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1. Introduction

Boron carbide (nominally B4C) is a ceramic material with a high hardness, low
density, high melting point, and low chemical reactivity, making it ideal for
structural, thermal, and tribological applications.! In terms of performance, B4C has
historically been one of the most promising monolithic ceramic materials used in
lightweight impact-resistant systems, despite its relatively high cost compared to
other traditional structural ceramics.>? Commercially available B4C is generally
manufactured via uniaxial hot pressing, which limits the ability to fabricate complex
shapes. Research on pressureless sintering with post-hot isostatic pressing (HIP) of
B4C has resulted in densities near 96% of theoretical density (TD) and properties
nearly equivalent to BsC densified by pressure-assisted methods.> Combined with a
near-net-shape forming method, this could lead to a reduction in postprocessing
procedures of complex-shaped B4C parts, such as cost-intensive machining.

The emerging technology of additive manufacturing (AM) enables the processing
of ceramic parts with complex geometries.*> This method has been highlighted as
a means to enable near-net-shape manufacturing of conformal parts.® Furthermore,
AM facilitates mesoscale tailoring, which could improve mechanical performance
over monolithic ceramics.”® Examples of mesoscale tailoring include functional
grading of the composition and printing of biomimetic structures.” Recent work has
been aimed at developing the processing science to form such structures through
AM.8-10

The three most common ceramic AM approaches are vat photopolymerization,
powder bed fusion, and material extrusion. All three methods are defined as indirect
AM processes, as the printing process produces a particulate green body. Unlike
metal or polymer AM processes, such as direct metal laser sinter or fused deposition
modelling where the printing process produces the final product, indirect ceramic
AM processes produce an intermediate product where further processing is required
to turn it into the final product.!! The traditional process steps for a carbide ceramic
are shown in Fig. 1, with the alternate route shown for AM processes as a
replacement to the usual forming techniques.
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The ceramic AM vat photopolymerization process, commonly termed
stereolithography, relies on ceramic powder being dispersed in a liquid resin, which
can be cured using a light source. The particulate-loaded resin is preferentially
cured layer by layer to form the part. For the process to work, the light source,
typically in the ultraviolet (UV) wavelength regime, must be able to penetrate
through the particulate-loaded resin in order to cure the resin.!? This is challenging
for B4C, which has a much higher refractive index mismatch than most oxide-
loaded systems. This, in turn, leads to scattering and reduced penetration depth of
the UV light, thereby reducing the layer thickness and increasing build times.

Powder bed fusion methods rely on a liquid binder system or thermal sintering
process to locally fuse particles in a powder bed. By spreading more powder
iteratively over the print area between fusing the particles, complex shapes can be
formed within the powder bed layer by layer. The primary challenge to this
approach is achieving a high enough packing density (i.e., green density) to be
sintered to full density.”® Because porosity within the final ceramic can be
detrimental to bulk mechanical performance, powder bed fusion may be ill-suited
for additively manufacturing structural ceramics, with the exception of those whose
powders can be packed to densities greater than 60% theoretical density.

Direct-ink write (DIW) is the broad term for any extrusion-type process where
material is deposited by a nozzle in traces, layer by layer. The material is then self-
supported via cooling, gelation, or other rheological effects.'* DIW is not a new
process; the method of depositing a particulate-loaded suspension or slurry was
originally called robocasting.'® Since a requirement for a fully dense ceramic part
is a high green density, the primary challenge for the DIW approach has been
formulating ceramic suspensions that possess the desired rheological behavior. The
suspension must have a high enough solids loading to form a part with a high green
density, yet it cannot exceed the critical solids loading for dilatancy, or shear
thickening, which prevents stable flow during extrusion.'®

