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Abstract: Challenges in the traditional cast-and-cure manufacturing of composite solid pro-
pellants, such as the use of mandrels and the toxicity of curing agents, are being addressed
through new propellant formulations and additive manufacturing techniques. Within this
framework, this study aimed to investigate the properties of UV-curable composite solid
rocket propellants, focusing on their compatibility with advanced 3D printing technologies.
Polybutadiene-based propellants incorporating a specific photoinitiator were examined.
Key rheological properties, including the pseudoplasticity and pot-life, were assessed to
evaluate the material’s behavior during the printing process. Furthermore, photopoly-
merization tests were performed using a customized delta illuminator to evaluate the
conversion efficiency under UVA and UVC light sources. Concurrently, a modular Carte-
sian 3D printer was developed and preliminary tests were performed. Rheological tests
also revealed a flow index n of 0.32 at 60 °C and 0.46 at 80 °C, indicating significant pseudo-
plastic behavior. The pot-life tests showed that the viscosity of the propellant reached the
upper limit of 10° cP more quickly at higher temperatures, indicating a shorter time range
of printability. UVA irradiation resulted in a polymerization conversion rate of about 90%,
while UVC exposure did not significantly enhance the conversion rate beyond this value.
Finally, the 3D printing tests confirmed the feasibility of producing solid propellant, though
challenges related to material segregation and the extrusion consistency were observed.
Material separation resulted in a significant impact on the printability, causing underextru-
sion and nozzle clogging, particularly with smaller nozzle diameters and higher extrusion
pressures. Overall, this research represents a significant step forward in the development of
UV-curable propellants for additive manufacturing, building on previous advancements by
the research group. It demonstrates tangible progress in addressing key challenges such as
the printability, material performance, and curing efficiency, while also highlighting areas
requiring further refinement. These findings underscore the continuous evolution of this
technology toward higher readiness levels, paving the way for its broader application in
composite solid propellant manufacturing.

Keywords: solidrocket motor; composite solid rocket propellant; additive manufacturing;
rheology; polybutadiene; photopolymerization; polymer chemistry
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1. Introduction

Composite solid propellants are energetic materials that can sustain combustion once
ignited by an external energy source. These propellants consist of a binder that is generally
a polymer. Within this binder, oxidizer particles, typically ammonium perchlorate (AP),
and other particles, usually micrometric aluminum powders, are dispersed. Curing agents,
such as isocyanates, are employed to harden the propellant. The binder is crucial for
maintaining the structural integrity of the propellant, ensuring that the oxidizer and fuel
particles are uniformly distributed. This uniform distribution is essential for consistent
combustion and performance. Additionally, additives such as plasticizers, stabilizers,
and burn rate modifiers are incorporated to customize the propellant’s characteristics
for specific applications. Ammonium perchlorate acts as an oxidizer to maintain fuel
combustion. Micrometric aluminum powders are used to enhance performance, releasing a
substantial amount of energy upon combustion. In general, solid composite propellants are
complex formulations designed to optimize the ballistic performance, structural integrity,
and stability. The meticulous selection and combination of binders, oxidizers, fuels, and
additives are critical to achieve optimal performance.

Propulsion systems based on solid propellants are characterized by a wide range of
thrust levels and applications. The advantages of these propellants include their high
density and the absence of a need for feed systems. This last feature simplifies the construc-
tion of the propulsion system compared to their liquid counterpart, resulting in economic
benefits and enhanced reliability [1]. The regression of the grain surface at a specific rate,
also known as the regression rate, enables rapid gas generation inside the combustion
chamber. The total burning surface area of the grain determines the mass flow produced,
a critical parameter for the chamber pressure and, consequently, the generated thrust.
Depending on the initial grain shape, the burning surface can increase, remain constant, or
decrease, leading to a similar trend in the thrust law [2]. A key challenge in solid propellant
manufacturing is closely related to this behavior. During traditional cast-and-cure man-
ufacturing, a mandprel is submerged within the propellant to maintain the desired shape.
However, the mandrel extraction process at the end of curing imposes limitations on the
achievable geometries, thereby restricting the attainable thrust laws. Furthermore, the
use of isocyanates, which are highly toxic, requires the implementation of robust safety
systems [3].

To address these issues, UV light-sensitive propellants have been developed. The
typical curing agents used in these propellants have a lower degree of toxicity compared to
isocyanates. In addition, advancements in this technology have enabled the application of
additive manufacturing methods for the production of solid propellants. In contrast, recent
research has found that the use of isocyanates in HTPB propellants, even if rapidly curing,
is incompatible with 3D printing, as the propellant does not cure fast enough to preserve its
shape [4]. Therefore, the use of additives capable of polymerizing the propellant in seconds
when exposed to UV radiation has effectively solved this problem.

In recent years, 3D printing technology has made significant improvements. Con-
sequently, more in-depth studies have been conducted on its compatibility with solid
propellant production. The first 3D print was carried out in 1984 by Charles W. Hull of 3-D
Systems Corp. using a prototype printer called the Stereolithography Apparatus. Initially,
the technology was economically unfeasible and did not meet market needs. However,
in the subsequent decades, costs have drastically decreased, making 3D printers a viable
option for a wide range of industrial sectors [5]. The sustainability of 3D printing technol-
ogy has received positive evaluations from major aerospace companies, which recognize
significant economic advantages due to the reduced materials and energy required to
produce the same components. The ability to develop more complex geometries, reduc-



Appl. Sci. 2025, 15, 2933

30f22

ing the structure weight and increasing the payload capacity, is one of the main benefits
offered by 3D printing. Furthermore, the potential to reduce the production timeline is
another crucial factor that contributes to the success of this technology [6]. Within the
solid propellant sector, 3D printing has the potential to revolutionize grain production by
enabling customized geometries that are otherwise unachievable through conventional
casting techniques. However, the high solid content and small particle size required for
optimal performance significantly increase the viscosity, complicating extrusion-based
printing processes [7].

