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a  b  s  t  r  a  c  t

Direct  ink  writing,  a type  of  additive  manufacturing,  has  been  used  to  fabricate  near-net  shaped  boron
carbide  (B4C) specimens  at room  temperature  with  aqueous  suspensions.  Suspensions  with  B4C solids
loading  of  48–56  vol.%  were  dispersed  with  polyethlenimine  (PEI,  25,000  and 750,000  g/mol)  and  exhib-
ited  yield-pseudoplastic  behavior.  Specimens  with  filament  layer  shape  retention  were  produced  with
suspensions  with  50–56  vol.%  B4C  and  yield  stresses  ≥43  Pa  and  equilibrium  storage  moduli  ≥700  Pa.  No
eywords:
oron carbide
dditive manufacturing
irect ink writing
queous ceramic processing
heology

residual  porosity  or cracking  between  deposited  layers  was  observed  in any samples.  However,  warpage
was observed  in  some  green  body  specimens  and  was  minimized  through  use  of  a  low  molecular  weight
polymer  and  reduction  of the  B4C solids  loading.  Optimal  specimens  with  high  filament  layer  shape
retention  and  no  warpage  were  produced  with  suspensions  containing  54  vol.%  B4C and  25k  g/mol  PEI.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Boron carbide (B4C) possesses a low density (2.52 g/cm3), a
igh melting point (∼2450 ◦C), low chemical reactivity, and high
ardness, making it an ideal material for extreme environment
pplications [1,2]. Common applications for B4C include: high wear
omponents, control rods for fast-breeder nuclear reactors, and
ight-weight armor applications [1]. To achieve these favorable
roperties, however, B4C must be sintered to full density. B4C has
istorically been sintered using externally applied pressure, via hot
ressing or hot isostatic pressing, due to the challenges associated
ith densification [2–5]. Hot pressing limits the geometries of the
nal pieces to simple shapes such as pellets, plates, disks, and rods
6]. Hot isostatic pressing (HIP), on the other hand, allows for the
intering of more complex shapes formed through processes such
s slip, tape, or gel casting [7,8]. However, it must also be noted
hat there are limitations associated with these types of forming
rocesses when used with B4C and other ceramics [9]. Slip and

ape casting have the ability to form cost effective near-net shapes
ut are limited to simple structures and require complex secondary
achining to add intricate features [7,10]. While, gel casting has the

∗ Corresponding author.
E-mail address: rtrice@purdue.edu (W.J. Costakis Jr.).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.06.002
955-2219/© 2016 Elsevier Ltd. All rights reserved.
ability to produce complex-shaped parts it typically requires sus-
pensions with harsh crosslinking polymers or curing agents, and
is limited by the complexity of the mold [7,9]. Ultimately, there is
a need to develop forming methods that will allow for the cost-
effective production of near-net and complex-shaped parts of B4C.

Additive manufacturing techniques are rapidly gaining inter-
est among the academic and industrial communities due to the
ability to form complex shapes of materials that are difficult to
cast or machine [11–15]. Direct ink writing is a form of addi-
tive manufacturing that uses a computer controlled system to
deposited ceramic inks in a controlled fashion. This forming pro-
cess can be divided into two  main categories: droplet or filament
based [14,16]. Droplet-based direct ink writing techniques deposit
formed droplets of the binding material in a desired pattern to
generate a layer-by-layer configuration [16]. Filament direct ink
writing is an extrusion-based additive manufacturing process that
deposits aqueous colloidal suspensions of ceramic powders in
a continuous layer-by-layer fashion to produce complex-shaped
dense ceramic parts [15,16]. Inks used in filament direct writ-
ing processes are typically composed of ceramic powders, a
water-soluble polymer dispersant, and water and do not require
crosslinking polymer or curing agents [14–17]. The rheological

properties of the suspensions are designed to have a yield stress.
Once the applied shear stress exceeds the yield stress, the suspen-
sion flows and parts can be constructed by rastering the extrudate

dx.doi.org/10.1016/j.jeurceramsoc.2016.06.002
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.06.002&domain=pdf
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n a controlled fashion, building up the part layer by layer. Upon
emoval of the shear stress the yield stress of the suspension quickly
evelops again, prohibiting the formed part from slumping due
o either gravity or its own weight [9,15,17–19]. Suspensions are
ypically designed with high solids loading for two  reasons. First,
ncreased powder loading tends to increase the yield stress of the
uspension, necessary for building parts with multiple stacked lay-
rs to avoid slumping. Second, increasing the powders loading
ncreases the green body density, thus there is less porosity to
emove during sintering [6,16,17].

