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1 | INTRODUCTION
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Abstract

Additive manufacturing (AM) has emerged as a promising approach to ach-
ieve energetic materials (EMs) with intricate geometries and controlled mi-
crostructures, which are crucial for safety and performance optimization.
However, current AM methods still face limitations such as limited densities
and inadequate solids loading. To overcome these limitations, we have devel-
oped a pressure-assisted binder jet (PBJ) process that has the potential to al-
low for the fabrication of intricate EMs while preserving their desired proper-
ties. This study aims to investigate the effects of printing parameters on the
microstructures and properties of EMs, including density, solids loading, me-
chanical properties, and heterogeneity. Our results demonstrate that the PBJ
process achieves exceptional properties in EMs, including densities up to
83.4% and solids loading up to 95.4%, surpassing those achieved by existing
AM processes. Furthermore, the mechanical properties of the fabricated EMs
are comparable to those achieved using conventional fabrication techniques,
including a compressive strength of 3.32MPa, a Young’s modulus of
16.68 MPa, a Poisson’s ratio of 0.45, a shear modulus of 5.73 MPa, and a bulk
modulus of 21.01 GPa. Various test cases were printed to showcase the ability
of the PBJ process to create EMs with complex structures and exceptional
properties. Micro-computed tomography was employed to analyze the influ-
ence of printing parameters on the internal composition and microstructures
of the printed specimens.

KEYWORDS
additive manufacturing, density, microstructure, polymer-bonded energetic materials, solids
loading

been fabricated using cast-curing and press-loading
techniques [1-5], which offer simple geometries and

Heterogenous/composite energetic materials (EMs)
are a polymer-bonded composite comprised of en-
ergetic crystals in a polymer binder matrix. These ma-
terials have extensive applications in propellant sys-
tems and explosive charges. Traditionally, EMs have

relatively uniform compositions. However, recent ad-
vancements in additive manufacturing (AM) have
demonstrated the capability to fabricate EMs with
complex structures and grain gradients, which are not
accessible using traditional methods.

This is an open access article under the terms of the Creative Commons Attribution Non-Commercial NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Propellants, Explosives, Pyrotechnics published by Wiley-VCH GmbH.

Propellants, Explos., Pyrotech. 2024;49:e202300175.
https://doi.org/10.1002/prep.202300175

wileyonlinelibrary.com/journal/prep 10f16


https://doi.org/10.1002/prep.202300175
http://orcid.org/0000-0002-3655-1483
http://orcid.org/0000-0002-7353-4252
http://wileyonlinelibrary.com/journal/prep
https://doi.org/10.1002/prep.202300175
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprep.202300175&domain=pdf&date_stamp=2023-11-27

Propellants 20f16
Explosives,’ L

Additive manufacturing techniques, including
stereolithography, direct ink writing, and fused depo-
sition modeling [6-9] present new possibilities for EM
manufacturing [7, 10-13]. The ability to control geo-
metric features and grain gradients allows for custom-
ization of run distance, shock propagation, and shock-
to-detonation transition rates [14], enabling unique
detonation and other energetic performance effects
[15-18]. Nevertheless, current AM technologies for
EMs face limitations in achieving sufficient density,
solids loading, and mechanical properties, when com-
pared to traditional methods [19]. These character-
istics are critical for the performance and safety as-
pects of EMs. Specifically, higher packing density
contributes to increased energy and accelerated veloc-
ity of detonation [20]; optimized solids loading ensures
an appropriate ratio of binder to crystal, facilitating
the release of nitrogen-rich gas products necessary for
combustion [21]; adequate mechanical properties are
essential for maintaining structural integrity under ex-
treme heat and pressure upon detonation of EMs
[22-24], while insufficient mechanical properties can
pose risks of significant degradation to the safety of
EMs [25]. Clearly, there is a need for new AM tech-
nologies that can fabricate complex EMs while main-
taining desired density, solids loading, and mechanical
properties.