Stable flow in the ceramic suspension during the extrusion process is necessary for
printing green bodies with minimal dimensional variations and defects. Thus,
rheological behavior is an important factor when determining whether a suspension
can be processed by DIW. Particulate-loaded suspensions act as non-Newtonian
fluids, with five different types of behaviors shown in Fig. 2A.!7 The ideal rheology
for a DIW suspension is a yield-pseudoplastic behavior,'® also called a shear-
thinning behavior, where the apparent viscosity of the system is high at low shear
rates and low at high shear rates. This facilitates flow at high shear rates during
extrusion through a nozzle, but then allows for high viscosity when the shear is
removed to prevent slumping of the material after deposition. Yield-pseudoplastic

behavior can be enhanced by causing the particles to flocculate, or encourage



adhesion between particles, with the breakdown of the particle network shown in
Fig. 2B. Conversely, dilatant flow, which occurs when particle collisions dominate
during shear flow and requires the local structure to expand to facilitate movement
of the particles (as shown in Fig. 2C), must be avoided. These collisions increase
with powder loading and shear rate.!” Dudukovic et al. measured viscosity as a
function of shear rate for various suspension compositions to characterize
suspensions as a means to develop material formulations for a DIW process.'’
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Fig.2  Idealized rheological behaviors of non-Newtonian fluids A) plotted apparent
viscosity as a function of shear rate. Schematic illustrations showing B) a shear-thinning
process and C) a shear-thickening dilatant reaction to shear.

To gain insight into the “yield” viscosity of a suspension, the viscoelasticity of the
suspension must be quantified. Shown in Fig. 3, a viscoelastic material will act as
an elastic body with a dominant storage modulus until a critical flow stress is
exceeded, at which point the material has yielded and behaves as a fluid with a
dominant loss modulus.?’ For the DIW process, a stiffer suspension with higher
values for both the storage modulus and flow stress would be desirable. M’barki
et al. identified the modulus profile of the suspension as a key metric for printability
and part stability in DIW suspension development.?!
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Fig.3  Example plot of the shear moduli of a viscoelastic fluid as a function of shear stress

Recent work has shown the ability to DIW aluminum oxide,?* silicon nitride,?* and
silicon carbide 2* suspensions with a high solids loading and subsequently sinter
them to high densities. Costakis et al.> successfully developed B4C suspensions
with 54 vol% solids loading. Pressureless sintering of printed parts at 2000 °C
without sintering aids yielded a density of only 82% TD. Sintering at higher
temperatures and use of sintering aids can increase part density.’® Additionally,
increasing the solids loading of the suspension may aid in increasing the sintered
density, although it comes with increased rheological challenges. Recent
advancements in DIW printer designs have shown that using an auger-assisted print
head can aid in the shear and conveyance of the material within the nozzle to
extrude more viscous suspensions.” Furthermore, work by Cai et al.?* has shown
the advantage of using methylcellulose (MC) as a rheological modifier in highly
particulate-loaded silicon carbide suspensions for DIW. The MC was found to act
as a viscosifying agent, enhancing shear-thinning behavior as well as preventing
phase separation during extrusion.**

Qualification of AM parts has been a major challenge for the technology to
overcome and be adopted in many applications. This is no different for structural
ceramics, with recent work finding AM process-related defects causing poorer
performance compared to traditionally processed materials in dynamic impact
testing.27 In the ceramics community, hardness has traditionally been accepted as
one of the most relevant mechanical properties to indicate good impact-related
performance.?® For example, CoorsTek" pressure-assisted densified (PAD) B4C is

* CoorsTek Vista, Vista, CA 92081



a commercially available ceramic that has a listed Knoop hardness of 25.5 GPa at
1-kg load, which is significantly higher than most oxide ceramics.

In this report, B4C suspensions were formulated for DIW. The effects of ceramic
solids loading and MC content on flow behavior were investigated; rheometer
measurements were coupled with empirical observations of printing performance.
Additionally, suspensions were printed into green bodies and densified by
pressureless sintering at several temperatures to determine the effects of sintering
temperature on densification. Lastly, microstructure characterization and hardness
testing were conducted for densified ceramic specimens.

2. Experimental Procedures

2.1 Suspension Formulation

H.C. Starck (Munich, Germany) HS B4C powder, which has a d50 particle size
range of 0.6—1.2 um as reported by the manufacturer, was used in this study. The
high specific surface area of this powder, 15-20 m?*g as reported by the
manufacturer, makes it suitable for pressureless sintering. B4aC-filled suspensions
were prepared by mixing the B4C powder with polyethylenimine (PEI) (25,000 kDa
Sigma-Aldrich, St. Louis, Missouri) and deionized (DI) water. These ingredients
were mixed together in a FlackTek Speedmixer DAC600.2 (Landrum, South
Carolina) to produce suspensions at 50, 55, and 60 vol% solids loadings. The
concentration of the PEI was 3.79 wt% relative to the B4C content to maintain
electrosteric stabilization of the suspensions (i.e., prevents the B4C particles from
settling).

