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Boron carbide (B4C) is one of the hardest materials in existence. However, this attractive property also limits its machineability into complex
shapes for high wear, high hardness, and lightweight material applications such as armors. To overcome this challenge, negative additive
manufacturing (AM) is employed to produce complex geometries of boron carbides at various length scales. Negative AM first involves
gelcasting a suspension into a 3D-printed plastic mold. The mold is then dissolved away, leaving behind a green body as a negative copy.
Resorcinol-formaldehyde (RF) is used as a novel gelling agent because unlike traditional hydrogels, there is little to no shrinkage, which allows
for extremely complex molds to be used. Furthermore, this gelling agent can be pyrolyzed to leave behind ~50 wt% carbon, which is a highly
effective sintering aid for B,C. Due to this highly homogenous distribution of in situ carbon within the B,C matrix, less than 2% porosity can be
achieved after sintering. This protocol highlights in detail the methodology for creating near fully dense boron carbide parts with highly complex
geometries.

Video Link

The video component of this article can be found at https://www.jove.com/video/58438/

Introduction

Boron carbide (B,4C), with a Vickers hardness of about 38 GPa, is known as the third hardest commercially available material, behind

diamond (~115 GPa) and cubic boron nitride (~48 GPa). This particular property, along with a low density (2.52 g/cm3), makes it attractive

for defense applications such as armors’. B,C also has a high melting point, superior wear resistance, and high neutron absorption cross
section®>*, However, utilization of these favorable mechanical properties typically requires B4C to be sintered to a high density. Hot pressing is
a conventional method for sintering B4C to full densification. This technique is often limited to simple geometries with limited curvature and fairly
uniform thickness. Expensive and labor-intensive machining with polycrystalline diamond tooling or laser cutting is required to introduce finer or
more complex features.

Alternatively, colloidal forming techniques with pressure-less sintering can produce near-full density parts that require minimal to no machining.
Due to a lack of external pressure during consolidation, sintering aids are normally added to the ceramic medium to increase the effectiveness
of pressureless sintering. Carbon is commonly used as a sintering aid for B4CS'6'7.Various carbon sources, such as nanoparticle powders or
carbonized organics from pyrolysis, can be used. Homogeneous distribution of the carbon sintering aid along grain boundaries is an important
factor for obtaining uniform sintering of B4C. Therefore, carbon concentration and B,C particle size are also important and interrelated factors for
sintering parts to high densitys.

One of the most promising colloidal forming techniques for obtaining complex shaped ceramic parts is gelcasting;. This technique involves
casting a ceramic suspension with an organic monomer into a mold which polymerizes in situ to act as a gel9’1°’ 1 The gel serves as a binder to
form a green body in the shape of the mold that is strong enough to be handled without breakage in subsequent processing steps. Previously
impossible 3D mold geometries can now be produced through low-cost polymer-based additive manufacturing (AM) techniques such as
stereolithography (SLA) and fused deposition modeling (FDM)12. The recent availability of 3D printers has opened new possibilities for designing
ceramics with highly complex geometries.

Negative additive manufacturing is a technique that combines gelcasting with sacrificial 3D-printed molds. The complexity of the ceramic part is
directly related to the complexity of the mold design. Mold designs can now be incredibly sophisticated with the advent of high resolution plastic
3D printers. For example, 3D scanning tools can be used to capture an individual's contours and be incorporated into molds. By using negative
AM, lightweight ceramic armors tailored to the individual's body size and shape can be created. Such design customizations can provide lighter
weight armors with enhanced mobility for users.

Other common ceramic AM techniques such as direct ink write (DIW), selective laser sintering (SLS), and binder jetting (BJ) are also effective
in producing complex shaped ceramic parts. However, most of these techni%ues are only useful for producing fine porous structures and are
not efficient when scaling up to large parts, such as armor applications”"m’1 1617 Moreover, most of these techniques are not feasible for high
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volume production due to high expenses. Therefore, negative AM is a preferred and relatively inexpensive route for industrial-level production of
large-scale parts.

