parts. Binder burnout was carried out in flowing nitrogen gas (0.5 L/min), with a heating rate of 8 °C/min up to 250 °C, 0.625 °C/min up to 325 °C, and then 3.75 °C/min up to 550 °C, maintaining this temperature for 1 h. Laminates were sintered in air for 2 h at temperatures ranging from 1200 °C to 1500 °C, with a heating rate of 5 °C/min up to 1200 °C and 2.5 °C/min at temperatures above 1200 °C.

[bookmark: _Hlk153975177]2.4 Sample preparation for X-ray CT
Cylindrical samples with a diameter of 0.85 mm were extracted from sintered laminates using laser beam machining for X-ray CT observation. Laser cutting was performed with a Nd:YAG pulsed laser at a wavelength of 1064 nm, choosing a beam diameter of 30-40 µm to minimize damage to the sample.

2.5 X-ray CT and image analysis
[bookmark: _Hlk153975285][bookmark: _Hlk115170183]The synchrotron X-ray CT experiments were conducted at BL20XU of the Japanese synchrotron radiation facility, SPring-8, using an X-ray energy of 20 keV for micro- and nano-CT mode. The micro-CT mode utilized simple X-ray projection optics. In contrast, the nano-CT mode’s optical system comprised a phase contrast X-ray full field microscope, with components including a hollow-cone illumination system (using a condenser zone plate (CZP)), sample stages, a Fresnel zone plate (FZP) objective, a Zernike phase plate (phase ring), and a visible-light conversion type X-ray image detector [13,14]. Due to the phase-shift cross section in the X-ray region being up to a thousand times larger than that of absorption, phase contrast X-ray imaging was employed for highly sensitive observation of fine structures. Samples were rotated in 0.1° increments up to 180°. Voxel sizes for micro- and nano-CT modes were 0.5 µm and 30 nm, respectively. The measuring time for one sample was 8 minutes for micro-CT, and a region of interest in the sample was observed by nano-CT with a measuring time of 30 minutes. 3D visualization and geometrical measurements were performed using Amira software (VSG, Burlington, MA). Gaussian filtering was applied to reduce noise in 2D images. A local thresholding method was used to segment the gray value image into pores and material for measuring the defect size. The surface was discretized using triangular meshing, allowing the calculation of volume and surface area of defects.

2.6 SEM observations and image analysis
Two-dimensional (2D) microstructural features of sintered alumina were observed using field emission scanning electron microscopy (FE-SEM, ZEISS GeminiSEM 300, Germany) equipped with electron backscatter diffraction (EBSD). Grain size was determined by the diameter of an equivalent circle from EBSD maps using the TSL OIM analysis program. 

3. Results
3.1 Laminate structure observed in the cross-section
3.1.1 Microstructure at particle scale
Figure 3 displays SEM images showing microstructures at the particle scale, captured in the cross-section perpendicular to the layers. Here, we employed image analysis techniques to measure the relative density. The microstructure observed at the initial sintering stage at 1200 °C, depicted in Fig. 3 (a) (with a relative density of ρ = 61.8 %), showcases the heterogeneous particle packing within the green tape. This packing features densely packed domains varying in size and shape, interspersed with loosely packed regions, as schematically illustrated in Fig. 1 (green tape).
[bookmark: _Hlk162966773]The evolution of pore distribution at later sintering stages (Fig. 3, (b), (c), (d)) stems from regions of low packing density in Fig. 3 (a). We observe significant grain growth as the sintering temperature increases. Since microstructure of sintered alumina was composed of grains and pores, we also evaluate mean intercept length of grain, solid, and pore as follows; the mean intercept length  was calculated by counting the number of intersections between grain boundaries and a set of parallel lines in SEM micrographs. Further we defined the mean intercept length  by counting intersections between the solid/pore interface and a set of parallel lines.  is separated into that of solid phase  and that of pore , where  is the relative density [24]. Meanwhile, porosity and relative density was evaluated from high-resolution SEM images by using ImageJ software. Grain size, determined by the diameter of an equivalent circle from EBSD maps, is plotted against relative density in Fig. 4 (filled circles). During the intermediate stage of sintering, the sintering trajectory - indicating the relationship between grain size and density - shows a relatively flat slope, which steepens in the final stage (ρ > 0.9) [25]. However, grains smaller than 0.2 µm were not adequately imaged by EBSD mapping. Thus, we also show the mean intercept length ,  and  in the figure.  (open circles) increased with densification, following a similar trend to grain size. , larger than , also showed an increase with densification, a process we term domain coarsening [26, 27]. As small pores diminish with densification, larger pores persist in later stages. The increase of  is referred to as pore coarsening.

