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Abstract

:

Reaction-bonded SiC-B4C-Si ceramic composites were binder jet 3D-printed and subsequently pressureless-melt-infiltrated with molten Si. The addition of B4C aided the Si infiltration to produce a highly dense composite. The microstructures and phases of these composites were examined. The measured hardness values of each constituent with Vickers and nanoindentation matched the bulk values, and the macro-hardness values with Knoop and spherical indentation represented the bulk, composite hardness values of all three phases together, which was close to a rule of mixtures value. For particulate-based composites, this is a significant finding. The interfacial bonds of SiC and Si were imaged using scanning transmission electron microscopy to view intimacy, whereas the crack propagation was examined with carefully placed indents. This work demonstrated that pressureless melt infiltration with a reactive particle provides a method to shape non-wetting reaction-bonded ceramic composites with limited shrinkage and high density and provides insights into the mechanical behavior with numerous indentation techniques.
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1. Introduction


Composites with high hardness, wear resistance, and high temperature capability are difficult to process into dense material. The near net shape sintering to full density of covalently bonded ceramics such as SiC and B4C is difficult. Reaction bonding is a potential alternative process, forming a composite with intimate bonds between the matrix and the particles. Reaction bonding works best when the molten material wets the reinforcement material, facilitating intimate contact between the matrix and reinforcement. A resultant fully dense composite is possible [1].



Reaction-bonded SiC is accomplished by melting Si into the carbon preforms, allowing for a reaction to form SiC [2,3,4,5,6,7]. However, because of the large amount of exothermic energy released and the large volumetric increase, this method is usually not performed with bulk carbon preforms. Reaction bonding of SiC itself requires some carbon addition because the wetting of pure SiC with pure molten Si is poor, with a contact angle of >40° [8,9]. However, SiC-Si composites can be processed with gas pressure infiltration, which adds difficulty in manufacturing, or infiltrated with Si alloys that contain activator metals to improve the wetting, which introduces extra material [10,11]. One study showed that SiC can be infiltrated with molten Si under a high vacuum and with high-purity materials, but reaching the required levels of vacuum in tube furnaces is difficult and expensive [12]. SiC can be densified with carbon sources and Si infiltration, but the approaches are also more expensive and time-consuming. The addition of a wetting agent that contributes to the hardness (such as B4C) of the composite aims to address both of these challenges.



Typically, preforms produced from B4C can form fully dense composites by reaction bonding when infiltrated with Si because the contact angle of B4C and pure molten Si is <20°, facilitating favorable wetting and complete infiltration [13,14,15]. However, the reaction-bonded piece usually contains unreacted Si, a ternary carbide B12(B, C, Si)3 phase, and SiC in the form of platelets and whiskers [16,17,18,19,20]. Since some SiC will form through the reaction of B4C and Si, SiC particles have been added to the B4C preform to prevent the formation of platelets and whiskers by encouraging the formation of new SiC on the outer parts of existing SiC particles from liquid Si and free carbon, called the rim [21]. Composites produced by combining carbide powders with silicon infiltration show promise, with lower costs and fewer manufacturing steps, but additive manufacturing or 3D printing processes can increase the throughput and lower the costs even further, while adding to the geometric complexity for wear parts [22].



The binder jet 3D printing process uses a polymer binder sprayed into a powder bed and subsequent powder dropping and rolling until the part is shaped, and the resulting product is a loosely bound powder part [23]. Additionally, reaction-bonded SiC-based ceramics have been produced by the infiltration of porous printed preforms. For example, porous carbon was printed with a furfuryl binder, pyrolyzed, and infiltrated with Si to form reaction-bonded SiC-Si composites [24]. Moreover, the reaction bonding of binder jet 3D-printed SiC with a phenolic binder and extra phenolic infiltrations with a final siliconization achieved net shapes with less than 15% linear shrinkage [25,26,27], but the process took several steps and used expensive, potentially health-hazardous resins.



