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s the commercial aerospace industry continues to grow, there is a significant push to lower the cost of launch. This
F\can be accomplished by reducing mass, thus driving an exponential increase in SmallSat launches[1]. This is
largely made possible by advancements in all aspects of satellite design, but especially with materials. When designing
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As the frequency of SmallSat launches continues to increase, technology solutions to enable
fast, accurate, and scalable manufacturing of parts are necessary to meet the demand. In
this work, additively manufactured technical ceramics are examined to meet the needs of
spacecraft propulsion systems, specifically thrust chambers for use with monopropellants. This
research focuses on Digital Light Processing (DLP), a lithography-based AM technique for
ceramics that involves exposing a photosensitive liquid polymer resin containing a suspension of
ceramic particles to UV light layer-by-layer. This work investigates non-oxide ceramics which
have exceptional thermal shock resistance and mechanical strength which can improve the
operational lifespan of printed thrust chambers. Commercially available oxide ceramic slurries
were first trialed, serving as a baseline for comparison to in-development non-oxide ceramic
slurries. Mechanical and thermal testing was performed on printed test articles to determine
suitability for aerospace applications.
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an in-space propulsion system for thrust chambers are required to maintain their structural integrity in the harsh
environments of space, the rapid heating when the thrusters are fired, and presence of highly corrosive monopropellants
such as hydrazine and new green propellants, namely hydroxyl ammonium nitrate (HAN). Thus, thrusters that exhibit
excellent thermal properties, corrosion resistance and strength are desired. High-performance ceramic materials are
utilized in a variety of technical applications that necessitate such properties such as porous media burners[2], thermal
protection systems[3], and transpiration cooling systems for hypersonic conditions[4]. While ceramics may seem to be
the optimal material for SmallSat thrust chambers, there are still challenges associated with replacing the currently used
platinum group metals or refractory alloys. For instance, ceramics are typically quite brittle, making them more difficult
to use in high-force applications like high-pressure thrust chambers[5]. Additionally, the startup costs associated with
conventional manufacturing techniques are typically very high[6], thus a high yield is required in order to make the
manufacturing process cost-effective. While the number of SmallSat launches is on a steady increase, it is still a much
lower volume than what is typical for conventional ceramic techniques. Along with this, there is high variability in
the requirements and designs of SmallSat components for each satellite which is incongruous with traditional casting
techniques for manufacturing. As a result, additive manufacturing (AM) is regarded as a promising manufacturing
technique to allow for low-cost low-volume production while increasing design flexibility[7].

Photopolymerization-based AM technologies such as Lithography-based Ceramic Manufacturing (LCM) and Digital
Light Processing (DLP) are well-suited to the manufacture of small complex ceramic parts with high resolution and
excellent surface finish[7]. In these manufacturing methods, a photosensitive slurry is made containing ceramic powders,
photoinitiator, monomer, and dispersant. The slurry is then exposed to UV light layer-by-layer to create a green part in
the shape of the final design. From there, the polymer matrix is burned out and the ceramic powder is then sintered to
create a dense ceramic part[8]. These technologies are good options for SmallSat thruster applications due in part to their
high industrial readiness level and speed of manufacture[7]. Additionally, they are capable of producing high-quality
finished parts with over 99% density[7] and comparable strength to conventionally manufactured parts[9].

Alumina (Al,O3) is one of the most common choices of ceramic material for light-based AM of ceramics for a
number of reasons. First, its refractive index at 405 nm is approximately 1.79 which matches with most methacrylate
resins which range between 1.4 and 1.7 [10, 11]. Further, compared to high-strength technical ceramics, alumina has
a lower sintering temperature without special atmosphere requirements - typically 1500-1700°C in ambient air for
alumina compared to over 1700°C in a pressurized nitrogen atmosphere for silicon nitride (SizNy) [7, 12, 13]. While
alumina is able to withstand operating temperatures of up to 1900°C[2], its poor thermal shock resistance ( 200°C[14])
makes it less desirable choice for an in-space thruster as it would likely crack. By adding SiO, to alumina, the thermal
shock resistance can be improved[2], however non-oxide ceramics such as Si3Ny are able to withstand much higher
temperatures and thermal shocks (AT>800°C[15]) in addition to higher hardness and strength, which make them
superior for these applications[16]. However, non-oxide ceramics like Si3N4 have much higher sintering temperatures
and require atmospheres other than air[7]. Poor optical properties including high absorption and a high refractive index,
making light-based printing methods much more difficult[17]. In general, the depth of cure for photosensitive resins
with solid loading can be approximated in Equation 1:

