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Abstract: Traditional manufacturing of solid rocket motor grains is constrained 
by challenges associated with the mechanical removal of the casting core. This 
study investigates a hybrid method that combines conventional propellant casting 
with 3D-printed soluble cores to overcome these manufacturing limitations and 
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enable greater design freedom. Moulds were fabricated using FDM from materials 
including BVOH, HIPS, and ABS. After casting a propellant, these moulds were 
dissolved using compatible solvents such as water, limonene, or acetone. The 
ballistic properties of the resulting propellant grains, including burn rate and 
ignition delay, were evaluated in a laboratory-scale rocket motor test stand. The 
choice of solvent proved critical to propellant performance. While organic solvents 
resulted in reliable ignition, water immersion caused ignition failures, likely due 
to the leaching of the  water-soluble oxidiser. A comparison revealed that grains 
produced via the soluble core method exhibited a slightly higher burn rate than 
conventionally manufactured reference samples across a pressure range of 20 to 
70 bar. The 3D-printed soluble core method is a promising technique for fabricating 
complex SRM grains. However, its success is critically dependent on the careful 
selection of a compatible material-solvent propellant system to prevent chemical 
interactions that degrade ballistic performance, particularly ignition reliability.

Keywords: solid rocket engine, thrust control, soluble core, additive 
manufacturing

1	 Introduction

Shaping the thrust-time profile is one of the most critical tasks in the ballistic 
design of a solid rocket motor. For the chosen propellant composition, it is 
achieved by selecting the internal port geometry, which determines the evolution 
of the burning surface area Ab as a function of time. According to Vieille’s 
burning rate law [1], the burn rate (rb) is dependent on the chamber pressure (p) 
as described by the equation:

rb = a∙pn� (1)

where a and n are empirical constants specific to the propellant. In turn, the mass 
flow rate of the gases generated in combustion process (ṁ) is proportional to the 
burning surface area:

ṁ =Ab rb ρb� (2)

where ρb is the propellant density. Under steady-state conditions, this mass flow 
is equal to the flow through the nozzle’s throat. In a simplified and idealised 
situation, the thrust can be described as:

F = ṁ ve� (3)
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where ve is exit velocity. This establishes a direct relationship between the burning 
surface area, chamber pressure, and the resulting thrust. 

The selection of an appropriate port geometry represents a fundamental 
trade-off. Geometries that provide a desired thrust profile simultaneously 
introduce critical structural and manufacturing challenges. For example, if 
a neutral thrust is required, a popular star grain could be selected. However, 
this decision immediately creates a challenge from a structural perspective – it 
must be analysed whether the grain will fracture at the sharp corners of the 
star’s points, where stress concentrations occur. Simultaneously, the problem of 
fabricating and safely removing the complex casting core (or mandrel) required 
to form such a port may occur.

This illustrates that grain design is a complex multi-criteria optimisation 
problem in which ballistics, mechanical integrity, and manufacturing technology 
are inextricably linked. The most commonly used port geometries and their effects 
on the motor’s performance characteristics are presented in Table 1.

Table 1.	 The most commonly used port geometries for rocket engine motors 
grain [2, 3]

Name Cross-
section

Thrust 
profile Key advantages Key disadvantages/

Challenges

Cylindrical Circular 
central port Progressive

Simplicity of 
manufacturing, 
high volumetric 
loading fraction

Often unfavourable, 
increasing thrust 

profile

Star Star-
shaped port

Nearly 
neutral

Large initial 
burning surface 
area, constant 

thrust

Stress concentration 
at corners, complex 

core/mandrel

Finocyl
Cylinder 

with radial 
slots

Regressive/
Dual-thrust

Very high 
initial thrust

Complex geometry, 
manufacturing 

difficulties

BATES Cylindrical 
segments Neutral

Precise thrust 
profile control, 
simplicity of 

segments

Lower volumetric 
loading fraction, 

complex assembly

Traditional manufacturing technologies for propellant grains are based 
on three primary processes: casting, extrusion, and machining. The selection 
of a specific method or its combination depends on the propellant type, the 
required geometry, the scale of production, and safety considerations. With 
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the ongoing advancements in 3D printing, these techniques have also garnered 
attention within the field of solid propellant grain manufacturing. For high-energy 
materials, such as solid rocket propellants, several key 3D printing technologies 
have been adapted:
–	 Direct Ink Writing (DIW) / Paste Extrusion: It involves the precise extrusion 

of a propellant paste (referred to as an “ink”) through a nozzle, which is 
deposited layer by layer to form a three-dimensional object. Piston or screw-
driven systems are used for the extrusion [4, 5]. 