The B4C suspensions used for gelcasting must be low in viscosity and contain a gelling agent and sintering aid. Resorcinol and formaldehyde
are chosen for their ability to undergo polycondensation reactions to form a resorcinol-formaldehyde (RF) network, which helps to bind the B4,C
particles together. Traditional hydrogels used for gelcasting are limited to molds with hollow cores due to the high inward shrinkage experienced
during the drying process18. Since RF is commonly used as an aerogel, there is little to no shrinkage, which permits the use of more intricately
shaped molds. Another advantage of using RF is that the gelation rate can be controlled by altering the pH of the suspension (Figure 3).
Additionally, suspensions containing either resorcinol or formaldehyde can be prepared in advanced and stored separately until they are ready
for casting. Most importantly, the RF gel can be pyrolyzed to leave behind 50 wt% carbon™. This highly homogenous distribution of carbon

can aid the densification of B,C to near-full densities during sintering. 15 wt% of RF relative to boron carbide is used in the formulation of the
suspension to provide 7.5 wt% of carbon after pyrolysis of the cast parts.

The overall goal of this work is to combine traditional gelcasting techniques with inexpensive 3D printing capabilities and a unique gelling agent
to obtain near-full density boron carbide parts with highly complex geometries. In addition to ceramics, negative AM can be applied to other
material fields to create entirely new geometries of multi-material systems. The methodology described here expands on the work presented in
Lu et al.® and aims to provide a more detailed protocol for reproducing those results.

CAUTION: Please consult with the safety data sheets (SDS) of all materials, and wear proper protective equipment (PPE) when handling
materials before casting and curing. Resorcinol and polyethylene imine are known to be toxic. Formaldehyde is both toxic and carcinogenic™ .
Preparation of ceramic suspensions should be done in chemical fume hoods or other properly ventilated work environments.

1. Negative Additive Manufacturing

1. Preparation of a 120 mL two-part suspension
NOTE: A two-part suspension will be prepared to help prolong the shelf life of the suspensions before casting. One suspension (R-mix) will
contain the resorcinol component, and the other (F-mix) will contain the formaldehyde component. Both suspensions will be mixed together to
form a final suspension that will initiate the gelation process.
1. To create the R-mix, begin by dissolving 0.88 g of polyethylene imine (PEI) in 25.00 g of water using a planetary mixer.
2. To create a separate F-mix, dissolve 0.88 g of polyethylene imine (PEI) in 16.83 g of water using a planetary mixer.
NOTE: Using a planetary mixer at 2000 rpm for at least several minutes will provide sufficient shearing forces to help dissolve the
viscous PEI, resorcinol, and formaldehyde, and to suspend the boron carbide particles. PEI serves as the dispersing agent for the B,C
particles
3. Dissolve 12.60 g of resorcinol powder into the R-mix. The solution should turn from a cloudy-white to a clear transparent solution after
complete dissolution of the powder from mixing.
4. Add 17.03 g of formaldehyde solution to the F-mix and ensure complete mixing.
5. Incrementally add 5.25 g (12 increments until reaching 63.00 g) of boron carbide powder (1500F) into both the R-mix and F-mix
separately.
6. Add 6.50 g of acetic acid to the R-mix and F-mix and ensure complete mixing in each.
NOTE: At this point, the two-part suspensions will have 42 vol% of B,C and are ready to be combined for casting or stored for future
use (if adequately sealed). Beware that if the suspensions sit for ~1 h or more, particle settling will occur. Ensure that the particles are
resuspended by applying thorough agitation before using the suspensions. Also, three different commercial batches of boron carbides,
1250F, 1500F, and 3000F (named according to their approximate sieved mesh sizes), were originally tested. Each batch has a different
particle size distribution, and the 1500F B4C batch was found to achieve the highest sintering density, as reported in Lu et al®. Acetic
acid can also be added before the B,C solids loading step as well, but adding at the end offers better ease of handling by limiting acetic
acid odors.