2
C n 1
Dcyre = E : dpart (A_O) In (1_0) (1

Where Dy is the depth of cure, C is a constant, typically wavelength, ¢ is the volumetric particle load, dpar is the
particle diameter, ng is the refractive index of the base resin, A, is the difference between the refractive index of ny and
the ceramic particles, I is light intensity, and I is the light intensity required to cure the resin. Thus larger mismatches
between the refractive index of the resin and ceramic will require considerably higher light intensity to produce the

same cure thickness. Table 1 shows the refractive indices of the development resin used in slurry creation as well as
some selected ceramics.
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Table 1 Refractive indices of selected materials in 405 nm wavelength light

Material Refractive Index | Source

Development Resin C 1.46 Admatec

Silica (SiO5) 1.470 Malitson et al., 1965 [18]
Alumina (Al,O3) 1.786 Malitson et al., 1958 [19]
Silicon nitride (SizNy) 2.098 Luke et al. [20]
Aluminum nitride (AIN) | 2.249 Pastrnidk et al. [21]
Silicon carbide (SiC) 3.519 Larruquert et al. [22]

Recent work in DLP printing has focused on developing ways to successfully print non-oxide ceramics, and a
number of studies have been successful. Montanari demonstrated the ability to produce SizN4 ceramic components
via lithography-based AM[23]. Huang et al. produced Si3zN4 parts via DLP and achieved >90% dense final parts[24]
and Altun et al. improved on this density by printing SIAION parts instead[9]. Most recently, work by Yang et al.
demonstrated a process for printing SizNy that has been surface modified via oxidation to produce SiO;, which decreases
light absorptivity [25]. Work has also been done to print in aluminum nitride (AIN) with one study focusing on
modifying the surface of the AIN powders in suspension to improve the stability and rheological properties of the
suspension[26]. Ozdg et al. successfully manufactured parts made of AIN, but found difficulty with geometrical
accuracy[27]. Due to greater difficulties in processing AIN, this investigation will focus on Si3Ny as opposed to AIN.
Further, the focus of this work is to develop a functional slurry without modifications to precursor powders, ensuring
sintered products are of a well established quality and structure.

This work aims to develop a reliable method for manufacturing fully dense ceramic components using digital light
processing (DLP) for SmallSat thruster applications. The thermal shock characteristics of commercially available
oxide ceramic slurries were tested and sample thrusters were printed for comparison to conventionally manufactured
parts. Further, a method for developing Si3Njy slurry is developed as well as proposed debinding and sintering curves.
Importantly, this work aims to show that pure S-phase SizNy4 can be produced from an AM process, resulting in high
strength parts which are fracture resistant.

IT1. Material Design and Manufacturing

The Admatec Admaflex 130 DLP print was selected to conduct trials with alumina, mullite, and Si3N4. These
ceramic slurries are composed of a combination of photosensitive resin and ceramic particles with approximately 40%
ceramic loading by mass. The printer utilizes a high resolution projector system to photopolymerize the slurry with 405
nm wavelength light. The system is capable of layer heights as small as 10 pm with a minimum feature size of 50 pm
while offering a print volume of 96 x 54 x 100 mm. In normal operation, slurry is held in a vat atop a 40 pm thick
plastic foil. This foil transports a layer of slurry four times the thickness of the desired layer height across the projector
where the build head subsequently moves down and the image is projected through the slurry to the build plate. The
printer setup is shown in Figure 1. Additionally, a static vat style system, which does not use the rolling foil system, was
fabricated for use with the printer. This vat reduces the minimum volume of slurry required for small batch printing,
and is therefore well suited to small-batch slurry development. For alumina and mullite testing the standard foil system
was used, whereas the Si3Ny parts were printed with the vat system.
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Fig.1 The Admaflex 130 printer pulls a foil roll (A) underneath a vat of slurry (B) which is replenished through
a recirculation system and filter (C). When the foil moves through the printer, a gate allows a layer four times
thicker than the layer height to deposit on the foil (D) which is then moved below the print head (E) where parts
are exposed. After exposure, residual slurry is collected (F) and pumped back to the slurry vat (B). The foil
moves in the direction of the arrow.