–	 Selective Laser Sintering (SLS): This technique involves the layer-by-layer 
deposition of a propellant powder and its selective sintering by a laser beam 
at locations corresponding to the object’s cross-section. It requires  exact 
control of the laser energy to initiate the particle sintering process without 
causing uncontrolled ignition of the material [6].

–	 Fused Deposition Modelling (FDM): This method utilises a thermoplastic 
filament that is melted in the print head and extruded to form an object. 
In propellant applications, this filament is a composite containing 
energetic particles within a polymer matrix. The feasibility of printing 
ABS-based propellants and more advanced compositions, such as the 
high-energy nitramine RDX in a polycaprolactone (PCL) matrix, has been 
investigated [7, 8].

–	 Vat Photopolymerization (SLA/DLP/UV-assisted): In these techniques, 
a liquid, photosensitive resin containing dispersed oxidiser and fuel particles 
is selectively cured by light (most commonly UV). These methods offer 
the highest resolution and surface quality. A significant advantage is their 
potential to replace traditional, toxic curing agents (isocyanates) with safer 
photoinitiators, a topic that is the subject of numerous recent patents and 
studies [8, 9].
This article focuses on a hybrid approach that combines the classical casting 

method for propellants with 3D printing techniques used to fabricate the casting 
moulds and the cores that shape the internal port geometry. This method has the 
potential to preserve the existing propellant manufacturing infrastructure without 
modification while simultaneously addressing the issue of costly and complex 
core production. A key premise of this method is the removal of the core via 
dissolution in a suitable solvent, rather than by mechanical means. Theoretically, 
this enables the creation of virtually any complex port geometry, including 
shapes that vary along the motor’s axis, without the need for intricate, multi-
part cores typically required for mechanical extraction. An additional goal is to 
use the most environmentally friendly solvent possible. However, the practical 
application of this method is contingent upon finding a combination of mould 
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material, propellant, and solvent that ensures the straightforward removal of 
these sacrificial cores does not alter the propellant’s combustion characteristics. 

2	 Materials and Methods

2.1	 Additive manufacturing
The first aspect was a comprehensive analysis of additive manufacturing methods, 
enabling the rapid and low-cost fabrication of cores with various shapes. The 
analysis covered different methods such as:
–	 Material Extrusion (ME), Fused Filament Fabrication (FFF), Fused 

Deposition Modelling (FDM),
–	 Binder Jetting (BJ),
–	 Material Jetting (MJ), Inkjet Printing,
–	 Powder Bed Fusion (PBF), Selective Laser Melting (SLM), Direct Metal 

Laser Sintering (DMLS),
–	 Vat Photopolymerization (VAT-P): Stereolithography (SLA), Continuous 

Liquid Interface Production (CLIP), Digital Light Processing (DLP),
–	 Sheet Lamination (SL),
–	 Direct Energy Deposition (DED), Laser Engineered Net Shaping (LENS), 

Directed Light Fabrication (DLF), Direct Metal Deposition (DMD), 3D 
Laser Cladding.
Its main objective was to examine the technology more closely in terms of 

its utility for the method, level of complexity, and accessibility. Simultaneously, 
an analysis was conducted on the materials available for use in the considered 
methods and the substances that could potentially serve as their solvents.

The second group of methods under consideration were solvent-free 
techniques. In these, the core would be removed using thermal methods. They 
were primarily based on the use of wax cores but were ultimately rejected due 
to the complex manufacturing process and thermal limitations imposed by the 
propellant materials themselves.