This study presents a novel AM process that shows
promise in reliably producing complex EMs without
compromising density, solids loading, and mechanical
properties. The main objective of this paper is to inves-
tigate the effects of process parameters on the micro-
structures and properties of EMs. The structure of this
paper is as follows: Section 2 introduces the feedstock
materials and the AM process used to fabricate high-
performing EMs; this section also presents various
characterization methods used to analyze the micro-
structures and properties of the printed EMs. Section 3
showcases several test cases that feature intricate geo-
metries and presents the effects of key printing param-
eters such as applied pressure (AP), layer thickness
(LT), and step-over (SO) on the density, solids loading,
microstructures, and mechanical properties of the
printed EMs.

2 | EXPERIMENTAL METHODS

2.1 | Materials

In this study, sucrose was utilized as a mock energetic
crystal to ensure safety. This material can mimic the
morphology and mechanical behavior of real energetic
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crystals [26]. Granular sugar was ball-milled for
3 hours and sifted down to a particle size of ~200 um.
Hydroxyl-terminated polybutadiene (HTPB) was chos-
en as a binder due to the reproducibility, ease of cur-
ing, and good mechanical properties which are less de-
pendent on temperature and aging [27]. A HTPB
binder solution was prepared using a protocol de-
scribed in our previous work [28]. The formulation
consists of several components, including an HTPB
monomer (33.9 wt%, R45M, RCS Inc., Cedar City, UT,
USA), a curative (3.7 wt%, isophorone diisocyanate or
IPDI from Sigma Aldrich, St. Louis, MO, USA), a tepa-
nol bonding agent (0.6 wt%, HX-752, RCS Inc.), a plas-
ticizer (6.8 wt%, isodecyl pelargonate or IDP, RCS
Inc.), and a hexane diluent solvent (55 wt%, Sigma Al-
drich).

2.2 | Pressure-assisted binder jetting

To fabricate mock EMs, a modified binder jetting tech-
nique named pressure-assisted binder jetting (PBJ)
was implemented. Traditional binder jetting processes
often face limitations in achieving adequate printing
density due to loosely spread powder. To overcome
this limitation, a layerwise pressing system was em-
ployed in the PBJ process (refer to Figure 1). The
pressing system was driven by a motorized lead-screw
mechanism (Figure 1d and 1e), and a load cell mount-
ed underneath the powder bed ensured precise control
of pressure.

In the fabrication process, a powder spreading sys-
tem (Figure 1c) was utilized to deliver thin layers of
powders. This system consisted of a powder reservoir,
a powder bed, and a belt-driven roller. The powder re-
servoir and powder bed were independently controlled
using individual stepper motors and lead screws. The
belt-driven roller facilitated the uniform spreading of
powder from the powder reservoir to the printing bed.
A Pipelet nanodispenser (Biofluidix GmbH, Breisgau,
Germany, Figure 1f) was employed to selectively de-
posit binders. This nanodispenser was mounted on an
XY linear stage, enabling precise movement along the
X and Y axes. During the printing process, binders
were deposited onto the powder bed in a drop-on-de-
mand manner. The deposition took place at a specific
interval (e.g., 0.3 mm) determined by the size of the
droplets. An optimized interval was selected to enable
sufficient overlap between the droplets, ensuring the
formation of fully saturated shapes. The automation of
the printing system was achieved by Arduino and Qt
software.

ASUdOIT SsuowWWo)) 2ANEaI) a[qearjdde ayy £q pauIaAoS are sa[onIe Y asn Jo sa[ni 10y K1eiqi auljuQ) A3[IA\ UO (SUOIPUOI-PUE-SULId}/wW0d" KA1 K1eiqijaur[uo//:sdny) suonipuoy) pue sud [ oy) 23S *[$202/60/0€] uo Areiqiy aurjuQ LM “VINIOWIA J0 ALISYAAINN 49 £ 100207 do1d/z001°01/10p/wod Kajim Kreiqijaurjuo//:sdiy woiy papeoiumod ‘[ “$z0T ‘L8O 1TST



Propellants,
Explosives,

3 0f 16

Pyrotechnics
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(d) Pre-Press
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FIGURE 1 (a)b) The PBJ printing system, (c) the powder spreading system, (d) and (e) the pressing system, and (f) the binder

deposition system.