After printing, the parts are rinsed in 99% propanol to remove any excess uncured slurry and then placed in a
deionized water soak for 24 hours at 40°C. This step, called water debinding, removes some of the water-soluble resin
used in the printing process, reducing some of the resin load before thermal debinding. After this, the parts are placed
on damp towels to allow the parts to dry slowly and evenly. Once dry, parts undergo thermal debinding to remove any
remaining resin before the sintering process. After these steps, processing for the oxide and non-oxide ceramics differ
substantially, with lower temperature air atmosphere used for the oxide ceramics, while the Si3Ny requires differing
debinding and sintering curves and an nitrogen atmosphere.

A. Oxide Ceramics

Two commercially available slurries were used for fabrication of the oxide ceramics: Admaprint A130 (Al,O3) and
Slurry Al,O3 95 (referred to as mullite, 95% Al,O3 and 5% SiO,). Prototype thrust chambers were printed first in
alumina and then in mullite. Prior to each print, a depth of cure confirmation test was carried out, where a sample of
slurry was exposed to light at the power and length of time to be used during the print. The excess slurry was wiped off
and the cured layer was measured with a digital micrometer to ensure a cure depth of at least 60p1m, double the desired
layer height (30pm).

Thrust chambers made of alumina and mullite were thermally shocked based on the ASTM C1525-18 water
quenching procedure to achieve a AT of 400°C and then 700°C[15]. Two different geometries were trialed, as shown in
Figure 2. After thermal shock, the thrust chambers were dried off and died with fountain pen ink to better reveal any
cracking.

Test beams were subsequently printed out of each material in order to characterize the flexural strength of the
two oxide ceramics and impact of thermal shock. Beams were designed according to ASTM C1161-18 standard
configuration B, with a total beam length of 45 mm, width of 4 mm and depth of 3 mm [28]. A subset were thermally
shocked based via water quenching to a AT of 400°C and 700°C based on ASTM C1525-18 [15] . Test bars were
printed in two different orientations, with the Z-orientation referring to samples printed with layer lines perpendicular to
the bending orientation and the XY-orientation referring to samples printed with layer lines parallel to the bending
orientation. Flexural strength testing was performed using an Instron 5969 with a SkN load cell in a four-point bend test
configuration as described in ASTM C1161-18 [28]. Each of these tests was performed a minimum of 3 times to get an
average beam strength.
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B. Silicon Nitride

Admaprint Blank Resin C (Admatec) was used for the development of SizNy parts. SizN4 powder, SN-E05 grade
a-Si3Ny (Ube) was mixed with sintering aids Al;O3 (MSE Supplies, 99.99% purity, 500 nm) and Y,0O3 (US Research
Nanomaterials, Inc., 99.99% purity, 30-45 nm). These powders were combined in a 92:5:3 mass ratio. This formulation
enables liquid-state sintering, which lowers sintering temperatures while maintaining high strength. Al,O3 and Y,03
are added to @-Si3zNy which, when sintered, form liquid silicates. These liquid silicates subsequently precipitate solid
B-Si3Ny, the stronger of the two forms. Furthermore, utilizing @-Si3Ny4 and applying the correct sintering profile will
yield finished parts with high fracture toughness due to the long hexagonal crystals formed by this process [29, 30].