2. Preparation of the 3D printed molds for casting

1. Prepare the mold design in a computer-aided design (CAD) software program.

2. Print the molds using a Fused Deposition Modeling (FDM) 3D printer with acrglonitrile butadiene styrene (ABS) filaments.
NOTE: Acetone vapors can be used to smooth out the mold texture if desired ' The suggested nozzle and bed temperatures are 240
°C and 110 °C, respectively. Parameters such as layer thickness (0.2 mm), extrusion speed, and cooling rate are chosen to optimize
the quality of the part with minimum deformations. This requires some trial and error with each unique printer system. A wall thickness
of at least 1 mm is advised. The minimum feature size is 0.5 mm; however, it is suggested not to go below 1 mm. Molds from Lu et al®
are available for download online in supporting material.

3. Combination of the two-part suspension to prepare for casting

1. Before combining, thoroughly agitate (by using a vortex or planetary mixer) the R-mix with the F-mix suspensions individually to ensure
the B4C particles are well-suspended.

2. Combine the R-mix and F-mix to obtain the final suspension.
NOTE: The pH of the combined suspension should be 2.8, which will provide about 30 minutes of working time to de-air and cast the
final suspension before gelation starts occurring. The onset of gelation can be observed from the sharp increase in viscosity of the
suspension.

3. Before casting, mix and apply vacuum (20-200 torr or 2.7-27 kPa) to the final suspension mixture for about 10 minutes to remove air
bubbles without boiling the water. This can be accomplished by using a stirring plate at 200-300 rpm with a vacuum jar.

4. Gelcasting
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Immediately pour the de-aired suspension into the 3D-printed molds.

Place the molds inside a sealed glass container to prevent moisture loss during the curing process.

Place the sealed container with the molds into a 60-80 °C oven to initiate the curing process.

Allow the casts to cure for at least 8 hours for parts that are several centimeters in length scale or possibly longer for larger molds.

hobp =

5. Dissolution of the molds to obtain green bodies

1. Remove the sealed container with the molds from the oven and allow it to cool to room temperature.

2. Add enough acetone into the container until the mold is fully submersed. The amount will vary depending on the size and volume of the
mold used (generally ~100 mL of acetone for a mold that is 50 cm®in dimension).
NOTE: This process may take up to 2-4 days depending on the volume of plastic that needs to be dissolved away. Minimal agitation of
the acetone bath or heating it slightly to 40 °C may help speed up the process. Execute caution when heating acetone bath, as itis a
flammable chemical and may become explosive when combined with air in certain composition ranges.

3. Extract the free green body from the acetone bath after the ABS plastic is dissolved away.
NOTE: After the RF is cured, the mold can be dissolved away to obtain a solid green body shaped as a negative copy of the inner mold
geometry. This green body should be strong enough to survive gentle and careful handling in the subsequent post-processing steps
without breaking.

4. Place the green bodies in an oven at 80 °C to ensure complete drying and removal of all moisture.
NOTE: Drying time varies dependin% on the volume of the green body. Leaving the part to dry overnight (> 8 hours) is sufficient for
green body sizes less than 1000 cm®. There is no harm in over-drying.

2. Carbonization

1. After drying, place each green body in a 2-inch quartz tube lined with graphite foil and put them into a furnace with flowing gas [250 standard
cubic centimeters of air (SCCM) consisting of 4 wt% Hy(g) and 96 wt% Ar(g) to create a reducing atmosphere during the pyrolysis treatment].

2. Heat the green bodies inside the furnace at 5 °C/min until 1050 °C and hold for 3 hours.
NOTE: The gel-cast green bodies will have 15 wt% of RF relative to the B,C and will provide about 7.5 wt% in carbon after the pyrolysis
process. This process removes much of the resorcinol-formaldehyde residue and will severely contaminate the furnace if no trap is used.

3. Ensure that the green bodies come out uniformly darker in color, indicating the presence of carbon from the pyrolysis treatment.

