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Thermal Treatment of γ-Al2O3 for the Preparation of Stereolithography 3D Printing Ceramic Slurries
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Alumina (Al2O3) suspensions were prepared for the effective application in the stereolithography three-dimensional (3D) printing process. Thermal treatment of γ-Al2O3 could optimize the ceramic slurries to meet the requirements of stereolithography 3D printing technique. In this study, alumina powders were modified by thermal treatment at different temperatures for the preparation of well-dispersed ceramic slurries. The influence of thermal treatment on the raw powder, printed green bodies, and sintered alumina parts was systematically studied. Thermogravimetric analysis indicated that the decomposition temperature of photosensitive resin was between 390 and 460°C. The alumina powders became denser, the crystal grains changed from round sphere-shaped to long cylinder-shaped, and the pores disappeared with increasing thermal treatment temperature. After the 3D printing process, the microstructure of green bodies and sintered alumina ceramics exhibited significant variation. Decomposition and removal of photosensitive resin led to higher water absorption, higher porosity, and lower bulk density of alumina ceramics compared to the printed green bodies. The scattering phenomenon in ceramic slurries and layer-by-layer forming characteristic determined the different shrinkage in three directions. Experimental results suggested that 1,500°C was considered as the optimal thermal treatment temperature, with the water absorption of 107%, open porosity of 91%, and bulk density of 0.67 g cm−3. The higher thermal treatment temperatures would lead to clump and agglomerate of alumina powders.
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GRAPHICAL ABSTRACT. Alumina ceramic fabricated through 3D printing.



HIGHLIGHTS

- Stereolithography 3D printing alumina ceramic.

- Thermal treatment of γ-Al2O3 at different temperatures.

- Alumina powders used for prepare ceramic slurries for 3D printing.

- The ceramic slurries meet the requirements of stereolithography 3D printing technique.



INTRODUCTION

Aero-engines pursue extreme performance in extremely limited space and under extreme conditions (high temperature, high pressure, and high stress) to ensure long-term stability (Lukin et al., 1993; Xiao and Huang, 2016; Williams, 2017; Salpingidou et al., 2018). The performance requirements for aero-engines in the aerospace field are becoming increasingly rigorous, including the service life and the stability. In order to meet the requirements of temperature, innovative design advances for efficient and reliable cooling systems is the key problem (Kim et al., 2016; Popoola et al., 2016; Uysal et al., 2018). This technology utilizes the internal cooling channels to cool down the high-temperature blades in working conditions, which indirectly boosts the required utilization temperature of the blade. The ceramic cores could shape the complex cooling passage inside the blade, improve the blade cooling structures, and continuously improve the blade cooling efficiency. Therefore, ceramic cores play an extremely important role in molding hollow blades with complex cavities.

In traditional blade manufacturing process, inner cavity is mainly formed by investment casting method. The main problems associated with traditional investment casting include: Difficulty in making complex cores; difficulty in accurately positioning of cores and shells; low yield of finished products; long production cycle and high cost. For these reasons, a new method must be developed to meet the requirements of manufacturing high temperature alloy metal blade (Dong et al., 2011; Chen et al., 2012; Cendrowicz). Stereolithography is a 3D printing technology, which is used to fabricate the parts layer by layer through the exposure of ultraviolet (UV) light source on the slurries system containing photoinitiator, thus transforming the liquid slurries into a solid state. Considering the advantages of stereolithography based three-dimensional (3D) printing technology, it is suitable to prepare complicated ceramic cores with short production cycle and low cost in a convenient and efficient way due to the mold-free and accurate fabrication process (Halloran, 2016; Bae et al., 2019; Gold). After fabrication of parts by stereolithography, debinding and sintering processes are used subsequently to achieve ceramic parts. However, several technical challenges are associated with the process, which need to be solved. The powders in the ceramic slurry decreased the fluidity of ceramic slurry, which made the 3D printing process difficult to complete. The UV-cured ceramic slurries should have good fluidity and as much improved powder content as possible. Extensive research efforts have been devoted to improve the fluidity and powder content of the ceramic slurries. Zhang et al. (2019) reported that the suspension with 40 vol.% solid loading and 2 wt.% KO110 was the optimal ZrO2 ceramic slurries. Zhang et al. (2017) modified the surface of alumina with dicarboxylic acids to acquire stable ceramic suspensions with low viscosity and high solid loading and without yield stress. Wang and Dommati (2018) used slurries zirconia as the structural material, methyl alcohol as the solvent, a waterborne inorganic pigment as the dispersant, and a visible-light-curing resin was used as the organic binder for slurries formation to fabricated zirconia ceramic parts through stereolithography. The researchers using different pathways to prepare ceramic slurries, which could increase the fluidity of the slurries, and then complete the printing process successfully. Alumina was applied in this study due to that ceramic cores made from alumina have excellent metallurgical chemical stability and creep resistance, desired thermal properties, lack of reaction with the superalloy, low thermal expansion, and easy to remove, etc. The preparation of alumina ceramic slurries which meet the requirement for 3D printing is very difficult. Adding alumina powders would increase the viscosity and decrease the fluidity of the ceramic slurries which made the 3D printing process difficult to complete. Reduction in viscosity and increase in powder content of ceramic slurries are important to prepare photocurable ceramic slurries. The thermal treatment of γ-Al2O3 would affect the microstructure of alumina powders, then influence the preparation of stereolithography 3D printing ceramic slurries.