Using continuous filament direct ink writing as an additive
anufacturing technique has allowed the production of complex-

haped parts of many different ceramic systems including mullite,
lumina, stabilized zirconia, and silicon nitride at solids loading
reater than 50 vol.% [12,15,16,19,20]. Even with this strong inter-
st to form complex ceramic structures, there has yet to be any
ignificant development with producing B4C shapes through the
se of additive manufacturing primarily due to problems associ-
ted with forming aqueous suspensions with high solids loading. To
ontinuously direct write B4C, stable aqueous ceramic suspensions
ith the desired rheological properties have to be developed.

Previous research on aqueous colloidal processing of B4C has
een limited to slip and tape casting processes [6,7,10,21,22]. Leo
t al. [6] reported that aqueous slip casting slurries of B4C were
nly stable up to 40 vol.% when using 2.6 �m powders and Dar-
an C-N, an ammonium salt of poly(methacrylic acid) (PMAA), as

 dispersant. As stated previously, higher solids loading must be
sed in a direct writing approach to achieve the desired rheo-

ogical properties and higher green body packing densities [6,17].
urthermore, other studies have reported that suspensions with
igher solids loading minimize drying-induced crack formation
nd phase segregation while promoting higher sintered densities
6,12,17]. It is possible that the low molecular weight of Darvan
-N (10,000–16,000 g/mol) used by Leo et al. [6], was  not enough
o stabilize the B4C particles, as larger molecular weight polymers
ave been shown in previous studies to offer higher dispersion
ia steric stabilization [20,23]. Higher solids loadings (>50 vol.%)
f B4C were achieved by Li et al. [10], but were only possible
sing acid-treated powders dispersed with tetramethylammonium
ydroxide (TMAH) an ammonium salt and a mixture of water-
orne epoxy emulsions and urethanes emulsions as the green body
inder [7,10]. The suspensions formed in the study performed by
i et al. [10], are suitable for gel and tape casting but would lack
he required viscoelastic properties as well as the drying dynamics
hat are required of direct ink writing. Therefore, it is necessary to
evelop highly loaded aqueous B4C suspensions dispersed with a
igh molecular weight polymer while having the desired viscoelas-
ic and rheological properties to facilitate the direct ink writing
rocess.

The present study aims to produce near-net shaped B4C
reen-bodies using direct ink writing of highly loaded aqueous sus-
ensions. Our approach to fabricate suspensions with maximum
olids loading and ideal yield stresses and viscoelastic properties
or direct writing, was to use a cationic polyelectrolyte dispersant
polyethlenimine or PEI) with a high molecular weight to afford
reater particle stability via steric repulsion. PEI was  chosen due to
ts large electrostatic potential with B4C [24], as previous research
as shown that a high electrostatic potential will allow for the sta-
ilization of ceramic powders and suspensions with desirable flow
roperties [25]. The suspensions formulated for the current study
re a mixture of 48–56 vol.% B4C, 5 vol.% (PEI) polymer dispersant,

 vol.% hydrochloric acid (HCl), and a balance of water. This study

ill assess the effects of PEI molecular weight and B4C solids load-

ng on the rheology and quality of final specimens produced via
irect ink writing.
 Ceramic Society 36 (2016) 3249–3256

2. Experimental procedures

2.1. Boron carbide suspension preparation

One hundred grams of grade HS boron carbide (H.C. Starck,
Germany) were suspended in 150 mL  of 200 proof ethanol and
were attrition milled at 50 RPM with 1 kg of 3.2 mm diameter WC
milling media (Union Process, Akron, OH) for 2 h [26,27]. After attri-
tion milling, the ethanol was  evaporated at 150 ◦C for 24 h. The
mass of the milling media was  weighed before and after attrition
milling to evaluate the amount of WC that was  introduced into
the system. Each batch of attrition milled powders had roughly
2.7 vol.% residual WC.  A Beckman Coulter LS 230 particle size ana-
lyzer (Brea, CA) was used to determine the average B4C particle size
before and after attrition milling. A particle size of 3.73 ± 1.27 �m
and 1.72 ± 0.35 �m was  obtained for pre- and post-attrition milled
B4C powders, respectively with the residual WC  having an average
particle size of 0.15 ± 0.06 �m.