To ensure the ceramic particles remained suspended in the slurry, 2 wt % of Hypermer KD1 powder dispersant was
dissolved in 20 wt% of acetone and added to the ceramic powders, fully incorporating the solvent by mixing with a glass
stir rod and adding extra acetone until the mixture was fully wet. A Si3N4 milling ball was added to the bottle and
the mixture was then milled for 1 hour in a Spex 8000 Mixer/Mill ball mill, in 30 minute increments with 5 minute
rest between. After ball milling, the mixture was dried, milled, and sifted, and the blank resin was added to make a
mixture of 40% solids by mass. A milling ball was added to aid in mixing the slurry, and it was placed on a roller to
fully incorporate for at least 1 hour prior to use.

In order to ensure the prepared slurry exhibits shear thinning behavior and has an acceptable viscosity to print on the
Admaflex 130, the viscosity was measured using a frequency sweep on a TA Instruments DHR3 Rheometer. With a 40
mm parallel plate attachment and a 1 mm gap for testing. The shear rate was varied from 10 to 10% s°!, with eight
points collected per decade. All experiments were performed at room temperature.

Based on Equation 1, The developed SizNy slurries required robust depth of cure testing in order to determine the
lowest exposure time and LED power that would result in the minimum cure depth of 60 nm. This cure depth is twice
that of the designed layer thickness for most prints, ensure proper interlayer adhesion. In this test, samples of slurry
were exposed over a range of exposure times and LED powers, as described in Table 2. After each sample was exposed,
the excess slurry was wiped off and the thickness was measured using a digital micrometer.

To ensure all binding particles and other contaminates are removed before sintering an AM ceramic, thermogravimetric
analysis (TGA) was conducted. The temperature of the ceramic part was raised at a rate of 1°C/Minute until it reached
1000°C, measuring weight every three seconds. This experiment was performed twice, once in air and again in a
nitrogen environment. This was done so that the mass percent over temperature could be found and more importantly
the derivative weight loss could be determined. This produces peaks at which weight loss rate is highest in order to
develop an optimal thermal debinding curve.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were used to determine
the microstructure of the sintered ceramics as well as general material composition. In general, ceramic samples were
imaged first without a coating to determine if charging would be problematic, as imaging without coating can yield
better EDS results. Both a Zeiss Supra SEM and Zeiss LEO 1550 were used for SEM imaging; the microscopes were
paired with Bruker EDS modules.

X-ray diffraction (XRD) was conducted with a Bruker D8 General Area Detector Diffraction System to determine
crystal phase and confirm SizNy4 conversion from a-phase to S-phase. Two sets of apertures were used, first a 0.5 mm
aperture and later a 0.3 mm aperture to ensure fine detail collection. In the 0.5 mm aperture configuration, the sample
was scanned from 6 = 15°to 80°at 5°increments with a 60 s exposure per increment. In the 0.3 mm configuration,
the exposure per increment was increased to 85 s to enhance contrast. Analysis was conducted with the Bruker
DIFFRAC.EVA and MDI JADE software for data conversion and phase analysis respectively.

IV. Results and Discussion
Figure 2 shows each nozzle dyed with ink after thermal shock testing, with cracks from the testing highlighted. At a
AT of 700°C, however, both parts are significantly degraded.
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Fig. 2 Thermally shocked alumina and mullite thrust chambers dyed with ink to reveal visible cracking.

Bending stress was determined via Equation 2, where S is the flexural strength, P is the force at break, L is the
outer span of the test configuration, 40 mm in this case, b is the specimen width and dp.;, is the specimen height. The
results of the bending test are shown in Figure 3 for the alumina and mullite specimens.
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For the test bars printed in the Z-orientation, none of the mullite bars survived sintering. In the alumina samples,
unsurprisingly, this orientation produced samples with much lower strength than those printed in the XY-orientation.
In all of the alumina samples, the thermally shocked bars had a lower strength, which agreed with expectations.
Additionally, the alumina had a higher strength than the mullite before thermal shock which agrees with prior work. In
the 400°C thermal shock test, the alumina outperforms mullite due to its initial higher flexural strength. However in the
700°C AT test, mullite had a higher strength than the alumina.