Figure 2 illustrates the step-by-step printing
procedures using the PBJ process. The process begins
with a computer-aided design (CAD) model, which is
sliced using Slic3r software to generate the necessary
g-codes for the printer (Figure 2a). When the fab-
rication of a layer starts, the powder reservoir moves
upward while the printer bed moves downward simul-
taneously (Figure 2b). The roller then transfers a thin
layer of powder from the reservoir to the printer bed
(Figure 2c). After the powder layer is spread, the press
is engaged to compact the powder bed at the desired
pressure (Figure 2d). To prevent powder adhesion,
Scotch tape was applied to the surface of the press in
contact with the powders. Then, the nanodispenser,
guided by the predefined tool path in the g-codes, de-
posits the binder onto the new layer (Figure 2e). These
steps repeat until the complete object is fabricated. To
cure the binder and evaporate the hexane, the final
printed part is heated at 60 °C for one week in an oven
(10GCE, Quincy Lab, Inc., Burr Ridge, IL, USA). This
curing process is standard for HTPB binder, and tests
regarding hexane evaporation is documented in our
previous work [28].

2.3 | Printing parameters

This study focuses on investigating three key process
parameters that can potentially influence the micro-
structures and properties of printed EMs. These pa-
rameters include applied pressure (AP), layer thick-
ness (LT), and step-over (SO). AP refers to the
pressure applied to each layer of powder in the powder
bed (Figure 2f). It is an important factor that influen-
ces the density and bonding strength of the printed
structure. Additionally, AP has an influence on the
permeation of the binder into the powder bed. Ex-
cessive pressure may lead to extremely low porosity in
the compacted powder bed and thereby result in in-
adequate binder penetration. Our current pressing sys-
tem is constrained by a maximum pressure of 12 MPa
to ensure adequate porosity for effective binder flow.
LT is defined as the distance the printer bed moves
down for each layer prior to compression (Figure 2g).
An appropriate range for LT was identified to ensure
binder penetration into the previous layer. SO repre-
sents the distance between neighboring toolpaths fol-
lowed by the nano-dispenser (Figure 2h). A smaller SO
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(a) CAD Model  Sliced Model

(c) Spread powder layer (d)

G-code patterns

Press powder

(b) Prepare powder spreading

(e) Print binder

(f) Applied Pressure (2)

Layer thickness

Depth of Powder

(h) Step Over

06mm 07mm 0.8mm

FIGURE 2 (a)PBJ printing process with g-code generation, (b) powder preparing, (c) powder spreading, (d) pressing, and (e) binder

deposition. Printing parameters include (f) AP, (g) LT, and (h) SO.

indicates a reduced distance between each pass,
leading to a higher amount of binder being deposited
per layer.

24 |
density

Investigation of solids loading and

The effects of key process parameters on the solids load-
ing and density of printed mock EMs are experimentally
investigated by printing specimens under different com-
binations of LT (350 um, 500 um, and 650 um), AP
(0 MPa, 3 MPa, 6 MPa, and 9 MPa), and SO (0.65 mm,

0.7 mm, 0.8 mm, and 0.89 mm). To determine the solids
loading and density of printed mock EMs, a measure-
ment method reported in our previous work [28] was
used. The methods are briefly described as follows:

The solids loading of a printed EM was determined
using the equation Solids Loading = =% x 100 %,
where m, is the mass of the sucrose particles in the
printed shape, and m, is the mass of the binder de-
posited in the printed shape. m, was estimated using the
powder bed density and the volume of the printed shape,
V print» While the powder bed density and the volume of
the printed shape can be measured using approaches de-
scribed in the literature [29-32]. m, was determined

from the number of droplets used in the printing and the
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droplet volume measured from an integrated optical
imaging system.