Preliminary zeta potential analysis [24] using a ZetaSizer Nano
Z (Malvern Instruments Ltd, Worcestershire, UK) revealed that
attrition milled B4C in a polyethylenimine (PEI, Sigma–Aldrich, St.
Louis, MO)  and reverse osmosis (RO) water solution had a maxi-
mum potential of ±70 mV at a wide pH range (5–8). The pH of the
suspensions was lowered with 5 vol.% hydrochloric acid (37% HCl,
Sigma–Aldrich, St. Louis, MO)  solution in order to achieve suspen-
sions in the optimum range as it is considered that zeta potential
values greater than 30 mV  afford moderate colloidal stability [28].
The pH of the final suspensions was  measured using an Oakton pH
5 m (Vernon Hills, IL), which was calibrated with electrolytic buffer
solutions of pH 4 and 10. The pH values of the final suspensions
were all in the range of 5.35–5.91. PEI average molecular weights
of 25,000 (25k) g/mol and 750,000 (750k) g/mol were used in this
study. The large molecular weight of either PEI molecules allows it
to act both as an electrosteric dispersant and green body binder.

Attrition milled B4C powders were incrementally added to the
PEI and (RO) water solution in a 250 mL  Nalgene bottle to pro-
duce highly-loaded aqueous suspensions. These suspensions were
mixed with four 12.7 mm diameter WC milling media (Union
Process, Akron, OH) in a Dual Asymmetric Centrifuge (DAC 450,
Flacktek, Landrum, SC). Powders were mixed at 800 RPM for 60 s
and 1200 RPM for 60 s until all the B4C was added and sufficiently
dispersed. The suspensions were then ball milled for 24 h to achieve
complete uniformity. The B4C solids loading and water content
were systematically altered to determine the optimal rheological
properties for forming and are shown in Table 1. All suspensions
had nominally 5 vol.% PEI and 5 vol.% HCl added.

2.2. Rheological characterization

The rheological and viscoelastic properties of the B4C suspen-
sions were measured using a Malvern Bohlin Gemini HR rheometer
(Malvern Instruments Ltd., Worcestershire, UK) with a 25 mm cup
and bob geometry fixture with a gap of 150 �m.  Roughly 13 mL  of
the suspension was  used in each analysis. To minimize premature
evaporation of the suspension, a water trap was attached to the
system during the test.

Flow curves were obtained for each suspension by measuring
the shear response for controlled shear rates increased loga-
rithmically from 0.01 to 35 s−1. Each curve was fitted to the
Herschel-Bulkley model for yield-pseudoplastic materials [29], dis-
played in the following equation:
� = �y + k �̇n

where � is the shear stress, �y is the yield stress for the material, k is
the consistency index, �̇ is the applied shear rate on the suspension,
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Fig. 1. (a) Image of a B4C suspension being extruded in a layer-by-layer fashion to form the Purdue “P” shape. (b) Isometric and profile image of a Purdue “P” specimen
produced via direct ink writing a 54 vol.% B4C suspension. A dashed circle indicates the starting (and stopping point) for each layer.

Table 1
Compositions of B4C suspensions with corresponding Herchel-Bulkley curve fitting parameters for yield-pseudoplastic fluids. The equilibrium storage modulus is provided.
Warpage displacement (X) is the measurement from a flat surface to the bottom of the B4C green body specimen at the maximum point of displacement. Average layer
height  is the averaged cross sectional height (Y) of individual green body filament layers. The optimum suspension is shown in bold. An (*) denotes samples with estimated
Herchel-Bulkley fit parameters due to low statistical measurements (R2 < 0.95).

