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Abstract 

Transparent alumina ceramics were fabricated using an extrusion-based 3D printer and post-

processing steps including debinding, vacuum sintering, and polishing. Printable slurry recipes 

and 3D printing parameters were optimized to fabricate quality green bodies of varying shapes 

and sizes. Two-step vacuum sintering profiles were found to increase density while reducing 

grain size and thus improving the transparency of the sintered alumina ceramics over single-step 

sintering profiles. The 3D printed and two-step vacuum sintered alumina ceramics achieved 

greater than 99% relative density and total transmittance values of about 70% at 800 nm and 

above, which was comparable to that of conventional CIP processed alumina ceramics. This 

demonstrates the capability of 3D printing to compete with conventional transparent ceramic 

forming methods along with the additional benefit of freedom of design and production of 

complex shapes. 
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1.  Introduction 

Since the invention of stereolithography by Charles Hull in the 1980’s, 3D printing 

technology has grown and had a significant impact around the world in manufacturing complex 
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structures with excellent properties. 3D printing, also known as additive manufacturing, is a 

forming method where a 3D computer model is sliced into 2D cross-sections to construct a 

physical structure via the layer-by-layer addition of material. Within this general definition, there 

are many specific technologies which vary in terms of feedstock and method of forming/bonding 

to suite specific materials and applications. This is significantly different than more conventional 

subtractive or equivalent manufacturing methods that have been used for hundreds to thousands 

of years and allows for the fabrication of structures that would normally be impossible to create 

in a relatively fast and efficient manner. This has enabled different industries to create exciting 

new parts and products while also saving time and money and improving performance.[1-6] 

Thus far, however, the main materials that have been utilized for 3D printing are polymers 

and metals, with ceramics being relatively less researched and developed. In recent years, 

though, there has been a significant increase in interest and use of ceramic materials along with 

3D printing technologies due to the many useful applications of each. Ceramics, which are 

characterized by their excellent thermal, chemical, and electrical durability and stability, high 

strength and hardness, and useful optical properties, are ideal materials for applications in 

industries such as aerospace, medical, military and defense, electronics, and more.[3, 4, 7, 8] 

Although 3D printing  has not yet fully matured, it is projected that in the future the market for 

3D printing will increase in these industries as the technology continues to improve and become 

more assimilated into society.[3, 9-11] 

Specifically, an area of application for 3D printing that is of interest to this work is in the 

fabrication of transparent polycrystalline ceramics.[12] Transparent polycrystalline ceramics 

have been well-demonstrated for use in many areas, such as for windows and domes,[13, 14] 

laser materials,[15, 16] armor[13, 17] and other applications which require high performance 



even under potentially extreme environments.[18] Furthermore, along with their wide range of 

relatively inexpensive and efficient processing options, transparent polycrystalline ceramics have 

shown the ability to achieve thermal, mechanical, and optical properties which are comparable 

to, or even surpass, that of single crystals and glasses.[13, 14, 16, 17] To achieve these 

properties, it is necessary that the ceramic body simultaneously possess near full density, limited 

porosity, high purity, limited grain growth, and low surface roughness to reduce the amount of 

light scattering sources.[18, 19] Transparent polycrystalline ceramics have been primarily 

manufactured using methods such as dry pressing and cold isostatic pressing (CIP), tape casting, 

and mold casting followed by vacuum sintering, as well as others, such as hot isostatic pressing 

(HIP) and spark plasma sintering (SPS).[20, 21] All of these methods are capable of producing 

high-quality transparent polycrystalline ceramics, but are either unable to fabricate complex 

shapes or require additional tooling costs and processes to do so. With advances in 3D printing 

technology, however, it is currently possible to create near full density polycrystalline ceramic 

bodies which can be designed into custom shapes relatively quickly and easily. This potentially 

enables 3D printing to be used as a forming method for transparent ceramics, which could lead to 

interesting new opportunities and developments. 