3. Sintering

NOTE: After sintering, the surface roughness of the samples will improve slightly compared to the surface roughness of the molds used. This is a
consequence of the 57-58 vol% shrinkage of the samples from sintering.

1. Place the carbonized parts in a graphite furnace with vacuum backfilled flowing helium gas (420 SCCM) for sintering. Apply 280 SCCM to the
front and pyrometer windows and 140 SCCM directly into the sample chamber with an inlet pressure of ~170 kPa.

2. Heat up the furnace to 2290 °C (20 K/min to 2000 °C then 3 K/min to 2290 °C) and hold for 1 hour to achieve optimal densification of the
parts.
NOTE: Archimedes density is a common and quick technique to measure the density of the sintered boron carbide parts. Archimedes density
kits can be added onto analytical balance scales to measure the density of samples or manually determined®2. Boron carbide with 7.5 wt%
in carbon will have a theoretical maximum density (TMD) of 2.49 g/cm3. Parts sintered at 2290 °C from this methodology will result in 2.43 +
0.01 g/cm?® which is 97.6 + 0.4% TMD.

Representative Results

Following the outlined procedure (Figure 1), complex shaped boron carbide parts with carbon (B4C/C) can be sintered up to 97.6 + 0.4% of
theoretical max density with a Vicker's hardness of 23.0 + 1.8 GPa®. Several possible examples of sintered B,C/C parts are demonstrated
(Figure 2). These examples show the fine textural features that can be copied by the gelcasting technique. This is advantageous for creating
parts that require precise meso-scale features. Rheology of the final B4C suspension was determined for different pHs. A pH 2.8 suspension was
measured as having the lowest viscosity for over 20 minutes, which is adequate for mixing, de-airing, and casting (Figure 3).

Further scanning electron microscopy indicated that uniform networks of carbon are coated onto the B,C particles after the pyrolysis of RF
(Figure 4A and 4B). After casting and post-heat treatment steps, characterization using X-ray diffraction (XRD) confirmed the evolution of carbon
as graphite (Figure 4C). Microstructural image of a fully sintered boron carbide sample revealed low porosity in the final part, which is highly
desirable (Figure 5).
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Figure 1: Depiction of the entire negatlve AM process for produclng high denS|ty complex shaped boron carbides. This schematic
provides a step-by-step overview of the entire fabrication process, from 3D printing of the mold to sintering of the final ceramic part. This figure
has been modified with permission from Lu et al8. Please click here to view a larger version of this figure.
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Figure 2: Sintered complex shaped B,C/C parts with >97% density prepared from negative AM. (a) Gyroid; (b) Celtic Knot; (c) Cubic
Lattice. The slight textural difference for each shape is due to differences in the quality of the 3D-printed molds used (dark black regions are
carbon residues left on the surface after pyrolysis of the molds and can be rubbed off). This figure has been modified with permission from Lu et
al®. Please click here to view a larger version of this figure.
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Figure 3: Rheology of the final B4C suspension. (a) Complex viscosity as a function of time for different pH suspensions with B,C and
resorcinol-formaldehyde. Thickening is defined as the wscosﬂy at 1 Pa's. (b) Time to reach thickening for the different pH suspensions. This
figure has been modified with permission from Lu et al®. A rheometer with attached parallel circular plates at a constant 30% oscillation strain
and 1 Hz frequency was used to measure complex viscosity. All samples were measured at room temperature except for one pH 2.8 sample
where the environmental temperature chamber in the instrument was used to provide heat (16.2 °C/min) until 80 °C was reached. Please click
here to view a larger version of this figure.
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Figure 4: Scanning electron microscopy and XRD were used to identify the presence of carbon network within the boron carbide
matrix after RF gel pyrolysis. Boron carbide 1500F particles (a) without carbon coating and (b) with 7.5 wt% carbon coating are shown. (c)
XRD of different thermal treatment stages of the B,C cast. This figure has been modified with permission from Lu et al®. XRD spectra were
collected on an X-ray diffractometer. Samples were mounted on a polymer clay and leveled flat. A LynxEye 1-dimensional linear Si strip detector
was used with a variable divergence slit of 6 mm and a 0.5° anti-scatter slit. The source was Ni-filter Cu radiation (A = 1.5406 A) from a sealed
X-ray tube operated at 40 kV and 40 mA. The source and detector were stepped scanned together at fixed angles from the sample with a
combined 26 of 20-80° at a rate of 0.02°/s. Post-processing algorithms from the XRD analysis software were used to strip away contributions
from background noise and the K-alpha 2 radiation. A scanning electron microscope at 10.0 kV accelerating voltage on secondary electron mode
was used to image the B4C particles. Please click here to view a larger version of this figure.

