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Additive manufacturing enables the fabrication of complex open-cell geometries that can be used as mechanical
reinforcements in paraffin-based fuels for hybrid propulsion. In this study, heterogeneous fuel grains are char-
acterized in terms of their mechanical response and burning behavior. Tested formulations feature a 3D-printed
reinforcement in polylactic acid, and are named armored grains. Four strengthening reinforcements are produced
by fused deposition modeling: two triply periodic minimal surface structures (gyroid and Schwarz-P), and two
honeycomb-based reinforcements (straight and twisted). Gyroids are contrasted considering different infills (i.e.,
volume fraction of the 3D-printed part), while different structures are contrasted for a single infill. The results
show that all reinforcements markedly increase the yield stress and strain energy of the pristine paraffin, while
enhancing the regression rate (7). This result is noteworthy, since reinforcements typically suppress the fast 7 of
waxes. The uneven surface of the burning grain yields increased heat transfer from the flame to the surface, thus
providing faster /.. Regression rate enhancement for gyroids and twisted honeycombs is in the range 25%-27%
for oxidizer mass flux ~ 40 kg/(m? - s). Finite-elements analyses on the reinforcing structures capture the observed
collapse modes. The performed screening provides structure-property-performance details for the design of 3D-
printed reinforcements in paraffin-based fuels for hybrid propulsion. Gyroids emerge as suitable structures for
grain reinforcement given their stress distribution and small-scale #; performance.

1. Introduction

Low-cost access to space drives the search for propulsive technolo-
gies that are affordable, safe, environmentally friendly, and flexible. Hy-
brid rocket engines (HREs) can meet these requirements, offering at-
tractive possibilities for both small launch systems and in-space propul-
sion [1-3]. However, the appealing features of HREs are hindered by
the slow solid regression rate (#;) of conventional polymeric formula-
tions (e.g., hydroxyl-terminated polybutadiene, HTPB). Reduced 7 im-
plies large regressing surface areas to provide high thrust levels, and
this limits the use of simple grain geometries and standard oxidizer in-
jection implementations. Liquefying fuels featuring entrainment mass
transfer offer a disruptive route toward faster 7; [4-6], and are the sub-
ject of efforts from different start-ups such as HyImpulse (Germany) [7],
Gilmour Space Technologies (Australia) [8], TiSpace (Taiwan) [9], and
Innospace (South Korea) [10]. Entrainment of melted fuel droplets is a
mass transfer mechanism due to the low viscosity and low surface ten-
sion of special liquefying fuels such as paraffin waxes. When entrain-
ment is triggered, i and fuel mass burning rate are enhanced. On the
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other hand, a major drawback of paraffin waxes is their weak mechan-
ical behavior (brittle and frail under load [11]). A common reinforcing
strategy consists in blending the wax with polymeric additives, which
improves the mechanical properties but alters the melt-phase behav-
ior and reduces the 7 [12,13]. Current research efforts are therefore
devoted to paraffin-based fuels that combine suitable mechanical char-
acteristics with fast 7.

The Space Propulsion Laboratory (SPLab) of Politecnico di Milano is
developing innovative hybrid rocket fuels combining stronger mechan-
ical properties with fast /. A novel reinforcement approach, termed
armored grain, has been recently proposed [11,14]. In this concept,
a triply periodic minimal surface (TPMS) open-cell structure is em-
bedded within the paraffin grain to enhance its mechanical response
while preserving intense entrainment mass transfer of the liquefying
fuel, thereby exploiting both the attractive features of paraffin waxes
and the design flexibility of additive manufacturing (AM). The present
study provides a detailed investigation of armored grains based on a
single macro-crystalline paraffin wax reinforced by different 3D-printed
structures. Polylactic acid (PLA) is selected as the reinforcement ma-
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Nomenclature

Acronyms and abbreviations

ABS Acrylonitrile butadiene styrene

CP Graphite powder

FDM Fused deposition modeling

FEA Finite element analysis

HRE Hybrid rocket engine

HTPB Hydroxyl-terminated polybutadiene

MB Mass-based (regression rate data reduction technique)
NY Nylon 6

PLA Polylactic acid

SEBS-MA Styrene-ethylene-butylene-styrene copolymer grafted
with maleic anhydride

SPLab Space propulsion laboratory

TMD Theoretical maximum density

TPI Turns per inch

TPMS Triply periodic minimal surface

Latin and Greek symbols

Gox Time- and space-averaged oxidizer mass flux, kg/(m? - s)
De Time-averaged combustion chamber pressure, MPa
Aty Burning time, s

Hg Fuel mass flow rate, g/s

oy Oxidizer mass flow rate, g/s

it Solid fuel regression rate, mm/s

P Density, g/cm?

s Solid fuel density, g/cm?

D Diameter, mm

d Printed layer thickness, mm

E Young modulus, MPa

Gy Oxidizer mass flux, kg/(m? - s)

L Characteristic unit cell size of the cellular structure, mm
m Mass, g

Pe Combustion chamber pressure, MPa

t Time, s

Tend Final time, s

tin Initial time, s

Other symbols

€ Strain, %

€ Strain at yield, %

Py, Percent relative density of a cellular structure, %

o Stress, MPa

oy Stress at yield, MPa

terial, and fused deposition modeling (FDM) is adopted as the print-
ing process. Four reinforcement architectures are considered: gyroid
(GY), Schwarz-P (SP), straight honeycomb (SH), and twisted honeycomb
with 1/4 turns per inch (TH). The GY and the SP are TPMS. Gyroids
with infills (i.e., volume fractions) of 7%, 10%, and 15% are consid-
ered. The work proceeds in two main steps: (i) mechanical character-
ization of the reinforcing structures, and (ii) mechanical and ballistic
analyses of the corresponding armored grains. The mechanical proper-
ties of the reinforcements are investigated through compression tests
and finite element analysis (FEA). The mechanical response and bal-
listic performance of the armored grains are assessed by compression
tests, FEA on simplified geometries, and combustion runs in a lab-scale
hybrid rocket engine. The purpose of this study is to clarify the links
between reinforcement architecture, mechanical properties, and regres-
sion behavior, and to assess the feasibility of 3D-printing as a method-
ology to produce a new class of green, high-performance paraffin-based
fuels.
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2. Background on paraffin-based fuels and their reinforcing
strategies