The chosen material for this work, alumina (Al2O3), is a well-known and widely used 

ceramic which has been demonstrated to achieve transparency and other useful properties[22-27] 

as well as be compatible with 3D printing[28-30]. Krell et al. reports the use of sintering and 

post-HIP treatment to produce near full density and submicron grained transparent alumina 

ceramics with 55-65% transmission in the visible wavelength range along with high hardness 

and bending strengths.[31] In a different study, Grasso et al. utilized high-pressure SPS to 

produce transparent alumina ceramics with 200 nm grain sizes that achieved 65.4% in-line 



transmission at approximately 700 nm.[32] Of the many 3D printing methods and products 

available, an extrusion-based machine known as the Hyrel System 30M was chosen. In literature, 

this method can be referred to by different names, such as robocasting, direct ink writing (DIW), 

and more, but is characterized by its simplistic nature and ability to fabricate a wide variety of 

parts in a relatively fast and inexpensive manner.[1, 33-35] Furthermore, since the extrusion-

based method does not require the use of photoactive polymers or other complex additives, more 

traditional ceramic processing principles can be applied. The goal of this work was to 

demonstrate and optimize the process of fabricating transparent polycrystalline ceramics via 3D 

printing and to compare the results to that of more conventional fabrication methods for 

transparent ceramics, such as cold isostatic pressing (CIP). 

2. Material and Methods 

2.1. Powder Preparation 

The ceramic powder used was the Baikalox High Purity CR 10D Al2O3 powder with 625 

ppm MgO (Baikowski, Inc.); in this powder, the MgO acts as a sintering aid. The as-received 

powder was ball-milled in ethanol for 24 hours using high-purity zirconia milling media of 

approximately 2mm in diameter and then dried and obtained using a mortar and pestle. The 

prepared powder was measured for particle size and distribution using a Micromeretics 

SediGraph III PLUS, specific surface area (SSA) using the BET method and a Micromeretics 

FlowPrep to de-gas the sample followed by measurement with a Micromeretics Gemini VII, and 

for morphology using an FEI Quanta 200F SEM. 

2.2. Slurry Preparation 

Fabrication of ceramic parts with the Hyrel 3D System 30M extrusion-based 3D printer 

requires preparation of a high solids-loading ceramic slurry. The ceramic slurry consisted of the 



following batch recipe: 68-74 weight percent (wt.%) Baikalox High Purity CR 10D Al2O3 

powder with 625 ppm MgO, 26-32 wt% DI H2O, and 0.4-1.0 wt% Kuraray ISOBAM™-104 per 

mixed Al2O3 powder. In this batch, the isobam acts as a binder and dispersant. The slurry was 

prepared by combining the batch ingredients in a shear mixer until a viscous paste is formed. 

High purity zirconia milling media of approximately 1 cm in diameter was added to the milling 

jar and the jar was placed in a ball mill to mix for 1 - 1.5 hours. Once homogenized, the slurry 

was loaded into a shear mixer within a customized vacuum chamber to de-gas for at least 15 

minutes, or until all bubbles are removed. The resulting slurry was directly loaded into an EMO-

25 extruder which was fitted with a chosen nozzle and used for 3D printing or used for rheology 

measurements as will be specified later.  

2.3. 3D Printing 

Various parts for 3D printing in the .stl file format were directly uploaded to the Hyrel 3D 

System 30M 3D printer’s Repetrel software. The part file was edited in terms of dimensions and 

orientation as desired and then sliced into “G-code” (programming language for 3D printing) 

using the built-in Slic3r software according to pre-determined printing parameters. The printing 

parameters were adjusted in Slic3r according to the size of the part, nozzle size, and other 

factors. After slicing into G-code is complete, a mylar film was taped onto the build platform for 

the part to be built upon. The gap between the extruder and build platform was set by placing a 

piece of paper (standard 8.5” x 11” copy paper; 75-80 g/m2) on the build platform and using the 

“z-calibrate” feature to move the platform until the tip of the nozzle on the extruder barely 

contacted the paper. Once the gap was set, the extruder was primed until material flowed out of 

the nozzle at a consistent rate, afterwards the print job was started. The print job was then 

observed, with small changes made using the “z fine-adjustment” feature, which moves the 



platform vertically by 25 µm, to ensure that the distance between the extruder and build 

platform/part was sufficient. Following printing, the mylar sheet with the finished part on it was 

removed from the build platform and left to dry underneath a cover inside of an auto-desiccator. 

More print jobs were performed as necessary using the same process. Green body density was 

measured where possible on the 3D printed parts using a dial caliper and balance (limited to 

simple shapes). 