While previous studies have provided an understanding of the B-Si-C system, no study has considered 3D-printed parts and studied the interfaces of the composites and measured representative hardness values characteristic of the entire composite. The hardness of composites with two or more phases can be difficult to measure, especially when the particles are larger than the indenter tip, because the indenter does not include sufficient volume of all of the particles and matrix to gain a bulk response; only particle behavior can be observed. Moreover, the interfaces play a key role in the hardness and strength values of the composites, so it is important to understand and measure the composite hardness in particulate composite ceramics. Normally, in a polycrystalline monolith material, the hardness can be correlated to other mechanical properties such as strength as in the Hall–Petch relationship [28], and, below a certain grain size, ceramics will follow an inverse Hall–Petch relationship [29,30]. In both cases, the hardness is directly correlated to the strength. It is also known that the Hertzian indentation method estimates the strength in fully dense monolithic ceramics [31,32]. It has not been the case in particulate composites because of the indent size and amount of each phase captured in the affected zone of the indent, but a better understanding of the measurements and interfaces can aid in future correlations. The current research aims to investigate a method to provide indentation values of a bulk composite. The hardness of a composite may be a mixture of all of the hardness values, but a bulk value must be measured versus the constituents, and the interfaces must be known and characterized. There are two main interfaces in particulate composites that may affect the bulk hardness values: mechanical bonding and chemical/reaction bonding.



Here, printed powder preforms were infiltrated with molten Si to form SiC-B4C-Si composites. The B4C addition increased the green density and allowed the infiltration of Si around SiC particles. The microstructures, particularly the interfaces of SiC and the Si matrix and B4C and the Si matrix, and hardness were studied and compared to bulk methods and rule of mixtures. There is little information on the response and hardness of large particle ceramic composites, and this work helps to determine the bulk, composite hardness behavior and interfaces.




2. Materials and Methods


2.1. Materials


SiC powder from Stark Inc. (99.9% purity, stoichiometric, 150 μm average grain size) and B4C powder from Stark Inc. (99.9% purity, stoichiometric, 70 μm average grain size) were used as starting powders. Size distributions were measured with a Malvern Morphology 3D System using volume distribution. The SiC had a particle size distribution as follows: a D50 of 181.14 µm, a D10 of 144.4 µm, and a D90 of 207.7 µm, where DXX is the size of 50, 10, and 90% of the total size distribution. The B4C had a particle size distribution as follows: a D50 of 68.94 µm, a D10 of 88.09 µm, and a D90 of 51.43 µm. Silicon metal powder (99.9% purity, <44 μm average grain size mesh particle size) from Micron Metals was used for infiltration purposes. A solvent-based binder from ExOne was used for the binding of all printed parts.




2.2. Processing


Printed parts were achieved with a blend of SiC and B4C powders in a 1:1 mass ratio. The two powders were printed using an ExOne X1-Lab printer. Binder jet print settings were varied from typical conditions to accommodate the materials being processed as follows: the ratio of feed powder to layers was 2:1, the powder spread velocity was 1 mm/s, and the layer thickness (200 µm) was large to suit the 200 µm particle size. The binder saturation and powder packing for the SiC were 85 and 55%, respectively. The sample preforms were coupons that measured 15 × 15 × 5 mm. Geometries were checked by measuring the dimensions and comparing them to the CAD model dimensions. The curing and debinding were performed as before [33].



In order to ensure full density with no excess Si infiltrant, the weight of Si used corresponded to the measured porosity in the green coupon coupled with the density of Si. The calculation of the amount of void space in the preform was based on the print density of the two powders and the theoretical density of the SiC or SiC-B4C preform. Si metal powder was poured into the crucible. Then, the SiC and SiC-B4C preforms were placed onto or slightly pressed into the pile of Si powder, as shown schematically in Figure 1. The preform and Si powder were then heated at 10 °C/min in a crucible to 1450 °C and held for 60 min in flowing Ar/4%H2. The samples were then furnace-cooled, after which the composites were metallography-prepared and characterized for shape retention, hardness, and microstructure. When preparing samples, refer to Appendix A.




2.3. Characterization


The specimen microstructures were analyzed with scanning electron microscopy (SEM) (Hitachi S4800, Santa Clara, CA, USA) in secondary and backscattered electron imaging modes. Geometric, Archimedes, and areal densities were measured when appropriate. Geometric and Archimedes densities were determined by measuring the part dimensions, dry mass, and submerged mass. Areal densities were measured using the ImageJ software on SEM cross-sections. Composite densities were also calculated via the rule of mixtures. For the imaging of large cross-sections, optical images were taken using a Leica DM4000 M LED system using stitching and mosaic mode. Phase composition was determined by X-ray diffraction (XRD) using a PANalytical X’pert diffractometer with Mo K-α radiation (λ = 0.709319 Å). The operating parameters were 55 kV and 40 mA, with a 2θ step size of 0.0167 °/s. The XRD patterns were analyzed using the MDI Jade 2010 software (version 6.6.0 (computer software), Materials Data Inc., Livermore, CA 94550, USA, (2018)) and the ICDD PDF database (ICDD, PDF-4+ 2018, International Centre for Diffraction Data, Newtown Square, PA, USA). To image the interface, scanning transmission electron microscopy characterization was performed using a JEOL 2200FS-AC STEM 200 kV probe-corrected microscope (using CEOS Cs-Corrector, Peabody, MA, USA) equipped with a Bruker XFlash® 6|30 silicon drift detector. TEM specimens were prepared via the focus ion beam (FIB) in-situ lift-out technique using a Hitachi NB5000 FIB-SEM (Santa Clara, CA, USA).