3.1.2 Density gradient across the tape thickness
In Fig. 5, the heterogeneous distribution of pores and defects at a macro-scale is visualized using SEM image stitching, combined with binary segmentation (pore (black) and material (white)), and coarse-graining [17]. The grayscale in these images corresponds to the local porosity. For the material sintered at 1200 °C (Fig. 5 (a)), a uniformly dark gray appearance is observed, but spatial fluctuations in relative density or the distribution of fine pores become apparent against a white background in denser materials (Fig. 5 (b), (c), and (d)). Layer interfaces are identified as areas with linearly distributed fine pores. The presence of large dark spots indicates large defects within each layer and at the interfaces. 
The thickness of the layer, , is plotted against relative density, , in Fig. 6. The experimental data fits the model of isotropic shrinkage,  (solid line), diverging from the expected outcome in the case of constrained sintering of a thin film on a substrate,  (dotted line). Despite the inhomogeneous distribution of fine pores, the laminate’s shrinkage was not anisotropic.
SEM micrographs of alumina in the early stage of sintering at 1200 °C (Fig. 7) reveal a variation in packing density across the layer interface. This gradient in packing density likely originates from the drying process of the green tape, as illustrated in Fig. 1 (green tape). It is affected by gravity and the surface tension during the drying process [3,28]. While polydispersed particles settled densely on the tape carrier side of the drying tape (upper side of the layer interface in Fig. 7), the packing density on the air side (lower side of the layer interface in Fig. 7) remained low. 
On the particle scale, treating local porosity as a continuous variable is not feasible. Instead, porosity must be defined over a local region, known as a coarse-graining volume. This volume is small relative to the length scales of interest but considerably larger than the particle size. The local porosity, defined over a region 3.3 (thickness) × 1137.8 (width) µm2 in the SEM micrograph, is plotted as a function of position in the thickness direction in Fig. 8. The local porosity is represented by a saw-tooth wave, with a wavelength equal to the layer thickness . The maximum and minimum peaks are located at the top surface and tape carrier sides of a layer, respectively, with the porosity dropping sharply at the layer interface. The peak-to-peak amplitude () increases with densification, reaching its maximum at 1400 °C and decreasing at 1500 °C. The relative peak-to-peak amplitude, defined as , also increases with densification: 0.08, 0.28, 0.68, and 1.27 for relative density  of 61.8 %, 70.8 %, 89.1 %, and 97.7 %, respectively. It is hypothesized that stresses created by differential sintering at the layer interface may influence the porosity gradient [29]. 

3.1.3 Evolution of defects during sintering
  The defects are introduced from the raw powder (inclusions and coarse particles), or during tape casting (flocculation in the slurry), drying (low packing density regions), and thermo-compression (defects at layer interface). The distribution of inclusions, low packing density regions, and defects are displayed as dark objects in Fig. 5 (a) – (d). We examine the evolution of defects during sintering separately.  
(A) Inclusions
  The starting alumina powder contained inclusions composed of ultra-fine particles. In the initial stage of sintering at 1200 °C, we found two types of inclusions: inclusions with a circumferential gap (Fig. 9 (a)) and those without it (Fig. 9 (c)). The circumferential gap between the inclusion and the matrix may be formed if the inclusion made of transition alumina shrinks during the transformation to α-alumina. The inclusion can shrink freely during sintering so that the dense region at the center is separated from the matrix by the surrounding gap, as shown in Fig. 9 (b) at 1400 °C. On the other hand, in the case of inclusion without a gap (Fig. 9 (c)), its shrinkage is constrained by the matrix. The inhomogeneous shrinkage induces nonuniform transient tensile stress [30] thereby, the inclusion becomes a complicated porous structure containing many grains inside, which we term complex pore [15,17]. 