The objective of this study is to prepare ceramic slurries through thermal treatment of inorganic powders and fabricate ceramic cores through stereolithography based 3D printing technology. In this study, alumina was treated at different temperatures, and then used to prepare ceramic slurries. The stereolithography, debinding, and sintering processes were carried out. Furthermore, the influence of alumina obtained at different temperatures on the physical properties and microstructure of the obtained ceramics was studied.



EXPERIMENTAL PROCEDURE


Thermal Treatment of γ-Al2O3

γ-Al2O3 was porous inorganic oxide with high activity, strong adsorption capacity, porous, high hardness, and good dimensional stability. It is easily dispersed in solvent, which can be dispersed evenly in ethanol, propanol, propanediol, isopropanol etc. γ-Al2O3 was selected as research object due to its desired performance, easily available and low cost. The γ-Al2O3 (YH-36, Yantai Henghui Chemical Co., Ltd.) was subjected to thermal treatment in a muffle furnace (Hefei Ke Jing Materials Technology Co., Ltd., China). The γ-Al2O3 was heated to the target temperature (T) with a heating rate of 5°C min−1 (T = 1,300, 1,350, 1,400, 1,450, 1,500°C), and then the heating was sustained for 2 h (The alumina transforms from γ- Al2O3 to α- Al2O3 at 1,200°C, and will agglomeration higher than 1,500°C, so the heating temperature were between 1,300 and 1,500°C). The thermal treatment profile is illustrated in Figure 1. The particle size distribution of the alumina powder acquired from laser particle size analysis (Master Sizer 2000, Malvern Instruments, England) is shown in Figure S1. The relevant particle parameters are listed in Table 1, which indicated that the particles have a bimodal distribution of 0.8 and 8 μm, respectively. With the increase in thermal treatment temperature, D10, D50, D90, Dv, and Dm have a tendency to decrease. After the thermal treatment process, the alumina powder was milled for 2 h in a planetary ball mill.


[image: Figure 1]
FIGURE 1. (A) The thermal treatment profile of γ-Al2O3; (B) SEM images of γ-Al2O3.



Table 1. The particle parameters of alumina powder thermally treated under different temperatures measured by laser particle size analysis (μm).

[image: Table 1]

During the thermal treatment process, the alumina powders underwent a phase change from γ-Al2O3 to α-Al2O3, with structural changes and volumetric shrinkage. Different temperatures lead to different evolution in structural changes and subsequently lead to different particle size. A higher temperature may lead to more severe volume shrinkage, so the particle size has a decrease tendency as the heating temperature increases. The SEM images of γ-Al2O3 is shown in Figure 1B.



Preparation of the Ceramic Slurries

Ceramic slurries were a mixture obtained by adding the alumina powders into the photopolymer resin (Clear Flepcl 04, Formlabs, USA). The alumina powders were subjected to thermal treatment which is discussed in section Thermal Treatment of γ-Al2O3. The alumina powders (100 g) was added slowly to photopolymer resin (100 g) with vigorous stirring, followed by ball milling at 400 rpm for 2 h using a planetary ball mill. Then the mixture was vacuum defoamed for 30 min to obtain the final ceramic slurries.



