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ABSTRACT

Plans to send crewed space flights beyond the Earth’s sphere of influence require significant
advances in spacecraft propulsion systems and electricity generation. Nuclear electric propul-
sion (NEP) offers higher s pecific im pulse th an conventional ch emical ro ckets at the cost of
extreme thermal loads. Heat rejection for NEP systems requires a careful balance of high
temperature resistance and high thermal conductivity to dissipate energy from the source to
the radiators. The current state of the art for high thermal conductivity heat rejection relies
on titanium-ammonia heat pipes which are ineffective at temperatures exceeding 500 K. This
study investigates the use of additively manufactured ceramics, specifically aluminum nitride
(AIN), as a heat pipe material for high temperature applications beyond 500 K. AIN is chosen
for its ability to operate within a wide temperature range, low system mass, excellent bulk
thermal conductivity, and minimal chemical reactivity. Additive manufacturing enables the
printing of the heat pipe structure, wick, and radiator panel in a single piece and without
additional machining, thus reducing losses in the heat transfer system while reducing part
complexity.

In this work, AIN has been developed for additive manufacturing via digital light process-
ing wherein ceramic particles are dispersed into a photosensitive resin to form a slurry. The
AIN slurry has been evaluated for depth of cure, interlayer adhesion, and viscosity. Initial
experiments show good compatibility with the Admatec Admaflex 130 digital light process-
ing printer. Prospective wick designs have been printed in alumina (AlyO3) for initial testing
at atmospheric conditions with acetone to determine the permeability and effective capillary
meniscus radius. AIN test articles have been printed to examine flexural strength, thermal
conductivity, and working fluid chemical compatibility in addition to thermal characteristics
such as bulk thermal conductivity and emissivity.

NOMENCLATURE
C = Characteristic length (e.g. wavelength, m)
D.ye = Depth of cure (um)
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dpart = Mean particle diameter (pm)

Eis = Dose energy density (:;1—“2)

g = Gravity (%)

h = Rise height (m)

I — Light intensity (%)

Iy = Light intensity to cure resin (Z7)

K = Permeability (m?)

P. = Capillary pressure (Pa)

reff = Effective capillary meniscus radius (m)
t = Time (s)

A, = Difference between refractive index of ng and ceramic
€ = Porosity

10) = Volumetric particle loading

p = Density (%)

o = Surface tension (N/m)

INTRODUCTION

Nuclear electric propulsion (NEP) has been proposed for long-distance crewed space flight
missions, as life-support, propulsion, and science requirements impose a substantial demand
[1]. While proposed nuclear reactors for space flight are capable of producing p ower in the
megawatt range, these systems also produce considerable waste heat, with reactor outlet
temperatures of up to of 1,500 K [2]. In order to accommodate a 2 MW, NEP system,
Machemer et al. propose a radiator area of approximately 4030 m? for a proposed water-
based heat pipe cooling system, typical many spacecraft heat rejection designs [3]. While
these systems have been proven robust, they are limited in two primary areas. First, metal-
based heat pipes encounter significant w orking fl uid in compatibilities du e to co rrosion or
reactivity. This precludes a number of potential fluids w hich c an o perate at temperatures
higher than water and ammonia regimes. Secondly, many of the lightweight metals best
suited to spacecraft thermal transfer systems have relatively low melting points, exposing
the system potential failures due to creep and thermal fatigue with extended use at high
temperatures. This work considers the use of additively manufactured ceramic heat pipe
and radiator components as a means to overcome these issues. The low density of certain
ceramics, paired with high temperature stability and low reactivity provide a path forward
for heat rejection systems which can operate at higher temperature than the effective limits
attainable with metal-water/ammonia systems [4,5]. Such a system would integrate a heat
pipe and radiator panel as a single, monolithic part, and transfer waste heat from the reactor’s
pumped fluid loop to the heat pipe, as seen in Figure 1. The ultimate design of this system
is intended to include an approximately 1 m? radiator panel with integrated 20 internal
diameter cm heat pipe, the specifics of which are to be finalized after significant testing of
the AIN printing process and working fluid compatibility tests.

Additive manufacturing presents unique opportunities to develop intricate monolithic
heat pipe and radiator panel systems, obviating a number of fabrication steps, integrating
parts, and enabling arbitrarily complex wick structures. In this space, much recent work
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Figure 1: Simplified section view diagram illustrating the radiator and heat pipe assembly
with the reactor pumped fluid loop.

has been done examining metal AM, particularly utilizing selective laser melting [6-12]|. In
comparison, ceramic AM is a comparatively new technology, and its use as heat pipe material
has considerable room for exploration. Conventional ceramics have been proposed for use
in heat pipes, for instance Hack et al. demonstrated a novel silicon carbide ceramic pipe
with zinc working fluid [13]. This design did not utilize a wick structure, instead relying on
wetting the solid pipe walls. Work by Sixel, et al. considered AM alumina heat pipes for use
in electric motors, where the high dielectric strength of the ceramic and high temperature
tolerance are an excellent match [14,15]. Importantly, they demonstrated and integrated
wick structure using sintered spherical alumina powder. While alumina is a stable material
and comparatively easy to print and process [16], it has poor heat transfer and thermal shock
characteristics compared to aluminum nitride (AIN).