(B) Low-packing density regions
  There was a large low-packing density region in the inhomogeneous particle packing of the green tape (Fig. 10 (a)). Denser regions surrounded the irregularly shaped region. We could not find spherical voids in the initial stage of sintering at 1200 °C because proper de-airing of the slurry eliminated large voids due to air bubbles. In the later stage of sintering at 1400 °C, however, void-type defects of different shapes were found, as shown in Fig. 10 (b). We suppose the void-type defects were developed from the low-packing density regions. 
In some cases, the low packing density and denser regions are mutually connected, as illustrated in Fig. 10 (c). This type of low-packing density region is probably an alternative origin of the complex pores (Fig. 10 (d)) in the later stage. The mutually interconnected complex pores can be formed not only from inclusions but also from low-packing density regions. The shape of a complex pore is bounded when it arises from an inclusion (Fig. 9 (d)), and it is not bounded when it arises from a low packing density region (Fig. 10 (d)).

(C) Coarse particles
Coarse polyhedral-shaped single-crystal particles were included in the starting powder (Fig. 11 (a)). There were also several clusters of two or more coarse polyhedral particles (Fig. 11 (b)). The area fraction of coarse particles was about 0.3 % in SEM micrographs. Both coarse and primary particles grew during sintering at elevated temperatures (Fig. 11 (c)). The coarse particle became the origin of a huge grain, which was observed in the final stage (Fig. 11 (d)). The shape of the initial coarse particle is seen as a circular distribution of intragranular pores detached from the grain boundary during grain boundary migration [31].

(D) Flocculation
  SEM micrographs (Fig. 3 (a)) at the initial stage of sintering indicate that most of the primary particles are well dispersed in the slurry. However, there were many linear chains of particles with different lengths and widths, as typically illustrated in Fig. 12. The particle size in a chain was almost the same, and the chain width was constant. The chains align parallel to the casting direction. They are the cross-section of flocs with flake-like shapes, as will be described in later sections. Even in stable slurry, the flocculation occurs commonly (Fig. 1 Slurry). The breakup of flocculation under shear flow is the origin of shear thinning [32,33]. The flake-like flocs align parallel to the casting direction during tape casting (Fig 1 Green tape).

(E) Defects at the layer interface
  Defects, presumed to be the strength-limiting factors of the laminate, were identified at the layer interface (an arrow in Fig. 5 (d)). The magnified view of the defect is shown in Fig. 13 (b). It is a crack-like defect with an opening displacement of 2 µm. One of the origins of the large defect is the low packing density region at the layer interface in Fig. 13 (a). The low packing density region remained after thermocompression, extending to both the upper layer and the lower layer.  

3.2 Synchrotron X-ray CT observation
The distribution of defects could be observed by micro-CT effectively. Fig. 14 (a) shows the 2D cross-section perpendicular to the layers at the initial stage of sintering at 1200 °C. The layer interfaces were seen as bright lines. Small white spots, e.g., indicated by white arrow C, show the distribution of coarse particles and clusters of them. Many dark objects were dispersed inside layers and layer interfaces. Figure 14 (b) displays the enlarged nano-CT image of the red square in (a). The gray region (A), partly surrounded by a gap, is an inclusion consisting of very fine particles. The black regions (B) and (E) are a low packing density region and a defect at the layer interface, respectively. Inclusions and low packing density regions both appear black and similar by micro-CT, but when observed with nano-CT, they can be properly distinguished as gray and black. Linear chain-like white objects (D) are flocs aligned parallel to the casting direction. The 3D reconstruction of it demonstrates that the linear structure is flake-like flocs suspended in the slurry (Fig. 14 (c)). We will discuss the formation process of flake-like flocs in section 4.1.
The defect structure of inclusions changes with densification and grain growth at higher temperatures. While the inclusion looks like a black void by micro-CT (red square in Fig. 15 (a)), nano-CT reveals the inclusion is not gray anymore at 1400 °C but consists of black and white regions. The porous structure of the inclusion is visualized, because the very fine particle grew larger than the spatial resolution of nano-CT (Fig. 15 (b)). 3D reconstruction of the circumferential gap around the inclusion was depicted in Fig. 15 (c). A few large defects were found inside cylindrical specimens with a diameter of 0.85 mm by micro-CT as shown in Fig. 16. They were located inside the layer, and some intralayer defects were larger than 50 μm. As they have peculiar crack-like shapes, they will be strength-limiting defects potentially. We suppose they are gap openings partly located between very large inclusions and the matrix.  
[bookmark: _Hlk153458273]The largest defects were found at layer interfaces. Foreign objects trapped temporarily at the edge of doctor blade may cause a stripe-shaped structure on the tape surface in the direction of the tape’s movement [9]. Such continuous linear defect, or a “streak”, was observed in a cross-section parallel to the layer interface (Fig. 17 (a)). It may be formed by coarse particles and clusters of them (white spots), as its width is almost the same as their diameters. Fig. 17 (b) depicts a blade-shaped defect with a length of 250 µm and a width of 10-15 µm. The short flat defect in Fig. 17 (c) has almost the same width, but a shorter length. The thickness of the blade-shaped defect and the short flat defect were 4 -6 µm and 2-3 µm, respectively. It suggests larger objects, for example, large inclusions temporarily trapped at the edge of doctor blade, may formed these defects. The thickness of defects was flattened during thermo-compression, but defects were not eliminated. A disk-shaped defect was also observed at the layer interface (Fig. 17, (d)). Those defects on the tape surface were created during tape casting and remained after stacking/lamination and thermos-compression. It is very difficult to remove such large interlayer defects by pressureless sintering. Sufficient adhesion between layers should be required by adjusting temperature and pressure during thermo-compression or sheet surface roughness.
Fig. 18 (a) shows a micro-CT image of a defect found at a layer interface in the sample sintered at 1400 °C. The side view of the planar defect (Fig. 18 (b)) indicates a linear gap along its circumference. These images suggest that the defect was brought about by a foreign object during the thermo-compression of laminated tapes, as illustrated in Fig. 18 (c). This observation confirms that tape casting, drying, and stacking/lamination should be performed in a clean room environment.