2.4. CIP Processing 

As a conventional processing method to compare 3D printing with, CIP was employed. CIP 

samples were fabricated using the as-prepared Baikalox CR 10 D High Purity Al2O3 powder with 

625 ppm MgO (same powder used in 3D printing) combined with approximately 0.25 mL of 

PVA via a mortar and pestle until homogenized. The resulting powder was dry-pressed into a 

disk of approximately 2 cm in diameter using a Carver Inc. manual uniaxial press with a pressure 

of 1 metric-ton for 5 seconds and then cold isostatically pressed at 250 MPa for 1 minute using 

an Autoclave Engineers CP 360 to form a dense green body. The green body density of the CIP 

parts was measured using a dial caliper and balance. 

2.5. Drying, Debinding, and Sintering 

The finished 3D printed parts were dried for 24 hours in air at room temperature in an auto-

desiccator. Next, the parts were placed in a Quincy Lab, Inc. Model 30 GC Lab Oven held at 

70°C to dry for an additional 24 hours. The oven dried 3D printed parts as well as the CIP parts 

were then debinded in a Neytech Vulcan Benchtop Furnace Model 3-550 under the following 

profile: heat from room temperature to 500°C at a rate of 0.5°C/min, hold at 500°C for 4 hours, 

heat from 500°C to 1000°C at a rate of 1°C/min, hold at 1000°C for 3 hours, auto-cool to room 

temperature. The debinded samples were placed into a Thermal Technolgy Inc. High Vacuum 



Graphite Furnace to sinter under the following profile with varying final temperatures from 1650 

– 1875°C: heat from room temperature to 1300°C at a rate of 10°C/min, hold at 1300°C for 1 

hour, heat from 1300°C to the final sintering temperature, hold at final temperature for 6 hours, 

and cool to room temperature at 10°C/min; this is a conventional single-step sintering (SSS) 

profile. As an alternative to the SSS profile, a two-step sintering (TSS) profile was also 

investigated with the sample being heated to a final temperature of 1850°C or 1875°C and then 

immediately dropping to 1800°C prior to holding for 8 hours.  

2.6. Testing and Characterization 

The sintered parts were tested and characterized for different properties. Density was 

determined using the Archimedes method. Following density measurements, the samples which 

achieved good visual transparency were grinded and polished to an approximately 1.5 mm 

thickness using a Buehler EcoMet 3000 Variable Speed Grinder-Polisher and a MetLab 

Corporation 6 µm diamond suspension. Total transmittance measurements were conducted on 

the polished sample using a Thermo Scientific Evolution 220 UV-Visible Spectrophotometer in 

the wavelength range from 190 -1100 nm. The microstructure was documented by gold-coating 

the sample using a Cressington Sputter Coater 108 and viewing and capturing images of the 

sample on an FEI Quanta 200F Scanning electron microscope. Grain size measurements were 

conducted using the line intercept method and the Nano Measurer 1.2 software. A minimum of 

100 grains were measured from multiple locations per sample (approximate span of 300,000 

µm2) to determine an average grain size and standard deviation directly from the SEM images 

without applying a correction factor. 

When measuring the rheology of the slurry instead of 3D printing, the slurry was prepared 

under the same parameters according to the batch recipes used for printing. The slurry was then 



measured using a TA Instruments Discovery HR-2 Hybrid Rheometer to obtain curves of 

viscosity as a function of shear rate at room temperature under the flow sweep procedure at shear 

rates from 0.01 – 100 s-1 using the 40 mm parallel plate geometry. Flow behavior was calculated 

directly from the curve of viscosity as a function of shear rate using the power law function in 

Equation 1: 

ƞ � ��� ���	
            (1) 

where ƞ is the viscosity,	��  is the shear rate, K is the consistency index (viscosity at ��=1), and n is 

the power law index (also known as flow index). Different flow index values indicate different 

behaviors: n = 1 is Newtonian, n > 1 is shear thickening, and n < 1 is shear thinning.[36, 37]  

3. Results and Discussions 

Al2O3 ceramic parts of varying shapes and sizes were successfully fabricated using 3D 

printing. Near full-density and transparency was achieved in the 3D printed samples via post-

processing steps, including debinding, vacuum sintering, and polishing. Fig. 1 shows 

photographs of various 3D printed parts and Fig. 2 shows the results of each processing step on 

the ceramic body.  