In the late 1990s, St. Clair et al. [15] reported the fast 7 of cryo-
genic fuels for hybrid propulsion. Subsequent analyses led to the iden-
tification of the conditions under which a fuel that forms a melt layer
at the regressing surface can exhibit increased i; [4,5]. This enhanced
performance is achieved by the combination of the (conventional) fuel
vaporization with a mechanical effect called entrainment. Entrainment
mass transfer is due to the unstable behavior of the liquid layer formed
at the grain surface. Such unstable behavior is achieved under the shear
action of the gas stream, when melt viscosity and surface tension are
sufficiently low [4,5]. Paraffin waxes are the most common liquefy-
ing fuels exhibiting fast /; thanks to the entrainment mass transfer. De-
spite their attractive ballistic performance, paraffin waxes show a brittle
and frail mechanical behavior, with a relatively high Young’s modu-
lus (E, in the range 500 MPa to 800 MPa [16,17]) and small strains
(e) at failure (typically below a few percent, say 0.5% to 1.3% [18]).
Macro- and micro-crystalline waxes mainly differ in terms of chemical
composition and thermo-physical properties [16,17]. Macro-crystalline
waxes, rich in normal alkanes, feature relatively low melting points
(320-345 K) and lower melt viscosities than their micro-crystalline
counterparts [19]. This combination of fast /; and weak mechanical
behavior motivates the search for suitable reinforcement strategies. A
first, widely explored route is blending paraffin waxes with strength-
ening polymers. A review and critical analysis of thermosetting poly-
mers as reinforcing agents is provided by Thomas et al. [20]. Focus-
ing on the more commonly implemented blending with thermoplas-
tic strengthening polymers, several examples are discussed in the lit-
erature: high-density polyethylene (HDPE) [21], ethylene-vinyl acetate
(EVA) and styrene-ethylene-butadiene-styrene grafted with maleic an-
hydride (SEBS-MA) [11,13,22], as well as tackifiers [23]. Overall, poly-
mer blending (i) has limited impacts on the reinforcement of the wax-
based fuel mechanical properties [11,18], (ii) does not significantly alter
the fuel melting temperature [12,13,23], and (iii) implies an increase
in the melt-phase viscosity that, in turn, yields a reduction of the en-
trainment mass transfer [12,13,19,24]. A trade-off between mechanical
and ballistic properties is therefore inherent to formulation-based re-
inforcement strategies. Additive manufacturing has been introduced as
a technique for solid fuel grain production by the pioneering works of
Whitmore and co-workers [25-27]. A detailed review of AM applica-
tions in hybrid propulsion systems is given in Refs. [28,29]. The studies
by Whitmore et al. [25,26] demonstrated the feasibility of FDM-printed
polymeric fuels and the use of complex port geometries to enhance
i¢. Focusing on paraffin-based formulations, McCulley [30] fabricated
porous ABS structures later filled with wax, while Lyne et al. [31] and
Armold [32,33] investigated heterogeneous paraffin/acrylic configura-
tions featuring honeycomb-like cells and non-conventional port designs.
Although some of these heterogeneous grains achieved 7; and combus-
tion efficiencies comparable to cast paraffin, issues including incom-
plete wax combustion and fuel expulsion were reported. More recently,
Cai et al. [34] presented the use of FDM-printed structures to obtain
throttleable performance from solid fuels, further highlighting the po-
tential of AM for tailoring internal ballistics. The concept of embed-
ding 3D-printed structures into paraffin grains has been further devel-
oped by the FDM-based armored grain concept introduced by Bisin et al.
[11,14,35,36]. In this approach, paraffin wax is reinforced by cellu-
lar structures (gyroids) at different volume fractions and with differ-
ent printing materials. This makes the fuel grain heterogeneous, with
regions occupied by the 3D-printed skeleton and regions of neat paraf-
fin matrix. The gyroid, a TPMS identified by Schoen [37], is particu-
larly attractive as a reinforcing structure because it offers an efficient
compromise between mechanical reinforcement and open volume, po-
tentially preserving the ballistic performance of the wax. Other research
groups have proposed related reinforcement concepts. Hill et al. [38] in-
vestigated paraffin slabs embedding PLA gyroids in both slab and hy-
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brid motor configurations, observing complex effects on regression effi-
ciency and #;. Nylon-12 scaffolds produced by selective laser sintering
(SLS) were used by Zdybal et al. [39] to support polyethylene-wax/EVA
emulsions, aiming at reducing the polymer content required for struc-
tural performance. Bresler and Natan [40] examined ABS skeletons en-
closing paraffin, reporting regression rate enhancements attributed to
recirculation zones generated by the slowly burning skeleton. Recently,
efforts on the use of metallized thermoplastics for the printing of cellu-
lar structures are discussed by Rontini et al. [41], with the inclusion of
micron-sized Al in ultraviolet radiation curing-printed structures.

3. Methodology

The objective of the work is to quantify how the architecture of the
3D-printed reinforcement affects the mechanical integrity and the 7
of the armored grain. Thus, the investigation combines (i) pre-burning
analyses (thermal and mechanical properties investigation), (ii) struc-
tural simulations (FEA), and (iii) lab-scale firing experiments.

The workflow starts with the armored grain production. Being the
grain-manufacturing process based on die-casting, compatibility of the
melt fuel matrix with the scaffold structure must be verified first. A
detailed wettability analysis is performed in Ref. [11], where macro-
crystalline wax is identified as compatible with PLA. Yet, thermal be-
havior characterization is required for the paraffin and the polymer of
the reinforcing structure to assess material compatibility during casting.
This check is performed by thermal analysis (simultaneous differential
thermal analysis (DTA)-thermogravimetry (TG)). The DTA-TG traces of
wax and 3D-printing polymer are used to define a casting temperature
window to avoid scaffold structure softening/deformation. Thanks to
thermal analysis, degradation onset and end and peak temperatures of
the materials can be determined. Following this step, mechanical char-
acterization of reinforcing structures and armored grains is performed.
Quasi-static compression is considered as the representative test for the
analysis, since the primary loads in an engine operating phase are due
to pressure and to standardize heterogeneous fuel treatment. While the
considered load cannot be fully representative of the actual load condi-
tions of grains during operations, the targeted relative grading of struc-
tures is made along their longitudinal axis. The behavior of cellular
structures is studied first, then armored grains are considered. The ex-
perimental investigation of the mechanical response of different struc-
tures aims at identifying Young’s modulus (E), and the stress and strain
atyield (o, and €, respectively) and is combined with FEA simulations
to compare the stress/strain distribution in the structures. Finite element
analyses assess armored grain behavior, using a simplified cubic unit to
isolate architecture-driven load transfer effects. Finally, relative ballistic
grading of the fuels is achieved, by a lab-scale HRE. In this phase, the i
is considered as the main observable parameter of interest.

4, Materials and methods

4.1. Materials and tested fuels

4.1.1. Paraffin matrix and 3D printer polymer

A macro-crystalline paraffin wax (J1) is tested. The fuel matrix is
composed of pure J1, loaded with 1 wt% of graphite powder (CP).
The opacifier prevents in-depth radiation penetration during combus-
tion. The J1 has a density of 0.91 g/cm?. PLA is selected as the printing
material for the reinforcing structures. This choice is due to the good
compatibility (i.e., wettability [11]) and overall thermal properties for
this polymer [11]. In addition to this, PLA is easily printed by FDM [42].
The PLA is a thermoplastic aliphatic polyester derived from renewable
biomass. Thus, it can be considered as a green material. The PLA filament
used in the present study has a nominal density of 1.26 g/cm?.