Based on the analysis, two additive techniques were selected as promising: 
FDM and SLA. The former utilises thermoplastic materials that are melted in 
the print head and cooled to solidify immediately after deposition. Objects are 
built up layer by layer. The SLA method utilises liquid resins that are cured with 
UV light. Both of these methods are relatively simple to master and inexpensive 
to implement. They are also relatively fast and highly flexible, both in terms of 
materials and the ability to make rapid changes to the core design.
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One outcome of the analysis was a list of applicable materials. In both 
methods (SLA and FDM), material-solvent pairs were successfully identified, 
although for the SLA method, this choice is essentially limited to a single, 
water-soluble resin. For the FDM method, potentially useful materials identified 
included PVA, BVOH, PVB, ABS, PCL, and HIPS, along with their respective 
solvents such as water, alcohols, limonene, acetone, MEK, and others. This data 
was compiled in Table 2. A literature review on potential solvents focused on 
their availability, safety, and application process are compiled in Table 3.

Table 2.	 Materials for the chosen additive manufacturing technologies, along 
with potential solvents

Material Printing 
technology

Commercial 
availability Potential solvent Ref.

Polyethylene oxide - 
Polyethylene glycol 
(PEO-PEG)

FDM

No

Water

[10-12]

Polyvinyl alcohol 
(PVA)

Yes

[13]

Butenediol vinyl 
alcohol copolymer 
(BVOH)

[14]

Polycaprolactone 
(PCL)

Chloroform
Tetrahydrofuran
Benzyl alcohol

[15, 16]

High impact 
polystyrene (HIPS) Limonene [17, 18]

Polyvinyl butyral 
(PVB)

Ethanol
n-Propanol
n-Butanol

[19, 20]

Cellulose acetate (CA) FDM–like 
method Limited Acetone [21]

Zortrax Z-Support ATP

FDM
Yes

Aqueous 
solution with an 

alkaline pH
[22, 23]

Zortrax Z-Support 
Premium Water [24]

Acrylonitrile 
Butadiene Styrene 
(ABS)

Acetone
MEK [25, 26]

Water soluble resin
3Dresyn IM-HDT-WS. SLA Water [27]
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2.2	Propellant grain
In parallel with the review of 3D printing materials and techniques, an analysis 
of potential propellant compositions was conducted, taking into account 
the feasibility of their in-house manufacturing at the Warsaw University of 
Technology. The primary focus was placed on composite solid propellants.

The fundamental components of composite solid rocket propellants are 
solid crystalline oxidiser particles and a binder, which also serves as the fuel. 
This binder acts as a matrix that encapsulates and uniformly disperses the solid 
oxidiser. The choice of binder has a significant influence on the propellant’s 
physical properties, including its rheology and mechanical strength. The type 
of polymer matrix – which can be based on hydroxyl-terminated polybutadiene 
(HTPB), carboxyl-terminated polybutadiene (CTPB), polybutadiene acrylonitrile 
(PBAN), or energetic polymers like glycidyl azide polymer (GAP) – is selected 
based on processing ease, cost, application, and the required burn rate. The 
chemical curing of a liquid synthetic polymer typically forms this matrix. 
The most common system in rocket propellants is HTPB, which is cured with 
isocyanates (such as TDI or HDI) to form a polyurethane network.

The oxidiser, such as ammonium perchlorate (AP), ammonium nitrate (AN), 
potassium nitrate (KN), or ammonium dinitramide (ADN), functions as the filler. 
In addition to the oxidiser, binder, and metal powders, composite propellants 
contain other components, including plasticisers, curing catalysts, ballistic 
modifiers, antioxidants, and bonding agents. The types and amounts of these 
additives can be modified to achieve the desired propellant properties. During 
manufacturing, the oxidiser is introduced at an elevated temperature (50-80 °C) 
into the liquid binder, plasticiser, and curing agent, which then solidifies to 
form the composite grain. The solid particles can constitute up to 89% of the 
propellant’s total mass. The typical components of composite solid propellants, 
along with their respective mass percentage ranges, are summarised in Table 4.
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Table 4.	 Typical components of composite solid rocket propellants
Function Ingredient Amount [%]