The density of a printed EM was calculated using
the equation p = (VF, X Pyerose) + (VF, X p3), Where
VF, and VF, are the volume fraction of the sucrose
particles and the binder in the printed shape, re-
spectively, and pgucrose and p, are the density of the su-
crose particle and the binder, respectively. VF, was
calculated from the powder bed density and the vol-
ume of the printed shape V,,,. VF, was calculated
from the deposited volume of binder and VF,. The rel-
ative density p, was calculated based on the theoret-
ical maximum density (TMD), i.e., the density of a su-
crose composite (Pycrose =0.0016 g/mm?®) with pores
that are fully saturated with binder.

2.5 | Investigation of mechanical
properties

The effects of process parameters on the mechanical
properties of printed mock EMs are experimentally in-
vestigated through printing specimens under different

Material Contrast Ranges

M Pores (0 - 10,650)

M Binder (10,650 — 12,242)

B Particle (12,242 — 60,000)

Pore Phase

combinations of AP (0 MPa, 5 MPa, and 10 MPa), LT
(350 wm, 500 um, and 650 um), and SO (0.6 mm,
0.7 mm, and 0.8 mm). The printed samples had a diame-
ter of 7mm and a thickness of 5 mm. Seven specimens
were printed for each combination of printing parame-
ters. A compression test was performed using a com-
pression machine from TestResources (Shakopee, MN).
The compression rate used was 6.35 mm/min. From the
loading curve, five mechanical properties were calcu-
lated: compression strength, Young’s modulus (E), Pois-
son’s ratio (v), shear modulus (G), and bulk modulus
(B). The obtained results were compared with those of
EMs fabricated using other methods.”

2.6 | Investigation of microstructures

To experimentally investigate the effects of process pa-
rameters on the microstructures of printed EMs, speci-
mens were printed under different combinations of AP
(0 MPa and 6 MPa), LT (350 um and 650 um), and SO
(0.6 mm and 0.8 mm). The printed samples had a di-
ameter of 12mm and a height of 15mm. The

.

Original Slice

All Phases

.

Binder Phase

Particle Phase

FIGURE 3 Micro-CT images. (a) Original images. Images highlighted with (b) all phases, (c) pores, (d) binder, and (e) particles.
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microstructures of the printed specimens were
analyzed and quantified using a micro-computed to-
mography (micro-CT) technique (Zeiss Xradia 520
Versa 3D X-ray microscope). The X-ray source voltage
was set to 80 kV with a power of 7 watts. A total of
1601 projections were captured over a 360-degree rota-
tion, with each projection having an exposure time of
one second. Image acquisition was performed using a
0.4x objective and an X-ray source-to-sample distance
of 43 mm, resulting in a pixel size of 20 um. Sub-
sequently, the micro-CT scan images were imported
into Dragonfly software (Object Research Systems) for
further analysis. The software provided tools to differ-
entiate and isolate the sucrose particles, HTPB binder,
and pores within each sample by leveraging density
contrasts (Figure 3). The contrast range for pores was
set at 0-10,650 (Figure 3c). The binder range was
found to be 10,650 - 12,242 (Figure 3d), and the su-
crose particle had a range of 12,242 - 60,000
(Figure 3e).

2.7 | Statistical analysis

The obtained experimental data were analyzed in stat-
istical software Minitab using Analysis of Variance
(ANOVA) to assess significance of the effects of the
process parameters on the printed EMs. Before
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performing the ANOVA, the assumptions of
normality, independence, and homogeneity of var-
iances were checked.

3 | RESULTS AND DISCUSSION

3.1 | Testcases

Complex structures were successfully printed to assess
the capabilities of the PBJ process in fabricating EMs.
Figure 4 shows the successful fabrication results, in-
cluding a dog model, a multi-port valve, a lattice struc-
ture, and a vented gear. The chosen printing parame-
ters were an AP of 10 MPa, a LT of 500 um, and a SO
of 0.7 mm. These printed structures showcase the abil-
ity and effectiveness of the PBJ process in producing
intricate structures with internal cavities, overhangs,
and precise features while maintaining the structural
integrity of the samples.