PEI Molecular Weight [g/mol] B4C [vol.%] Water [vol.%] �y [Pa] k [Pa sn] n G’eq [Pa] Warpage Displacement [mm] Average Layer Height [mm]

25,000 50 40 24 11.6 0.44 64 0.0 –
25,000 52 38 37 22.3 0.46 274 0.0 –
25,000 54 36 122 51.3 0.46 962 0.0 0.79 ± 0.07
25,000 56 34 359* 66.5* 0.47* 3418 0.8 0.85 ± 0.05
750,000 48 42 20 14.6 0.38 155 0.0 –

0.42 767 1.25 0.67 ± 0.12
0.36 1844 2.75 0.73 ± 0.08
0.25* 3760 4.50 0.76 ± 0.04
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Table 2
Parameters used to direct write aqueous B4C suspensions.

Parameter Value Description

Slice Height 0.85 mm deposited layer height
Path Speed 4 mm/s speed of syringe nozzle
Path Width 1 mm deposited layer width
Deposition Rate 0.007 mm/s extrusion rate of suspension
Pushout 0.05 s time of plunger forward

motion prior to the start of
each layer

Suckback 0.05 s time of plunger backward
motion at the end of each layer

Suckback Delay 0 s delay time between end of
layer and suckback
750,000 50 40 43 15.3 

750,000 52 38 83 55.4 

750,000 54 36 352* 108.9* 

nd n is the flow index. The flow index is a measurement of the
egree of shear rate dependence of a fluid, and shear-thinning fluids
ill have an index number of less than 1 [30]. A simple regression

nalysis was used to calculate the yield stress and flow index of
ach suspension.

A stress sweep analysis was performed for each suspension by
easuring the storage shear modulus (G’) for an applied oscillation

tress ranging from 1 to 1000 Pa at a frequency of 1 Hz. A pre-shear
f 30 s−1 was applied for 30 s followed by an equilibrium time of
00 s.

.3. Direct writing process

A commercially available syringe style printer with layer-by-
ayer deposition capabilities was used to direct write specimens.
revious studies optimized the use of a modified Imagine 3D printer
Essential Dynamics, New York City, NY), which was employed in
his study [19]. An EFD (Nordson EFD, East Providence, RI) 10 mL
yringe with a tip capillary length of 6.5 mm and internal exit radius
f 0.625 mm  was used. A motor with a gear ratio of 231:1 (Snap
otors, Berkeley, CA) was used to mechanically drive a plunger

nto the syringe and extrude the suspension. The plunger is pro-
rammed to move at a set deposition rate (0.007 mm/s) as shown
n Table 2. Fig. 1a shows a B4C suspension being extruded in a
ayer-by-layer fashion into a Purdue University “P” shape to demon-
trate the capability of forming multiple radii, angles, and straight
ath functions. An image of the test shape is shown in Fig. 1b. The
yringe holder was suspended by a gantry crane system that con-
ists of multiple belts, gear pulleys and motors used to translate
he printer head along the respective X-and Y-axes. A build plat-
orm was translated along the Z-axis to facilitate the stacking of

ultiple layers.

FabStudio and FabInterpreter software (Fab@Home project) was

sed to communicate between the printer and the computer. The
oftware used an algorithm to create a path file for the printer to
ollow based on a 3D CAD file. Predetermined processing parame-
Clearance 2 mm height of syringe nozzle above
the previously deposited layer

ters, displayed in Table 2, are built into each file that is generated
and were held constant for all specimens.

2.4. Binder burn-out and pressureless sintering

Preliminary thermogravimetric analysis (TGA, TA Instruments,
Newcastle, DE) on PEI burn-out in a flowing argon environment
indicated a significant weight loss between the temperatures of
300 ◦C and 450 ◦C [24]. Based on the TGA results, binder burnout
was carried out in a flowing argon environment with a ramp rate
of 4 ◦C/min to 425 ◦C, followed by 1.5 ◦C/min to 500 ◦C, where it
was isothermally held for 25 h. Specimens were cooled to room
temperature using a cooling rate of 10 ◦C/min. Sintering was carried
out without an external applied pressure in a high-temperature
argon environment furnace (Centorr Vacuum Industries, Nashua,
NH). The furnace was quickly ramped from room temperature to