Oxidizer AP, AN, ADN, KN 0-70.0

Binder (fuel) HTPB, CTPB, HTPE, HTPS, 
PBAN, PU 0-18.0

Energetic binder (fuel) GAP, AMMO, BAMO, BTTN, 
TEGDN, TMETN 0-14.0

Curing agent / Hardener IDPI, HDI, MAPO, TDI 0.2-3.5

Burn rate catalyst Fe2O3, FeO, ferrocene and its 
derivatives 0.2-3.0

High-energy additive RDX, HMX, ADN, NQ 0-40.0

Bonding agent / 
Coupling agent MAPO, Hx-752 a fraction of 

a percent

Plasticizer DOP, IDP, DOA 0-7.0

Metal powder Al 0-30.0

Burn rate modifier Zr, ZrC, Al a fraction of 
a percent

In the proposed method, the propellant comes into direct contact with the 
solvent used for extracting the core or the entire mould. It was therefore necessary 
to investigate the solubility of standard propellant components in the potential 
solvents to assess any adverse effects. Using literature data [28, 29, 30-41] and the 
Safety Data Sheets (SDS) of each ingredient, a solubility matrix was established 
and delivered in Table 5.
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Table 5.	 Solubility matrix of common rocket propellant components in 
chosen solvents

Component 
/ Solvent W
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aO

H
 (a
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HTPB
No Yes Yes

N/D

N/D

Yes Yes Yes Yes No
GAP

AP Yes
No No No No No No

Yes

Al

No

NO

Hx-752 N/D N/D N/D N/D N/D N/D N/D

MAPO

Yes Yes

Yes

No No

NO

No

TDO

Yes No

Yes

SDO

ADO

TMETN N/D Yes Yes Yes

IPDI

No No No NoHDI

DDI

Ferrocene
Yes Yes Yes Yes

Catocene

Fe₂O₃
No No No No No No No

Cr₂O₃

BEFPO
Yes Yes

Yes
Yes Yes Yes Yes

Fc-HTPB N/D
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Table 6.	 Compositions of propellants tested at Warsaw University of 
Technology
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–

B-21 63 2
B-22 62 3
B-23 64

–

1
B-24 63 2
B-25 62 3
B-26 64

–

1
B-27 63 2
B-28 62 3
B-29 64

–

1
B-30 63 2
B-31 62 3
B-32 64

–

1
B-33 63 2
B-34 62 3
B-35 64

–

1
B-36 63 2
B-37 62 3
B-38 11.4 0.6 80

– –B-39 10.8 1.2 80
B-40 10.2 1.8 80

The use of solvents to remove the mould from a cured rocket propellant 
carries the risk of damaging the propellant’s matrix. Each solvent has the potential 
to dissolve and leach specific components from the polymer matrix. This 
vulnerability primarily affects the oxidiser, burn rate catalysts, and processing 
aids. The main structural components – the polymer and the isocyanate curing 
agent – react to form a polyurethane binder that is resistant to the selected solvents.

Experimental studies on mould removal should begin with materials soluble 
in water. A review of the properties of raw materials used in solid composite 
rocket propellants indicates that water is incapable of dissolving and leaching 
out the burn rate catalysts. Furthermore, the polyurethane formed from the 
reaction of GAP or HTPB with an isocyanate should protect the oxidiser. The cast 
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propellant grain has a thin polyurethane film on its external surfaces. Assuming 
the hydrophobic properties of HTPB- or GAP-based polyurethanes prevent water 
from penetrating the propellant’s matrix, the leaching of components should not 
occur. However, if this polyurethane layer is breached, water would likely only 
leach the oxidiser from the exposed surface of the propellant sample.

In contrast, the action of organic solvents can be more invasive and may 
damage the propellant’s internal structure. However, only experimental testing 
will verify the feasibility of their use. Organic solvents can leach components 
that are used in amounts not exceeding 5% of the total propellant mass. Leaching 
even a fraction of such a component from the sample’s surface could have 
a significant impact on the rocket propellant’s properties.

3	 Experiments

3.1	 Sample preparation
The initial stage of the experimental work involved selecting a baseline geometry 
for the propellant grain, which subsequently determined the configuration of the 
core. A primary design constraint was the necessity for the grain to be compatible 
with the existing test stand at the Institute of Heat Engineering, where the ballistic 
evaluations were to be performed. Furthermore, safety considerations imposed 
limitations on the maximum permissible sample size.