Ultimately, while there are benefits to utilizing a material such as mullite over alumina, its thermal shock characteristics
cannot match that of higher performance technical ceramics such as SizN4. The higher flexural strength and thermal
shock resistance of Si3Ny, approximately three times the oxide ceramics tested, is of considerably higher importance
than increased printing time. As such, the focus of this work from this point is centered on developing a repeatable AM
process for printing Si3Ny parts.
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Fig. 3 Results of four point flexural bend testing on alumina and mullite test bars. Print orientations of the
samples are described by XY and Z, describing samples printed with layers parallel and perpendicular to the
bending orientation, respectively. Thermal shock on each sample is represented in the sample name with N
indicating no shock, 400 indicating a shock with AT of 400°C and 700 indicating a AT of 700°C.

A. Si3Ny Testing

1. Depth of Cure
Total dose energy is dependent on the length of time of dose and the set LED power of the projector. LED power is
controlled on a 0-100% scale which can be roughly approximated as the dose energy density by the following equation
derived from machine commissioning test:
Egose = 0.46 * PreD (3)

Where Egosc is the dose energy density in mW/cm? and Py gp is the LED power percentage. Depth of cure tests included
3 trials per test condition to ensure the data were representative.

Table 2 Depth of cure test on SizNy slurry, with 3 data points per test condition. Cure depths are listed in
micrometers.

Exposure Time (s)
Ss 10s 15s
50% | 37.33+£1.2 | 53.00+4.6 | 54.67 £ 3.1
LED | 60% | 39.67 £3.5 | 52.67+2.5 | 59.67+£5.0
Power | 70% | 47.00+1.0 | 5533 +1.5 | 61.33£3.5

The results of the depth of cure test indicate that it is possible to print Si3Ny parts with the developed slurry in a
reasonable time period, requiring a minimum of 423 mJ/cm? to attain 60 pm depth of cure. The impact of the poor
optical properties of SizNy is evident, as alumina and mullite prints are typically run at 30% LED power between 2 and
4 seconds; this results in an energy density of 55.2 mJ/cm? at the higher end. Based on Equation 1, it is expected that
Si3N4 would require approximately 6 times the effective dose than the alumina slurry. The depth of cure tests illustrated
an approximately 7.7 times increase in required effective dose. Importantly, it is possible to obtain a reasonable exposure
time to achieve a cure depth of 60 pm, which would allow for a 30 pm layer height. Based on the results in Table 2, an
LED power of 60 or 70% will be chosen with an exposure time of 15 seconds. This combination meets the cure depth
requirements while exposing the slurry to the lowest possible power.
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2. Rheology

Four trials of rheometer testing yielded consistent results, and shear thinning behavior was exhibited by the SizNy
slurry as seen along with the singular trial of the Admatec mullite slurry in Figure 4. Based on the results of the trials,
the standard deviation is very small resulting in this study being easily repeatable. Additionally, the mullite and SizNy
slurry follow very similar slopes as shear rate is varied, with the Si3;N4 having a somewhat lower viscosity. Based on
the close match between viscosity and shear thinning behavior, the SizNy slurry is compatible with the Admaflex 130
printing system, allowing for consistent slurry dosing and reliable slurry recirculation.

1000
—Mullite

—Si3N4
100

Viscosity (Pa-S)
=
o

01
0.001 0.01 0.1 1 10 100

Shear Rate (s1)

Fig. 4 Frequency sweep rheometer results for SizNy slurry manufactured in house and mullite slurry from the
printer manufacturer.

Distinct layer line defects were observed in the finished flexural bending beams, as shown in Figure 5. These defects
appear to be a result of the static vat curing system used for small test batches. Small test prints with the foil system
appeared not to contain the same defects.

A NEERNSEEEEERES
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Fig. 5 Green Si3N4 beam after water debinding and drying.