3.2 | Solids loading

The effects of AP and SO on solids loading for differ-
ent LTs are illustrated in Figure 5a-c. The range of
achievable solids loading with these printing parame-
ters falls between 88.3% and 95.4%. The ANOVA test

FIGURE 4 Test cases printed by the PBJ process.
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FIGURE 5 The effects of AP and SO on solid loading for different LTs. (a) 350 um, (b) 500 um, (c) 650 um.

reveals that both AP (p=0.000) and SO (p=0.000)
have a significant impact on the solids loading, where-
as LT shows no obvious effect (p=0.1). Higher APs re-
sulted in higher solids loading by enhancing the pow-
der bed density. The most substantial increase in
solids loading occurred when AP increased from
0 MPa to 3 MPa. This is primarily attributed to a sub-
stantial reduction in pores within the powder bed dur-
ing the initial compression stage. Subsequent stages of
compression primarily involve particle shifting rather
than significant densification, resulting in a relatively
smaller influence on the overall solids loading. In-
creasing the SO also led to an increase in solids load-
ing. A higher SO resulted in a reduced amount of
binder being deposited in the sample; consequently,
the same quantity of powder received a decreased
amount of binder, leading to increased solids loading.
The impact of SO on solids loading was more pro-
nounced at lower pressures, as the binder saturation
level can be more affected by SO in a more porous
powder bed. Based on the results presented in
Figure 5, the highest solids loading of 95.4% was ach-
ieved when using an AP of 9 MPa, a LT of 500 um, and
a SO of 0.89 mm.

3.3 | Density
The effects of AP and SO on density for different LTs are
illustrated in Figure 6a-c. The density attainable with
these printing parameters ranges from 63.3% to 83.4%.
In comparison to solids loading, density of the printed
EMs was more significantly affected by AP (p=20.000)
and LT (p=0.000). SO shows negligible effect on the
density (p=0.14). The density exhibited a positive corre-
lation with AP, indicating that an increase in AP led to
greater reduction in pore size within the powder bed.
Similar to solids loading, the most significant change in
density occurred between 0 MPa and 3 MPa, due to the
substantial reduction of pores during the initial stage of
compression. In contrast, an increase in LT led to a de-
crease in density, which was attributed to an increased
level of porosity within the powder bed following the
same compaction process. Among the tested parameters,
the highest density of 83.4% was achieved when the
highest AP, the smallest LT, and the smallest SO were
applied.

To evaluate the effectiveness of our process, we com-
pare the achieved density with densities obtained
through traditional cast-cure techniques, as illustrated in
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(b) 500 um Layer Thickness
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FIGURE 6 The effects of AP and SO on density for different LTs. (a) 350 um, (b) 500 pm, (c) 650 um.

Figure 7a. Our PBJ process, at the maximum AP of
12 MPa, yielded a density of 0.00138 g/mm®. This result
is comparable to the density (0.00137-0.00145 g/mm?®) of
the cast-cure sample fabricated utilizing a compression
of 5.8-90 MPa [33, 34]. It should be noted that the ap-
plied compression pressures for some cast-cure samples
were 3-7 times greater than in our method. These com-
parisons highlight the promising results of our method,
which could be further enhanced by increasing the
pressing capability of our system.

3.4 | Density vs. solids loading

In order to demonstrate the capabilities of our process, a
processing map was created that illustrates the correla-
tion between density, solids loading, and various print-
ing parameters, as depicted in Figure 7b. The points on
the mapping represent the achieved density and solids
loading values for different combinations of SOs, LTs
and APs. As the AP changed from 0 MPa to 3 MPa, both
density and solids loading underwent the most sig-
nificant changes. As the AP continued to increase, the
differences in density and solids loading become less
pronounced.

3.5 | Microstructures

In this section, the effects of different printing parame-
ters on the microstructures of printed EMs are examined
using SEM and micro-CT. We analyze the particle den-
sity and binder concentrations throughout EMs printed
under different printing parameters.