Accordingly, a cylindrical grain geometry was established as the baseline 
configuration, featuring an outer diameter of 16 mm and a central cylindrical port 
with a diameter of 8 mm. The propellant samples were cast to an approximate 
length of 35 mm and subsequently machined to a final length of 15 mm for the 
investigation. The figure below illustrates exemplary moulds fabricated from 
three distinct materials.
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Figure 1.	 Individual moulds were made from three different materials: a water-
soluble resin, ABS, and HIPS

The moulds were evaluated based on their dissolution time. The results 
indicated that approximately 4 h of immersion in a suitable solvent was sufficient 
for the complete dissolution of the mould.

   
(a)                          (b)                          (c)                          (d)

Figure 2.	 The dissolution process of a HIPS mould in Limonene:  images 
depict, respectively, the initial state (a) and the state after exposure 
to the solvent for 1.5, 2.5 and 4.5 h, (b)-(d), respectively

Propellant samples manufactured via the conventional method were also 
subjected to four-hour immersion tests to observe any potential degradation. 
Upon removal from the solvents, a distinct visual effect was observed, which 
was a change in the samples’ dimensions. While the samples retained their 
structural integrity and shape, they exhibited swelling, which was attributed to 
the absorption of the solvent. A visual comparison of the samples is presented 
in Figure 3.
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Figure 3.	 Comparison of an untreated sample (left) with a solvent-immersed 

sample (right)

Since dimensional change in the propellant grain is an undesirable effect, 
the samples were subjected to a vacuum treatment for approximately 24 h. This 
procedure enabled the samples to revert to their initial dimensions. It was noted, 
however, that this treatment must be performed immediately upon removal of 
the samples from the solvent. Samples that underwent the vacuum process after 
a time delay retained their deformed state.

A simple investigation was conducted to determine whether the samples 
retained their flammability (under ambient atmospheric conditions) after solvent 
immersion. For this purpose, discs with a thickness of 5 mm were prepared 
and subsequently immersed for 4 h in a selection of baseline solvents: water, 
MEK, and Limonene, chosen due to their availability and “green” potential. 
Subsequently, each disc was combusted in a designated setup, consisting of 
a fume hood equipped with an exhaust system and a steel combustion dish. Video 
recordings were made to facilitate qualitative observation of the combustion 
event, including the volume of smoke produced, as well as the approximate 
duration and dynamics of the burning process. Ignition of the samples was 
performed using a gas igniter. A sequence from a single trial is presented 
in Figure 4.
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(a)                                           (b)

   
(c)                                           (d)

Figure 4.	 An exemplary sequence of an experiment investigating the 
flammability retention of a propellant sample following solvent 
immersion: sample ready for combustion (a), ignition (b), main 
combustion (c) and afterburning (d)

All the tested samples made of the chosen materials (propellants: B3, B-15, 
B-14, as listed in the table) retained their ability to combust. It was observed, 
however, that virtually all of them exhibited a lower burn rate compared to the 
untreated samples. Additionally, they emitted an increased volume of smoke 
during combustion.
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Following these preliminary experiments, the investigation proceeded to 
tests conducted in a laboratory-scale rocket motor. For this purpose, propellant 
samples were prepared by casting them into moulds printed from the previously 
mentioned materials. These cast samples were then placed in vessels containing 
the respective solvents, and the liquid was agitated using a magnetic stirrer. 
An example of this mould extraction process is illustrated in Figure 5. Another 
examples of some propellant - mould material  – solvent are presented in Figure 6.

   
                                       (a)                                                      (b)

(c)
Figure 5.	 Exemplary mould extraction process (mould material: HIPS): the 

propellant sample cast in the mould (a), samples prepared for the 
dissolution process (b) and the propellant grain immediately after 
mould dissolution (c)
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(a)                                                   (b)

         
(c)                                                   (d)

Figure 6.	 Results of mould dissolution of samples: a) B23 – BVOH/H2O (a), 
B24 – ABS/acetone (b), B20–HIPS – Limonen (c) and B20–Soluble 
resin – H2O (d)

3.2	 Laboratory stand
The laboratory test stand, designed for the combustion testing of samples under 
simulated rocket motor conditions, is depicted in Figure 7.
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Figure 7.	 Test stand for propellant burn rate determination: 1  –  nozzle 
assembly retainer, 2 – diaphragm retainer, 3 – nozzle diaphragm, 
4 – nozzle insert, 5 – pressure transducer port, 6 – safety valve port, 
7 – combustion chamber, 8 – propellant grain holder, 9 – igniter 
assembly, 10 – combustion chamber mount and 11 – test stand base

