
SD = 3.25 GPa), p = 0.625 and p = 0.731, respectively. Using the 
alpha level of 0.05, the null hypotheses were not rejected and there 
were no statistically significant differences in mean hardness values 
between the B4C pellet and both printed parts.

batch had MC added into the composition. All components were mixed in a 
FlackTek rotational mixer. Each slurry was placed inside concentric cylinders and 
into an AntonPaar MCR 302 rotational rheometer to relate shear rate to shear 
stress and determine viscosity. The slurries were then loaded into a modified 
LulzBot TAZ 6 3D printer and extruded to produce cylinders that were 0.5 cm in 
height and 2 cm in diameter (Figure 2). The cylinders underwent binder burnout at 
650 °C, followed by sintering in a furnace at 2,350 °C. Density was determined on an 
Archimedes’ scale where wet and dry masses were recorded. Each sample was cut in 
half with a diamond saw and the cross-sectional area was polished with a diamond 
suspension. A diamond Knoop tip on a hardness testing machine applied 1 kg of force 
on the cross-sectional areas of the B4C samples following ASTM C1326-13. The 
length of the Knoop indents were measured under a microscope to determine hardness 
values (Figure 3). The hardness values for each printed B4C cylinder were 
statistically compared to those of the B4C pellet with two-sample t-tests. 
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Figure 2 (above): The LulzBot
TAZ 6 printing the 55 vol.% 
B4C slurry with MC.

Conclusions

Graph 1 (above): The sample with MC 
exhibited a higher moduli crossover, or 
yield stress.

Figure 4 (above): The final B4C 
print with no MC. Slumping is 
present along the circumference 
(1 grid = 0.25 cm).

Ceramics, such as silicon carbide (SiC) and boron carbide (B4C), 
are incorporated into body armor and other ballistic applications 
because of their high hardness and low density. To achieve these 
properties, the ceramic parts must be dense with minimal porosity. 
Packing ceramic powder into a mold with pressure is the traditional 
method of producing ceramic armor green bodies. However, this 
method has limitations when it comes to shape complexity. Additive 
manufacturing (AM) not only allows for the formation of complex 
shapes but permits the stacking of two different materials within the 
green body. Direct ink writing (DIW) is an additive manufacturing 
method where paste is extruded out of a nozzle along a platform in 
the x-axis and y-axis while stacking layers in the z-axis. Printable 
ceramic slurries were produced by mixing ceramic powder, water, 
polyethyleneimine (PEI), methylcellulose (MC), and hydrochloric 
acid (HCl) in different quantities to achieve the desired rheological 
properties for printability and shape retention. PEI is a polymer 
which disperses the ceramic particles in the slurry by attaching to 
their surfaces and counteracting attractive van der Waals’ forces. 
Methylcellulose is a chemical compound that serves as the 
structural binding agent and prevents slumping after printing. By 
altering the pH of the slurry with HCl, repulsive electrostatic forces 
are altered, modifying the overall stability of the particles within the 
slurry. Costakis, Rueschhoff, Diaz-Cano, Youngblood, and Trice 
(2016) investigated B4C slurries and found an optimal solids 
loading of 54 vol.%. The purpose of this project was to create stable 
and printable ceramic slurries for H.C. Starck B4C and SiC
powders. Printed parts were pressureless sintered and tested for 
density and hardness.

Both H.C. Starck powders were placed under a scanning electron 
microscope (SEM) to determine the shape and particle size (Figure 
1). The stable pH ranges for B4C and SiC were determined through 
zeta potential testing. The pH level was altered and measured with a 
pH meter. Each ceramic suspension was placed into a Malvern 
Zetasizer and the zeta potential in millivolts (mV) was recorded for 
different pH levels. For direct comparison to traditionally 
manufactured parts, SiC and B4C pellets were created by pressing 
the powders in cylindrical dies with a uniaxial press to 5 ksi and 
then performing cold isostatic pressing at 28 ksi. PEI, HCl, water, 
and the ceramic powder were weighed to produce 45, 50, and 65 
vol.% slurries for B4C and 45, 50 and 55 vol.% slurries for SiC. The 
first batch of these solids loadings had no MC, while the second

The SEM images revealed almost identically jagged shaped particles for both 
SiC and B4C. Overall, both were about a micron in diameter. A zeta potential with 
an absolute value greater than 30 mV was considered stable. The peak zeta 
potential for B4C was at pH 6.83. The peak zeta potential for SiC was at pH 6.33. 
SiC was much more stable near its base pH than B4C. The rheometer testing 
revealed that after a certain yield stress was reached, all slurries started to exhibit 
liquid behavior. The addition of MC slightly increased viscosity and increased the 
yield stress (Graph 1). As the solids loading increased, so did the viscosity. The 65 
vol.% B4C slurry had a solids loading that was too high and solidified during 
mixing. The 55 vol.% B4C slurry with MC and the 50 vol.% SiC slurry with no 
MC printed with the highest accuracies and had minimal slumping. Some prints 
contained air bubbles and required reprinting. Overall, the MC increased accuracy 
and improved shape retention after printing. Prints without MC exhibited slight 
slumping (Figure 4). Densities for the printed parts were rather low with B4C 
about 95% dense and SiC about 80% dense. Two-sample t-tests were conducted to 
determine if there were significant differences in mean hardness values between 
the B4C pellet (M = 18.69 GPa, SD = 1.47 GPa) and each printed B4C cylinder, 
with MC (M = 19.24 GPa, SD = 02.55 GPa), and without MC (M = 19.16 GPa,

There is a stable range of pH values for both ceramic powders in 
a water-based suspension. B4C requires a small amount of HCl acid 
to reach the desired zeta potential, while SiC does not. Rheology 
results show that viscosity is directly related to solids loading. All 
suspensions exhibited shear thinning. The optimal B4C solids 
loading of 55 vol.% is very similar to the optimal solids loading 
Costakis et al. found at 54 vol.%. It is important to add MC to the 
slurries so that each layer of the print can handle the weight of the 
layers extruded on top. The printed cylinders had densities much 
lower than 100% with hardness values in an acceptable range and 
similar to those of the pressed pellet. The high porosity reveals that 
additive-free, pressureless sintered B4C and SiC AM ceramic parts 
are not ready for real world applications without the use of sintering 
aids and pressure-assisted densification techniques. However, this 
project established optimal printable slurry compositions for both 
H.C. Starck powders. This adds to the database and research on 
ceramic AM. Further research could focus on achieving higher 
densities by using both sintering additives and pressure-assisted 
densification methods.
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Storage and loss moduli vs. 
shear stress for 55 vol.% B4C
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Figure 3 (above): A 85.43 µm 
Knoop indent in the densified 
B4C print with no MC.

3 µm