While 3D printing technologies, such as selective laser melting, have led to significant
innovations in the fabrication of launcher structures, solid propellants continue to rely
on traditional manufacturing methods. This is due to numerous challenges encountered
during the extrusion process. The high percentage of solid content and small particle sizes
necessary to achieve high propulsive performance have been observed to increase the
viscosity of composite propellants, making extrusion even more complex [8]. Although
propellants exhibit pseudoplastic behavior, the considerable pressures required to overcome
viscous forces within the extruder lead to significant increases in the cost and need for safety
systems [9-11]. Furthermore, under high applied pressures, the separation of the binder
from the solid component may occur, resulting in inconsistent results [12]. The presence
of curing agents in the mixture further increases the viscosity over time, complicating the
process of printing a solid propellant.

In recent years, a novel technique has emerged that leverages the thixotropic prop-
erties of propellants through the application of ultrasound [12]. This method effectively
reduces the viscosity of the propellant near the nozzle, facilitating extrusion. However, it
is important to note that this technique is not universally suitable for all types of curing
agents. In some cases, it can lead to the rapid hardening of the propellant, potentially
resulting in a blockage within the extruder [4,12,13].

While previous studies [14-17] have successfully demonstrated the feasibility of LED-
UV photocuring in solid propellant formulations, they have typically relied on conventional
extrusion methods that may necessitate ultrasound to mitigate high viscosity. In contrast,
the present study introduces an alternative extrusion method that utilizes temperature
effects and the inherently low viscosity of specific curing agents to facilitate rapid curing and
maintain the shape fidelity without ultrasound assistance. Building on the foundational
findings of earlier work [18-21], this work further explored the impact of varying UV
wavelengths and preheating on the binder’s polymerization behavior, providing critical
insights into optimizing the rheological properties of the propellant. For this reason,
rheological properties, including the pot-life and pseudoplasticity, were also studied. A
prototype printer was developed to conduct printing tests, focusing on identifying and
addressing critical challenges in the additive manufacturing of solid propellants. The
findings of this research provide valuable insights into optimizing the printability and
performance, with potential applications in advanced propulsion systems.

2. Materials and Devices
2.1. Materials

The propellant studied used polybutadiene (PB) as a binder with a molecular weight
of 5000 g/mol. The additives used for the polymerization process included pentaerythritol
tetrakis(3-mercaptopropionate) (PTTM), which was crucial for the thiol-ene reaction, and
bis-(2,4,6-trimethylbenzoyl) phenylphosphine oxide (BAPO), which served as the pho-
toinitiator. Furthermore, ammonium sulfate (AS) was chosen as an inert alternative to the
oxidizer component, which generally consists of ammonium perchlorate (AP) [22]. All
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constituents of the propellant were purchased from the chemical company Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany).

Two different sizes were considered for the inert AS to properly mimic AP. Typically,
two sizes of AP are used primarily to enhance the propulsive performance and secondarily
to mitigate the excessive viscosity increase observed at high volumetric fractions of the
solid component. This strategy is based on the concept of the maximum packing density,
which has been applied in numerous studies in the literature [23,24]. The fine powders used
had an average size of 20 um, while the coarse powders were 200 um. Their production
was entrusted to the SPLab at Politecnico di Milano. The Milan laboratory utilized the
controlled recrystallization method, allowing for the precise generation of AS particles
with the desired dimensions. However, the process proved to be very slow. Therefore, a
process that involved a planetary milling jar was chosen, which was capable of pulverizing
the coarse powders sold by Sigma-Aldrich, which were then sieved to a range close to the
desired size. The swelling tests of the polymerized binder were performed using 99.8%
toluene as the solvent, which was purchased from Sigma-Aldrich.

The current formulation of the complete inert propellant is the result of extensive stud-
ies carried out through the years on various photocurable resins and their properties [21].
For 3D printing tests, the compound to be extruded was obtained by combining PB with 80
weight percent of AS powder (80% coarse + 20% fine) and manually stirring it to obtain a
homogeneous mixture. Then, the addition of PTTM allowed for the photocuring thiol-ene
reaction to take place, and BAPO was finally added. The quantities for PTTM and BAPO
are given in Parts per Hundred Parts Resin (phr) and were, respectively, 14 phr and 4 phr.
A homogeneous mixture was achieved after 5 min of manual stirring. An identical process
was used to prepare samples for viscosity and pseudoplasticity tests with the exception of
BAPO addition, which was purposefully left out to prevent crosslinking during testing.

A 3D printer, the Creality Ender 3 S1 (Creality 3D Technology, Europe), was used to
create the essential components of the test benches. The parts not exposed to excessive heat
sources were made of polylactic acid (PLA). In contrast, components directly in contact with
heat sources were made from carbon fiber-reinforced polypropylene (PPCF), a material that
exhibits superior mechanical properties compared to PLA at high temperatures. The use of
polyethylene terephthalate and acrylonitrile butadiene styrene was excluded due to the
toxicity of their fumes. The 3D printing filaments used within the research were purchased
from Filoalfa (Turin, Italy).

2.2. Isothermal Test Bench

The determination of pseudoplasticity and pot-life properties requires isothermal
measurements over extended time intervals. Isothermal hotplates, commonly used for this
type of testing, provide a contact surface at the base of the beaker. Heat then gradually
diffuses through the solution under examination. However, the poor thermal properties
of the propellant can lead to significant temperature stratification. To address this issue,
a system was engineered to deliver uniform heat only through the container’s side walls,
significantly reducing stratification effects.

An isothermal test bench consists of two components: the viscometer and the heating
system. The viscometer measures the resisting torque applied to an element using a
spindle or rotor, which rotates at a constant speed, w;, while immersed in the fluid whose
rheological properties are being studied. These kinds of measurements are also known
as controlled shear rate tests. They are defined by selecting a rotor speed at the start of
the experiment, which remains constant throughout the test, and evaluating the resisting
torque on the rotor using the viscometer’s torque transducer. The shear stress is estimated
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using a simple equation, based on the specific geometric characteristics of the standard
rotor [25]. Then, the viscosity is calculated using Newton's law:

T =17 1)

where T represents the shear stress in [Pa] and # and  denote the measured viscosity in
[Pa-s] and the shear rate in [1/s]. To ensure measurement repeatability, it is mandatory to
specify the following characteristics:

*  The type of viscometer;

e  The used rotor;

e  The rotation speed of the spindle;

*  The sample temperature;

e  The measurement time;

¢ The dimensions of the beaker and the presence or absence of a clamp;
e The production process history.