4.1.2. 3D-printed reinforcing structures
The GY and the SP are TPMS structures. Honeycomb-based reinforce-
ments are identified as straight and twisted honeycombs (SH and TH,
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respectively). The TPMS structures are built via the periodic repetition
in space of the corresponding unit cell. Defining L as the side length
of the cubic unit cell in which the individual cells are inscribed, the
unit cells of GY and SP are described, respectively, byEgs. (1) and Eq.
(2) [431:

sin(%)cos(%):O (1)
cos(%)+cos<2%])+cos(%)=0 2)

In the Eq. (1) and in the Eq. (2), L is the unit cell size of the cube
the single GY and SP cells can be inscribed in (see Fig. 1(a) and (b)).
In actual GY and SP solids, a printed layer thickness (d) is associated to
the surface to create the cellular solid. In the analysis, d is equal to the
diameter of the printer nozzle. For a given L, the surface-to-volume ratio
of the structures is higher for the GY than for the SP. For the honeycomb
structures, L denotes the side length of the hexagonal core cell shown
in Fig. 1(c). The TH cells feature a sweep of 1/4 turns per inch (TPI)
along the cylinder axis. This choice is taken to provide an artificial swirl
component to the flow in the port to enhance propellant mixing and heat
transfer to the surface. A detailed analysis of the swirl level is out of the
scope of the work, that aims at contrasting different TPMS architectures
with more conventional structures. Detailed analyses on the effects of
induced swirl in 3D-printed grains without and with paraffin matrix are
reported in Refs. [32,33,44].

For all the considered geometries (GY, SP, SH, TH), the L parameter
is the responsible for the volume fraction of the reinforcing structures.
In the present work, volume fraction, infill, and relative density (54)
are used interchangeably to indicate the same property. The jy, is de-
fined as the ratio between the density of the structures (the reinforcing
structure mass divided by the enveloped volume) and the density of
the solid material (i.e., PLA). The investigated structures are listed in
Table 1 and shown in Figs. 2 and 3. Three gyroids featuring different
relative densities are considered to inspect the effect of the 5, on the
mechanical properties of the structure itself. The influence of the topol-
ogy was studied contrasting the reinforcements with the same j, ~ 15%
(see Table 1).

The reinforcements were printed employing a commercial FDM 3D
printer (Prusa i3 MK3). A 0.4 mm extruder nozzle was used, and the
printer layer height was set to 0.2 mm. The structures were cylindrically
shaped, as shown in Figs. 2 and 3, to be consistent with previous studies
[11]. The design process of the GY specimens exploited the infill pattern
of the native (open-source) slicer of the printer. Details on the produc-
tion of the gyroids are reported in Bisin et al. [11]. The SP samples were
produced starting from the Eq. (2) and setting the L value to 6.5 mm.
The related surface is generated in MATLAB and then thickened accord-
ing to the extrusion width of the 3D printer (0.4 mm extruder nozzle).
A similar approach was employed for the SH and TH: the length side
of the hexagonal cell was selected (L = 3.2 mm), and the final structure
generated by a CAD software (Autodesk Inventor).

4.1.3. Armored grains

The armored grains are manufactured via melt casting: the 3D-
printed reinforcing structure is inserted in a mold. The melted paraf-
fin is then poured into the mold. Casting is performed in a temperature
window that provides a sufficiently low melt viscosity, while limiting
thermal softening of the 3D-printed PLA structure (i.e., glass transition
temperature). Armored grains show structural integrity after casting,
preserving their nominal sizes, with 30 mm diameter and 50 mm length.
In addition to this, density of the samples is close to the theoretical
maximum density, with deviations below 5%. The investigated armored
grains are summarized in Table 2. The effect of the GY infill on the me-
chanical properties was assessed testing different relative densities. The
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Fig. 1. Unit cells of the considered reinforcing struc-
tures: (a) gyroid, (b) Schwarz-P and (c) honeycomb.

(a) (b) (©)

Table 1

Investigated structures. Printing parameters: (i) nozzle diameter of 0.4 mm, (ii) print layer height of 0.2
mm, (iii) characteristic unit-cell size L, ranging from 7 to 15 mm for the gyroids and equal to 6.5 mm and
3.2 mm for the Schwarz-P and honeycomb structures, respectively. Nominal and actual 5, are reported per

each structure.

Specimen Structure Parameter, Nominal relative Actual relative Notes
L (mm) density, g, (%) density, g, (%)
GY_i07 Gyroid (GY) 15.0 7 7.8+0.1
GY_il0 Gyroid (GY) 10.5 10 10.2 + 0.1 Infill effects
GY_i15 Gyroid (GY) 7.0 15 14.6 + 0.1
SP_i15 Schwarz-P (SP) 6.5 15 14.8 +0.1
SH_i15 Straight honeycomb (SH) 3.2 15 155+ 0.1 Topology effects
TH_i15 Twisted honeycomb (TH) 3.2 15 154 +0.1

() (b) ©

influence of the geometry on the armored grain mechanical behavior
was investigated contrasting GY, SP, SH, TH with 15% infill.

4.2. Methods
4.2.1. Pre-burning analyses

Pre-burning analyses of the tested ingredients are performed by si-
multaneous thermal analysis, viscosity determination under reference

Fig. 2. Investigated GY-based reinforcements with (a) 7%, (b) 10% and
(c) 15% infill (GY_i07 to GY_i15 respectively). Actual relative densities
are reported in Table 1. Specimen sizes: 30 mm in diameter and 50 mm
in height.

Fig. 3. Investigated non-GY-based reinforcing structures featuring 15%
infill: (a) SP_i15, (b) SH_i15 and (c) TH_i15. Actual relative densities are
reported in Table 1. Specimen sizes: 30 mm in diameter and 50 mm in
height.

conditions, and compression testing for mechanical properties assess-
ment.

DTA-TG tests are performed in Ar (70 ml/min) with heating rate of
10 K/min. The main observable parameters of interest are the temper-
atures for onset and end of the thermal degradation (T, and Tg,4),
and the temperature of the melting peak (Tp,, ). Onset and end temper-
atures are determined by tangent’s method [11]. The viscosity of the
paraffin wax is determined by a plate-plate configuration, when operat-
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Table 2

Investigated armored grains. Macro-crystalline wax (J1) is reinforced with gy-
roids featuring infills in the range 7 to 15%, while different reinforcement
topologies are contrasted for a nominal infill of 15%.

Specimen Armored grains components TMD, Notes
Paraffin waxes Reinforcement i (g/em?)
J1.GY.i07 J1 GY_i07 0.93
J1.GYilo J1 GY_il0 0.94 Infill effects
J1_GY_i15 J1 GY_il5 0.96
J1_SP_i15 J1 SP_i15 0.96
J1_SH_i15 J1 SH_i15 0.96 Topology effects
J1_TH.i15 J1 TH_i15 0.96

ing above the melting temperature of the alkane, at 423 K. Shear rates
from 10 to 1000 s~! are investigated, with the latter value taken as con-
venient reference [13]. Uniaxial compression tests are carried out on the
reinforcing structures and on the armored grains according to the ISO
604 [45]. An MTS 810 universal testing machine equipped with a 250
kN load cell was used. The compression tests were conducted at ambient
temperature (T = (298 + 5) K) with compression rate of 1 mm/min. Four
samples were tested per each specimen type. The norm does not impose
any specific specimen size or shape. Therefore, the specimen was shaped
as a cylinder with base diameter of 30 mm and height of 50 mm (the
same external dimensions used for the ballistic characterization). Data
for the compression tests are evaluated as engineering stresses [11].