For the 55 vol% B4C suspension, MC (4,000 cP) (Sigma-Aldrich, St. Louis,
Missouri) was investigated as a further stabilization agent. To prepare the MC for
use, the cellulose powder was first dispersed in 70 °C DI water to make a 5 wt%
suspension. The suspension was then stored overnight below 4 °C to allow for the
cellulose particles to dissolve and form a gel. To form a final composition of 1 wt%
MC of the DI water content of the suspension, 20 wt% of the DI water was replaced
with the MC gel.

The FlackTek SpeedMixer was found to operate most effectively with viscous
fluids. Therefore, the solids and liquids were gradually mixed together to keep the
viscous consistency constant as the mix volume was gradually increased. Before
mixing, the PEI was first dissolved in DI water. To start the batching, the MC gel
was mixed with approximately 25% of the B4C powder. The mixer was run at 800,
1200, 1600, and 2000 rpm steps at 15 s for each step. An additional 25% of the
powder was then added to about a third of the PEI-DI water solution and mixed



using the same FlackTek procedure. This was repeated until all the powder and
liquid was incorporated. The short, intense mixing procedure produced high shear
mixing while limiting the production of heat during the mixing procedure. Long
mixing times caused water evaporation due to the heat build-up.

2.2 Rheological Testing

The rheological behavior of the B4C-filled suspensions were characterized using an
Anton Paar (Graz, Austria) Modular Compact Rheometer 302 utilizing a concentric
cylinder geometry. A continuous-flow viscosity curve, measuring viscosity as a
function of shear rate, and an oscillatory amplitude sweep, measuring modulus as
a function of shear stress at a frequency of 1 Hz, were measured for all test
suspensions. As rheological properties can be heavily dependent on temperature,
all tests were conducted at 25 °C to match ambient conditions during printing. After
temperature stabilization, the suspensions were preconditioned by subjecting them
to a shear rate of 30 s™! for 1 min, followed by a 5-min relaxation period. This was
conducted before each rheological test to remove the effects of shear history
imparted by the sample loading.

2.3 Processing

DIW printing was conducted using a modified LulzBot Taz 6 3-D printer (Aleph
Objects, Loveland, Colorado), shown in Fig. 4. This commercial system was
extensively modified to accept particulate-loaded suspensions as the printing
medium and deliver them volumetrically by a plunger-controlled syringe. The print
head contained an internal auger for additional shear mixing and conveyance of the
ceramic-filled suspensions. Details of the printer are described by Pelz et al.” A
right-circular cylinder porous green body, 2.0 cm in diameter and 0.5 cm in height,
was printed as a standard print geometry for all samples. After printing, the
cylindrical samples were dried in a controlled (75.29% relative humidity)
environment at room temperature for at least 24 h. The elevated humidity levels
were used to reduce part cracking induced by nonuniform drying.



Fig.4  Modified printer for ceramic DIW. Photographs show A) full system with dual
material feed system and B) the print head containing an auger for conveyance and mixing.

Prior to sintering, binder burnout was performed on the green bodies in a flowing
oxygen-gettered argon atmosphere. The furnace temperature was increased at
1 °C/min to 100 °C and held at this temperature for 3 h to remove any residual
moisture. The furnace temperature was then increased at 1 °C/min to 650 °C and
held for 24 h before decreasing at 3 °C/min to room temperature.

For sintering, all samples were placed into a graphite die and separated by graphite
paper for sintering in an oxygen-gettered argon atmosphere (<1 ppb of oxygen).
The furnace temperature was increased at 50 °C/min to 1,350 °C, held for 1 h, then
increased at 50 °C/min to the sintering temperature and held for another hour.
Sintering temperatures 2150 °C, 2250 °C, and 2350 °C were used in this study.

2.4 Characterization

Densities were determined using an Ax205 DeltaRange Archimedes’ balance
(Mettler Toledo, Columbus, Ohio). For the calculation of percent theoretical
density, a value of 2.52 g/cm® was used for B4C. The densified samples were cross-
sectioned and mounted using EpoxySet (Allied High Tech Products, Inc., Rancho
Dominguez, California) for polishing down to a 0.25-um diamond particle
suspension. Hardness testing was conducted using a diamond Knoop indentor on a
Tukon 2100 hardness-testing unit (Instron, Norwood, Massachusetts) and applied
1 kgf on the cross-sectional areas of the B4C samples following ASTM C1326-13".