Meeting all the standard criteria is challenging because of practical constraints, such
as a limited solution quantity or difficulties in handling highly viscous liquids. As was also
explained in a previous study [20], the ASTM D1296-20 has been adopted as the standard,
though with a smaller vessel than originally specified. This modification does not pose
any issues because, as Mischenko et al. (2020) describe, the chosen vessel dimensions
still produce nearly identical results for high-viscosity materials like the slurry [26]. The
viscometer used to analyze the rheological properties of the slurry was the SAVISC-152/2
(Figure 1a). This instrument is equipped with four rotors from the LV category, capable
of measuring the viscosity in a range of 10 to 2,000,000 mPa-s. In addition, it offers seven
different rotation speeds, ranging from 0.3 to 60 RPM. The SAVISC152-2 viscometer has
an error margin of 1% relative to the maximum measurable viscosity at the chosen rotor
speed [27-30].

(b)

Figure 1. Rotary viscometer (a) and isothermal test bench (b). Not to scale. (a) Rotary viscometer
SAVISC 152-2 and standard LV spindles (purchased from SAMA tools, Viareggio, Italy). (b) (1) Sub-
merged pump; (2) water supply line; (3) copper coil; (4) water return line; (5) support; (6) viscometer
without spindle; (7) hotplate.

The heating system, as shown in Figure 1b, employs a submerged hot water pump
within a metal vessel, directly interfacing with a hotplate. The pump drives water through
a red silicone tube, which terminates at the upper end of a copper coil wrapped around the
black PPCF vessel. This vessel contains the propellant slurry, which is analyzed using a
viscometer. After passing through the copper coil and exchanging heat with the propellant,
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the water returns to the tank through the blue silicone tube. Temperature control is achieved
by modulating the flow of hot water sent to the copper coil, adjusting the pump power via
a PID circuit, shown in Figure 2. All pump components are made of PPCFE, which maintains
its mechanical properties even at elevated temperatures.
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Figure 2. Electronic scheme of the PID circuit.

The PID controller uses temperature readings from two DS18B20 thermometers placed
near the PCCF container wall. This strategic placement ensures that the viscosity measure-
ments remain unaffected. Utilizing an Arduino UNO board, the control signal is processed
according to the temperature setpoint, then amplified and transmitted to the hot water
pump motor via an MOSFET circuit. Figure 2 shows the electronic schematic developed for
temperature control. All electronic components for the PID circuit were purchased from RS
Group plc (London, UK).

The circuit can be divided into three parts:

*  On the left, the connections for the proper functioning of the DS18B20 thermometers
are shown;

* In the central part of the circuit, the Arduino Uno board receives the input signal from
the thermometers and processes an output signal consistent with PID logic;

e The low-power signal generated by the Arduino Uno is amplified and transmitted to
the motor via an IRF520 MOSFET and an external power supply.

2.3. Delta UV Curing System

The mechanical properties of photopolymerizable solid propellants are closely re-
lated to the characteristics of the polymer, the photoinitiator, and the degree of conversion
achieved by their mixture when exposed to radiation at a specific wavelength [31-33]. In
the earlier steps of this research, the reactivity of the propellant to UVA radiation at a
wavelength of 375 nm was evaluated [18], revealing significant conversion and improve-
ments in mechanical properties. Lajoie et al. [34] observed enhancements in the mechanical
performance of UV-cured solid propellants exposed to various frequencies. Although
the previous study by Lajoie et al. did not disclose their specific formulation, the current
research pursued a multifrequency analysis based on the absorption characteristics of the
photoinitiator used here. In fact, BAPO exhibits two distinct absorption plateaus: one
at UVA wavelengths and another in the low-UVB-high-UVC range. For this reason, a
UVA-UVC illuminator (Figure 3) was designed to examine the degree of conversion of the
dispersion consisting of PB, pentaerythritol tetrakis(3-mercaptopropionate) (PTTM), which
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is crucial for the thiol-ene reaction, and bis-(2,4,6-trimethylbenzoyl) phenylphosphine
oxide (BAPO). The core of the illuminator consists of a hexagonal metal plate, serving as a
heat sink, on which three UVA LEDs (Luminus LT-4789, Led-Tech.de, Moers, Germany)
and three UVC LEDs (Luminus LT-4783, Led-Tech.de, Moers, Germany) are mounted, with
wavelengths of 375 and 285 nm, respectively. These wavelengths were chosen based on a
trade-off between the market availability and the absorption spectrum of the photoinitiator,
i.e., BAPO, which exhibits two peaks at 288 nm and 371 nm [35,36]. Furthermore, the
selected UVA LEDs are identical to those utilized in the final 3D printer prototype. The
metal plate is connected to a delta kinematics system (Anycubic Kossel Delta Printer series,
Anycubic Technology Co., Ltd., Shenzhen, China) via an additional hexagonal PLA plate.

(a) (c)

Figure 3. UVA-UVC illuminator assembly (a) and views of the LED platform (b,c). Not to scale.
(a) (1) Mechanism moving LED platform; (2) print bed. (b) (1) UVA LEDs; (2) UVC LEDs; (3) metal
plate (heat sink); (4) PLA plate (cinematism interface); (5) clamping system. (¢) Layout of UVA and
UVC LEDs.

The movement of the delta mechanism is controlled by three stepper motors located
under the print bed, which are connected to a BTT SKR 1.3 board. The LED circuit is
segmented into two parallel subcircuits, with each containing LEDs configured in series.
The LEDs are turned on and off using two manual switches integrated into the illuminator
structure. The circuit is powered at 24 V and integrated with the BED pin outputs of the
BTT SKR 1.3 board. The decision to place LEDs of the same category in series was based
on the power limits of the board. To ensure safety and prevent exposure to UV radiation,
the entire system is enclosed by walls, not depicted in Figure 3a, shielding the eyes of the
user. The precise movements achievable with the delta kinematics allowed for the accurate
characterization of the illuminator.