Vickers hardness measurements were performed using a LECO LM 110AT apparatus under a load of 4.9 N. Nanoindents were conducted by the Hysitron TriboIndenter TI-900 (Eden Prairie, MN, USA) using the high load transducer with a Berkovich diamond tip. The indents were performed under displacement control of 700 nm for each indent, and hardness values were obtained. Knoop indents were performed on a Tukon 2100 instrument following the loading waveform described in ASTM C1326 and 19.6N of load. Spherical indents were performed with a Zwick indentation instrument using a 1-mm-diameter WC sphere to a maximum force of 100 N, displacement rate of 1 mm/min for both loading and unloading, and a 2-s hold between loading and unloading.



Chemical analysis of the powders and the printed parts was performed to gain insight into the carbon gained from the binder. For trace elements, direct current plasma emission spectroscopy was performed with a Beckman SpectraSpan IV (Philadelphia, PA, USA) according to ASTM E1097-12. For carbon, combustion infrared detection was performed with a Leco CS-244 Carbon-Sulfur Analyzer (St. Joseph, MI, USA) according to ASTM E1019-18.





3. Results and Discussion


The chemical analysis of the SiC powder, printed SiC, SiC-B4C powder, and printed SiC-B4C is shown in Table 1. This was performed to quantify the amount of carbon left behind by the binder because typically more carbon leads to better Si infiltration. The binder used in the binder jet process typically has residual carbon of less than 2% [33,34,35]. For the printed SiC parts, the carbon content decreased after debinding; thus, the addition of B4C allowed for a carbon increase compared to prints without B4C.



Figure 2 shows photos of the printed SiC and B4C-SiC preforms and their infiltrated composites. The SiC was printed to 48% theoretical density (TD), and the B4C-SiC preform was printed to 55%TD (see Table 2), which is relatively high for the binder jet process. This relative density difference is a consequence of the bimodal particle size distribution, where the smaller B4C particles pack into the porosity created by the larger SiC particles [36]. The shape retention is significantly different with these samples; the SiC infiltrated with Si nearly crumbles after processing, which is likely due to the debinding atmosphere cleaning the surface of carbon from the SiC particles, making the wetting of the SiC with molten Si almost impossible. As such, further studies on the SiC-Si composite were stopped. Nevertheless, the SiC-B4C blend infiltrated with Si was fully bonded and was promising speculatively because the B4C allowed more carbon retention during debinding. Further, the Si had higher wettability into these preforms, as evidenced by the macro images in Figure 2, where the Si appears to fully infiltrate the SiC-B4C-Si preform up to and including “sealing” the surface (note the shiny, lustrous appearance of the samples in Figure 2D). In contrast, Figure 2B shows a matted, dull, rough, porous particulate surface (viz., not infiltrated).



Figure 3 shows the XRD patterns of the SiC powder and the SiC-B4C-Si composite. The powder had two types of alpha-phase SiC polymorphs, 4H and 6H. The results show that the SiC powder is mostly the 6H polytype, and this can vary from different powder sources. When processing the SiC with the B4C addition and silicon melt infiltration, the amount of 4H in the composite decreased, converting to 6H during processing. The composite also consisted of B4C, a ternary phase (B12(B, C, Si)3), and residual free Si. The B4C likely reacted with Si to form this ternary phase.