Fabrication of the Ceramic Green Body

The cuboid model (40 × 10 × 4 mm) was drawn using UG software and exported into STL format (Figure S2). The model file was transferred to the 3D printer (Formlabs II, Formlabs, USA) (Figure S3). The ceramic slurries were then transported to the 3D printer. The layer thickness was set to 100 μm. Then the green bodies were printed. After the completion of the printing process, green bodies were transferred into isopropanol and soaked for 10 min. Then the green bodies were rinsed with absolute ethyl alcohol.



Debinding and Sintering Process

The green bodies were debinded in a muffle furnace (Hefei Ke Jing Materials Technology Co., Ltd., China). First, the green bodies were heated to 200°C with a heating rate of 2°C min−1. Second, the samples were heated to 550°C with a heating rate of 1°C min−1 and then maintained for 2 h. Finally, the samples were heated to 1,500°C with a heating rate of 5°C min−1. The heating was held for 2 h. The debinding and sintering profile are illustrated in Figure 2. The sample was denoted as S(T) (T = 1,300, 1,350, 1,400, 1,450, 1,500°C). T is the thermal treatment temperature of the alumina.


[image: Figure 2]
FIGURE 2. Debinding and sintering process of the green bodies.




Characterization

The samples have been tested with thermogravimetric analyses, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM). Linear shrinkage, open porosity, water absorption, and bulk density were measured.

Thermogravimetric analyses (TG, 449F5 simultaneous TG-DSC apparatus Netzsch, Germany) for the green bodies were carried out under flowing argon at a heating rate of 10°C min−1 from 50 to 600°C. Powder X-ray diffraction (XRD) patterns were recorded using a Bruker D8 FOCUS (Bruker Corporation, Germany) X-ray diffractometer with Cu Kα radiation. The diffraction angle of 2θ was scanned in the range from 10° to 90°. The voltage was 40 kV and the generator current was 30 mA. The scan rate was 0.02° s−1 per step. The crystallite size of Al2O3 was calculated by using the following Scherrer's equation from the peak at 2θ = 35.3°.
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where d is the average crystallite size of Al2O3 (nm), K is the Scherrer constant (0.89 in the present case), λ represents the wavelength of X-ray (0.154056 nm), and B denotes the peak width at half height of Al2O3. The Raman test of the samples was carried out using a Confocal Raman Microscope System (Alpha300R, WITec) with a laser source of 532 nm, power of 50 mW, and slit width of 50 μm. X-ray photoelectron spectroscopy (XPS) was performed using an Axis Supra (Shimadzu) photoelectron spectrometer. Scanning electron microscopy (SEM) images were obtained using Helios G4 CX (FEI Corporation). Energy dispersive spectroscopy (EDS) was also conducted to see the element mapping in the materials. Transmission electron microscopy (TEM) images were obtained using Tecnai G2 F20 transmission electron microscope (FEI Corporation).

The bulk density of the samples after sintering process was measured by the Archimedes' method. The accuracy of the balance was 0.0001 g (Mettler Toledo, Switzerland). The theoretical density of Al2O3 was calculated to be 3.95 g cm−3. The linear shrinkage of the sintered samples was measured by using the following formula:

[image: image]

where δ is the shrinkage of the sintered samples (%), L is the length of the samples before the sintering process (mm), and L1 is the length of the samples after the sintering process (mm). The mean value of the shrinkage and the standard deviation were calculated by using the following formula:
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where [image: image] is the mean value of the shrinkage (%), Xi is the certain value of the shrinkage (%), n is the number of the samples, and σ is the standard deviation.

The open porosity, water absorption, and bulk density were calculated by using the following formulas:
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where B is the open porosity of the sintered samples (%), W is the water absorption of the sintered samples (%), d is the bulk density of the sintered samples (g cm−3), G1 is the mass of the dry samples (g), G2 is the mass of the wet weight of the samples (g), G3 is the mass of the buoyant weight of the samples (g), and dwater is the density of the water (g cm−3).