3.5.1 | Applied pressure
The SEM images for samples printed under 0 MPa and
9 MPa are shown in Figure 8a and 8b, respectively.
The sample printed under 0 MPa exhibited relatively
high porosity, while the sample printed under 9 MPa
showed noticeably reduced porosity. Figure 8c pres-
ents the reconstructed micro-CT images depicting the
effects of different APs (0 MPa, 3 MPa, 6 MPa, and
9 MPa). In these images, the color represents the con-
centration of particles or binders within the printed
samples. The reconstructed images were utilized to
quantify the powder packing density, binder concen-
tration, and porosity, as given in Figures 8d-8f.

Figure 8d shows the effect of AP on the powder
packing density in printed samples. It is evident that
the density was the lowest when no pressure was
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FIGURE 7 (a)comparison of density to other methods; (b) a processing map for density and solids loading; (c) compaction effect on

LTs.

applied, and the density remained relatively constant
at different heights of the sample. However, when
higher pressures (i.e., 3 Mpa-9 MPa) were applied, the
powder packing density increased significantly. As the
AP increased from 3 MPa to 9 MPa, the packing den-
sity showed a more pronounced gradient along the z-
direction of the samples. The lower portion of the
sample exhibited a higher packing density, because
the base powder underwent multiple compression cy-
cles with each subsequent layer.

Figure 8e shows the effect of AP on the binder con-
centration in printed samples. When the AP was
0 MPa, the binder concentration remained relatively
constant at 30%. As the AP increased to 3 MPa, the
binder concentration decreased slightly. However, as
the AP increased from 3 MPa to 9 MPa, the binder
concentration started to increase. This effect can be
explained by the interplay between pore reduction and
enhanced binder saturation. Pore reduction within the
powder bed due to compression leads to a decrease in
binder concentration, while enhanced binder satu-
ration contributes to an increase in binder concen-
tration. When AP increases in a low-level range (e.g.,

0 Mpa-3 MPa), pore reduction dominates, resulting in
a decrease in binder concentration. In contrast, when
AP increases in a high-level range (e.g., 3 Mpa-
9 MPa), the powder bed becomes denser, and as a re-
sult, the kinetics of binder saturation is significantly
enhanced, leading to an increase in binder concen-
tration. Furthermore, Figure 8¢ demonstrates an in-
crease in the gradient of binder concentration as the
AP increased. This observation aligns with the trends
observed in the powder packing density (Figure 8d).

Figure 8f displayed the final porosity of each sam-
ple. It can be observed that the sample printed under
0 MPa exhibited the highest porosity. Despite the
higher binder concentration in this sample, the pores
were not adequately saturated due to poor powder
packing density, resulting in the highest porosity. On
the other hand, as the AP increased, the powder pack-
ing density improved, allowing for better saturation of
pores by the binder. Consequently, samples subjected
to higher APs exhibited lower porosity.

Based on the discussion above, it can be concluded
that an AP of 3 MPa would be optimal for achieving a
balance between density and composition uniformity
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FIGURE 8 Microstructure of samples printed under different APs. (a)(b) The SEM images; (c) the reconstructed micro-CT images;
(d) the packing density; (e) the binder concentration; and (f) the porosity.

in printed samples. While the samples printed under
0 MPa demonstrate adequate uniformity, the poor
packing density and high porosity compromise their
structural strength and overall performance. Con-
versely, samples printed under a higher AP, such as
9 MPa, exhibit higher powder packing density, suffi-
cient binder concentration, and lower porosity, and
have the potential to demonstrate excellent energetic
performance if the nonuniformity issues can be ad-
dressed in future developments.