Aluminum nitride has excellent thermal properties with high thermal conductivity (>120
W /m-K), low bulk density, and high thermal shock resistance. It does, however, present some
issues with light-based printing processes such as digital light processing, owing to its high
refractive index which limits the depth of cure of photosensitive resin binder. Equation 1 is
an approximation for depth of cure based a number of parameters based on the resin and

the ceramic particles:
C Un) 2 I
Dcure%_'da'r N -1 e 1
¢ rert <An> ! (IO> ( )

In this equation, D, is the depth of cure in um, C is a characteristic length, frequently
the light exposure wavelength, ¢ is the volumetric particle loading, d, is the mean particle
diameter, ng is the refractive index of the base resin, A, is the difference in refractive index
between the resin and ceramic particles, I is the curing intensity required to achieve a target
Deure, and I is the light intensity to cure the base resin. Increasing particle size will improve
depth of cure, however these larger grains produce weaker ceramics with worse thermal
characteristics in general. Volumetric particle loading is maintained at a constant 40%, itself
a compromise between depth of cure and slurry viscosity. The refractive index of the AIN
powder is approximately 2.109 at 405 nm [17], a considerable difference between that of
the resin at approximately 1.46. Materials such as silica and alumina have lower refractive
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Table 1. Comparison of AM AIN Compositions

Composition Sintering Flexural Strength Thermal. .
(wt %) Temperature (°C) | (MPa) Conductivity
(W/m-K)
95:5
Duan et al. 2020 [21] AIN:Y,05 1845 265 £+ 20 155
Oz6g et al. 2020 [25] 90:6:4 1800 Not tested 4.34
Z0g ¢t al. A1N2Y203ZA1203 0 este ’
. 100:5
Lin et al. 2022 [22] AIN:Y,05 1850 365-400 135-150 (appr)
96:3:1
Rauchenecker et al. 2022 [23] AIN:Y503:Ca0 1700 320-498 162.1-166.2
Lee and Kim 2014 [24] 98:1:1
(Basis for this work, non AM) | AIN:Y203:CaZrO3 1600 579 120

indices, 1.470 and 1.786 at 405 nm respectively [18,19] and thus require between 6-10 times
lower light intensity to receive the same depth of cure.

To date, a number of groups have successfully printed AIN ceramics with conventional
formulations leveraging yttria (Y,O3) or a blend of yttria and alumina as a liquid-state
sintering aids [20-22|. In all cases, sintering temperatures exceeded 1780°C. These high
temperatures are limiting in terms of processing, as there are comparatively few commer-
cial sintering furnaces which can process at such temperatures. Work by Rauchenecker et al.
utilized calcium oxide (CaO) in addition to yttria as a sintering aid to enable liquid-state sin-
tering at temperatures as low as 1700°C while maintaining high thermal conductivity, greater
than 160 W /m-K [23|. This work examines the novel low-temperature sintering formulation
proposed by Lee and Kim which adds calcium zirconate (CaZrOs) to the conventional yttria
sintering aid to produce a high-strength final product with high t hermal conductivity [24].
Additionally, processing temperatures are significantly lower than in other works, as low as
1500°C in some formulations. A summary of these formulations and their material properties
are presented in Table 1.

Work by Sarraf and Anderson isolated several promising working fluids in t heir analysis
of a variety of envelope materials and working fluids in the 400-800K operating regime [26].
Owing primarily to handling issues, prospective materials such as cesium were not consid-
ered, in preference for stable, minimally hazardous substances. In particular, Dowtherm A
was considered, as a comparatively safe and well characterized working fluid. Additionally,
halides, particularly aluminum bromide (AlBr3), aluminum chloride (AlCl3), iodine (I3), and
iron chloride (FeCls) were selected for study. These working fluids have significant corrosion
potential with different m etal h eat p ipes, h owever s tudy is undergoing t o d etermine their
interactions with comparatively inert aluminum nitride.