RESULTS AND DISCUSSION


Thermogravimetric Analyses and SEM Analyses

Thermogravimetric analysis was carried out to study the decomposition temperature and heat change of green bodies during the debinding process. Figure 3 shows the TG profiles of the obtained green bodies. Obvious mass loss of the samples was observed between 45 and 55%. The decomposition of the green bodies was divided into three stages. First, from 50 to 390°C, a slight decomposition of the green bodies occurred and the mass loss was below 10%. Second, from 390 to 460°C, the sample decomposed rapidly and thoroughly and the mass loss reached 45–55%. Third, for temperature above 460°C, the quality of green bodies was stable and no further decomposition occurred. The green bodies consisted of photosensitive resin and alumina powder. The inorganic alumina powder was previously treated at high temperature (1,300–1,500°C), which prevented its decomposition at TGA temperature (50–600°C). Therefore, the decomposition reaction in the green bodies could only be caused by the photosensitive resin under heating conditions. TG curves show that the main decomposition temperature range of photosensitive resin is between 390 and 460°C. The photosensitized resin decomposed and released between 390 and 460°C, and a large number of gaseous products were produced in the decomposition process. Airflow was inevitable when the gaseous products spread to the outer surface of the sample. Reducing the heating rate would slow down the flow rate of the gas and prevent the sample from cracking in the debinding process. So, during the debinding process illustrated in section “Debinding and Sintering Process” the heating rate of the green bodies were rather low. DSC curves indicate the occurrence of endothermic reactions in the green bodies. This is attributed to the fact that the photosensitive resins are mainly composed of oligomer, photoinitiator, and diluents, and their main components are carbon, hydrogen, and oxygen; which undergo pyrolysis reactions and absorb heat in the absence of oxygen (the TG-DSC was conducted under argon; Salmoria et al., 2008; Furutani et al., 2015; Yoshida et al., 2018). The peaks of the DSC curves are located at 430°C, which means that the photosensitive resin reacts mostly at this temperature. So, the heating rate should be low during the debinding process to guarantee the quality of the samples.


[image: Figure 3]
FIGURE 3. TG-DSC curves of the green bodies: (a) TG curve; (b) DSC curve.


The thermal treatment temperature first influences the microstructure of the alumina powders, then the effects have delivered to the printed green bodies and sintered ceramics. So, the SEM images of alumina powders have been addressed here. SEM images of alumina subjected to thermal treatment at different temperatures are shown in Figure 4. Clearly, the microstructures of alumina powder treated at different temperatures are different. After treatment at 1,300°C, the structure of alumina becomes relatively loose and the surface is piled up with a large number of smaller particles. When treatment was carried out at 1,350°C, part of the surface particles changed to form the long cylinder shape particles. Further these long cylindrical particles were arranged in an orderly manner and formed regular pores. When the thermal treatment temperature was continued to increase to 1,400°C, the structure of alumina powder underwent complete transformation from loose structure to regular ordered porous structure consisting of long cylinders. When the thermal treatment temperature reached 1,450°C, the long cylinder shape particles grew together and piled up tightly. Moreover, the intergranular porosity decreased significantly. With the further increase in the thermal treatment temperature to 1,500°C, alumina particles grew further and joined together, and the pores among the particles were significantly reduced. According to the increase of thermal treatment temperature, the microstructure of alumina particles changed obviously, from loose porous structure to densely stacked structure. The phase transformation of Al2O3 exhibited in Figure S4 indicates that when the thermal treatment temperature is above 1,200°C, all phases of alumina are converted to α-Al2O3, which is the most stable phase of alumina (Legros et al., 1999). This shows that during the thermal treatment of alumina process, only the microstructure changes, and the phase remains the same.


[image: Figure 4]
FIGURE 4. SEM images of alumina subjected to thermal treatment at different temperatures: (A1) 1,300°C; (B1) 1,350°C; (C1) 1,400°C; (D1) 1,450°C; (E1) 1,500°C.