Figure 4A,B show optical and SEM images, respectively, of cross-sections of the processed composite. In the optical image in Figure 4A, the black regions (pointed out with a white arrow) are pores, and the light grey regions are the ceramic particles; the white regions are Si. The density was high because there were few pores, which aligns with the measured density in Table 2. The amount of ceramic phase was measured with ImageJ as 57%, which is slightly higher than the bulk measurement above in Table 2. Moreover, it shows that the ceramic phases are dispersed well among the Si. The SEM image (backscatter mode) shows the phases of B4C, SiC, and Si. In Figure 4B, the B4C has a slightly darker shade (pointed out with an arrow), and the ternary phase recognized from XRD has a lighter shade [18,21]. This outer rim region, or reaction zone, is also seen in other reaction-bonded SiC-B4C-Si composites [21]. There is also a lighter rim (black arrow) around the SiC particles, which is possibly an edge effect or a diffusion zone of Si-B-C. There is no SiC platelet formation, and the bright white shades are Fe contamination.



Figure 5 is a bright field (BF) scanning transmission electron microscope (STEM) image showing a section of a SiC particle and Si interface from the SiC-B4C-Si composite that was prepared by a focused ion beam (FIB) along with the EDS elemental maps and EDS elemental spectra generated from three regions indicating in the BF-STEM image. Si and carbon were separated, indicating the interface of SiC and Si. No B was detected at the interface because it was beneath the EDS detection limit. A small change in the Si level at the SiC/Si interface was detected, and the carbon content decreased abruptly across the interface from SiC into Si. The interface appeared intimate. This suggests that C from B4C plays a larger role than B in assisting the Si infiltration into SiC. Moreover, there appeared to be less Si content in the SiC toward the interface, suggesting that the edges of the SiC particles may have had impurities and sub-stoichiometry.



Figure 6 shows optical images of Vickers microhardness indentations (four-sided pyramid). Each phase of the composite was indented individually because the sizes of the indentations for the ASTM standard are not large enough to capture multiple phases at once. The indentation induced cracking in each phase. The hardness values for the matrix and two reinforcements are shown in Table 3. B4C was harder than SiC, and SiC was harder than the Si matrix material, which was expected [37]. The values of the particles were near the bulk values of the individual materials, even though there were some surface impurities or pores in the ceramic particles, as pointed out with the white arrows in Figure 6B.



Figure 7 shows optical images of the nanoindents across the interfaces of each of the particles with the Si matrix, as well as the hardness values. In Figure 7A, the indents are numbered 1–21, and there was a distinct decrease in hardness values (Figure 7B) across the interface, except for indents 16 (~15 GPa) and 26 (~13 GPa), which encompassed some SiC and some Si. Indent 19 did not occur as there was an error in data collection. In comparison, a similar scan across the B4C-Si interface was performed. Figure 7C shows the indents across the B4C-Si interface, and Figure 7D shows the hardness values. There also is a distinct decrease in hardness across the interface, but indents that are on the interface (such as indent 12 in Figure 7C) retain the hardness value of the particle. This is different compared to indents on the interface of SiC-Si, where there is an intermediate hardness value for indents at the interface. This difference could be due to the chemical bonding behavior seen at the B4C-Si interface, compared to a more physical bond in the SiC-Si interface. The interfacial values that have an intermediate hardness value show how the composite hardness may have contributions from both materials, yielding a number between the two materials.



The force versus displacement of each phase was measured during nanoindentation to understand the material response. Figure 8 shows the force versus displacement data for each phase. Each phase requires a different force to experience the same amount of displacement, with B4C as the highest and Si as the lowest. Moreover, the slopes of the loading curves are different due to the stiffness differences between materials, and the hysteresis is very evident in the curves owing to the permanent plastic deformation. The force–displacement curves for each phase in Figure 8 show some pop-in behavior or discontinuities in the load, with a sudden drop in force around 600–700 nm, and this behavior is likely due to the nucleation of dislocations when the material experiences ample shear stress, as also shown in previous literature [38].



A measure of the bulk composite hardness engulfing many particles and the matrix, and the composite response is not well understood. It can be difficult to measure the hardness with large particles in a matrix material when the indenter can only indent into one small area of a particle or a small area of a small number of particles because this is not a true measure of the hardness of the bulk composites; it is more of a local value. Thus, more hardness techniques were used to understand the composite hardness with the Knoop hardness technique. It was pointed out that larger Vickers indents did not yield data that could be easily processed. The Knoop indents encompassed as much material as possible without destroying the sample, as shown in the optical image in Figure 9, and meaningful values could be extracted. The hardness values from Knoop were around 10.3 GPa, and the hardness values are compiled in Table 3. The hardness values on SiC and B4C particles were lower than the values of Vickers and nanoindentation due to the composite behavior and the encompassing of some Si in the area of the indent. Another notable observation was the reaction zone around B4C, which was still intact after the indentation in both the Knoop and Vickers hardness tests, but the images were at too low magnification to observe the indents. The nanoindents also suggested that this reaction-bonded zone provided a strong interface or chemical bond.