Figure 5: A saw-cut cross-sectional surface of a 2290 °C sintered 1500F boron carbide sample at ~97% density. This figure has been
modified with permission from Lu et al®. Please click here to view a larger version of this figure.
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The methodology of negative additive manufacturing described in the protocol allows complex shaped boron carbide parts to be produced at
nearly full density after sintering at an optimal temperature of 2290 °C. The first several steps related to preparation and casting are the most
critical for generating a high-quality cast with minimal defects. If the viscosity of the suspension is too high, poor mixing will occur. The porosity
of the sintered part is also affected since increased viscosity hinders air bubble removal. If the final suspension has been sitting idle for too long
after mixing and de-airing, the increase in viscosity will be problematic for filling in small cavities in irregularly shaped 3D-printed molds.

Another issue to be aware of is Stoke's settling effect in the aqueous suspensions. If the suspension viscosity is sufficiently low after casting and
not immediately cured, boron carbide particles in the suspensions will settle, causing a concentration gradient in the green bodies. Improperly
cast parts will deform, with higher shrinkage at the top compared to the bottom during sintering. To remedy this problem, boron carbide with
multi-modal particle size distributions can be utilized to minimize non-uniform shrinkage issues during sintering. The gelation rate of RF, which is
highly dependent on the pH and temperature of the mixture, is another important factor to consider. Higher pH and temperatures correspond to
faster polymerization kinetics, which will be observed as an increase in viscosity of the suspension. Reducing the pH of suspensions allows for
longer working time during casting and also for curing to be initiated instantaneously as a thermal set.

Although negative AM is an easily scalable technique for high volume production of large complex shaped parts, this method is limited in
producing miniature parts. Green bodies of all ceramic casts have an inherent green strength. The green strength of a cast part will be weak

if the dimensions are sufficiently small. For instance, a green body less than 1 mm thick will easily break from the internal shrinkage stresses
during the curing process after casting compared to a green body that is greater than 10 mm thick. Therefore, the mold material's elasticity and
stiffness are important parameters since higher shrinkage stresses will occur if a stiffer mold is used, due to thermal expansion of the mold from
the 80 °C heat treatment. We have demonstrated that relatively soft molds such as hexanediol diacrylate (HDDA) can be used to produce highly
ordered lattices with ~100 um feature sizes without breakage and for creating meso-scale compositess’zs’.

In conclusion, negative AM is a simple technique that combines gelcasting with inexpensive plastic 3D printing to produce complex shaped
ceramic parts. The advantage of the methodology described here is its ability to scale up for high volume production while being cost-effective.
Future work will include higher B,C solids loading in suspensions to limit shrinkage during sintering. Mechanical testing is also underway to
evaluate the strength properties of these materials. Nonetheless, negative AM is not limited to only the materials and systems presented in

this protocol. Various gelling agents and 3D-printed molds from other AM techniques or materials can also be used. For example, Franchin et
al.?* created porous sacrificial template molds withfolyactic acid (PLA) using geopolymers as the inorganic component. These PLA sacrificial
templates can be thermally removed when desired 4 Therefore, the general technique described in this protocol can be applied to a vast domain
of materials, which will open up new possibilities for the mass development of complex shaped ceramics, metals, and other composite systems.
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