The primary component of the test stand is the combustion chamber, which is 
secured in a mount and firmly affixed to the laboratory bench by the stand’s base. 
The chamber is equipped with a detachable transducer that records the pressure 
profile during operation. This transducer is threaded into a dedicated port and is 
shielded from the corrosive chemical effects of combustion gases by a replaceable 
layer of silicone grease. This design allows for the measurement of gas pressure 
without direct contact between the gases and the transducer’s diaphragm.

The chamber also features a port for a safety valve that operates on the 
principle of a burst diaphragm. Upon reaching pressures considered hazardous 
for the apparatus, the diaphragm instantly ruptures, releasing the gases into the 
surroundings and thereby protecting the test stand from damage. The material 
and thickness of the diaphragm were determined experimentally, tailored to the 
specific tasks being performed.

The chamber is sealed on one end by a nozzle assembly, which consists 
of a nozzle insert, a diaphragm, a diaphragm retainer, and a nozzle assembly 
retainer. The nozzle diaphragm is a standard component in solid propellant 
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motors, facilitating a slight pressure increase within the combustion chamber upon 
ignition, which promotes better ignition conditions. Its material and thickness 
can be adjusted depending on the desired operating pressure initiation. Although 
not always necessary, a single-layer paper tape diaphragm was used in these 
experiments to maintain a consistent testing standard.

The nozzle insert is the component that defines the critical cross-section 
(throat), which in turn determines the pressure at which the propellant will 
combust. The interchangeable design of the nozzle insert allows for changes 
to the throat area, enabling tests under various pressure conditions. This is also 
important for minimising the production costs of the entire nozzle. The throat area 
is highly susceptible to erosion, necessitating frequent replacement to maintain 
consistent geometric conditions. Replacing the entire nozzle would be costly; 
since the nozzle insert is a geometrically simpler component, its use significantly 
reduces experimental costs. The throat orifices can be manufactured in any size 
permitted by the available machinery.

The propellant grain – a cylinder 16 mm in diameter and 15 mm in length 
with a single 8 mm central port – was placed in the propellant grain holder and 
then inserted together into the combustion chamber. The chamber is closed by 
the igniter assembly, which consists of an electric initiator (Nitroerg SA, Poland) 
with a safe current of 200 mA and a 0.5-gram booster charge of loose black 
powder, all housed in a threaded enclosure. Ignition is initiated by supplying 
power from the control system to the igniter, which in turn ignites the black 
powder. The resulting hot gases and solid particles make direct contact with the 
propellant grain, inducing its ignition.

The entire process is controlled automatically by a computer, which is also 
responsible for data acquisition and processing. To ensure the safe execution 
of experiments, the system is equipped with a three-stage safety mechanism 
that allows the researcher to leave the potential hazard zone. This safety system 
includes a timer that delays the signal sent to the igniter after the sequence is 
initiated, as well as two physical switches that prevent signal transmission when 
open. This setup enables the experimenter to prepare and initiate the sequence 
safely, then retreat to a separate room for the duration of the combustion process.

Data registration includes recording the pressure profile in the combustion 
chamber, the igniter activation signal, and, additionally, the voltage and current 
profiles of the ignition circuit. This data allows for the determination of the burn 
rate and ignition delay. To evaluate the propellant’s burn rate, the 50% maximum 
pressure method was adopted. This means that the burn time is calculated as 
the interval from the moment the pressure reaches half its maximum value on 
the rising curve to the moment it falls to the same value on the decaying curve.
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Figure 8.	 Principle of sample burn time determination in the test motor