4. Discussion
4.1 Formation of 2D micro-sheet by self-assembly
  Crystalline alumina particles formed flocs with flake-like shapes, were suspended in a slurry, and aligned parallel to the casting direction during tape casting (Fig. 14 (c)). They were two-dimensional (2D) micro-sheets consisting of alumina particles of almost the same size (Fig. 12). This observation resembles the self-assembly of nanocrystals into free-floating particulate sheets, e.g., CdTe [34], Cu [35], and TiO2 [36]. Nanocrystals, as building blocks, self-organize and grow into large-area nanosheets in suspension. The unique shape of the particles, combined with the asymmetric interaction patterns on the surfaces, leads to selective and directional interactions between them [37]. The shape of a single crystal of Sumicorundum resembles the calculated Wulff shape bounded by five equilibrium facet planes: the basal (C) {0001}, rhombohedral (R) {}, prismatic (A) {}, pyramidal (P) {}, and structural rhombohedral (S) {} [38-40]. Kershner [40] demonstrated a change in the acidity of A-, R-, and C-plane of α-alumina due to differences in surface structure. R-plane exhibits the most acidic behavior, while C-plane exhibits more basic behavior. The anisotropy in the acidity will affect the interaction of crystalline particles and organic macromolecules, potentially providing the driving force for the self-assembly. In the present experiment, the preferential adsorption of dispersant polycarboxylic acid on C-plane will help the formation of 2D sheets. The self-assembly of 2D micro-sheets may provide a new bottom-up method for making multilayered structures such as MLCC by controlling the ordered structures at particle scale. 
  Tanaka and Nagasawa [33] conducted the in-situ observation of flocculation and their breakup in suspension of spherical silica particles by using a confocal laser scanning fluorescent microscope. They reported the gradual transformation of agglomerates into linear chain-like structures under shear flow, a mechanism behind the shear thinning [41]. However, this phenomenon is not related to self-assembly driven by anisotropic interaction among particles because the silica sphere has an isotropic and uniform surface structure. We suppose the self-assembly of 2D micro-sheets is a unique process peculiar to α-alumina single-crystal particles having polyhedral shapes.

4.2 Density gradient within individual tapes
  The drying of tapes in a solvent-lean atmosphere creates a green density gradient through their thickness. This can happen due to the formation of a thin, impermeable skin on the tape’s top surface, which hinders drying and results in a lower green density, except for the top 5 µm. After sintering, Plucknett [42] found that the tape’s top (air side) is almost fully dense, while the bottom (tape carrier side) is porous. The tapes showed a thin, high-density layer on the top surface. A sharp green density gradient near the top surface formed during drying, caused by a polymeric skin developing on the tape’s surface. 
  However, the thin, high-density layer was not observed in Fig. 8. There is a distance   20 µm between the positions  and , because the layer interface is not completely parallel to the horizontal direction of the SEM image, but is inclined with respect to the elongated rectangular region that defines the average porosity. The porosity varied linearly over the entire layer thickness. This indicates that there is no thin, high-density layer. Therefore, we concluded the density gradient was introduced by the sedimentation of polydispersed particles by gravity during the drying process.