 

Fig. 1. Photographs of 3D printed alumina ceramics of varying shapes and sizes 

 

 



 

Fig. 2. Photographs of representative 3D printed sample through each step of the process. 

3.1. Alumina Powder 

The particle size and distribution data, as shown in Fig. 3, indicates that the particles were of 

submicron size with a relatively narrow distribution. The particle size with the highest mass-

frequency was 0.596 µm and the D10, D50, and D90 were 0.384, 0.731, and 2.238 µm, 

respectively. The SSA as measured using the BET method was 7.9571 ± 0.1174 m2/g. An SEM 

image of the powder is presented in Fig. 4, which shows that the particles are nearly spherical in 

shape and mostly uniform. The small size, high surface area, and nearly spherical shape of the 

powder indicate good potential packing efficiency and densification behavior during sintering. 

 

Fig. 3. Particle size and distribution of the as-prepared Baikalox CR 10D Al2O3 powder with 625 

ppm MgO. 



 

 

 

 

 

 

 

 

Fig. 4. SEM image of the as-prepared Baikalox CR 10D Al2O3 powder with 625 ppm MgO. 

 

3.2. Slurry Batch Recipes and Rheology 

The slurries contained varying amounts of alumina content as well as isobam per mixed 

powder as a binder and dispersant. Both batch ingredients significantly affected the rheology of 

the slurry and thus the printing behavior. Fig. 5 and Fig. 6 present the results of the rheology 

measurements for slurries with varying amounts of alumina and isobam per mixed powder, 

respectively, along with the calculated flow index (n) values according to the aforementioned 

Equation 1 from section 2.5. The viscosity measurements in Fig. 5 and 6 indicate that increases 

in the content of alumina and isobam per mixed powder by increments of 2 wt% and 0.3 wt%, 

respectively, can result in as much as an order of magnitude increase in viscosity. Furthermore, it 

can be seen that every slurry measured exhibited a flow index value less than 1, indicating shear-

thinning behavior. 

In practice, higher viscosity slurries tended to exhibit greater control and shape retention 

during printing than the lower viscosity slurries. On the other hand, the higher viscosity slurries 

tended to be more difficult to prepare in terms of achieving a homogeneous mixture and 

thoroughly de-gassing. Therefore, it was necessary to maintain a balance between these 



parameters. In this case, slurries with 68 – 74 wt% alumina and 0.4 – 1.0 wt% isobam per mixed 

powder are considered “printable”, with the slurry containing 72 wt% alumina and 0.7 wt% 

isobam per mixed powder being ideal for printing. Below this range, slurries are not sufficiently 

viscous for printing and above this range, slurries are too viscous to be properly prepared for 

printing. 

Furthermore, the shear-thinning (pseudoplastic) behavior is essential for 3D printing and was 

exhibited in every slurry tested. Shear-thinning describes a decrease in viscosity with increasing 

shear rate.[36] Practically speaking, this indicates a transitional period of rheological behavior 

before, during, and after extrusion with the 3D printer. This therefore enables a high viscosity 

slurry to become fluid enough to be extruded through a small nozzle and then return to a higher 

viscosity state, allowing for proper flow and workability during printing without sacrificing final 

shape retention and control. 

 

 

 

 

 

 

 

 

 

Fig. 5. Viscosity as a function of shear rate for slurries with varying alumina content and 

constant 0.7 wt% isobam per mixed powder with corresponding flow index (n) values in 

parentheses. 



 

Fig. 6. Viscosity as a function of shear rate for slurries with varying isobam content per mixed 

powder and constant 72 wt% alumina with the corresponding flow index (n) values in 

parentheses. 

 

3.3. 3D Printing Parameters 

For printing parameters, there were a variety of options available, of which only a few were 

found to be both relevant and significant to this work: printing speed, nozzle size, extrusion 

width, and layer height. In general, decreasing the printing speed, nozzle size, extrusion width, 

and layer height typically results in higher quality parts, but leads to slower extrusion rates and 

longer printing times. Excessively long printing times and extrusion rates were observed to cause 

problems such as premature drying leading to poor interlayer adhesion and clogging of the 

nozzle. Overall, the average green body density across the 3D printed samples was 1.68 ± 0.05 

g/cm3, but there were some differences among parts printed with different parameters. In 

comparison, the CIP parts achieved a slightly higher and more consistent green density of 1.71 ± 



0.04 g/cm3, likely due to the less variability in the process and additional compaction of the 

green body through CIP. Similar to the slurry parameters, it is necessary to find a well-balanced 

set of printing parameters which produce quality parts in the proper time frame.  