On the left side of Figure 4, a MATLAB (R2024a) model illustrates the predicted light
intensity distribution in the XY plane at various distances from the transmitters, taking into
account the LED positions and reflections on the walls. Using the DeltaOhm HD2102.1
radiometer (Delta OHM, Padua, Italy), the UVA irradiance was measured; the results are
presented in Figure 4 on the right. The distances analyzed for UVA ranged from a minimum
of 17 to 44.5 mm, with 2.5 mm spacing between the measurement planes. According to their
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datasheet, the chosen UVC LEDs were expected to have an emission equal to one-tenth of
that of UVA.

Following the characterization of the illuminator, a distance was selected to achieve a
homogeneous distribution of irradiance across the surface of the sample (with variations
below 10%). For UVA, a distance of 34 mm was chosen, resulting in a constant irradiance
value of 110 W/m? over a surface larger than the size of the specimen. For UVC, a distance
of 22 mm was selected, resulting in a distribution under one-tenth of that of UVA.
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Figure 4. On the left, the predicted irradiance; on the right, the measured irradiance of the UVA LEDs.
2.4. Cartesian 3D Printer

The rheological and mechanical analyses conducted in this article, as well as in previ-
ous work [18-21], aimed to pave the way for the development of a prototype 3D printer
capable of producing scaled propellant samples. The construction of a prototype represents
a crucial step towards conducting more accurate and reproducible tests and enhances the
Technology Readiness Level. A modular prototype of a 3D printer was designed. This
prototype can be modified if some of its components prove to be unsuitable for the propel-
lant printing process, particularly the extruder, which is the most critical part. This section
presents the developed 3D printer and the initial printing attempts, detailing the main
issues encountered and the solutions implemented, while in Section 4.3 the printing test
results will be presented.

The 3D printing process of a photopolymerizable material is divided into three distinct
phases. The first phase focuses on the transfer of the slurry from the reservoir to the ex-
truder’s nozzle tip. The subsequent phase involves the precise manipulation of the material
on the print bed through the kinematic system. The final phase is the crosslinking process,
accomplished via a specialized lighting system. Several approaches have been considered,
and a downselection was carried out through an initial trade-off study. Stereolithography
systems primarily use illumination from the bottom of a vessel containing non-crosslinked
material, while other systems use a bed illuminated from above, where the material on the
plane is managed by a spreading blade [37]. These systems appear to be unsuitable for
the present purpose because the high viscosity of the material prevents the easy removal
of the non-crosslinked material. The option of a coupled deposition bed-resin vat system
does not seem feasible in the immediate future due to the complexity of implementation.
Moreover, this option complicates the engineering of the illumination setup, as it requires
the management of a large surface. The most viable solution appears to be a hybrid printing
device that combines elements of stereolithography and Fused Deposition Modeling (FDM).
This system employs an extruder to deposit the propellant onto the print bed. Subsequently,
each layer is illuminated by an LED blade. This process is repeated for each layer until the
desired grain geometry is achieved. The use of a worm screw mechanism to transfer the
slurry from the reservoir to the print bed was found to be ineffective due to the separation
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of the binder and AS powders along its axis. Additionally, the use of such a component
could produce significant risks, as the friction of the propellant between the screw and
the inner wall of the extruder could cause unintentional ignition. Therefore, a volumetric
extrusion system was chosen (Figure 5a), as it preserves the propellant and conveys it to
a nozzle that deposits it on the print bed. However, handling the material is complex,
as it involves moving a heterogeneous suspension through a pressurized duct. Due to
the multiphase nature of the suspension, issues of segregation and separation between
the binder and particles may arise. Consequently, the design of the extrusion system’s
geometry and the working pressure are critical factors.

(b)

Figure 5. Extruder (a) and Cartesian 3D printer (b). (a) (1) Air piston seal; (2) air seal bushing;

(3) piston body; (4) piston rod; (5) wear ring; (6) nozzle; (7) nozzle plate; (8) M5 screws; (9) bumper.
Not to scale. (b) Prototype of the Cartesian printer developed in collaboration with the company
Microdigit elettronica (Cazzago San Martino BS, Italy).

The 3D printer (Figure 5b), developed in collaboration with Microdigit, maneuvers a
volumetric extruder on a Cartesian axis system. This extruder was developed by modifying
the terminal part of a pneumatic piston (SMC CS96-32). The removed piston end section
is replaced with a metal plate (also referred to as a nozzle plate), as depicted in Figure 5a.
This plate is secured to the piston using four M5 screws. A centrally located threaded hole
allows for the attachment of standard nozzles, which are typically used for ceramic 3D
printing. Furthermore, as illustrated in Figure 5b, the extruder is equipped with a heating
blanket to lower the viscosity by raising the temperature of the slurry.

The movement of the extruder along the three main axes is performed by three
NEMAZ23 stepper motors, which are controlled by an SKR 1.4 Turbo board and a Raspberry
Pi running the commercial software Klipper (Version 0.12.0). Due to the high current
required by the NEMA motors, incompatible with the standard TMC drivers, it was
necessary to use external TB6600 drivers. The thermal blanket of the extruder heating
system allows the propellant to be heated up to 100 °C. The temperature is regulated by the
PID controller integrated into the Klipper software. Thanks to the Wi-Fi module installed
on the SKR board, it is possible to remotely control and monitor the printer.

3. Methodology and Procedures
3.1. Pseudoplasticity Test

For several decades, the pseudoplastic properties of solid propellants have been
extensively studied to evaluate their suitability for manufacturing processes. This rheo-
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logical behavior, characterized by a reduction in viscosity under high shear stress (shear
thinning) [38-40], is crucial for optimal processing in traditional cast-and-cure manufactur-
ing [40]. In additive manufacturing, it is fundamental not only for slurry preparation but
also for defining the printing properties of photocurable propellants. Due to shear-thinning
behavior, the application of pressure to the slurry during the printing process reduces its
viscosity because of the shear stress exchanged along the extruder walls. Once deposited
on the print bed, the viscosity increases in the absence of shear stress, ensuring good
adhesion [41,42]. This phenomenon allows for the use of less complex extrusion systems, as
it requires less pressure to generate a flow of propellant. Additionally, the values obtained
from these tests provide a reference for the pot-life test, which will be described in the
following subsection.