SEM images of alumina with 2000 times magnification are shown in Figure S5. The particle size measured by SEM is presented in Table 2. The average particle size decreased with increasing thermal treatment temperature. Moreover, the minimum and maximum particle size also exhibited decreasing tendency with increasing thermal treatment temperature. The particle size distribution measured using laser particle analyzer presented in Table 1 indicates that the variation trend is the same. This proves that the higher treatment temperature of alumina powder leads to the smaller particle size of alumina.


Table 2. The particle size of the powders measured by SEM (μm).

[image: Table 2]

SEM images of printed green bodies with 200 times magnification are shown in Figure S6. The SEM images of printed green bodies with 20,000 times magnification are shown in Figure S7. Moreover, the SEM images of printed green bodies with 100,000 times magnification are presented in Figure S8. The images clearly indicate that the microscopic morphological characteristics of samples become significantly different with the increase of amplification. When the sample magnification is only 200 times, the surface of the sample shows smooth plane morphology. Stereolithography 3D printing is formed by points into lines, lines into layers, and piled up layers to finally complete the production of 3D objects (Chen et al., 2018). The 200 times magnified images present the surface layer of the printed green bodies. When the images of the samples were magnified by 20,000 times, the holes on the surface of the green bodies started to show up. In particular, for alumina treated at 1,300°C, the holes are randomly distributed on the surface of the sample, and the size of the holes is between 110 and 280 nm. With the increase of alumina treatment temperature, the holes on the surface of the samples tend to become fewer and smaller. This is attributed to the fact that with the increase of the thermal treatment temperature of alumina powder, the denser alumina powder structure (Figure 4) leads to the denser printing of the green body, thus reducing the number of holes. On the other hand, with the increase of magnification, the surface roughness of green bodies is also clearly exhibited. This indicates that the flat surface observed at the macro scale is very rough at the micro scale. When the magnification of the sample is increased to 100,000 times, significant change in the micromorphology is observed. Clearly, the surface of the sample is closely connected by nano-sized alumina crystals. Statistical analysis using software (Nano Measurer) indicated that the size distribution of nano-alumina crystal was between 28 and 71 nm, and the average crystal size was 48 nm (data acquired from Figure S8a3). Although the image is not very clear due to the large magnification, it can still be seen that the size of alumina crystals tended to decrease with the increase of thermal treatment temperature.

After the debinding and sintering process, SEM images of acquired alumina ceramics are shown in Figure 5 and Figure S9. The results show that alumina ceramics are composed of alumina particle aggregates which are connected with each other and most of the interspaces are formed. In fact, the cavities between these aggregates are caused by the volatilization of photosensitive resin which decomposed at temperature between 390 and 460°C (Figure 3). Moreover, these alumina particle aggregates are formed by the close connection of nano-micron alumina crystals. The size of these alumina crystals was measured to be around 800 nm (Figure 5a1). Analysis of the boundary lines between the crystals indicated that with the increase in the thermal treatment temperature of alumina powders, the boundary between the crystals became less and less clear, and the crystals were gradually connected to form large clusters of aggregates. Size of alumina particle aggregates was about 4.9 μm (Figure S9a2), which tended to increase with the increase of thermal treatment temperature. This indicates that the higher thermal treatment temperature is conducive to the connection and aggregation of alumina crystals (Rogach et al., 2000).


[image: Figure 5]
FIGURE 5. SEM images of alumina ceramics: (A1) 1,300°C; (B1) 1,350°C; (C1) 1,400°C; (D1) 1,450°C; (E1) 1,500°C.