* ASTM C1326 — 13. Standard test method for Knoop indentation hardness of advanced ceramics. ASTM
International; 2018.



3. Results and Discussion

As described in Section 2.1, three B4C solid loadings of 50, 55, and 60 vol% were
examined in this study. It was found that samples containing 60 vol% solids loading
could not be mixed properly using the FlackTek SpeedMixer and were therefore
removed from further consideration. The FlackTek operates by spinning up to 2000
rpm and mixing material at high shear rates. Most of the mixed materials flowed at
the high spinning speeds and sheared along the inner wall of the container. The 60
vol% material formed a ball during spinning and resisted flow. This is believed to
be because the high solids loading exceeded the critical threshold for particle
jamming, creating a dilatant suspension that resisted flow.

On the other hand, samples containing 50 vol% solids loading also did not possess
the rheological behavior needed for printing. When loaded into the printer feed
system, the material continuously flowed under gravity with no additional pressure
applied. After deposition, the yield strength of this suspension was not high enough
to avoid slumping. Samples with a solids loading of 55 vol% were found to have
an adequate viscosity and yield strength for printing. This difference in viscosity is
highlighted in Fig. 5, demonstrating the viscosity of both samples decreasing with
an increasing shear rate. This shear-thinning behavior is ideal for extrusion-type
processes to prevent jamming of the nozzle. The viscosity of the suspension
increased with solids loading at all shear rates for the two samples not containing
MC. All further results will be reported on samples with 55 vol% solids loading.

=50 vol.% solids =55 v0|.% solids 55 v0|.% solids w/ MC

10000 3
1000 3

100 3

Viscosity [Pa-s]

10 ¥

0.1 1 10 100
Shear Rate [s7]

Fig.S  Viscosity of B4C suspensions with different ceramic content with and without MC
added



The effect of MC as a rheological modifier was investigated by creating a sample
at 55 vol% solids loading with 1 wt% of the liquid content replaced with MC. As
seen in Fig. 5, the addition of MC to the suspension increases the viscosity at shear
rates less than 2 s7'. This is well below the extrusion shear rate experienced in the
nozzle, as extrusion processes occur at shear rates at least an order of magnitude
higher (10-1000 s').2 A much more significant effect of MC addition can be
observed in the moduli of the suspensions, which is shown as a function of shear
stress in Fig. 6. For a given shear stress, the modulus of the suspension with MC is
higher than without it. Furthermore, the flow stress, or crossover point of the
storage and loss modulus, is at 123 Pa for the sample without MC, and 193 Pa for
the sample with MC. This higher flow stress for the suspension containing MC
means the suspension can withstand higher shear before yielding and deforming.
Both of these properties point to a suspension that is stiffer at low shear rates and
would resist slumping after printing.

m B,C w/o MC — Storage Modulus 0 B4,C w/o MC — Loss Modulus
e B,C w/ MC —Storage Modulus  © B,C w/ MC — Loss Modulus

100000 1

10000 +

Modulus [Pa]
=
8
(=]

10 — ———— 1 T
1 10 100 1000

Shear Stress [Pa]

Fig. 6  Storage and loss moduli, measured at 1 Hz, of the 55 vol% B4C suspension with and
without MC added

The effect of the higher viscosity, modulus, and flow stress of the MC-containing
suspensions is evident in parts printed from the two suspensions shown in Fig. 7.
The edges of the sample without MC are more round and diffuse, with noticeable
slumping. Conversely, on the sample containing MC, the side walls of the sample
are more distinct and vertical, and the print lines of the traces are still visible.