3.5.2 | Layer thickness

While previous studies have examined the impact of LT
on packing density in binder jetting [35, 36], our study
specifically focuses on investigating the effect of LT un-
der layerwise compression. Figure 7c shows how the LT
changed when a layer was subjected to different APs.
The results indicate that greater LTs were more influ-
enced by compression. For instance, when subjected to
an AP of 9 MPa, a layer with a LT of 650 um experienced
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FIGURE 9 Microstructure of samples printed with different LTs. (a)(b) SEM images of different LTs; (c) the reconstructed micro-CT
images; (d)(e) the porosity under different pressures; (di-diii) and (ei-eiii) CT sliced images.

a 33% decrease in thickness, while a layer with a LT of
350 um only exhibited a 16 % decrease.

The SEM images in Figure 9a and 9b offer a closer
examination of the microstructures formed under differ-
ent LTs. The images reveal that the lower LT (350 pm)
resulted in a more uniform microstructure with im-
proved packing density. In contrast, the sample printed

with a LT of 650 um displayed loose particles and a
higher porosity in its microstructure.

Figure 9c presents the reconstructed micro-CT im-
ages for samples printed with different LTs. Figure 9d
shows the porosity at different heights of samples print-
ed under 3 MPa. For a LT of 350 um, the porosity was
slightly lower and exhibited a more uniform distribution
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at the height 0-8 mm. The porosity increased slightly at
the height between 8 and 11 mm. The higher porosity at
the top can be attributed to the top layers undergoing
fewer compression cycles. In contrast, for a LT of
650 um, the porosity was higher and showed fluctuation
along the height. This fluctuation arises from the inabil-
ity of the binder to fully penetrate the large LT.

Figure 9¢ depicts the samples printed with different
LTs under 9 MPa. Under a LT of 350 wm, the porosity
was relatively stable at the height between 0 and 6 mm
and exhibited an increasing trend at the height between
6 and 11 mm. Compared to the sample printed with the
LT of 350 um under 3 MPa, the height range with a uni-
form porosity decreased (0-6 mm vs 0-8 mm). This sug-
gests that when a higher AP is used, a greater number of
compression cycles are needed to reach an equilibrium
state within a layer. Additionally, it was found that the
fluctuation in porosity for the LT of 650 um was sig-
nificantly reduced when the higher pressure of 9 MPa
was applied. This is because a higher AP reduced the LT
to a smaller level, enabling the binder to disperse more
evenly throughout the layers and consequently enhanc-
ing the uniformity of porosity.

3.53 | Step-over

Figure 10 depicts the microstructures and porosity of
samples printed using a SO of 0.6 mm and 0.8 mm.
Figure 10a shows a surface obtained with a SO of
0.6 mm, which exhibited fewer pores due to effective
binder saturation throughout the sample. Figure 10b
showcases a more porous surface achieved with a SO
of 0.8 mm owing to fewer binder deposited. Figure 10c

a) 0.6 mm
(a) w@g

T

7]
ol
<
-
=
7]
L
=
(7]
o

Pyrotechnics

confirms that the lower SO yielded a slightly lower
level of porosity.

3.6 Loading curves

The compression test results in Figure 11 provide val-
uable insights into the mechanical behavior of the print-
ed samples. Figure 11a displays a sample after yielding
during compression. As shown in Figure 11b, the sample
subjected to the highest AP exhibited the most sig-
nificant increase in stress and demonstrated the highest
strength. In contrast, the sample subjected to lower AP
exhibited a brittle nature and was prone to fracturing.
Figure 11c indicates that a smaller LT enabled a higher
degree of stress and strain. This can be attributed to the
fact that a smaller LT contains fewer pores that need to
be eliminated during compression. This, in turn, leads to
higher density under the same AP. Additionally, the
smaller LT facilitates better diffusion of the binder
throughout individual layers, resulting in thorough
bonding between all the layers. Conversely, the larger LT
received the same amount of binder, which could be in-
sufficient to saturate the entire layer, leading to reduced
uniformity and weaker mechanical properties in the re-
sulting parts. Figure 11d suggests SO had little sig-
nificance in influencing the loading curves, although in-
creasing SO may affect the saturation level in the printed
parts.