XRD and Raman Analyses

XRD curves of the alumina powders, green bodies, and alumina ceramics are shown in Figure 6 and Figure S10. The XRD results indicate that their phase compositions are identical which belong to α-alumina. The peaks are located at 25.6°, 35.1°, 37.8°, 41.7°, 43.4°, 46.2°, 52.6°, 57.5°, 59.8°, 61.2°, 66.5°, 68.2°, 70.4°, 74.3°, 77.2°, 80.7°, 84.4°, and 86.4°, representing the (012), (104), (110), (006), (113), (202), (024), (116), (211), (122), (214), (300), (125), (208), (119), (220), (223), and (312) crystallographic planes of α-alumina, respectively (PDF#65-3103) (Wen et al., 1999). Although the phase composition of the green bodies is the same as that of the alumina ceramics, the figures reveal that the XRD peaks of the green bodies are slightly lower than those of the alumina ceramic. The weakening of the alumina peak may be due to the polymer contained in the green bodies which affects the strength of the signal. According to Figure S4 and the observation reported by Hyuk-Joon et al. (1999), the most stable α-alumina phase was formed at 1,200°C. This indicates that the transition between various phases of alumina occurs below 1,200°C (Mirjalili et al., 2010). The minimum thermal treatment temperature used in this research was 1,300°C; therefore, no phase transformation was observed with the increase of thermal treatment temperature and the final phase composition was similar to that of the initial samples. Sainz et al. (2000) provided the XRD microstructural analysis, which indicated that owing to the broadening of the peak compared to the standard peak, at higher temperature the apparent crystallite sizes are large and the XRD microstructural analysis becomes difficult. The XRD analysis indicating that thermal treatment temperature has little influence on the phase composition of alumina ceramics and there is no phase change of alumina ceramics due to thermal treatment temperature.


[image: Figure 6]
FIGURE 6. XRD curves of alumina ceramics.


The Raman curves of the alumina powders, green bodies, and alumina ceramics are shown in Figure 7 and Figure S11. The main strong bands in alumina powders are located at 255, 417, 460, and 566 cm−1; the main strong bands for green bodies are located at 255, 417, 460, 566, 925, 1003, 1455, 1610, and 1732 cm−1; and the main strong bands for alumina ceramics are located at 418, 460, and 566 cm−1. (Reyes-López et al., 2013) provided the analysis of the phase transformation by Raman spectroscopy, which indicated that the band at 460 cm−1 is attributed to the vibrations of aluminum with oxygen atoms and the wide band between 500 and 1,000 cm−1 corresponds to the vibrational frequencies of coordinated O–Al–O bonds. This demonstrates the existence of Al–O vibrational modes in the alumina powders, green bodies, and alumina ceramics in this research. Mariotto et al. (1990) studied the Raman spectroscopy of alumina transformation, and reported that the peaks at 733, 1,000, and 1,053 cm−1 are related to OH−. These peaks can be found in the samples of the alumina powders, green bodies, and alumina ceramics. Kadleiková et al. (2001) reported that the Raman spectrum of α-Al2O3 is expected to have seven peaks at 378, 418, 432, 451, 578, 645, and 751 cm−1, respectively, which is in accordance with the results obtained in this study. Noteworthy, some small deviations may be due to impurities and defects in the crystal. Owing to the complexity of alumina phase and crystal structure, impurities in other phases may be detected by Raman technology. Noteworthy, the Raman curves of green bodies are different from those of the alumina powders and alumina ceramics. In the entire band range, there are many uninterrupted small peaks, which are densely distributed. This may be due to the presence of undecomposed photosensitive resin (Baldacchini et al., 2009). Comparing each sample in green bodies, raw alumina powders, and sintered alumina ceramics, there are no obvious difference, which means the bonds are identical and the thermal treatment temperature have little influence on the chemical bonds.


[image: Figure 7]
FIGURE 7. Raman curves of green bodies.




XPS and TEM Analyses

The XPS curves of alumina ceramics are shown in Figure 8. The peaks at 532, 285, 120, and 76 eV are attributed to O 1s, C 1s, Al 2s, and Al 2p, respectively. The peaks of alumina powders treated at different temperatures are identical, indicating that the composition of chemical bonds between different samples is also identical. Thus, the thermal treatment temperature of the powders does not affect the bonding composition of the prepared ceramics. Hirschauer et al. (1997) prepared and characterized highly oriented α-alumina films by pulsed laser deposition, and the results revealed that the peak at 74.4 eV is assigned to alumina and the peak at about 71.5 eV indicates the presence of metallic Al. Combining the enlarged curves shown in Figure S12 clearly reveals that the alumina ceramics obtained herein have no detectable peak near 71.5 eV, indicating that metallic Al does not exist in the alumina ceramics samples obtained in this study. Hoflund and Minahan (1996) studied α-alumina-supported silver ethylene-epoxidation catalysts and reported that the predominant O 1s feature obtained from the α-alumina support exhibited a binding energy of 531.6 eV, which is characteristic of O in Al2O3. Combined with the XPS data of alumina ceramics obtained in this study, the peak at 532 eV demonstrates the existence of O atoms in Al2O3. Noteworthy, C 1s peak appears at 285 eV. Franks and Meagher (2003) explored the isoelectric points of sapphire and α-alumina powder and presented that carbon was common in most XPS results due to the adsorption of gaseous carbon containing species from air. XPS is a kind of surface detection technology, which is very sensitive to the chemical composition of the sample surface. Therefore, the carbon detected in this research may be caused by the adsorption of carbon in the air by the surface of alumina ceramics. Then the XPS results indicating that thermal treatment temperature has little influence on the composition of chemical bonds of alumina ceramics.