Better inclusion of all three phases is needed to understand the composite hardness and response. It has been shown that larger spherical indenters can help to achieve this [39,40]. Spherical indentation hardness was also performed to encompass more of all three phases under one indent to improve the contact area for a bulk or composite hardness value. Spherical indents were performed on the SiC-B4C-Si composite, and the data are shown in Figure 10. The curves show the behavior of the spherical indentation with load versus displacement for several indents. The behavior is similar for most of the indents, depending on how much SiC and B4C was included in the indent area. There is no pop-in as there was with the nanoindentation on all phases. These data can be used to extract more mechanical properties as in [41], but it is not done here because it is not within the scope of this work. Rather, the composite hardness values are extracted and compared to a volumetric rule of mixtures.



Figure 11 shows an image of a representative spherical indent. The spherical cracks propagate outward, and the affected area encompasses five to seven whole B4C particles and one to two SiC particles. The ring cracking is similar to that seen in SiC with a spherical indenter, allowing for hardness values to be calculated [42]. The hardness values can be calculated based on the projected area and load, as in [41,43]. The hardness values were around 18.8 GPa. Compared to a rule of mixtures composite hardness from Vickers values (20.3 GPa), the composite hardness is slightly lower than the rule of mixtures. This is most likely due to the Si matrix plasticity and the displacement of B4C and SiC particles during testing, as well as the smaller Hertzian contact and area of the indents [44]. Intuitively, this must be the case because most of these large indents encompassed more B4C particles, which would increase the bulk value. Nonetheless, the larger spherical indents encompass enough material to allow for a bulk measurement that is much closer to a value that the entire composite might experience given the rule of mixtures. This is an important finding for further correlations to other mechanical properties, such as strength, and the interfaces and bonding affect this, so the interfaces of the particles and matrix after hardness indents send a crack toward a particle are examined next.



Figure 12 shows the matrix and particle interface behavior with crack propagation from Vickers microhardness indents. The indents are purposefully applied in the silicon matrix to induce cracking toward the particle interface, as in [45,46]; no hardness values are extracted from this analysis. Figure 12A shows a typical SiC-Si microstructure wherein the crack heading into the SiC particle is arrested as shown by the red circle in Figure 12A. Figure 12B shows a typical B4C-Si interface from the present research, and the cracks mostly propagate through B4C particles as shown by the red circle in Figure 12B. This shows that the interface of the SiC and Si is less intimate or more mechanical in behavior and the interface between B4C and Si is more intimate, which can be due to the formation of the ternary phase (B12(B, C, Si)3). These interfaces can affect the hardness values that have been discussed throughout this research, such as the high hardness values observed in B4C, but bulk composites with more B4C particles exhibit a slightly lower bulk value compared to the rule of mixtures. This may be due to the strong bonding, causing less plastic deformation, as shown in the varying displacement values with the same load in Figure 10. This behavior will eventually affect other mechanical properties of composites, such as the composite strength.




4. Conclusions


The addition of B4C with SiC powders was achieved via binder jet 3D printing into SiC-B4C preforms, which were subsequently melt-infiltrated with Si to form near-net-shape SiC-B4C-Si composites. The retention of carbon when B4C is added to SiC allows for successful Si infiltration. The SiC-B4C-Si composites resulted in <1% dimensional change from printed to fully infiltrated and were nearly fully dense (98.4%TD), which was only achievable with the addition of B4C particles. The composite formed a rim ternary phase on the B4C, which helped the bonding of Si to B4C particles. There was no reaction zone between SiC particles and Si, which is the critical interface for consolidating the SiC-B4C-Si composite. The composite behavior and interfaces were determined with various hardness techniques and indentation. Hardness values measured directly on single particles yielded a value near that of the bulk hardness value, giving some validity to the rule of mixtures. The spherical indention hardness values measured on a collection of particles and the matrix provided the best value, near that obtained through a rule of mixtures approach. This provides a bulk, composite value of hardness and a bulk response that can later be correlated to other mechanical properties and accurately compared to single phase ceramics. This study shows how large-particle ceramic composites can be characterized with spherical indentation hardness techniques to provide composite behavior.