EXPERIMENTAL DESIGN

An Admatec Admaflex 130 digital light processing 3D printer was used to test and print AIN
samples. This system relies on 405 nm near-UV light to cure a photosensitive resin binder
with ceramic particles in suspension. The printer builds in layers between 10 and 50 pm in
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thickness, forming a solid green body ceramic which is subsequently thermally processed, or
debound, to burn off the resin. The remaining ceramic particles are sintered to final density
without impurities from the binder. Hogénés Grade C aluminum nitride was selected as the
base ceramic, owing to its particle size distribution between 800 and 2000 nm; this strikes
a balance between high strength due to small particle size and allowing adequate depth of
cure based on light mean free path.

The sintering aids calcium zirconate (CaZrOs, 40 nm, SigmaAldrich) and yttria (Y2Os,
10 nm, US Research Nanomaterials) were added 1%/weight each to the AIN base powder.
Hypermer KD1 dispersant was then added in a ratio of 1% /weight to the resultant mixture.
Acetone sufficient to wet the powder blend was added and was mixed in a Speedmixer Flaktek
1200-700 VAC mixer at 1,000 RPM for 2 minutes. The acetone was subsequently evaporated
at 35°C for 24 hours and the resultant powder-dispersant mix ground with a mortar and
pestle and sieved to 53 pm. This fine powder was vacuum desiccated for a period of 24 hours
and added to Admatec Development Resin C (Admatec) in a 40%/volume ratio and mixed
with the Flacktek mixer from 800 to 1,200 RPM in 30 second, 100 RPM increments.

The ceramic-resin slurry was stored for 24 hours before rheometry and depth of cure
testing to ensure proper ceramic suspension. The viscosity was characterized with a TA
Instruments DHR3 Rheometer from a shear rate (1/s) of 0.01 to 100. Small quantities of
the slurry were exposed between 70 and 85% of the maximum LED power of the Admaflex
130 printer for durations of 10-20 seconds to determine depth of cure. Small printed samples
were process for thermogravimetric analysis (TGA) with a TA Instruments TGA5500 in air
and nitrogen with a heating rate of 2°C per minute to develop a debinding curve for printed
parts.

Prospective wick designs were created using PTC Creo Parametric and nTopology. De-
signs with pore sizes of less than 300 pm were developed and subsequently printed in alumina
as flat wicks for rate of rise testing. Alumina was chosen due to the ease of processing, re-
lying on only air atmosphere ovens, and faster printing speed. Wicks were suspended by a
magnet in a test tube acetone, as illustrated in Figure 2. Samples were slowly lowered to
the point that they touched the acetone and resultant working fluid flow behavior captured
on a camera, whereupon the rate of rise and total rise height measured, the testing and
analysis of which are ongoing. From these experiments, the capillary pressure, P,., can be
estimated in steady state as a function of density, d, gravity, g, and rise height, h, as in
Equation 2. Additionally, measurement of rise over time, %, yields the wick permeability,
K, and effective capillary radius, r.s¢, provided the porosity of the wick, €, and the dynamic
viscosity, u, and surface tension, o, of the working fluid, as shown in Equation 3. The testing
of these wick structures is currently ongoing.

P, = pgh (2)

dh K 20
he— = — — pgh 3
0 gﬂ(reff pgh) (3)
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Figure 2: Sample alumina wick with diamond triply periodic minimal surface lattice in rate
of rise test apparatus.

RESULTS

The prepared AIN slurry proved adeqaute for use in the Admaflex 130 printer, with viscosity
suitable for the recirculation and build plate systems. The results of the rheometry in Figure
3 shows that the slurry exhibits shear thinning behavior below a shear rate of 32 1/s. This
ensures compatibility with the printing system, notably the peristaltic slurry recirculating
pump, doctor knife to apply appropriate slurry thickness, and build head settling time as it
presses into the slurry layer.
The slurry was subsequently tested for depth of cure with an Admatec Admaflex 130

digital light processing 3D printer over a range of exposure powers and duration. Effective
energy dose is estimated in Equation 4:

Ejose = 46 mW/cm? * LED% x t (4)

Where the dose energy density in mJ/cm?, Eg.., is a function of the percentage of maximum
LED power times the exposure time, t, in seconds. Testing with the Admatec printer resulted
in a maximum depth of cure of 34 um with an LED power of 75% of maximum for 12 seconds,
a dose of approximately 414 mJ/cm?. Owing to this maximum depth of cure, a 20 ym layer
height was selected, optimizing print speed with respect to cure depth. Interlayer adhesion
tested by printing ASTM C1161-B bending beams; these beams are to be debound and
tested in a four point bending test apparatus to ascertain flexural strength.
Thermogravimetric analysis was conducted in air and nitrogen atmospheres to compare
the derivative mass loss and loss percent of the samples. TGA of test samples in air, the
results of which are shown in Figure 4, indicates three mass loss rate peaks based on the
derivative of mass loss, at approximately 200, 350, and 455 °C. Some work has demonstrated
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Figure 3: Shear thinning behavior of the as-prepared aluminum nitride slurry.
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that AIN begins to oxidize at temperatures as low as 550°C as oxynitrides form, eventually
converting to oxides above 900°C [27,28|. This becomes apparent in the TGA beginning
at 500°C as the mass loss begins to level then eventually gain mass beyond 700°C as AIN
is gradually converted to more dense Al;O3. The TGA conducted nitrogen environment,
by comparison, consists of a singular peak at approximately 400°C and no subsequent mass
gain. The air debinding curve derived from this analysis is presented in Table 2 and was
subsequently used when debinding test articles before sintering, however a nitrogen debinding
process is in active development.