The isothermal test bench shown in Figure 1b was used to determine the pseudoplastic
behavior of the propellant. The objective of this test was to confirm the preservation of
pseudoplastic properties typically observed in traditional propellants. The slurry used to
carry out the tests consisted of PB, AS salts, and thiols, avoiding the inclusion of BAPO. In
fact, BAPO may cause viscosity variation due to partial unwanted activation even in the
absence of UV radiation (e.g., due to heating).

The preparation of the samples involved several steps. After weighing the binder,
AS salts, and thiols, the dispersion was manually mixed in a vessel for 5 min to achieve
sufficient homogeneity. The resulting compound was gently moved inside the cylindrical
PPCEF container to avoid excessive compaction. Then, the PPCF vessel was secured above
the rectangular support, as illustrated in Figure 1b, and its copper coil was connected to the
water pump by means of the blue and red silicone tubes. Finally, the spindle was slowly
lowered into the compound to ensure proper positioning.

The investigations were carried out using the standard LV4 rotor. The selected speeds
fell within the range of 0.6 to 3 RPM. The temperature setpoints were fixed at 60 °C and
80 °C, with oscillations confined within a margin of £1.5 °C. These temperatures were
chosen based on the range investigated in Ref. [20] for viscosity reduction and on the most
stringent thermal operational limits of the final 3D printer components. The average test
duration was three hours for each rotational velocity.

3.2. Pot-Life Test

The pot-life is an important parameter that indicates the amount of time the slurry
remains fluid after mixing, including the curing agents [43]. This timeframe is governed
by the polymerization process, which leads to an increase in viscosity. This rheological
behavior renders the propellant unusable once a specific viscosity threshold is exceeded.
In the proposed process, the slurry temperature is raised to reduce the viscosity and
improve extrusion. Unfortunately, maintaining the slurry at elevated temperatures initiates
a precuring process, even without ultraviolet radiation. Therefore, it was crucial to assess
how the viscosity changed over time at a specific temperature after the addition of the
photoinitiator, i.e., BAPO.

The sample preparation followed the same procedure described in the preceding
paragraph for the pseudoplastic tests, with the only difference being the addition of BAPO.
The pot-life analysis was performed using a standard LV4 rotor, as the viscosities were
close to the instrument’s measurable limits. The chosen rotor speed was 0.6 RPM for com-
parative analysis with the viscosity obtained in the pseudoplasticity tests. The temperature
setpoint was maintained at 60 °C and 80 °C in separate tests, each using a new propellant.
Temperature fluctuations were kept within a margin of +1.5 °C. In addition, a perforated
cap was employed to provide access to the rotor and thermometers, ensuring adequate pro-
tection against potential external light sources that might cause partial polymerization. The
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adopted method clearly mitigates most of the potential influence of light on the rheological
properties of the propellant, allowing the evaluated pot-life to be attributed solely to the
thermal state of the sample.

3.3. Uva and UVC Curing Test

The mechanical properties of solid propellant grains are critical for ensuring proper
rocket engine operation. Failure to meet the required minimum values can cause various
problems, such as crack formation, which locally increase the burning area, leading to
a possible deflagration-to-detonation transition [44]. The mechanical properties of com-
posite solid propellants are influenced by the degree of crosslinking of the binder and
the interactions between the binder and oxidizer particles. To enhance these properties,
bonding agents can improve the adhesion between the resin and oxidizer particles, while
other methods can be employed to increase the crosslinking of polymers, which is directly
related to the mechanical characteristics of the binder [32,40]. One purpose of the present
work was to optimize the degree of polymerization of the PB by determining the binder’s
response not only to UVA, as has already been studied in previous work [19], but also to
a combination of UVA and UVC, as suggested by previous research studies [34]. UVC
LEDs are known for their significantly lower efficiency compared to UVA, which results in
greater heat dissipation. This increased heat can reduce the operational lifespan of devices
and necessitates an adequate cooling system. Consequently, the power transmitted to the
propellant is low when compared to the input power [45]. However, these drawbacks may
be offset by the higher absorbance of BAPO in the UVC range. Additionally, UVC can
penetrate deeper into the propellant, aiding the curing of thicker layers.

To evaluate the binder’s degree of polymerization, the swelling test method was
performed according to the ASTM-D2765 standard [46]. Sample preparation began by
manually mixing PB, thiols, and the BAPO in a beaker for 5 min. The resulting dispersion
was then poured into a rectangular silicone mold with 1 cm sides. To obtain specimens
with the desired thickness, the density of the dispersion was evaluated based on the values
provided in the Sigma-Aldrich datasheets. Since the surface area of the specimen remained
consistently 1 cm?, the required volume could be based solely on the thickness. Each
sample was weighed using a precision balance to ensure compliance with the requirements,
minimizing deviation. Subsequently, the silicone mold containing the dispersion was
placed under the UV LED and illuminated for specified times. Afterwards, the cured
specimen was extracted from the silicone mold and placed inside a container, into which
toluene was poured to perform the swelling test. Due to the toxicity of toluene, this phase
and the subsequent ones were carried out under a chemical hood.

The swelling test involved three phases: first, the measurement of the mass, m1, of the
sample before immersing it in toluene; second, immersing the specimen for approximately
20 h and then weighing it immediately after extraction to determine its mass, m,; and
third, the measurement of the mass, mj3, of the sample three days after extraction. The
swelling factor (SF), required to determine the polymer’s ability to absorb the solvent, was

evaluated as
My

F= 2
SF= 1 @
while the Polymer Conversion Percentage (PCP) was evaluated as
pcP = 22100 ®)
my

The principle underlying swelling tests is relatively simple. This method involves
immersing the hardened sample in toluene, which induces swelling. The process causes
the long and entangled polybutadiene polymer chains to expand into a larger volume,
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facilitating the escape of PB monomers from the specimen. Consequently, at the conclusion
of the second phase, the sample will consist exclusively of the PB chains that have suc-
cessfully bonded together, along with the toluene absorbed during immersion. Weighing
the sample three days after extraction allows for the complete evaporation of the toluene,

enabling the measurement of the weight of the polymerized chains alone. By comparing
this weight to the initial total weight of the specimen, the degree of polymer conversion
can be determined. The specimens are shown in Figure 6.

Figure 6. Specimens freshly extracted from toluene (left) and dried for three days, completely free of
toluene (right).