5. Patents


This section is not mandatory but may be added if there are patents resulting from the work reported in this manuscript. This technology is also the technology for US Patent number US20200189145A1.
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Appendix A. Safety Considerations


SiC, B4C, and Si powders are large enough that the inhalation hazard is low. If ingested, SiC and Si can be irritants. If B4C is ingested, it can cause acute exposure to a Category 1A hazard. Please use gloves and a fume hood when handling powders.
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Figure 1. A schematic of the infiltration setup for printed preforms. 
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Figure 2. Macro images of (A) as-printed SiC preform, (B) a SiC preform infiltrated with Si, (C) a SiC-B4C preform, and (D) a SiC-B4C preform infiltrated with Si. 
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Figure 3. XRD patterns of the SiC powder and SiC-B4C-Si composite. 
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Figure 4. Cross-sections of the SiC-B4C-Si composite showing (A) an optical view and (B) and backscatter SEM mode view. In (A), the black regions are pores in the samples (arrow); the lighter shades of grey are the solid phases. 
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Figure 5. BF-STEM image of SiC particle and Si interface from the SiC-B4C-Si composite with corresponding EDS spectra acquired from the indicated locations in the BF-STEM image and EDS elemental maps for Si and C. 
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Figure 6. Optical image of the SiC-B4C-Si composite sample showing examples of Vickers microhardness indentations on composite samples performed on a preform infiltrated with only Si in (A) the Si matrix, (B) within a SiC particle, and (C) within a B4C particle. 
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Figure 7. Optical image of (A) the SiC-Si interface and (B) the B4C-Si interface revealing nanoindentation across particle–matrix interfaces: (A) indents across the SiC-Si interface with (C) corresponding indent hardness values, (B) indents across the B4C-Si interface with (D) corresponding indent hardness values of the B4C-Si interface. 
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Figure 8. Berkovich indenter force versus displacement curve for each phase taken at the maximum depth of roughly 700 nm. 
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Figure 9. Optical images of Knoop indents on the SiC-B4C-Si composite showing (A) a mostly clean indent on the B4C and (B) an indent on the side of a SiC particle that experienced more deformation in the Si matrix. 
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Figure 10. Indentation curves of compressive force versus indenter depth generated with the Zwick indentation system for the SiC-B4C-Si composites. 
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Figure 11. Optical image of a spherical indent on the composite showing more area of contact to encompass more of the response of all three phases. 
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Figure 12. Optical image of the SiC-B4C-Si composite showing matrix and particle interface behavior through crack propagation from Vickers microhardness indents. 
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Table 1. Chemical analysis of samples showing the wt.% of elements of powder before printing and after printing and debinding.
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	Element
	SiC Powder
	Printed and Debinded SiC
	B4C-SiC Powder Blend
	Printed and Debinded B4C-SiC





	Si
	69.3 ± 1.4
	71.1 ± 1.4
	29.4 ± 0.6
	28.7 ± 0.6



	C
	29.6 ± 0.6
	29.0 ± 0.6
	24.9 ± 0.5
	26.3 ± 0.5



	B
	--
	--
	45.7 ± 0.9
	45.0 ± 0.9
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Table 2. Dimensions and densities of the preforms and composites.
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	Printed SiC Preform
	Printed SiC-B4C Preform
	Infiltrated SiC-Si Composite
	Infiltrated B4C-SiC-Si Composite





	Dimensions (mm)
	15.2 × 15.1 × 5.1
	15.1 × 15.1 × 5.1
	15.2 × 15.1 × 5.1
	15.2 × 14.9 × 5.1



	Density (g/cm3, %TD)
	1.57, 48
	1.54, 55
	n/a
	2.5, 98.4
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Table 3. Hardness values of matrix and reinforcement performed with Vickers hardness indentation, nanoindentation, Knoop indentation, and spherical indentation.
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Phase




	

	
B4C Particles

	
SiC Particles

	
Si Matrix






	
Vickers hardness on phases (GPa)

	
31.8 ± 0.4

	
26.5 ± 0.5

	
9.2 ± 0.3




	
Nanohardness on phases (GPa)

	
29.8 ± 1.3

	
22.3 ± 1.8

	
9.3 ± 0.7




	
Knoop hardness (GPa)

	
10.3 ± 2.0




	
Rockwell C (Spherical) hardness on composite (GPa)

	
18.8 ± 2.2




	
Calculated composite hardness by rule of mixtures with Vickers values

	
20.3
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