300 ◦C, followed by a heating rate of 25 ◦C/min to 2000 ◦C where
it was  held isothermally for 1 h, followed by rapid cooling to room
temperature.
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ig. 2. Flow curves of varying B4C suspensions with (a) 25k g/mol and (b) 750k g/mo
ith  fitting parameters (R2 > 0.98) for each data set shown in Table 1. An increase in

.5. Microstructures and densities

Sintered samples were prepared for microstructural analysis
y surface grinding with 200, 400, and 800 grit diamond discs,
ollowed by polishing with 6 �m and 3 �m diamond paste and a
.06 �m colloidal silica suspension. The microstructure of sintered
pecimens was analyzed with a Phenom ProX desktop (Phenom-

orld, Eindhoven, Netherlands) scanning electron microscope
SEM).

To verify the amount of residual tungsten carbide from the attri-
ion milling process, chemical analysis of sintered specimens was
erformed by NSL Analytical Services, Inc. (Cleveland, OH) using

nductively coupled plasma optical emission spectrometry (ICP-
ES). The oxygen content of sintered samples was analyzed by the
eco Furnace method. Prior research investigating aqueous pro-
essing of zirconium diboride has shown that the oxygen content
s correlated with the amount of boria (B2O3) [28].

The average bulk density of sintered samples was determined
ia Archimedes’ method in accordance with ASTM C 37314 [31].
he residual WC acquired from attrition milling was accounted
or when calculating the true, pore free density of the sintered
ieces. The values used in these calculations for B4C and WC
ere 2.52 g/cm3 and 15.63 g/cm3, respectively. A true density of

.88 g/cm3 was calculated for a dense B4C body with 2.7 vol.% WC.

. Results and discussion

.1. Rheological and viscoelastic characterization of suspensions

Flow curves demonstrating the dependence of shear stress on
pplied shear rate for the B4C suspensions are shown in Fig. 2 for PEI
olecular weights of (a) 25k g/mol and (b) 750k g/mol. These flow

urves reveal that all suspensions behaved in a yield-pseudoplastic
anner with flow index (n) values of less than 1 indicating a shear-

hinning behavior. Yield-pseudoplastic suspensions are ideal for
ontinuous direct writing as they will flow in a shear thinning
anner after an applied shear stress exceeds the yield stress and

etain the formed shape while supporting other deposited layers
fter extrusion [15–17,32]. The solid lines correspond to a fit of
he Herschel-Bulkley fluid model, with fitting parameters listed in

able 1. The fit of all suspensions, as determined by the R2 value,
as >0.98. The measured pH values for all suspensions were in the

ange of 5.35–5.91. This small difference in pH values between
he suspensions is unlikely to impact the rheological behavior of
olecular weight. Solid lines correspond to a fit of the Herschel-Bulkley fluid model
s loading and polymer molecular weight both led to higher yield stresses.

the suspensions as the zeta potential values over this pH range is
relatively constant and approximately ±70 mV  [24].

It was found that an increase in the B4C solids loading and PEI
molecular weight led to an increase in the yield stress (�y). Differ-
ent studies with alumina and alumina-zirconia mixed suspensions
showed that an increase in solids loading decreased the mean inter-
particle spacing leading to a reduction in the interaction volume
between the particles and an increase in the yield stress [28,33].
An increase in polymer molecular weight has also been shown to
increase suspension yield stress through both chain entanglements
and bridging between ceramic particles [9,34,35].

All suspensions, except for the 56 vol.% B4C suspension with
25k g/mol PEI and 54 vol.% B4C suspension with 750k g/mol PEI,
behaved in a uniform yield-pseudoplastic manner. These particular
suspensions did not display the uniform shear-thinning behavior
after their characteristic yield stress. Rheological data for these sus-
pensions were considered unreliable due to wall slip between the
suspension and the surface of the rheometer cup. A study focusing
on the rheology of zirconia suspensions dispersed in a nonpolar
organic medium found that highly flocculated system will experi-
ence this wall slip phenomenon due to low rheometer wall surface
roughness and large flocs in the suspension [36]. Therefore, increas-
ing the surface roughness of the rheometer walls may  alleviate this
observed effect.