[image: Figure 8]
FIGURE 8. XPS curves of alumina ceramics.


TEM images of the alumina ceramics are shown in Figure 9 and Figure S13. HRTEM images exhibit that the lattice spacing of different samples is not identical. This is due to the fact that the selected crystal faces are different during the process of acquisition of images. When the thermal treatment temperatures were 1,300, 1,350, 1,400, 1,450, and 1,500°C, the corresponding lattice spacing was 0.229, 0.345, 0.350, 0.226, and 0.348 nm. When these data were integrated with the XRD data, the crystal faces were (2 2 2), (0 1 2), (2 1 0), (1 0 4), and (0 1 2) respectively. TEM images presented in Figure S13 exhibit that the microstructure of alumina ceramics shows irregular polygon shape particles with size around 2 μm. This value is close to the values obtained from laser particle size analysis presented in Table 1 and SEM analysis summarized in Table 2. The selected area electron diffraction patterns of alumina ceramics shown in Figure S14 indicate that the sample is composed of single crystal, that is, the entire crystal is composed of the same spatial lattice in the 3D direction (Kortov et al., 2016). The HRTEM, TEM, and selected area electron diffraction patterns of alumina ceramics indicating that the thermal treatment temperature have little influence on the crystal structure of alumina. This is because that over 1,200°C, γ-Al2O3 have converted to α-Al2O3, which could not produce crystal structure change. And α-Al2O3 is more stable than other alumina crystal structure due to its [AlO6] octahedron. According to the research of deformation behavior and mechanical properties of single crystal alumina by Mao et al. (2011), it is difficult to investigate the deformation mechanism of alumina single crystal due to the fact that the onset of mechanical properties is strongly influenced by factors, such as crystal orientation, applied loading, loading rate, tip radius of the indenter, and temperature during tests. However, owing to the excellent high temperature resistance, hardness, and stable chemical properties of single crystal alumina, it is still a very important research object. The atom fractions obtained from EDS results are listed in Table 3 and the distribution of element in alumina ceramics is shown in Figures S15–S18. The EDS results indicate that all the samples are composed of alumina and very little content of C was detected, which may be due to the introduced carbon films when doing the TEM test. According to the mapping photos of alumina ceramics shown in Figures S15–S18, yellow represents the distribution of C element, red represents the distribution of Al element, and green represents the distribution of O element. Moreover, brighter colors indicate more corresponding elements content. Clearly, the Al atoms are distributed in synchronization with the O atoms, and the distribution of carbon atoms is relatively weak. The results showed that the obtained alumina ceramic materials were homogeneous and the alumina was uniformly distributed.


[image: Figure 9]
FIGURE 9. High resolution TEM images of alumina ceramics: (A1) 1,300°C; (B1) 1,350°C; (C1) 1,400°C; (D1) 1,450°C; (E1) 1,500°C.



Table 3. Atomic fraction obtained from TEM.
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Physical Properties