Fig.7  Green body samples of 55 vol% B4C suspension with (right) and without (left) MC
printed by DIW (grids are 0.25 cm)

Sample densities after sintering are shown in Fig. 8. As can be seen, densities
increased with increasing sintering temperature. Even at the lowest temperature
investigated, the resultant density of 92.46% TD suggests the sample could be
further densified using a hot isostatic postprocessing step, or sintering aids such as
alumina or graphite. In addition to the highest density, significant grain growth was
observed in the sample sintered at 2350 °C as shown in Fig. 9b. The pores trapped
within grains indicate that complete densification cannot be achieved due to the
lower rate of mass transport associated with bulk diffusion compared to grain
boundary diffusion. Shrinkage of pores at grain boundaries is several orders of
magnitude faster than those trapped within grains. Although higher temperatures
and longer dwell times are necessary for highly dense parts, pressureless sintering
provides the advantage of enabling more complex geometries that cannot conform
to a die required for pressure-assisted techniques.
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Fig.9  Microstructure of DIW B4C sintered at a) 2250 °C, b) 2350 °C, and c) 2250 °C with MC
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Figure 9 also shows the effect of MC on sintered theoretical density. The addition
of the binder decreases the sintered density by 5.2%. The microstructure of the MC
sample, as shown in Fig. 9c, shows large uniformly distributed spherical pores
greater than 100 pm in diameter and scattered through the sample. Due to the size
and shape of the pores, it can be assumed that entrapped gas is the cause. This is
likely due to the rheology of the suspension during printing, as the reduction in
slumping has allowed for voids in the microstructure to remain through the DIW
process. Therefore, while the MC allows for better printing of the material due to
the higher viscosity and stiffer suspension, the altered rheological properties
attributed to entrapped porosity within the green body during printing that remain
after sintering and therefore reduce the bulk density. Another possibility is that
these 100-um pores were created during binder burnout as the result of large clumps
of MC being volatilized.

For hardness testing, the B4C samples with and without MC and sintered at
2250 °C were compared. From an average of six indents, the hardness and standard
deviation were determined to be 19.16 + 3.25 GPa for the printed sample without
MC, and 19.24 + 2.55 GPa for the sample with MC. These statistically similar
hardness values indicate that processing with suspensions containing MC does not
affect the intrinsic hardness of B4C. When compared to the Knoop hardness of
(fully dense) CoorsTek PAD BaC listed at 25.5 GPa, there is a significant drop in
the hardness of the material. The lower densities and associated porosity of the DIW
printed pressureless sintered samples are the primary causes of this hardness
difference.

4. Conclusions

A B4C suspension with a solids loading of 55 vol% was formulated for use in DIW.
The flow stress and modulus of this suspension with and without MC were
measured. The addition of MC improved the rheological behavior of the suspension
by increasing viscosity at low shear rates and increasing yield stress by 57%. This
resulted in DIW parts that had higher-fidelity features with less slumping, but also
led to lower theoretical densities of the sintered parts due to print defects in the
form of large pores. The reduction in slumping is believed to contribute to pores
between print traces becoming trapped in the material. This condition may
potentially be alleviated by more fine-tuning of the suspension formulation and
associated rheology if the pores were introduced during the DIW process.

Alternatively, if the pores were formed during the volatilization of the MC,
changing burnout or sintering heating rates to allow for gas diffusion before
sintering may be the solution. Heating rates of 50 °C/min were used, which may

12



have allowed for sintering of the microstructure before volatilized gases from the
binder burnout had time to diffuse out of the powder compact. This entrapped gas
could have led to the porosity in the microstructure.

Pressureless sintering of the printed samples up to 2350 °C yielded a theoretical
density up to 94.35% TD. Qualitative evidence of the microstructure shows
extensive grain growth, so further increasing the sintering temperature may not be
the solution for decreasing porosity and increasing the final density. Nevertheless,
this shows great promise as a preliminary avenue of research, as these samples
contain no sintering aids to assist in densification or limit grain growth, which
indicates that full density could be achieved with the incorporation of the
appropriate additives. Also, a subsequent HIP process step could be used to further
densify the samples. Both mechanisms offer a potential route for increased
densification while maintaining complex geometries.

Hardness testing of the materials yielded 1-kgf Knoop hardness values of 19.16 and
19.24 GPa for samples with and without MC, respectively. Hardness values for
samples containing MC did not significantly vary from those not containing MC.
Both samples were significantly less hard than commercially available, fully dense
PAD B4C. In order to produce AM B4C parts equivalent to traditionally
manufactured materials, continued progress must be made to improve suspension
formulation, including sintering aids, advanced DIW procedures to remove print
defects, and improved sintering processes with the ability to fully densify the
materials.
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