Table 2. AIN Debinding Curve in Air

Step | T1 (°C) | T2 (°C) | Rate/Time

1 |20 150 65°C /I

2 150 200 12°C/hr

3 200 200 2 hr

4 200 350 12°C/hr

) 350 350 2hr

6 350 400 12°C/hr

7 400 20 25°C/hr
Total 42.03 hr

Air debound parts were sintered in a nitrogen atmosphere, heating from ambient to
1600°C at rate of 10°C per minute with a 3 hour hold, then cooling at a rate of 25°C per
hour to 1400°C and held again for 2 hours. After this two-step sintering process, the parts
were cooled at 25°C per hour. The sintered test beams, in Figure 5 demonstrate the that the
lower temperature sintering process produces dense parts with approximately 12% shrinkage.
Due to unwanted ambient oxygen, some oxidation occurred, producing a hybrid alumina-
aluminum nitride ceramics. Process improvements are ongoing to better produce AIN parts,
including increasing nitrogen flow rate to 2 standard liters per minute, and pressurizing the
furnace to 14 kPa above ambient.

Figure 5: Sintered aluminum nitride beams, showing some oxidation and delamination.

A small-scale heat pipe section was printed which consisted of a rectangular outer shell
75 mm x 10 mm x 10 mm with a cylindrical internal wick structure 1 mm thick composed
of a gyroid triply periodic minimal surface lattice with 300 pm thick walls. Loss of feature
definition was due to overexposure, resulting in limited pore space within the structure as
illustrated in Figure 6. A slice of the internal structure, as would be exposed to the AIN
slurry, is also shown, highlighting the fine porous structure internal to the pipe. Modified
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print settings, which balance LED power and exposure time with depth of cure produced
high definition articles, as shown in Figure 7. This 20 mm diameter heat pipe section is
representative of the intended quality for full-scale prints and the settings will be used for
subsequent prints.

Figure 6: A. CAD model in nTopology of a sample heat pipe section. B. Sample heat pipe
printed in aluminum nitride with gyroid lattice wick. C. a section cut of from the projector
view illustrating the internal wick structure and supporting tube.

FUTURE WORK

Wick rate of rise testing is currently ongoing to better characterize the effective capillary
radius and permeability of the prospective designs. Additional work is being conducted to
better optimize the printer settings to reduce this overexposure while maintaining adequate
depth of cure, balancing between exposure time and LED power. In typical operation, a
light dose appropriate to cure to a depth of approximately twice that of the layer height
is selected, however, subsequent parts will use lower exposure levels to prevent loss of fine
features. In parallel, wick designs are also being explored may be less sensitive to overcuring.
The printing process presented is constrained primarily by print volume thus restricting its
use to small parts, however a high TRL panel design will considerably exceed the build
volume of the current Admaflex 130 printer, asseenin Figure 1 . D LP printing is highly
scalable given that the technology is constrained only by projector area and Z-height. An
obvious upgrade path then would be to utilize Admatec Admaflex 300 D LP printer, which
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Figure 7: Optimized print settings, balancing print quality, interlayer adhesion, and print
time produce high quality parts with fine feature definition.

has a 260 x 220 x 520 mm build volume, a nearly 52 times increase in volume over the
Admaflex 130 used in this work.

CONCLUSIONS

The printing of a low sintering temperature formulation aluminum nitride was demonstrated
with good interlayer adhesion and feature resolution at a 20 pum layer height. Thermogravi-
mentric analysis was presented to facilitate the creation of a debinding curve in both air and
nitrogen, however the propensity for aluminum nitride to begin to oxidize at temperatures
above 400 °C indicates that nitrogen debinding produces a more desirable outcome without
mass gain due to oxidation. Parts were then sintered in a two-step process with holds at
1600°C and 1400°C to produce dense, solid aluminum nitride ceramic. Additionally, a case
for a scalable printing design is presented, with the capability to form integrated a radiator
and heat pipe panel in a single print. This greatly increases throughput of the panels and
consolidates a great number of parts in existing thermal management designs.
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