4.2.2. Finite element analysis (FEA)

The aim of the numerical simulations is to investigate the use of FEA
to improve the interpretation of the mechanical behavior of the reinforc-
ing structures and of the armored grains. The employed software for FEA
is Femap with NX Nastran [46,47]. The simulations focus on the com-
pression tests and replicate the same operating conditions considered
for the experimental campaign. Independently from the kind of simu-
lation (reinforcing structure only/complete armored grain), FEA imple-
mentation consisted of the following steps: (i) creation of the mesh, (ii)
definition of the elements and of the materials, (iii) setting of loads and
constraints. The FEA meshes of GY and SP were created exploiting the
Egs. (1) and (2), the periodicity of the structures, and the repetition of
the unit cells (refer to Fig. 1, and Ref. [48] for details). The final meshes
involved 2D plate elements (Nastran CTRIA), whose thickness was set
to the extrusion width of the 3D printer. The mesh density impact on
the FEA results was investigated considering the gyroid unit cell with L
= 8.25 mm as reference case. The PLA was chosen as material and the
2D meshes exploited triangular CTRIA3 elements with thickness set to
0.45 mm. Six different meshes with different numbers of elements (800,
1200, 1600, 2400, 3200, 4000) were created. The respective results are
reported in Section 5.2. The CAD models of the honeycomb-like struc-
tures (SH, TH) were used as input geometries for the FEA, and solid
elements (CTETRA) were selected for the analysis. In all the simula-
tions, two rigid elements (RBE2) were created and connected to the top
and bottom nodes of the sample to model the contact plates of the com-

() (b) (c)
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Table 3

Mechanical properties of the J1 paraffin and PLA (compression rate 1
mm/min, testing temperature 298 + 5 K). For J1 manufacturing, die-casting
is considered, while PLA cylinders with 100% infill are printed.

Specimen Young modulus, Yield stress, Yield strain, Density,

E (MPa) o, (MPa) €y (%) p (g/em®)
J1 264 + 51 1.87 £ 0.12 0.94 + 0.08 0.911 + 0.01
PLA 2349 + 64 68.48 + 2.54  4.34 +0.20 1.258 + 0.01

pression test rig. An enforced displacement was prescribed to the rigid
element at the top to simulate the compression imposed by the machine.
The employed solver was SOL106 (non-linear, static) [49]. Compression
tests performed on the 3D-printed PLA specimens allowed the definition
of the material properties (reported in Table 3). A preliminary FEA in-
vestigation was also conducted on the armored grains featuring the GY
reinforcements at different infill percentages (7%, 10%, 15%). In the
modeling approach, the (cylindrical) armored grain is split into the two
components: the paraffin matrix (J1) and the GY reinforcement (PLA).
The GY surface divides the surrounding paraffin waxes in two comple-
mentary continuous phases. Solid elements with the mechanical proper-
ties of the J1 (listed in Table 3) were used to model the paraffin matrix
(both the continuous phases, see Fig. 4).

As a first approximation, the paraffin-gyroid interface was modeled
as a glue contact [46]. However, the numerical simulations focused on
the smallest repetitive (and representative) unit of the armored grain,
hereafter referred to as armored cube. This choice was made to reduce the
computational cost, while preserving the purpose of the analysis (i.e.,
inspecting the effect of 5, on the mechanical properties of the armored
grains). Three different GY-armored cubes, featuring the three different
relative densities (7%, 10%, 15%), were considered. The length of the
armored cubes corresponds to the gyroid unit cell size L (see Table 1).
More specifically, the armored cubes with nominal 5¢, at 7%, 10%, 15%
feature L values equal to 15 mm, 10.5 mm, 7 mm, respectively.

4.2.3. Burning analyses

The relative ballistic grading of the fuel formulations is carried out
on a lab-scale hybrid engine at the SPLab, based on the 7. The facility is
fully described in Ref. [14]. The study focuses on armored grains featur-
ing structures with 15% relative densities (refer to specimens J1_XX_i15,
in Table 2). The facility is designed to burn single-perforated cylindri-
cal grains in a vertical configuration. The specimens feature a 5 mm
port diameter, and a geometry similar to that of the compression tests
(see Section 4.2.1). Combustion tests are performed in gaseous oxygen
(GOX) with an initial oxidizer mass flux (G,,) of 250 kg/(m? - s ). The
oxidizer mass flow rate was regulated by a digital flowmeter and set to
5 g/s. The pressure trace recorded during the burning test was analyzed
to retrieve the combustion duration Ary = t.,4 — #;,- In particular, 7,4
coincides with the injection of the gaseous nitrogen to quench the com-
bustion, whereas r;, is chosen as the time at which the chamber pressure
reaches 70% of the maximum value during the firing. The burning time

Fig. 4. Individual components used in the FEA model of GY-armored
grains: (a, c¢) paraffin matrix domains and (b) gyroid structure. Com-
ponents (a) and (c) are complementary, with the gyroid conforming to
the interface between the two paraffin blocks.
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Table 4

[m5GeSdc;August 3, 2026;20:47]

FirePhysChem xxx (3xxxx) XXX

Mechanical properties of reinforcing structures (compression rate 1 mm/min, testing temper-
ature 298 + 5 K).

Specimen Young modulus, Yield stress, Yield strain, Density, Relative density,
E (MPa) oy (MPa) e (%) p (g/em’) Bo (%)

GY_i07 31+2 0.69 + 0.06 2.53 +0.23 0.09 + 0.00" 7.8+0.1
GY_i10 60 +3 1.50 + 0.04 3.11 £ 0.08 0.12 + 0.00" 10.2 + 0.1
GY_i15 109 +1 2.96 + 0.01 3.89 +0.12 0.18 + 0.00* 146 + 0.1
SP_il5 50 +2 1.42 + 0.04 4.89 + 0.09 0.18 + 0.00" 14.8 + 0.1
SH_i15 433 + 4 9.73 +0.26 2.99 +0.13 0.19 + 0.00* 15.5+0.1
TH_i15 223 +7 4.60 + 0.28 2.81 £0.14 0.18 + 0.00* 154+ 0.1

a QOver three measurements, the confidence interval is < 0.01.

was set to 4-5 s, depending on formulation ballistic response (to provide
similar conditions during the runs).

To compute the solid fuel regression rate 7, the mass-based (MB)
method is used. The MB is a thickness over time approach, the 7; is
calculated as:

A
i 3)

Femp = ——=———
pr - Ay - Aty
where Amy, represents the difference between the mass of the specimen
before (r =t;,) and after the combustion (r =1,,4), p; is the density of
the fuel, and Ay is the average burning area that can be evaluated as:

A, =x- w H )
In the Eq. (4), H is the grain length before the firing, D(r;,) and
D(t,,y) are the port diameter before and after the combustion test, re-
spectively.
The average oxidizer mass flux of the test is defined as the oxidizer
mass flow rate (r,), divided by the average port area:

16 - ritgy

5 )
T [D(tena) + D(t)]

Gox =

5. Results and discussion
5.1. Pre-burning analyses

Thermal analyses on the J1 show an initial melting, with Ty | =
320K, followed by a second melting peak at 7., , = 339 Kand a thermal
degradation process with Tp, = 532 K and T,y = 603 K. A mass loss of
2% is achieved by the wax at a temperature of 485 K. For PLA, a glass
transition temperature is observed at 335 K, with 7)., = 424 K, while

Fig. 5. 3D-printed PLA gyroids with 7%,
10%, 15% nominal infill (from left to right).
Specimen sizes: 30 mm in diameter and 50
mm in height. Red circles and blue arrows
show saddle points and printing defects,
respectively, on the 7% gyroid. These de-
fects are visible also in the 10% and 15%
structures (reprinted from Acta Astronau-
tica, Vol. 176, R. Bisin, C. Paravan, S. Al-
berti, L. Galfetti, A new strategy for the re-
inforcement of paraffin-based fuels based
on cellular structures: The armored grain -
Mechanical characterization, pp. 494-509,
Copyright (2020), with permission from El-
sevier - see Ref. [11]. Current gyroids share
the printing device and procedure).