Different exposure times, sample layer thicknesses, and slurry temperatures were
considered. A test matrix and the corresponding measured PCP (Polymer Conversion
Percentage) will be presented in Section 4.

4. Results
4.1. Pseudoplasticity Test

Figure 7 illustrates the results, depicted with the blue lines, obtained by varying
the applied shear stress on the propellant while maintaining constant temperatures of
60 +1.5°Cand 80 + 1.5 °C.

The graph is represented as a function of the shear rate (¥), obtained by multiplying
the spindle rotation speed (ws) by the large cylinder gap geometric factor reported by
Mezger [25]. The pseudoplastic behavior followed the Ostwald—de Waele model. This law
associates the shear stress (7) with the shear rate (§) through the following relationship:

T =Kj" @)
The curves were interpolated using the equation

T
=z =Ky 5)

1 i
where K is the consistency index in [Pa- - -"], and n is the flow index. The consistency index
is a specific constant of the analyzed fluid, while the flow index describes how the viscosity
changes in response to shear stress. When n = 1, the fluid behaves like a Newtonian
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fluid (K = #). If n < 1, the fluid exhibits pseudoplastic behavior, and if n > 1, it shows
dilatant behavior [25]. The R? values for the fits at 60 °C and 80 °C were R? = 0.977 and
R? = 0.987, respectively.

5
5 x10 . 1 1.6

Temperature 60°C’
45 — — Temperature 80°C'|

80°C)

(T
nT=

1

Figure 7. Viscosity curves (blue lines) at two different temperatures as function of shear rate, and
ratio of two curves (red line).

As the temperature increased, the pseudoplastic properties of the propellant decreased,
resulting in a less pronounced reduction in viscosity with increasing shear stress. This
phenomenon is illustrated by the red line in Figure 7, which represents the ratio between
the two blue lines. The n; parameter was consistently greater than one, indicating that
it is always advantageous to increase the temperature. However, as will be discussed in
the following paragraph, the pot-life imposes a limit on the slurry temperature. Therefore,
a trade-off between these two rheological characteristics is needed to optimize the print
quality. This aspect is extremely important when determining the printing speed and,
consequently, the shear stress to which the propellant is subjected. The advantage of a
temperature increase is demonstrated in other studies in the literature [11].

The analysis was constrained by the small number of selectable rotor speeds. Never-
theless, the speeds used during the measurements fell within the appropriate range for
qualitatively describing the pseudoplastic behavior of photocurable propellants [25]. The
viscosity results are summarized in Table 1. The standard deviation (SD%) of the viscosity
was affected by temperature fluctuations, which were present despite the use of a PID
controller. These fluctuations contributed to the variability of the measurements. It can be
concluded that the mean value of the samples provides an adequate approximation of the
propellant viscosity at temperatures close to 60 °C and 80 °C, respectively.

The calculated flow index n was 0.32 at 60 °C and 0.46 at 80 °C. These values differ
from those reported in the literature [9-11], which presents values between 0.5 and 0.7,
suggesting less pronounced shear-thinning behavior. This discrepancy can be attributed to
the significant sensitivity of the propellant’s rheological behavior to the size and proportion
of oxidant powders, as well as the presence of thiols in this specific instance. The selected
particle sizes of ammonium sulfate played a crucial role in this effect. Specifically, a
diameter ratio below 0.155 allowed the fine particles to move more freely among the larger
particles, thereby reducing the propellant’s viscosity. Consequently, an enhancement in the
pseudoplastic properties was observed, indicated by a decreasing value of the n index [8].
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Table 1. Results of viscosity measurements as function of shear rate at constant temperature (60 °C
and 80 °C).

Temperature [°C] w,; [RPM] ¥ [1/s] Viscosity [mPa-s]  Viscosity SD [%]

0.6 0.13 477,285 £ 60,199 12.61
60 1.5 0.32 227,541 £ 59,829 26.29
3 0.63 180,400 + 22,494 12.49
0.6 0.13 327,667 £ 39,589 12.08
80 1.5 0.32 200,564 £+ 11,472 5.71
3 0.63 135,613 £+ 7885 5.81

4.2. Pot-Life Test

Figure 8 shows 1y, i.e., the viscosity normalized with respect to the value measured at
the end of the PID transient (fy), i.e.,

n(t)

ny = (6)
1(to)
l P— -
—_—T = 80°C
35
e Bl
T25
[l
[
I~ 2
1.5
X ; . , ‘
0 20 40 60 80 100

tpolit,_ff =t—1 [min]

Figure 8. Pot-life tests at 60 °C and 80 °C with speed rotation of 0.6 RPM and maximum viscosity of
106 cP (mPa-s).

The numerator in RHS of Equation 6 represents the viscosity measured by the viscome-
ter as a function of time and the denominator the viscosity measured at f(. The tests, carried
out at 60 °C and 80 °C with a spindle rotor speed equal to 0.6 RPM, were interrupted
upon reaching the viscometer’s upper limit, which was 10° cP (mPa-s). The time t; needed
to reach the chosen temperature was found to be 30 min for the 60 °C case and 45 min
for the 80 °C case. Anyway, it was observed that at ty the viscosity of the slurry was
comparable to the reference value shown in Table 1. The normalized viscosity 1, showed
a more pronounced increase in viscosity at 80 °C, compared to the case at 60 °C. This
implies that the time range during which the propellant remains printable decreases as the
printing temperature increases. Consequently, it is necessary to determine a compromise
temperature, considering the maximum viscosity threshold that the extruder is capable of
managing and the printing time.

As can be observed in Figure 8, the initial hypothesis that BAPO reacts undesirably to
heat was confirmed, highlighting the necessity of establishing printing time limits. In the
printer prototype, a volumetric extruder system which holds a limited amount of material
is used. Therefore, the required minimum pot-life is reduced to a dimensional factor based
on the printing speed that defines the printable volume within a specified time limit. On
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the contrary, the use of a tank connected via a tube to the extruder would significantly
increase the needed extrusion pressure, causing the separation of the liquid component
of the propellant from the solid one. Therefore, the use of a refillable syringe system,
sized according to the printing time allowed by the pot-life, can be considered for future
printer prototypes.