3.7 | Mechanical properties

Five mechanical properties were calculated from the
loading curves, including compressive strength,

Porosity at 9 MPa

4 6 8
Sample Height (mm)

FIGURE 10 Microstructure of samples printed with different SOs. (a)(b) SEM images; (c) Porosity.
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FIGURE 11 Compression test results. (a) The compaction set-up of a specimen. (b)-(d) The stress strain curves.

Young’s modulus, Poisson’s ratio, shear modulus, and
bulk modulus. The results were plotted in Figure 12.
Among all the levels of AP, the AP of 6 MPa yielded
the highest compressive strength and moduli due to
the highest packing density achieved. Among all the
levels of LT, the LT of 500 um led to the highest com-
pressive strength and moduli. The higher LT of
650 um resulted in excessive pores in the printed sam-
ple that could not be fully eliminated by compression,
while the lower LT of 350 um likely contributed to in-
process damage to each bonded layer during the com-
pression. The impact of SO on the mechanical proper-
ties is negligible. To ensure sufficient mechanical
properties in the printed EMs, the selected printing
parameters were 6 MPa for AP, 500 um for LT, and
0.8 mm for SO. Samples were printed using the opti-
mal settings and compared to results obtained from
traditional casting methods [1, 37-42]. Figure 13a and
13b reveals our process yielded comparable results to
casting methods in terms of Young’s modulus and
Poisson’s ratio. In Figure 13c and 13d, the samples
printed by our process exhibited higher bulk modulus
and shear modulus than samples obtained through
traditional casting methods.

4 | CONCLUSIONS

In this study, we examined the application of a novel
PBJ process in fabricating EMs and investigated the
influence of three major process parameters, including
applied pressure (AP), layer thickness (LT), and step-
over (SO), on the quality and properties of printed
mock EMs. In comparison with traditional and other
AM fabrication methods, our method has the potential
to reliably produce complex EMs without compromis-
ing density, solids loading, and mechanical properties.
Several important findings are summarized as follows:

(1) The PBJ process successfully produced mock EMs
with solids loading ranging from 88.3% to 95.4% and
densities ranging from 63.3% to 83.4%. These den-
sity levels are comparable to traditional cast-cure
methods.

(2) The mechanical properties of mock EMs printed
through the PBJ process, including compression
strength, Young’s modulus, Poisson’s ratio, shear
modulus, and bulk modulus, are comparable to
those obtained by many traditional cast-cure proc-
esses.
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FIGURE 12 Mechanical properties of the printed samples. (a) Compression strength, (b) Young’s modulus, (c) Poisson’s ratio,
(d) shear modulus, and (e) bulk modulus per each set of printing parameters.
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(3) The AP during the printing process plays a crucial
role in determining the microstructures and proper-
ties of printed EMs. A higher AP leads to improved
powder packing density, enhanced binder satu-
ration, reduced porosity, and thereby better mechan-
ical properties, even though it also results in higher
gradients in the powder packing density and binder
concentration along the z-direction.

(4) The LT parameter was found to play a crucial role
in determining the porosity and uniformity of the
printed EMs. Under the same AP, a greater LT
tends to achieve a higher porosity with fluctuation
along the height, while a smaller LT results in a
slightly lower porosity and a relatively uniform po-
rosity within a certain height range. This height
range becomes smaller when a higher pressure is
applied. Furthermore, suitable LTs need to be se-
lected to ensure consistent and reliable EM per-
formance; a too high LT can contribute to ex-
cessive pores in the printed sample that could not
be fully eliminated by compression, while a too
low LT can result in damage to each bonded layer
during compression.

(5) SO has an influence on the solids loading and poros-
ity, in particular when the AP was low, while its in-
fluence on the mechanical properties appears to be
negligible.

Future research should focus on improved control of
the microstructure gradient within the PBJ process.
Comprehensive investigations are required to thoroughly
explore the process parameter space for achieving di-
verse microstructure gradients using the PBJ process.
Additionally, exploring new formulations of binders for
printing EMs using the PBJ process that can reduce the
amount of hexane, as the major source for porosity,
would further advance the printing quality.
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