To, and Ty, 4 are 620 K and 652 K, respectively. Rheological analyses on
the J1 loaded with CP reveal a viscosity of 0.002 Pa:s at 1000 s~!, with no
significant changes over the investigated shear-rate range. Mechanical
properties of the raw components of the armored grains are listed in
Table 3.

The manufacturing process of reinforcement structures introduces
surface defects, as shown in Figs. 5, 6, 7, and partially discussed also in
Ref. [35]. These defects affect the behavior of the different structures
and possibly their responses during mechanical tests. Typical compres-
sion tests on reinforcing structures are shown in Fig. 8. The mechanical
results for TPMS and honeycombs are shown in Table 4, while the me-
chanical behaviors of the different structures are displayed in Fig. 9.
Table 4 highlights a connection between higher 5, and stronger me-
chanical properties, in terms of stiffness, strength and elastic limit en-
hancement. This is consistent with scaling laws connecting mechanical
properties and jg [50]. Considering the GY specimens in Fig. 9(a), the
stress-strain curves initially feature a linear part up to the elastic limit
and then a yield point (ey,oy). After that threshold, the structure col-
lapses at nearly constant stress till densification is achieved (note that
this is not reached in the considered interval). The collapsing mech-
anism of the GY is visible in Fig. 8(a). The GY responds to compres-
sion by crumpling constantly and homogeneously. The struts of the GY
buckle near the compression plates. This might be due to manufactur-
ing defects in the bottom and upper print layers (see Fig. 6(a)). The
stress-strain curve of GY samples and the collapsing mechanism suggest
a bending-dominated nature [50].

Fig. 9(b) allows a comparison between the mechanical behavior
of different structures with the same relative density (and the same
mass, given the operating conditions). The honeycomb-like structures
(SH_i15 and TH_i15) exhibit higher oy than the TPMS counterparts
(GY_i15 and SP_i15). On the other hand, SH_i15 and TH_i15 show a
sudden fall of the stress after the yield point. The TPMS with 15% infill
feature a plateau stress closer to the yield stress value. These behav-
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iors for honeycombs and TPMS structures highlight the different na-
ture of the two classes of architectures: the bending-dominated GY_i15
and SP_i15 structures, and the stretch-dominated SH_i15 and TH_i15.
Bending-dominated structures are well suited to absorb energy under
compression, whereas the stretch-dominated structures are exception-
ally stiff and strong. Fig. 8(b) shows the collapsing mode of the SH:
the specimen initially withstands the load with small strains, then the
cells start to open and a brittle fracture occurs, as testified by the drop
in the stress-strain curve. The honeycomb-like samples (SH_i15 and
TH_i15) abruptly fractured after the yield point (see Fig. 9(b)). This is re-
lated to the mechanism of deformation of stretch-dominated structures,
whose struts undergo tension and compression, rather than bending.
For SH_i15, printing defects along honeycomb cells longitudinal exten-
sion may affect the mechanical response, as suggested by the analy-
sis of Figs. 7 and 8(b). The SP_i15 features the lowest values of E and
o, in the dataset, under the investigated conditions. The stiffness and
the strength of SP_i15 are half of those of GY_i15. The printing process
could have had an impact on the mechanical properties, especially for
the SP_i15 specimens. In fact, during the printing process, the nozzle
does not always follow a continuous and well-defined path, leading to
possible flaws and imperfections. Actually, each structure shows minor
printing defects (see Fig. 6). Comparing GY_i15 (Fig. 6(a)) and SP_i15
(Fig. 6(b)) structures, the larger number of voids and printing imperfec-
tions characterizing the SP structure may be linked to the mechanical
properties offset between the two TPMS.

Thus, an improvement of the printing process could lead to enhanced
mechanical properties of the SP_i15. Finally, the TH_i15 exhibits o, and
E greater than those of the SP_i15 and GY_i15. Yet, the performance
of the twisted honeycomb structure is lower than that of the SH_i15
(see Table 4), when maximum oy and e, are considered. This behav-
ior may be due to the twisting that made the honeycomb behave as a
mixed bending- and stretch-dominated structure. The printing defects
of the TH_i15 may play a role in the mechanical response of the system
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Fig. 6. Top view of 3D-printed PLA structures with 15% nominal infill:
(a) GY_i15, (b) SP_i15, (c) SH_i15, and (d) TH_i15. Red circles show
printing defects characterizing each structure. Note that in (b), (¢) and
(d) the printed part maximum width is 30 mm.

Table 5
Mechanical properties of armored grains (compression rate
1 mm/min, testing temperature 298 + 5 K).

Specimen Young modulus,  Yield stress,  Yield strain
E (MPa) o, (MPa) ey (%)
J1 264 + 51 1.87 £0.12  0.94 + 0.08
J1.GY_i07 210 + 29 214 +0.06  4.01 +0.24
J1.GYil0 260 + 37 3.07 +£0.06 4.14+0.17
J1_GY.il5 262 + 66 4.72 £ 0.12 4.26 + 0.48
J1.SP_i15 154 + 22 2.08 +£0.07 4.42+0.44
J1_SH_i15 323 + 29 8.19 + 0.32 291 +0.11
J1.TH.i15 234 +26 448 +0.17 4.32+0.23

being mainly located along the twisting honeycomb connections, see
Fig. 7.

Fig. 10 shows compression tests on selected armored grains (GY and
SH). Fig. 11 reports the stress-strain curves of the investigated armored
grains, while Table 5 shows a summary of the relevant data (E, €y and
oy). The effect of the 5 on the mechanical properties of the armored
grains follows a trend observed for the structures alone (Fig. 9(a)): aug-
mented mechanical properties at compression are achieved as the infill
increases. The GY-armored grains present an elastic field that mainly
depends on the J1 paraffin properties, and a plastic field driven by the
structures. Table 5 shows that the E values of the GY-armored grains
are similar to each other and to the one of J1. Instead, the strength of
the fuels is influenced by the j,, of the embedded GY-reinforcement.
These results confirm the findings for armored grains based on micro-
crystalline wax-reinforced by GY [11]. The J1_GY_i07, J1_GY_i10, and
J1_GY_i15 led to increases of 14%, 64%, and 152% of oy with respect to
the J1. Fig. 11(a) shows a change in the slope of the stress-strain curve
near the yield strain value of the pristine J1 paraffin. The stress-strain
curves suggest that the paraffin drives the behavior of the armored grain
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Fig. 7. Side view of 3D-printed reinforcing structures: (a) SH_i15 and
(b) TH_i15. Printing defects are highlighted.

Fig. 8. Reinforcing structures during compression test: (a) GY_i15 and
(b) SH_i15 (compression rate of 1 mm/min and testing temperature of
298 + 5 K).