3.3.1. Printing and Non-Printing Speed 

  The movements that the printer performs can be generally classified into two groups: 

printing moves and non-printing moves. Printing moves are the movements where material is 

being actively extruded to build the part. It was found that if this parameter was set too fast, there 

would be poor interlayer adhesion and inconsistent formation of layers/surfaces resulting in a 

low quality and dimensionally inaccurate structure. However, if the speed was set too slow, the 

print would take excessively long and the low throughput of material would result in premature 

drying and clogging of the nozzle. It was determined that print move speed in the range of 1.5 – 

4.0 mm/s was ideal for this work, with the slower end of the range being used for smaller and 

more complex parts and the faster end used for larger and more simple parts. 

 Non-printing moves are any movement that doesn’t directly contribute to building the 

part, such as moving up a layer and moving across gaps. During these movements, no material is 

intentionally being deposited although it was found that excess material will occasionally 

continue to “ooze” out of the nozzle following a recent print move. For these reasons, this 

parameter is relatively insignificant as long as it is set fast enough to prevent material from 

inadvertently oozing onto the part being built. A value of 40 mm/s was used for this parameter 

and that was found to be sufficient. 

 

 



3.3.2. Nozzle Size, Layer Height, and Extrusion Width 

Nozzle size, layer height, and extrusion width are all interconnected. These parameters 

effect the extrusion rate, how long the print takes, and the overall accuracy. In all cases, larger 

values result in more material being extruded at a faster rate along with shorter printing times 

and overall lower accuracy, while smaller values have the opposite effect. As the names indicate, 

the layer height controls how tall each layer is and therefore how many layers comprise the part, 

the extrusion width controls how wide of a path of material the extruder deposits and therefore 

how many paths are required to fill in a structure, and the nozzle size is the inside diameter of the 

chosen nozzle.  

Depending upon the size of the part, certain nozzle sizes are more appropriate. If a 

relatively large nozzle size (1.20 mm or larger) is chosen for a small part with fine details, the 

nozzle will be inherently incapable of producing it well. On the other hand, if a small nozzle 

(0.41 mm or smaller) is chosen for a large part, the part will take excessively long to print. As a 

general guideline and recommendation based on observations, the nozzle size should not exceed 

about 20% of the smallest feature size nor be smaller than about 4% of the longest dimension of 

the structure to maximize quality and efficiency.  

For layer height, it was determined that a value between approximately 25 - 70% of the 

nozzle diameter was suitable for printing. When the layer height was larger than 70%, despite 

having a fast print time, there was an excess of material being extruded which led to slumping 

and low dimensional accuracy. However, when the layer height was less than 25%, the layers 

were too thin and the print time was too long, resulting in pre-mature drying and poor interlayer 

adhesion/formation. In between this range, adequate parts could be built. Fig. 7 shows the 

calculated printing time as a function of layer height for a part being printed with a 0.84 mm 



nozzle. It can be seen that as the layer height increases, the printing time decreases, until around 

0.4 mm (~48% of nozzle), after which there is not a significant decrease in printing time. This 

indicates that there is no significant additional benefit in increasing the layer height past this 

point, making a value of ~48% an ideal balance between quality and efficiency. It was also found 

that the layer height does more than effect the part visually. When five identical parts were all 

printed with a 0.84 mm nozzle, but with different layer heights, there was a significant difference 

in their green densities. Fig. 8 shows the green body density as a function of layer height along 

with inset photographs of actual samples, and it can be seen that the density decreases 

significantly with increasing layer height. This is likely due to two observable tendencies. First, 

parts with small layer heights tend to have smaller defects that are “corrected for” or “covered 

up” by the many layers which are printed on top of it as opposed to parts with large layer heights 

which typically have larger defects and less subsequent layers to fix the problem. Second, parts 

with large layer heights tend to form more loosely packed edges with necking in between layers 

as opposed to the small layer height parts which form more densely packed layers and edges as 

supported by the inset photographs in Fig. 8. Additionally, when these five parts were sintered 

under constant parameters (1850°C for 6 hours), there was again a significant difference in their 

sintered relative densities. Fig. 9 shows the relative sintered density of the five parts as a function 

of their layer height. It can be seen again that as the layer height increases, the relative density 

decreases. These results show that the final sintered density is dependent upon the green density 

achieved, thus further supporting the importance of selecting proper printing parameters, such as 

layer height.  