The physical properties such as water absorption, open porosity, and bulk density of the green bodies and alumina ceramics are shown in Figure 10. The water absorption of green bodies is between 12 and 19% and it increases with increasing thermal treatment temperature of alumina powders. However, the water absorption of alumina ceramics is between 53 and 108% and the values also increase with increasing thermal treatment temperature of alumina powders. The huge gap of water absorption between green bodies and alumina ceramics are caused by the removal of the photosensitive resin under the debinding and sintering process. After the removal of the photosensitive resin, a great number of pores are left in the alumina ceramics, which is beneficial to increase the water absorption values. The open porosity of the green bodies was between 17 and 23% and increased with increasing thermal treatment temperature of alumina powders. The open porosity of the alumina ceramics was between 73 and 92% and the change tendency was the same as that of the green bodies. Relatively large values of the alumina ceramics compared to those of the green bodies are due to the removal of the photosensitive resin under debinding and sintering process. Moreover, variation in water absorption tendency and open porosity may be due to the variation in microstructure of the alumina powders under increasing thermal treatment temperature as illustrated above. From the microstructural SEM images of γ-Al2O3 shown in Figure 1, it is known that the γ-Al2O3 was poriferous and of lax structure. After the thermal treatment at different temperatures, the microstructure has changed and underwent volumetric shrinkage which was shown in Figure 4. Figure 4 shows that the porosity was decreased as the increasing thermal treatment temperature in each particle. Comparing with the lower temperature treated alumina powders, when a large number of particles are added in photosensitive resin, there are few resins entered into the individual particles which have been treated at higher temperature alumina powders. This means that more resins have been existed among particles. After the debinding and sintering process, the resins-occupied space turns to pores. Then the open porosity is increasing with the increasing thermal treatment temperature. The bulk density of the green bodies was between 1.31 and 1.47 g cm−3 and the bulk density of the alumina ceramics was between 0.67 and 1.28 g cm−3. The values of bulk density for all samples decreased with increasing thermal treatment temperature of alumina powders, which is due to the variation tendency of the open porosity. The shrinkage of the alumina ceramics is shown in Figure S19, where it is observed to increase in all the three directions with the increase in the temperature. Along the length, width, and height directions, the shrinkage is in the range of 14.4–20.5, 14.4–22.7, and 15.4–24.4%, respectively. Moreover, it was also observed that the shrinkage along height direction was slightly larger than that along the width direction. Furthermore, the shrinkage along width direction was slightly larger than that along the length direction. This phenomenon may be due to the following two reasons: On the one hand, the height direction determined by the layer-by-layer molding characteristics is different from the X–Y directions and there are relatively large gaps which lead to larger shrinkage. On the other hand, the phenomenon of scattering in ceramic slurries lead to the increase in single curing line width and the decrease of layer thickness, which further deepens the change of shrinkage (Chen et al., 2010).


[image: Figure 10]
FIGURE 10. Physical properties of green bodies and alumina ceramics: (A1) green bodies; (B1) green bodies; (C1) green bodies; (A2) alumina ceramics; (B2) alumina ceramics; (C2) alumina ceramics.


In summary, the green bodies were mainly decomposed between 390 and 460°C, so that the heating rate should be slow to avoid the cracking occurred during the debinding process. For alumina powders, as the thermal treatment temperature increases, the microstructure of alumina particles changed from loose porous structure to densely stacked structure, and the particle size have a decrease tendency. For alumina ceramics, the higher thermal treatment temperature is conducive to the connection and aggregation of alumina crystals. Water absorption and open porosity increased as the increasing thermal treatment temperature. Bulk density decreased with the increasing thermal treatment temperature. And thermal treatment temperature has little influence on phase composition and chemical bond.




CONCLUSIONS

The effects of thermal treatment temperature of alumina powders on the microstructure, chemical composition, and physical properties of stereolithography 3D printing ceramics were investigated.

1) Alumina green bodies mainly decomposed between 390 and 460°C, the heating rate should be slow in this range. The alumina powders became denser, and the pores turns disappeared with increasing thermal treatment temperature of the alumina powders.

2) Compared to green bodies, the alumina ceramics with higher water absorption, higher porosity, and lower bulk density due to the removal of photosensitive resin. The water absorption and open porosity increased and the bulk density decreased with the increasing thermal treatment temperature both in green bodies and sintered ceramics. The shrinkage was different in three directions due to the layer-by-layer forming characteristic.

3) For γ-alumina, 1,500°C was considered as the optimal thermal treatment temperature, which could be used for prepare alumina ceramic slurries and fabricate green bodies through stereolithography based 3D printing technology. The alumina ceramics were obtained with a water absorption of 107%, open porosity of 91%, and bulk density of 0.67 g cm−3.
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