Fig. 9. Engineering stress-strain curves of
(a) gyroids and (b) 15% infill reinforcing
structures. The curves represent ensemble
averages obtained at compression rate of 1
mm/min and testing temperature of 298 + 5
K.
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until its yield point (coinciding, for J1 with the failure point), then, the
structure prevails and helps the paraffin to withstand the load, increas-
ing the overall o, of the armored grain. Once the sample enters the plas-
tic field, the armored grain behaves like the reinforcing structure with a
flat and long plateau stress, whose value depends on the embedded GY.
As shown in Fig. 11(a), the real breakthrough of the GY-armored grains

is that the brittle behavior of the J1 fuels turned into a ductile one,

Strain, € (%)

(b)

regardless of the GY exploited as reinforcement. Moreover, the yield
point of GY-armored grains is no longer the failure point, unlike the J1.
Fig. 11(b) shows the mechanical behavior of J1 fuels reinforced with
the 15% infill structures. All the armored grains show increased o, and
strain energy, avoiding the typical brittle behavior of the paraffin-based
fuel. Comparing the different geometries, the armored grains based on
TPMS structures exhibit lower E and oy, thus reflecting the results in
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Fig. 10. Armored grains during compression testing: (a) J1_GY_i15

and (b) J1_SH_i15 (compression rate of 1 mm/min and testing tem-
perature of 298 + 5 K).

6 10 Fig. 11. Engineering stress-strain curves of
—J1 i (a) GY-based armored grains and (b) 15%
—J1_GY_i15 o )
5F gl —J1 SP 15 infill armored grains. The curves represent
R —J1 SH 15 ensemble averages obtained at compression
T4t s —J1 TH i15 rate of 1 mm/min and testing temperature of
= = 6 = 298 + 5 K.
b3l ©
@ a : = + F
g, g4
» | »
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Table 6

Fig. 9(b). The GY- and SP-armored grains feature a plateau stress af-
ter the yield point, whereas the SH- and the TH- exhibit a drop after
this point (see Figs. 9(b) and 11(b)). Under the investigated conditions,
J1_SH_i15 and J1_TH_i15 exhibit oy and E comparable with those iden-
tified for the reinforcing structures alone. Conversely, the mechanical
properties of GY- and SP-armored grains are greater, not only in com-
parison with the J1 paraffin fuel, but also of the ones of the reinforcing
structures. The J1_TH_i15 exhibits a change in the slope of the stress-
strain curve near the yield point of the J1 paraffin, as the J1_GY_i15. Un-
der the investigated manufacturing and testing conditions, the J1_SP_i15
exhibits a lower E than the pure paraffin. A likely explanation for the
behavior is given by the mechanical properties of the structure alone
(see Fig. 9(b) and Table 4), and by the lower surface to volume ratio
of the SP with respect to the GY. In Fig. 11(b), the standard deviation
of the honeycomb-like structures results higher with respect to the one
of the GY- and SP-armored grains, especially after the yield point. This
can be attributed to the failure mode of these structures involving the
honeycomb cell cracking and the release of paraffin fragments (Fig. 10).

5.2. Finite element analysis (FEA)

Table 6 shows the results of the mesh convergence study. Based on
the analysis on mesh refinement, simulations were carried out using
meshes with 1600 elements per gyroid unit cell.

This density provides a suitable combination of numerical accuracy
and computational cost. Indeed, the mechanical properties of the 1600
CTRIA unit cells capture the E and o, characterizing the GY_il5 re-
inforcement structure (see Table 4). Interestingly, when passing from
800 to 1200 elements the stiffness and the strength of the gyroid rise

Mechanical properties of FEA simulated gyroid unit cell with L = 8.25
mm and plate thickness of 0.45 mm: effect of mesh density (CTRIA3
elements). Percent differences of two consecutive analyses are in-
dicated in brackets. The CPU time is evaluated as percent variation
with respect to the (reference) 800 CTRIA3 case. Computational time
is evaluated on an Intel i7 processor working at 3.6 GHz.

Elements Young modulus, Yield stress, CPU time difference,
E (MPa) o, (MPa) Atepy (%)

800 108.5 (-) 3.04 (-) -

1200 111.5 (+2.8%) 3.13 (+2.8%) +20

1600 110.0 (-1.4%) 2.93 (-6.2%)  +77

2400 108.6 (—1.3%) 2.90 (-1.3%)  +158

3200 107.3 (-1.2%) 2.76 (-4.8%)  +213

4000 107.1 (-0.3%) 2.71 (-1.5%)  +232

(+2.8%), then the trend is reversed with denser meshes. The latter ex-
hibit (small) E and oy reductions. The E is almost unchanged when
using 4000 elements instead of 3200 (—0.3% difference). On the con-
trary, the o, is characterized by a relatively larger variation (1.5%). It is
noteworthy that the size of the element has an impact on the early fail-
ure of the analysis: denser meshes seem to fail at an earlier strain value
compared to the coarser counterparts, see Fig. 12. Denser meshes fea-
ture smaller elements, that - under compression - are exposed to higher
deformation and are more prone to reach the maximum allowable value
for each element.

Table 7 summarizes the relevant numerical FEA results. The von
Mises stress distributions in GY_i07 and TH_i15 are reported in Fig. 13.
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Mechanical properties of FEA simulated reinforcing structures.

Specimen Young modulus, Yield stress, Yield strain, Density, Relative density,
E (MPa) oy (MPa) e (%) p(g/em®) iy (%)
GY_i07 41 1.14 3.31 0.09 7.9
GY_i10 73 2.18 3.28 0.14 11.4
GY_i15 126 3.65 3.08 0.21 17.4
SP.i15 70 1.97 3.12 0.19 15.9
SH.il5 372 10.43 3.26 0.18 15.4
TH.i15 247 7.6 3.56 0.18 15.4
4r havior) and struts bending. Focusing on the GY specimens, the results
in Table 7 shows that the FEA captures the g, impact on mechanical
performance. Contrasting Tables 4 and 7, FEA overestimates the me-
chanical properties of the real structures. A first explanation for these
37 differences is the higher g, in GY models than in 3D-printed samples.
= Such a difference is more marked for GY_i10 and GY_i15, whose rela-
[ tive densities are 12% and 19% higher than those of the experimental
E 2t models. The lower jq, is related to the presence of saddles in the 3D-
- . . . . .
b printed specimens due to the discrete height difference of two consec-
- —800 CTRIA3 utive layers, an effect discussed in detail in Bisin et al. [11]. A second
- — 1200 CTRIA3 explanation for the observed differences between experiments and FEA,
B 1F — 1600 CTRIA3 is that to the fact that 3D-printing defects (such as poor layer-to-layer
o2 ——2400CTRIA3 adhesion) are not captured by the simulations. The maximum mismatch
——3200CTRIA3 is observed for the GY_i07: the FEA gyroid exhibits a +32% in E and
0 ‘ . . — 4000 ICTRIA3 ‘ +65% in o, with respect to the experimental counterpart. However, the
0 | 2 3 4 5 6 increments of stiffness and strength for the FEA gyroids at different jo,

Strain, € (%)

Fig. 12. FEA stress-strain curves of the gyroid unit cell with L = 8.25 mm: effect
of mesh density. Meshes of triangular CTRIA3 elements with plate thickness of
0.45 mm.