4.3. Uva and UVC Curing Tests

Table 2 shows the series of tests carried out to analyze the response of the photocurable
propellant to different UV light frequencies. These tests were performed using the delta
UV curing system described in Section 2.3.

Table 2. Results of UVA and UVC tests.

Temperature UVA Time UVC Time Expectc?d Mean Layer o
R Layer Size . PCP [%]
[°Cl] [s] [s] Size [mm]
[mm]
90 0 751+55
25 180 0 1.00 1.09+0.06 912414
270 0 921+£33
135 135 88.3+19
25 90 180 1.00 1.09 £ 0.08 814+ 19
180 180 90.5+1.2
25 270 180 1.00 1.09 + 0.08 947 1+ 19
270 0 91.6 £ 0.4
25 180 90 2.00 2.02 +£0.05 899 16
270 0 89.7 £ 0.8
25 180 90 3.00 292 +£0.11 807 L 3.4
90 0 -
90 180 0 1.00 1.05+£0.05 80.8+3.2
270 0 89.3+1.9

The first section of Table 2 presents the results of tests conducted using only UVA
LEDs for a layer of about 1 mm and different exposure times. These serve as a reference,
demonstrating that increasing the UVA exposure time leads to higher PCP values. The
second section examines samples exposed for a total time of 270 s, with three combinations
of UVA and UVC times. The results suggest that the PCP is primarily driven by UVA
radiation, while longer UVC exposure does not provide additional benefits. In the third
section, the results are shown for different UVA exposure times tested while keeping the
UVC exposure constant at 180 s. The PCPs obtained were comparable to those obtained
with UVA alone, indicating that the tested UVC LEDs were not useful even as a postcuring
process, as occurs in industrial stereolithography [37].

For samples of a 1 mm layer height, multifrequency tests for fixed UVC exposure
(180s) combined with a varying UVA exposure duration (90 s, 180 s, 270 s) consistently
showed a p-value < 0.001, indicating with strong statistical significance that the PCP
increases with longer UVA exposure. When comparing monofrequency-cured samples
(UVA only, as shown in the first section of Table 2: 90 s, ‘low-cured’; 180 s, ‘mid-cured’;
270 s, ‘high-cured’) to their multifrequency counterparts (same UVA exposure duration
plus 180 s of UVC), the trend was less distinct. Specifically, reference series for ‘low-
cured’ and ‘high-cured’” samples exhibited a p-value < 0.05, i.e., the addition of UVC had
moderate statistical signifance. On the other hand, the ‘mid-cured’ samples displayed a
p-value =~ 0.30, necessitating further testing to be conducted in the future.
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The fourth and fifth sections show the results from the analysis of thicker layers (2 mm
and 3 mm) while maintaining a total exposure time of 270 s. Since UVC wavelengths
are shorter, they were hypothesized to penetrate deeper into the resin and aid in curing
thicker layers. However, the results, though only preliminary, contradict this assumption.
For samples cured only with UVA, the PCP difference between 2 mm (91.6%) and 3 mm
(89.7%) was minimal. In contrast, when using 180 s UVA + 90s UVC, the PCP dropped
significantly from 91.6% (2 mm) to 80.7% (3 mm), indicating that UVC does not improve
deeper-layer curing These findings suggest that the selected UVC LEDs, in combination
with the photoinitiator system of PB, BAPO, and PPTM (identified as highly effective across
a broad spectrum of resins [19]), do not offer any advantages in the current formulation.

Finally, the last section examines the impact of preheating at 90 °C. The reduction
in the PCP for the preheated samples aligns with the degradation of tensile mechanical
properties reported in [20]. As shown in Table 2, this PCP reduction can be adequately
mitigated by extending the exposure time. Additionally, the PCP can be finely adjusted to
enhance interlayer adhesion in 3D printing applications. Further investigations, including
swelling tests and microtomography, will be conducted to refine the current analysis.

4.4. 3d Printing Test

The prototype described in Section 2.4 was used to carry out a series of tests. The initial
step that must be undertaken before printing is calibration. If this process is performed
incorrectly, it is impossible to achieve a successful print [47]. The calibration process was
particularly complex due to the binder’s elasticity, which induced a non-linear response of
the flow rate to the applied piston force and resulted in an unwanted extrusion through
the nozzle at the end of each layer. The first issue caused a delay in the deposition of the
material, which was addressed through a precompression of the propellant before each
print. Regarding the second issue, a retraction mechanism was initially employed; however,
it proved ineffective as it also eliminated the precompression, thereby reintroducing the
first problem. Consequently, a shutter capable of mechanically blocking the flow was used.
Preliminary printing tests performed with a shutter highlighted the interference between
the printed part and the shutter blade. Therefore, a redesign was planned referring to the
style of shutter valve-based extruder presented in [48].

After the initial calibration phase, preliminary printing tests were performed on simple
single-layer and multilayer specimens, varying the geometric parameters of the extruder.
It was observed that utilizing nozzles with a smaller output diameter increased both the
precision and extrusion pressure, which in severe cases led to the separation of the solid
component from its liquid counterpart. The remaining slurry in the extruder chamber after
the printing process, shown in Figure 9, exhibited the separation of the solid phase of the
slurry during extrusion. This phenomenon arose from the pressure necessary to move a
high-viscosity biphasic material such as the slurry, resulting in the accumulation of AS
powder within the extruder and the outflow of a high-PB-concentration slurry. To address
this issue, limitations were primarily imposed on the nozzle geometry, printing speed, and
slurry temperature.

The main variables to consider in the design of the extruder are the following [49,50]:

*  Viscosity: An increase in its value results in a non-linear reduction in the extrudable
flow rate. The increase in temperature must be carefully evaluated to achieve a reduc-
tion in the viscosity of the slurry without drastically compromising the mechanical
properties.

*  Nozzle diameter: An excessive value makes it impossible to form objects with a
defined shape, while an insufficient value leads to nozzle clogging. The average
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flow velocity in relation to the nozzle diameter shows a complex trend in the case of
biphasic materials such as solid propellants.