5. Conclusion
  We have explored the evolution of microstructure and defects in sintering tape-cast alumina laminates through synchrotron X-ray multiscale tomography. Our investigation reveals critical insights into the processing-induced defects that influence the mechanical reliability and performance of multilayered ceramic components. By identifying the strength-limiting defects and understanding their formation mechanisms, this research contributes to the broader field of ceramic engineering and materials science.
Synchrotron X-ray multiscale tomography combined with scanning electron microscopy has proven that defects were not simple ellipsoidal voids nor cracks but complex porous structures. These defects, originating from various stages of the manufacturing process, have been partly filled during thermocompression. There were no spherical voids nor cracks in the initial stage of sintering. But, void-like or crack-like defects are formed during the differential sintering of heterogeneous structures, especially at the layer interface. Our findings emphasize the significance of analyzing internal local stresses arising from the interaction between particles during the sintering of inhomogeneous powder packing.
Furthermore, the phenomenon of self-assembly of polyhedral alumina crystals into flake-like sheets presents a novel approach to designing and manufacturing 2D micro-sheets with controlled thickness. This self-assembly process, driven by the unique interfacial properties of alumina particles, could revolutionize the production of multilayered ceramic composites by enabling the fabrication of layers with homogeneous microstructure and minimal defects.
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Figure captions
Fig. 1. Schematic image of processing of laminates.
[bookmark: _Hlk154053662][bookmark: _Hlk152847081]Fig. 2. FE-SEM images of alumina raw powder. (a) polyhedral-shaped single-crystal particles of different sizes. (b) an inclusion. (c) enlarged image of the inclusion consisted of ultra-fine particles.
Fig. 3. SEM images of pore distribution in sintered alumina. Sintering temperatures; (a) 1200°C (relative density  = 61.8 %), (b) 1300°C ( = 70.8 %), (c) 1400°C ( = 89.1 %), (d) 1500°C ( = 97.7 %). 
Fig. 4. Grain size plotted as a function of relative density . 
[bookmark: _Hlk153288630]Fig. 5. Low-resolution gray-scale image of sintered alumina observed in the cross-sections perpendicular to layers. Sintering temperatures; (a) 1200°C (relative density  = 61.8 %), (b) 1300°C ( = 70.8 %), (c) 1400°C ( = 89.1 %), (d) 1500°C ( = 97.7 %).  Interlayers were observed clearly at high temperatures.
Fig. 6. Relationship between the thickness of the layer  and relative density . 
Fig. 7. Layer interface in very early stage at 1200 °C. Low density region lies on the air side of a layer, while the microstructure is dense and uniform on the tape carrier side of the layer.
Fig. 8. Non-uniform distribution of local porosity in laminates as a function of the position in the thickness direction.
[bookmark: _Hlk154060656]Fig. 9. FE-SEM images of inclusions. Inclusions with a gap (a) at 1200 °C and (b) at 1400 °C. Inclusions without a gap (c) at 1200 °C and (d) at 1400 °C.
Fig. 10. Low packing density regions. Void type ((a) 1200 °C, (b) 1400 °C) and complex pore type ((c) 1300 °C, (d) 1400 °C). 
[bookmark: _Hlk154060741][bookmark: _Hlk152835412]Fig. 11. Coarse particles. (a) a polyhedral-shaped single crystal particle at 1200 °C, (b) two coarse polyhedral particles at 1200 °C, (c) grain growth of both coarse particle and primary particles at 1300 °C, (d) formation of a very large grain at 1500 °C. 
[bookmark: _Hlk154060930]Fig. 12. A linear chain of particles observed in the initial stage of sintering (1200 °C). It is a cross-section of a floc with flake-like shapes in the slurry. Flocs align parallel to the casting direction (Horizontal direction).
Fig. 13. Defects at layer interface. (a) low packing density at layer interface in the initial stage of sintering 1200 °C, (b) a large defect in the final stage (1500 °C).
[bookmark: _Hlk153458879]Fig. 14. 2D cross-section observed by (a) micro-CT and (b) nano-CT. (b) is the enlarged view of the red square in (a). (c) 3D reconstruction of flocculation, which is the enlarged image of white rectangle in (b). A: inclusion, B: low packing density region, C: coarse particle, D: floc, E: defect at layer interface.
Fig. 15. 2D cross-section at 1400 °C observed by (a) micro-CT. (b) is the nano-CT image of an inclusion enlarged view of the rectangular area in (a). (c) is the 3D image of gap around an inclusion.