 

Fig. 7. Printing time as a function of layer height. 

 

 

 

 

 



 

Fig. 8. Green body density as a function of layer height with inset photographs of actual samples. 

 

Fig. 9. Relative density as a function of layer height for samples sintered at 1850°C for 6 hours. 

 

 



For extrusion width, this parameter needs to be just large enough to sufficiently infill the part 

and create a dense green body. A value of approximately 150% of the nozzle size is sufficient for 

this by creating an overlap between each printing path, thus ensuring complete infill without 

noticeable changes in surface/edge finish or dimensional accuracy. Fig. 10 shows the results of 

using vastly different extrusion width values to clearly demonstrate its effect. When the extrusion 

width is too small, there are gaps in the structure, and when the extrusion width is too large, there 

is a loss in accuracy and fine finishes on the surface/edge. When the parameters are set properly, 

however, it can be seen that a filled-in structure with a fine finish along the surface and edges as 

well as good dimensional accuracy is achieved.  

 

Fig. 10. Photographs of samples which were 3D printed at varying extrusion widths. 

 

3.4. Post-Processing and Testing 

The drying and debinding parameters were chosen to remove the water and binder content in 

a slow and controlled manner to prevent cracking in the green body. Drying for 24 hours in air 

within an auto-desiccator and an additional 24 hours in an oven held at 70°C followed by 



debinding up to 500°C at 0.5°C/min for 4 hours and then up to 1000° at 1.0°C/min for 3 hours 

accomplished this task and these parameters were held constant during all experimentation. 

Sintering parameters were varied in terms of both final temperature and holding time. 

Furthermore, single-step sintering (SSS) and two-step sintering (TSS) profiles were investigated. 

The relative density of the 3D printed and CIP samples as function of the sintering profile is 

plotted in Fig. 11 and it can be seen that across all samples there was an increase in density with 

sintering temperature as well as that both the 3D printed and CIP processed ceramics reached 

similar peak density values at the highest tested temperature of 1875°C. The peak density values 

achieved by 3D printing were 99.91 ± 0.08% for SSS and 99.92 ± 0.03% for TSS while the 

highest CIP density achieved was 99.93 ± 0.05% under a TSS profile. Furthermore, the average 

grain size of the 3D printed samples under different sintering profiles is plotted in Fig. 12 and 

representative SEM images of the microstructure of the SSS and TSS ceramics are presented in 

Fig. 13 and Fig. 14, respectively, which shows the dense microstructure that is free of pores and 

secondary phases as well as the mostly uniform grain size distribution. As mentioned previously, 

the grain size measurements were collected from multiple SEM images in different locations on 

at least 100 grains (approximate span of 300,000 µm2) to determine an average and standard 

deviation. It can be seen that the average grain size increases with sintering temperature and that 

there is a decrease in grain size from SSS to TSS. For example, at 1875°C, the SSS sample had 

an average grain size of 113.27 ± 17.48 µm while the TSS sample had an average grain size of 

87.69 ± 13.53 µm. These results, combined with the relative density measurements, indicate that 

TSS profiles can help to densify the 3D printed ceramics while limiting grain growth.  



 

Fig. 11. Relative density as a function of sintering temperature for 3D printed and CIP processed 

alumina ceramics sintered under single-step (SSS) and two-step (TSS) sintering profiles. 

 

Fig. 12. Average grain size as a function of sintering temperature for 3D printed alumina 

ceramics sintered under single-step (SSS) and two-step (TSS) sintering profiles. 



 

Fig. 13. Representative SEM microstructure images of 3D printed samples which were single-

step sintered (SSS) at varying temperatures for 6 hours. 

 

Fig. 14. Representative SEM microstructure images of 3D printed samples which were two-step 

sintered (TSS) at varying peak temperatures. 