4	 Results

Subsequently, combustion tests were performed in a test motor using three 
different propellants, which were available at the time – B20, B22, and B23 – in 
moulds manufactured from BVOH, HIPS, and ABS. A representative complete 
result for a single experiment is presented in Figure 9. Data acquisition was 
conducted for 10 s, but the graph displays data only within the region of interest. 
The red curve, labelled “pressure,” represents the pressure profile within the 
combustion chamber. A sudden pressure spike is observed, resulting from the 
activation of the ignition system. This is followed by a slightly slower pressure 
rise due to the combustion of the prominent propellant grain. “Trigger” indicates 
the moment the signal is issued to activate the igniter. “Current” (an extremely 
brief period) is the duration of the current flow through the ignition system until 
the igniter burns out. The ignition delay time is defined as the time interval 
between igniter activation and reaching 50% of the maximum pressure during 
the combustion of the main propellant. Depending on material availability, 2 to 
4 experiments were performed for each combination of propellant, mould and 
solvent. Representative comparison of pressure traces for one type of material 
is presented in Figure 10. 
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Figure 9.	 An exemplary result of an experiment
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(a)

(b)
Figure 10.	 Pressure traces for B20 material prepared with: the traditional method 

(a) and a mould made of HIPS dissolved in limonene (b)
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Once the data were acquired, they were processed using a semi-automated 
script written in the MATLAB environment. The script’s primary function was 
to identify characteristic points and calculate the corresponding discrete data 
points and specific average values. 

The plots present the propellant’s burn rate and the ignition delay time as 
the most characteristic features for solid propellant. Each plot contains data for 
a single propellant type, showing results for all the different solvents used for 
mould removal.

   
Figure 11.	 Burn rate and ignition delay time as a function of pressure for the 

B20 propellant, showing results for various mould materials

   
Figure 12.	 Burn rate and ignition delay time as a function of pressure for the 

B22 propellant, showing results for various mould materials
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Figure 13.	 Burn rate and ignition delay time as a function of pressure for the 

B23 propellant, showing results for various mould materials

Due to the large number of variable combinations but a small number of 
samples for each, it was not possible to determine the burn rate laws from the 
experimental results obtained. Establishing these laws would require a greater 
number of repetitions and a wider range of pressure conditions within the 
combustion chamber. Therefore, the decision was made to prepare a subsequent 
batch of propellant. A propellant with formulation B1 was selected, and samples 
were fabricated by casting into water-soluble BVOH moulds. Water was chosen 
despite previous observations about its influence on an ignition event due to safety 
reasons. Concurrently, samples of the same geometry were produced using the 
conventional method (a removable steel core). 

(a)
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(b)                                                        (c)

Figure 14.	 B1 propellant: cast in BVOH made moulds (a), during mould 
dissolving in water (b) and after mould removal (c)

The experiments were conducted on the same test stand and in the same 
manner as previously described, with the sole difference being the use of nozzle 
inserts with varying throat cross-sections to generate a range of combustion 
chamber pressures. Tests were performed using inserts with throat diameters of 
2.4, 2.6 and 2.8 mm, resulting in chamber pressures in the range of 20-70 bar. 
Four experimental runs were conducted for each nozzle insert size.

An identical procedure was applied to the propellant manufactured via the 
conventional method. The outcome of this investigation was the characterisation 
of the burn rate as a function of chamber pressure for the propellants produced 
by both manufacturing techniques. These two relationships were subsequently 
compared in Figure 15.
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Figure 15.	 Results of the experimental determination of the burn rate law for 
propellant B1, comparing samples prepared via the conventional 
and soluble core methods

According to the obtained results, samples produced by the soluble core 
method burn more quickly compared to those produced by the conventional 
method. This result is somewhat surprising, considering the information gathered 
in the previous stage of the research. Furthermore, the experimental results for 
the new method also align with a more clearly defined trend line. It should 
be noted, however, that the coefficient of determination (R²) for the curve fit 
remains low in both cases. This leads to the conclusion that the current results 
exhibit limited repeatability. To improve the precision of the determined burn 
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rate law, a greater number of experiments should be conducted across a wider 
pressure range. Two potential causes are proposed to explain the increased burn 
rate observed in the water-immersed samples.

The first hypothesis relates to the vacuum treatment applied during sample 
preparation. The manufacturing process for the soluble core method involved 
subjecting the propellant grains to a vacuum after core dissolution to restore 
their initial shape, even when deformation from liquid contact was minimal. 
This step could have introduced a degree of surface porosity, which would, in 
turn, influence the burn rate by unexpectedly increasing the combustion surface 
area. This post-curing vacuum treatment was not performed on the samples 
produced by the conventional method. While the conventional casting process 
itself occurs under vacuum, the fully cured grains were not subjected to this 
secondary vacuum exposure.