The two structures are selected for clarity in their visualization. The
gyroid (see Fig. 13(a)) exhibits a complex stress distribution with the
highest values localized in the areas where the struts start bending.
Fig. 13(b) highlights a stress concentration near the external surface
of the honeycomb and a stress distribution following the sweep of the
honeycomb channels. The stress location reveals that the TH_i15 could
collapse due to both honeycomb cells cracking (stretch-dominated be-

72,45

65,39

58,32

51.26

44.2

3713

30,07

23m

15,95

8,883

1.82

are consistent with those of the 3D-printed gyroids. Numerical analysis
supports the experimental findings about the stiffest and strongest struc-
tures for a given jy,. In particular, TH_i15 shows an intermediate behav-
ior between SH_i15 and GY_il15, as observed in the experimental test
campaign. The FEA of SP_i15 returns higher E (+40%) and oy (+38%)
than the 3D-printed specimen (Table 4). Conversely, a good agreement
is found between FEA and experiments for SH_i15. This highlights that
the 3D-printing process of SH specimens was less prone to produce de-
fects and voids, as also testified by the match of j;, for the FEA and
3D-printed samples and the faint impact of major defects of the SH_i15
in compression test (see Figs. 6, 7).

Results of FEA performed on the armored cubes are listed in Table 8,
while Fig. 14 shows the Von Mises stress distribution of the two com-
ponents of the armored grains: the paraffin waxes and the gyroid re-

Fig. 13. FEA of reinforcing structure: von Mises stresses

w2l l (in MPa) at e = 4% for (a) GY_i07 and (b) TH.il5.

66,98
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62,84
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50,58
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41,37
38,31
35,24
3217
29,11
26,04
22,97
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10
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Table 8
Mechanical properties of FEA simulated armored cube featuring
gyroid unit cells as reinforcements.

Specimen Young modulus, Yield stress, Yield strain
E (MPa) oy (MPa) ey (%)
J1_GY_i07_cube 371 3.51 5.46
J1_GY_i10_cube 396 4.07 5.11
J1_GY_il5_cube 434 5.05 5.33

inforcement. The structural benefit of embedding denser gyroids with
higher jq, is well captured by the results. The ¢, is nearly the same for
the three armored cubes. For all the samples, the E is greater than that
of the pure J1 (E = 264 MPa). The j,, change in the range 7 to 15% does
not significantly alter the E of the simulated GY. The variation between
FEA and experimental results in Table 5 is in the range +52% to +76%.
A mismatch in the o, is noted when contrasting FEA and experiments.
The maximum difference (4 64%) is experienced with the armored grain
featuring a 7% infill gyroid. These discrepancies may be attributed to
the modeling approach adopted for the GY-armored grains. FEA gyroid
and paraffin geometries were joined using the Glue function, which en-
forces a perfectly bonded interface. This represents a significant over-
estimation, as the interfacial slip occurring between the paraffin matrix
and the reinforcement structure during deformation is neglected [11].
In spite of such a mismatch, the FEA analysis reveals insights on the
effects of the armored grain, with the structure contrasting the critical
breakage of the paraffin matrix under loads. Yet, on a relative grading,
armored cubes enable identifying possible criticalities in the behavior of
the armored grains (i.e., percent difference around 40% on E, though
€y and o, are more scattered).

5.3. Burning analyses

An overview of the performed firing tests is given in Table 9, with 7
calculated based on the Eq. (3). In the dataset, conventional HTPB is con-
sidered for completeness. Regression rate enhancements of the fuels are
evaluated considering J1 as a baseline. The pristine macro-crystalline
paraffin shows a 2.6-fold increase over HTPB. Such a result is consis-
tent with the low viscosity of the macro-crystalline wax (0.002 Pa - s at
423 K, see Section 5.1), that promotes entrainment mass transfer. The
viscosity of J1 is nearly 66% lower than that of the micro-crystalline
wax used in Refs. [11,14]. This contributes to the faster 7, although
a direct comparison is hindered by the different data reduction meth-
ods. The armored grains exhibit slightly augmented i; with respect to
the baseline. This result suggests that the entrainment phenomenon is
not hampered by the presence of the structure: apparently, the addition

11
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69,83 Fig. 14. FEA on J1_GY_il0_cube at e¢=
2.5%: von Mises stresses (in MPa) for (a)

paraffin matrix and (b) gyroid structure.
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Fig. 15. Head-end view of the pure paraffin grain (J1) after the firing test; the
oxidizer flow is directed into the page.

of the 3D-printed scaffold does not alter melt layer viscosity. The rein-
forcing structure and the paraffin matrix show different 7, since PLA
exhibits pyrolyzing combustion, while the J1 burns by vaporization and
shows entrainment mass transfer. Under the investigated conditions, the
data scattering in Table 9 limits considerations about the most perform-
ing reinforcement topology, when considering the 7; as a metric. Yet,
the SP-based armored grain shows attractive 7, enhancements over the
baseline: 36% for G, of ~ 40 kg/(m?-s ). The enhanced ballistic per-
formance of armored grains is also captured by the fuel mass flow rate
(Amy,/Aty, see Table 9).

Tested specimens feature G, in the range 37 to 46 kg/(m? - s ) and
average chamber pressure in the range 0.93 to 1.08 MPa. The relatively
narrow range of the average oxidizer mass flux enables a comparison
of the achieved /;. HTPB is the fuel showing the lowest combustion
chamber pressure. Pressure values around 0.96 - 1.0 MPa are reached by
armored grains, with the SH and TH formulations featuring the lowest
values. Ballistic data show that, under the investigated conditions, SH
does not significantly contribute to 7; enhancement, while TH provides
performance similar to that of the GY. Such a difference between the
honeycomb-based structures is possibly due to the swirl effect and the
higher turbulence likely induced by the TH with respect to the SH. In
this respect, GY surface is more irregular, providing similarities with the
SH.

The fast burning behavior of the armored grains is likely due to
the inner frame that, during the combustion, promotes turbulence, aug-
ments the heat feedback to the fuel surface and the mixing of reactants,
and possibly affects local conditions for entrainment mass transfer. The
embedded reinforcing structure could increase the surface skin friction
coefficient. Convective heat transfer coefficient enhancement for uneven
surfaces as the internal port of armored grains is well-established [52]. A
#+(G.,) dependence in the case of uneven regression surface is discussed
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Results of the ballistic tests of armored grains and comparison with pure paraffin J1. Conventional

HTPB is reported for completeness.

Specimen Regression rate Regression rate increment  Fuel mass flow rate Oxidizer mass flux
Fe vp (MM/s) Afg v (%) Amy /Aty (g/s) G,, (kg/(m*s))
HTPB [51] 0.8+0.1 -63 1.6 + 0.2 37+3
J1 2.3+0.2 - 41+0.3 40 +3
J1_GY_il5 2.8+0.2 25 5.6 +£0.3 37+3
J1.SP_i15 3.1+0.2 36 6.3 +0.4 39+1
J1_SH_i15 2.6 £0.1 16 53+0.6 41+5
J1_TH_i15 29+0.1 27 53+0.3 46 + 3

(a) (b)

© (d)

Fig. 16. Armored grains: head-ends after the firing tests of (a) J1_GY_i15, (b) J1_SP_i15, (c) J1_SH_i15, and (d) J1_TH_i15.