To estimate the volumetric flow of the propellant, a simplified model can be used, which
assumes a constant fluid density during the extrusion process, a steady flow within the
nozzle, and that the nozzle exit diameter is significantly smaller than the syringe diameter.
According to these assumptions, the pressure difference in the nozzle is defined by

Ap = p — Pext ()

where (p) is the pressure applied by the syringe piston, while (pey;) is the ambient pressure.
If the slurry exhibits behavior describable by Equation (4), the theoretical flow rate can be
obtained by [51]

S|

B nD?Dg[ 3nAptan(6y) }_ (8)

‘T3 | 2Kk(D¥ - DY)

where (6p), (D;), (D,), and (L;) represent the characteristic angle of the extruder nozzle,
the inner inlet diameter of the nozzle, the outlet diameter, and the length between the
two sections, respectively. Assuming a constant volumetric flow rate based on the design
printing speeds, to reduce (Ap), it is necessary to increase the geometry of the nozzle’s
outlet diameter or reduce the viscosity by increasing the temperature (reducing the K factor)
or vary the nozzle angle (6y). Consequently, three standard nozzles were used, 0.6 mm,
1.5 mm, and 3 mm, respectively, with an angle, (6p), of 60°, applying preheating up to 80 °C.

Figure 9. Slurry extracted from the extruder after a printing test.

As shown in Figure 10a, it was possible to produce a homogeneous propellant layer
using 1.5 and 3 mm nozzles at a temperature of approximately 70 °C and multiple layers
(Figure 10b). A progressive deterioration in the print quality was observed over the months
of testing, resulting in the condition shown in Figure 10c. It was found that the cause was
the absorption of water by AS, which is a hygroscopic salt. The storage method used for AS
salts was found to be inadequate, underscoring the necessity of maintaining low moisture
absorption levels before the printing process. It is important to note that the printing tests
were conducted over a period of six months, and during the first two months, no significant
changes were observed in the printing process. Therefore, this aspect does not pose a
problem if the salts are produced shortly before the printing process.
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@ (b)

Figure 10. Deterioration in print quality with increase in moisture absorbed by AS salts, resulting in
underextrusion and severe nozzle clogging. (a) Monolayer printing with dry AS salts. Samples were
50 mm x 50 mm approx. (b) Multilayer printing with dry AS salts. (¢) Printing with wet salts.

5. Conclusions

This study provides a comprehensive evaluation of UV-curable solid rocket propellants
designed for advanced additive manufacturing by means of the measurements of propellant
properties and 3D printing tests carried out with a properly designed modular printer.
The findings confirm that the propellants exhibit pseudoplastic behavior, which facilitates
smoother extrusion during 3D printing. Although increasing the temperature effectively
reduces the viscosity, it also shortens the propellant’s pot-life, necessitating a careful
balance between the print speed and thermal management. Based on the pot-life tests,
the equilibrium temperature range for the optimal printability and pot-life should be
between 60 °C and 70 °C. This range allows for a balance between reduced viscosity for
easier extrusion and a manageable pot-life to ensure the material remains printable for
a sufficient duration. Implementing a dynamic temperature control strategy that adjusts
the temperature in real time based on the extrusion rate and viscosity measurements
may help maintain the equilibrium temperature within the optimal range, enhancing the
overall print quality and consistency. UV photopolymerization, particularly with UVA
radiation, proved effective in curing the propellant and enhancing its mechanical properties.
The preliminary results suggest that, under the tested conditions, UVC exposure did not
significantly improve the polymer conversion rate and introduced additional challenges,
such as heat dissipation and lower energy efficiency. However, given the potential of shorter
wavelengths to influence curing at a microstructural level, further investigations—such
as microtomography studies—will be conducted to explore the role of UVC in greater
detail. For now, UVA irradiation remains the most reliable method for optimizing curing
in this specific formulation. The 3D printing trials identified technical challenges, such as
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material segregation within the extruder, highlighting the need for the further refinement
of the extrusion system. To address these challenges, several technological improvements
were proposed. Nozzle optimization, by utilizing nozzles with varying diameters (0.6 mm,
1.5 mm, and 3 mm), can help optimize the flow rate and reduce clogging. Smaller nozzles
increase precision but may require higher extrusion pressures, while larger nozzles reduce
the pressure but may affect the detail of the print. Implementing a redesigned shutter
mechanism based on successful designs from the existing literature, such as the shutter
valve-based extruder, can help control the flow of material and prevent unwanted extrusion
at the end of each layer. Additionally, the moisture sensitivity of the propellant emerged as a
significant issue affecting the print quality. Overall, these findings contribute to the ongoing
development of UV-curable propellants for additive manufacturing, offering valuable
insights into improving curing strategies, the printability, and the material performance.
By addressing current limitations and exploring advanced characterization techniques, this
research helps to advance the technology toward higher readiness levels, paving the way
for its broader application in composite solid propellant manufacturing.
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Abbreviations

The following abbreviations are used in this manuscript:

AP Ammonium perchlorate

AS Ammonium sulfate

BAPO  Bis-(2,4,6-trimethylbenzoyl) phenylphosphine oxide
FDM  Fused Deposition Modeling

HTPB  Hydroxyl-Terminated Polybutadiene

PB Polybutadiene

PID Proportional-Integral-Derivative controller
PLA Polylactic acid

PPCF  Polypropylene-reinforced carbon fiber

PTTM  Pentaerythritol tetrakis(3-mercaptopropionate)
PCP  Polymer Conversion Percentage

RPM  Revolutions per minute

SD Standard deviation

SF Swelling factor

UV Ultraviolet radiation
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Mathematical and Experimental Variables:

A Area, mm?

D; Extruder nozzle inlet diameter, m

D, Extruder nozzle outlet diameter, m

F Applied force, N

K Flow consistency index, Pa- - -

Lo Gauge length, m

Lt Outlet diameter, m

In Natural logarithm

n Flow behavior index

nq Ratio between 60 °C and 80 °C for pseudoplastic curves
1y Adimensional viscosity in pot-life test
P Pressure, Pa

Pext Ambient pressure

Q:  Volumetric flow of propellant, m3/s
R? Coefficient of determination

T Temperature, °C or K

to Time for PID transient to reach temperature
T Shear stress, Pa

0o Extruder nozzle angle, rad

¥ Shear rate, 1/s

n Viscosity, Pa-s

P Diameter, cm

ws Rotor speed, [1/5]
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