A second explanation could be the inherent difficulty in igniting the grains 
manufactured via the conventional method. During the curing process, a thin 
layer of pure polymer forms on the surfaces that are in contact with the mould, 
which hinders ignition. This is a particular issue for small samples, such as those 
used in this study, where the limited surface area and brief contact time with 
the igniter’s combustion products can be critically affected by the presence of 
this inhibitive layer. In this investigation, the conventionally produced reference 
samples exhibited significant ignition problems. To improve their ignitability, the 
surfaces were manually treated by abrading them with wire brushes to disrupt 
the polymer layer.

Both effects – potential porosity from the vacuum process and differences 
in surface preparation – may be particularly significant at the small geometric 
scale of the samples tested. Therefore, further investigations on a larger scale 
(calibre) are planned for future work to clarify these phenomena.

5	 Summary

♦	 This paper presents a method for manufacturing solid rocket motor (SRM) 
grains using 3D-printed soluble cores, a technique designed to overcome the 
limitations of traditional mechanical core removal, particularly for complex 
grain geometries. The study utilises accessible additive manufacturing 
technology, Fused Deposition Modelling (FDM), to fabricate cores from 
materials such as HIPS, ABS, and water-soluble BVOH. After the propellant 
is cast and cured, the core is dissolved in a compatible solvent, such as 
limonene, acetone, or water.
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♦	 The experimental phase focused on HTPB/AP-based propellants. An initial 
investigation into the solvent’s effect on the propellant revealed that while 
immersion could cause reversible swelling (rectified by vacuum treatment), it 
also tended to lower the burn rate and increase smoke production compared 
to untreated samples.

♦	 Ballistic tests in a laboratory-scale rocket motor revealed that while the vast 
majority of samples ignited successfully, the choice of solvent was critical. 
Water-immersed samples posed significant challenges; for propellant B-20, 
no successful ignition data was recorded, with two samples failing to ignite 
and two others experiencing delays (4-6 s) that exceeded the initial data 
acquisition window. Propellant B-22 also showed a high ignition failure 
rate with water (3 out of 5 attempts failed). In contrast, organic solvents like 
MEK, limonene, and acetone resulted in reliable ignition across all tested 
propellants. This suggests a potential incompatibility, likely the leaching of 
the water-soluble AP oxidiser, which compromises ignition performance.

♦	 Analysis of the burn rate data from these initial tests was complicated by 
considerable data scatter and a lack of repeatability, which was attributed 
to the large number of variables and the limited number of samples for 
each configuration. This prevented the determination of precise burn rate 
laws. However, a counterintuitive trend was observed for propellant B-23, 
where samples treated with limonene exhibited the highest burn rates at the 
lowest pressures, contrary to the expected relationship, revealing a potential 
influence of the solvent.

♦	 To overcome these limitations, a subsequent, more controlled experiment 
was conducted. A single propellant formulation (B1) was manufactured 
using both the new method (with water-soluble BVOH cores) and the 
conventional method (with a removable steel core). By testing these samples 
with nozzle inserts of varying throat diameters (2.4, 2.6 and 2.8 mm), a range 
of operating pressures (20-70 bar) was achieved, allowing for the successful 
characterisation of the burn rate law for both manufacturing techniques. 
The results from this final phase indicate a slightly lower burn rate for the 
conventionally manufactured propellant compared to the propellant produced 
using the soluble core method across the tested pressure range.

♦	 In conclusion, the 3D-printed soluble core method is a viable and promising 
technique that offers significant design freedom for complex solid rocket 
engine grains; however, it requires further detailed research and some 
improvements. Its implementation requires careful selection of a material-
solvent-propellant system to avoid adverse chemical interactions that can 
negatively impact ballistic performance, particularly ignition reliability. 
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As an extension of this work, the authors plan to conduct further experiments 
using limonene and water as the solvents. These future investigations will be 
performed at an elevated temperature. They will incorporate a flow-through 
mould dissolution system to reduce the potential contact time between the 
propellant grain and the solvent.
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