(©)

in Ref. [14]: surface irregularities yield the classical power-law depen-
dence from an exponent < 1, to 1. The J1 fuel and the armored grains
after the firing are shown in Figs. 15 and 16, respectively. The different
texture of the burning surfaces can be appreciated: a relative smooth-
ness characterizes J1 (where only roll waves can be identified, see also
[13]), while armored grains show an uneven and rough surface. Protru-
sions are expected to affect the fuel regression enhancement through:
(i) boundary layer detachment and reattachment [53,54], (ii) surface
roughness (both at local level due to the FDM-printed structure surface,
and globally - because of the embedded structure), (iii) recirculation
zones favoring fuel and oxidizer mixing efficiency [55]. The combina-
tion of these physical phenomena is expected to yield higher Nusselt and
Stanton numbers, and, in turn, enhanced convective heat transfer [56].
The PLA shows a relatively low 7; with respect to the J1 (see results re-
ported in Refs. [29,42]), and this yields the complex regressing surface
morphology observed in Figs. 16 and 17. Based on the thermal prop-
erties determined by the DTA-TG analyses, together with the tomogra-
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Fig. 17. X-ray tomographies of armored
grains featuring different PLA reinforce-
ments after the firing tests: head-end and
cross-sectional views for (a) J1_GY_il5,
(b) J1.SP.il5, (c¢) J1.SH.il5, and (d)
J1_TH_i15. Note: the paraffin matrix is in
dark gray/black, the PLA structure in light
gray.

(d

phies and images of post-fired grains (Figs. 16, 17), the embedded PLA
reinforcement retains (at least partially) the cellular structure morphol-
ogy. Although the regression surface of armored grains is characterized
by irregularities, the central port shape remains quasi-circular (see Figs.
18-21). Turbulence enhancement is not expected to be the only effect
of the armored grains: GY, SP, and TH could also retain paraffin during
the firing possibly preventing fuel slumping. J1_SH_i15 likely represents
an exception, since it shows only a limited increase in 7; and appears
less effective in promoting turbulence, mixing, and paraffin retention.
The SH shows only a limited increase in 7 with respect to the other
reinforcements, and can retain paraffin only by the cell walls. This pe-
culiarity may be linked to a globally smoother fuel surface with respect
to the other configurations (see Fig. 17). Yet, investigated conditions do
not allow a systematic evaluation of slump effects, nor of combustion
efficiency. The latter parameter could benefit from the intricate struc-
ture of GY, SP, and TH, but detailed analyses are needed to clarify this
possibility.
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Fig. 18. Combustion evolution of a gyroid-armored grain with an initial port diameter of 5 mm: (a) t=t¢,, (b)t=¢t, + 1s,(c)t=1¢t, + 2.25s,(d) t=1¢t, + 3.55s.
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Fig. 19. Combustion evolution of a Schwarz-P-armored grain with an initial port diameter of 5mm: (@) t=1¢,, (b)t=1t, + 1s,(c)t=1¢t, + 2.25s,(d) t=1t, + 3.55s.
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Fig. 20. Combustion evolution of a honeycomb-armored grain with an initial port diameter of 5 mm: (a) t=1t,, (b) t=1t; + 15, (c)t=¢t;, + 2.25s,(d) t=1¢t, + 3.55.
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Fig. 21. Combustion evolution of a twisted honeycomb-armored grain with an initial port diameter of 5 mm: (a) t=t¢,, (b) t=1t, + 15, () t=1¢t, + 2.25s,(d) t=

ty + 3.5s.

6. Conclusion and future developments

In this paper, the impact of 3D-printing on the structural and ballis-
tic performance of paraffin-based fuels was studied. PLA and a macro-
crystalline paraffin wax were employed for the 3D-printed structures
and the paraffin fuel matrix, respectively. The reinforced formulations
were named armored grains. The selected geometries for the reinforce-
ments were the gyroid (GY), the Schwarz-P (SP), the straight honeycomb
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(SH), and the twisted honeycomb with a 1/4 turn per inch (TH). The
armored grains consisted of a 7% to 15% volume fraction (or relative
density) of polymeric reinforcement embedded in a macro-crystalline
wax.

The structural assessment of the selected reinforcing structures was
verified via compression tests and supported by finite element analysis.
A sudden stress drop beyond the ultimate compressive strength was ob-
served for the honeycombs, whereas the GY and the SP responded to
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compression by a constant and homogeneous crumpling. This demon-
strated the different collapsing mechanism of the structures (stretch-
dominated for the honeycombs, bending-dominated for the GY and SP).
The honeycomb-like structures (SH and TH) showed increased yield
stress values with respect to the GY and the SP. Considering the gy-
roids, the results highlighted the correlation between higher volume
fractions and higher mechanical properties. Although the FEA results
overestimated the actual structural behavior, the numerical simulations
confirmed the experimental findings. The numerical and experimental
results of honeycombs are in good agreement, suggesting that the 3D-
printing process introduces fewer defects in the printed honeycombs
with respect to the other structures.

The assessment of the armored grains involved mechanical tests at
compression and a ballistic test campaign. The insertion of 3D-printed
structures turned the brittle behavior of the pure paraffin into a duc-
tile one. The yield stress was increased by 10% to ~340%, with the SP
and the SH providing the lowest and the highest improvement, respec-
tively. Considering the investigated GY-armored grains, the mechanical
enhancement was strictly related to the increment of the volume frac-
tion of the embedded structure. The stress-strain trends of the armored
grains followed the ones of the reinforcing structures: the honeycomb-
armored grains featured a sudden drop of their mechanical properties
after the yield point, whereas the GY- and the SP-armored grains ex-
hibited a plateau stress after the yield point. The feasibility of exploit-
ing FEA to predict the mechanical behavior of armored grains was as-
sessed considering the smallest repetitive unit, i.e. the armored cube.
Future research activity will extend the numerical studies to model
the entire armored grains. From the ballistic point of view, the re-
gression rate of paraffin-based formulations was increased by 15% to
35% when embedding the cellular structures in the fuel grain. The fir-
ing tests showed that the armored grains burn even faster than the
pure paraffin fuels, despite the fact that the PLA employed for the
reinforcement is a slow-burning material. This evidences that the en-
trainment phenomenon was not suppressed by the embedded structure.
The augmented ballistic response was probably achieved thanks to the
uneven and rough burning surface produced by the inner polymeric
structure. This enhanced the heat transfer mechanism (increased fric-
tion, and oxidizer/fuel mixing). In the research, improved mechanical
properties with respect to the pristine paraffin grains were observed
for the armored grains, without lowering the regression rate perfor-
mance of the wax fuel. Among the investigated armored grains, the gy-
roid shows an appealing compromise between mechanical and ballistic
performance enhancements, as highlighted also by the FEA analyses.
The GY exhibits high yield stress, plastic behavior, and a fast regression
rate.

The armored grain proved to be a promising solution for the de-
velopment of high-performance hybrid rockets featuring excellent me-
chanical and ballistic characteristics. The results of the present work
and the previous studies carried out at the SPLab of Politecnico di Mi-
lano make the armored grain a suitable answer for the long-standing
research for green paraffin-based fuels featuring both structural and
combustion performance. Still, the feasibility of the armored grain con-
cept for real flying systems has to be addressed by larger-scale tests.
Future developments of the work will focus on finite element analy-
sis to investigate the entire armored grains under different load condi-
tions, whereas burning analyses will be extended to a larger scale to
inspect the feasibility of the armored grain concept for propulsive ap-
plications, this step should be combined with the evaluation of the com-
bustion efficiency of armored grains with respect to the non-armored
counterparts.
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