Fig. 16. 3D image of various types of intralayer defects observed by micro-CT.
Fig. 17. 3D image of various types of defects at layer interface observed by micro- CT. (a) stripe-shaped defect, (b) blade-shaped defect, (c) short flat defect, (d) disk-shaped defect.
Fig. 18. Micro-CT images of a defect found at a layer interface in the sample sintered at 1400 °C. (a) top view, (b) side view. (c) schematic image of the defect formation process during the thermo-compression of laminated tapes.
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Fig. 1. Schematic image of processing of laminates.
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Fig. 2. FE-SEM images of alumina raw powder. (a) polyhedral-shaped single-crystal particles of different sizes. (b) an inclusion. (c) enlarged image of the inclusion consisted of ultra-fine particles.
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Fig. 3. SEM images of pore distribution in sintered alumina. Sintering temperatures; (a) 1200°C (relative density  = 61.8 %), (b) 1300°C ( = 70.8 %), (c) 1400°C ( = 89.1 %), (d) 1500°C ( = 97.7 %). 
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Fig. 4. Grain size plotted as a function of relative density . 
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Fig. 5. Low-resolution gray-scale image of sintered alumina observed in the cross-sections perpendicular to layers. Sintering temperatures; (a) 1200°C (relative density  = 61.8 %), (b) 1300°C ( = 70.8 %), (c) 1400°C ( = 89.1 %), (d) 1500°C ( = 97.7 %).  
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Fig. 6. Relationship between the thickness of the layer  and relative density . 
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Fig. 7. Layer interface in very early stage at 1200 °C. Low density region lies on the air side of a layer, while the microstructure is dense and uniform on the tape carrier side of the layer.
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Fig. 8. Non-uniform distribution of local porosity in laminates as a function of the position in the thickness direction.
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Fig. 9. FE-SEM images of inclusions. Inclusions with a gap (a) at 1200 °C and (b) at 1400 °C. Inclusions without a gap (c) at 1200 °C and (d) at 1400 °C.
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Fig. 10. Low packing density regions. Void type ((a) 1200 °C, (b) 1400 °C) and complex pore type ((c) 1300 °C, (d) 1400 °C). 
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Fig. 11. Coarse particles. (a) a polyhedral-shaped single crystal particle at 1200 °C, (b) two coarse polyhedral particles at 1200 °C, (c) grain growth of both coarse particle and primary particles at 1300 °C, (d) formation of a very large grain at 1500 °C. 
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Fig. 12. A linear chain of particles observed in the initial stage of sintering (1200 °C). It is a cross-section of a floc with flake-like shapes in the slurry. Flocs align parallel to the casting direction (Horizontal direction).
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Fig. 13. Defects at layer interface. (a) low packing density at layer interface in the initial stage of sintering 1200 °C, (b) a large defect in the final stage (1500 °C).
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Fig. 14. 2D cross-section observed by (a) micro-CT and (b) nano-CT. (b) is the enlarged view of the red square in (a). (c) 3D reconstruction of flocculation, which is the enlarged image of white rectangle in (b). A: inclusion, B: low packing density region, C: coarse particle, D: floc, E: defect at layer interface.
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Fig. 15. 2D cross-section at 1400 °C observed by (a) micro-CT. (b) is the nano-CT image of an inclusion enlarged view of the rectangular area in (a). (c) is the 3D image of gap around an inclusion.
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Fig. 16. 3D image of various types of intralayer defects observed by micro-CT.
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Fig. 17. 3D image of various types of defects at layer boundary observed by micro- CT. (a) stripe-shaped defect, (b) blade-shaped defect, (c) short flat defect, (d) disk-shaped defect.
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Fig. 18. Micro-CT images of a defect found at a layer interface in the sample sintered at 1400 °C. (a) top view, (b) side view. (c) schematic image of the defect formation process during the thermos-compression of laminated tapes.
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