3. Thermogravimetric Analysis

Flexural bending beams were printed in Si3N4, and subsequently TGA tests were performed on the parts in air
and nitrogen, the results of which can be seen in Figure 6. Based on the results of the TGA, it appears that a higher
mass percent of binder is removed in the air atmosphere at the expense of a longer debinding curve with multiple holds
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located at the four main peaks visible in the derivative weight loss curve. The peaks occur at approximately 190°C,
320°C, 385°C, and 435°C. By comparison, the nitrogen derivative weight loss curve peaks only at 385°C, representing
a somewhat simpler debinding curve with less overall mass loss.
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T
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Temperature (°C)

Fig. 6 Thermogravimetric analysis in N, and air atmospheres

4. Sintering

As demonstrated in Figure 7, the beams warped considerably following thermal processing. This appears to be due
to issues with the printing process, as highlighted in Figure 5, as the distinct layer line defects contributed to low green
part density and highly anisotropic parts. Final part density was determined to be approximately 70%, far below the
99% typical for oxide ceramic parts manufactured on this printer. Based on the highly deformed nature of the sintered
beams, no flexural bending tests were conducted on SizN4 beams.

Fig. 7 Sintered beam with visible layer lines and warping due to poor interlayer adhesion

5. SEM and EDS
In Figure 8, the hexagonal bar-like microstructure which is characteristic of 8-SizNy, is apparent in the AFRL
sintered samples.
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Fig. 8 SEM imagery showing the bar-like structures are characteristic of 3-SizNj.

EDS was conducted to determine part purity and confirm even dispersion of alumina and yttria throughout the
SizN4. The results in Figure 9 demonstrate well dispersed sintering aids within the Si3sN4 matrix.

test
Ch1 MAG:6255x HV:1.5kV WD:52mm Px: 55 nm

Fig. 9 SEM of the SizNy4 bar (left) and EDS of the same region (right).

6. X-ray Diffraction

Figure 10 shows the XRD results from a sintered Si3N4 test bar MDI JADE analysis compares the derived diffraction
patterns of the sample to reference patterns. In this case, the peaks shown in Figure 10 are consistent with S-phase
Si3N4 without any @-phase peaks present. The reference peak at 26 = 13.5°does not correspond with the collected data
as this was not included in the initial scan range of 15°to 80°. There is otherwise a high degree of agreement between
the reference and derived diffraction patterns.

10
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Fig. 10 X-ray diffraction results with 0.5 mm aperture. The derived diffraction pattern is based on the raw
XRD data with reference points for pure 3-SizNy

V. Conclusion

Initial work examined commercially available oxide ceramics and their potential for use in additively manufactured
thrust chambers. Al,O3; and mullite (Al,O3 + SiO;) were tested for flexural strength and thermal shock resistance.
In this case of Al,O3, thermal shock at 400°and 700°C resulted in an 11% and 90% decrease in flexural strength
respectively. By comparison, the mullite underwent a 41% and 80% loss in strength. While the mullite represents an
improvement over traditional alumina, the significant decrease in strength after shock indicates more robust materials
are necessary.

This work aimed to demonstrate the feasibility of producing conventional Si3Ny parts in a light-based AM system in
spite of its higher refractive index. Adequate cure is achievable at the cost of exposure time to accommodate losses
from scattering and absorption. Importantly, the minimum dose for curing at a depth of twice the print layer height
is achievable without modification to a number of existing commercial printers. As such, well-established SizNy
formulations were found to be a good match for existing DLP systems.

Solid parts printed with @-phase Si3N4 powder were completely converted to S-phase, yielding stronger microstructure.
It is likely that the static slurry vat used for small batch printing introduced additional stresses in the green part during
printing, resulting in non-conformal layers and ultimately low final part density. It is expected that using the system with
the lower stress foil system will produce uniform parts with improved interlayer adhesion, resolving the warping effect
found in the sintered Si3N4 beams. This is the focus of future work, along with further characterization of additively
manufactured Si3N4 with thermal shock, flexural bending and high pressure testing for application to space systems.
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