 

The most visually transparent 3D printed (both SSS and TSS) and CIP processed samples 

were grinded and polished to an approximately 1.5 mm thickness and measured for total 

transmittance as plotted in Fig. 15, along with inset photographs of the actual samples. It can be 

seen from both the data and the photographs that the best 3D printed and CIP processed ceramics 



achieved similar levels of transparency. The total transmittance measurements showed that the 

3D printed and CIP processed TSS ceramics reached nearly identical maximum values of 

approximately 70 - 71% at wavelengths of 800 nm and above (near IR range). In the visible 

wavelength range (~400 -700 nm), however, there was a more significant measurable difference, 

with the CIP sample being the most transparent followed in order by the 3D printed TSS samples 

at 1875°C and 1850°C, respectively. This slight drop-off in transparency from CIP to 3D 

printing is likely due to any defects introduced in the printing process limiting the density which 

can be achieved through sintering. The 3D printed SSS samples were significantly less 

transparent than the rest and reached a peak of only about 63% transmission at 800 nm and 

above when sintered at 1850°C; this is because the SSS samples have both lower densities and 

larger grain sizes than the other samples. These results demonstrate that 3D printed ceramics can 

achieve similar optical properties to CIP processed ceramics and that TSS profiles can yield 

improved transparency over SSS profiles. 

 



Fig. 15. Measured total transmittance spectra for 3D printed and CIP processed alumina 

ceramics sintered under single-step (SSS) and two-step (TSS) sintering profiles along with 

photographs of the actual samples. 

 

In comparison to the results of other works in literature, the 3D printed samples in this report 

were able achieve similar results. Kim et al. reported on SPS processed alumina ceramics of 1 

mm thickness which achieved a maximum total transmittance of approximately 70% at 800 nm 

and greater than 80% at 1000 nm and above.[38] Yang et al. also reported on 1 mm thick 

transparent alumina ceramics fabricated by isostatic pressing and sintering in H2 atmosphere 

which achieved a total transmittance as high as 86% from 300-800 nm.[39] These values from 

literature are higher than what was achieved in this report, which is likely due to the significant 

difference in thickness between the samples (1 mm vs 1.5 mm), since transmittance decreases 

with increasing sample thickness. For this reason, the transmittance values for the most 

transparent 3D printed and CIP samples (both TSS up to 1875°C) were calculated at different 

sample thicknesses using the Beer-Lambert Law, shown in Equations 2 and 3 below[40]:  

� � 	�                                        (2) 

� � 2 − log	��
                                                                                                                             (3) 

where A is the absorbance, α is the absorption coefficient, d is the sample thickness, and T is the 

transmittance. The calculated transmittance values are plotted in Fig. 16. This data shows how 

the transmittance decreases with sample thickness. At a thickness of 1.0 mm, the 3D printed and 

CIP samples reach peak transmission values of approximately 78-80% at 800 nm and above, 

which is higher than that reported by Kim et al. (~70%) and slightly lower, but still comparable 

to, the report from Yang et al. at the same thicknesses (1.0 mm) and wavelengths (~800 nm). 



 

Fig. 16. Calculated total transmittance spectra as a function of sample thickness using the Beer-

Lambert Law for the most transparent 3D printed and CIP samples (both two-step sintered up to 

1875°C). 

4. Conclusions 

Using an extrusion-based 3D printer and post-processing steps, including debinding, vacuum 

sintering, and polishing, it has been demonstrated that near full-density (greater than 99% 

relative density) transparent ceramics of varying shapes and sizes can be fabricated which are of  

optical quality comparable to that achieved by more conventional processing methods for 

transparent ceramics, such as CIP. The highest quality 3D printed transparent ceramics were 

achieved through the use of optimized slurry and printing process parameters as well as a two-

step sintering profile. With conventional methods, fabricating transparent ceramics of varying 

shapes and sizes would require additional tooling costs and processes. In this report, the same 3D 



printer and process was used throughout, with only slight adjustments made to specific 

parameters. Furthermore, the simplistic nature of the extrusion-based 3D printer, as compared to 

other 3D printing methods, along with the aqueous slurry and use of a vacuum furnace, allows 

for conventional ceramic processing principles and know-how to be applied relatively easily, 

making the entire process more accessible to a larger population. In this way, customizable 

transparent ceramic structures can be made with greater relative ease and efficiency via 3D 

printing and vacuum sintering when compared with conventional methods without a significant 

difference in quality.  
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