Fig. 3a and b shows the viscosity versus shear rate relation-
ships for the suspensions as a function of PEI molecular weight. All
suspensions behaved in a uniform shear-thinning manner within
the forming range. An increase in viscosity or consistency index
(k) was observed for increasing B4C solids loading and polymer
molecular weight. An increase in the solids loading has been
shown to increase the viscosities of ceramic suspensions due to
an increase in the inter-particle interactions and inter-particle col-
lisions [15,32,37,38]. A study with aqueous alumina suspensions
dispersed with polyvinylpyrrolidone showed that an increase in
polymer molecular weight increased the viscosity of the suspen-
sions due to the increase in chain entanglements [18,34,35].

Plots of storage shear modulus versus oscillation stress for the
B4C suspensions as a function of PEI molecular weight are shown in
Fig. 4a (25k g/mol) and b (750 kg/mol). Each suspension displayed
an equilibrium modulus (G’eq) within the linear viscoelastic region.
Values for each suspension are reported in Table 1. It was found

that an increase in the B4C solids loading and/or PEI molecular
weight led to an increase in the equilibrium modulus, indicating
an increase in gel strength. It has been shown that direct-writing
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ig. 4. Log storage modulus (G’) vs log oscillation stress plots obtained at a frequ
olecular weight. Increasing the B4C solid loading and polymer molecular weight r

nks/suspensions with higher G’eq or gel strength facilitate stronger
hape retention for the deposited layers [16].

.2. Boron carbide specimens

This study aims to assess the final quality of formed specimens
ased on filament layer shape retention and warpage upon dry-

ng. Specimen shape retention was quantified by measuring the
verage filament layer height in cross sectional images of green
ody specimens shown in Fig. 5. The degree of warpage was taken
o be the measurement from a flat surface to the bottom of the
4C specimen at the maximum point of displacement, as shown in
ig. 6. The inset in Fig. 6 shows an aerial view of each specimen. The
ummaries of measurements for average filament layer height and
arpage displacement (X) are shown in Table 1.

The specimen shape retention was found to directly correlate
ith the suspension yield stress and equilibrium storage modu-

us. A study on the development of three dimensional periodic

tructures made with lead zirconate titanate (PZT) colloidal gels
ound that suspensions with higher yield stresses and gel strengths
ossess higher shape retention, higher strengths to support addi-
ional layers, and decreasing deflection in spanning elements [17].
of 1 Hz of varying B4C suspensions with (a) 25k g/mol PEI and (b) 750k g/mol PEI
d in an increase in gel strength (G’eq).

The supensions made with 50 and 52 vol.% B4C with 25k g/mol
PEI and the 48 vol.% B4C with 750k g/mol PEI had yield stresses
of less than 37 Pa, the lowest viscosity values over the applied
shear rates, and G’eq values less than 300 Pa. These suspensions
had low shape retention and did not possess sufficient strength
to support additonal deposited layers, resulting in filament layers
that compressed under the weight of additional layers. It is hard to
differentiate between individual filament layers in Fig. 5 for speci-
mens produced with these suspensions. All other suspensions had
yield stresses ≥43 Pa and equilibrium storage modulus ≥700 Pa,
which permitted layers with higher shape retention and sufficient
strength to support the stacking of additional layers. The 56 vol.%
B4C suspension with 25k g/mol PEI had the highest yield stress
and equilibrium storage modulus. Producing components with the
highest average layer height (0.85 mm)  resulting in a suspension
with the highest filament layer shape retention. In general, sus-
pensions made with PEI 750k g/mol molecular weight possessed
higher shape retention than suspensions made with PEI 25k g/mol

molecular weight for the same solids loading. These observations
are in agreement with the rheological data showing that higher
molecular weight PEI suspensions have higher yield stresses and
equilibrium storage modulus.
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Fig. 5. Cross sectional comparison of green body specimen filament layer heights formed via direct ink writing with varied polymer molecular weight and B4C solids loading.
The  measurement of the filament layer height (Y) is illustrated in figure (h) with an average for each specimen shown in Table 1.
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ig. 6. Profile comparison of samples formed via direct ink writing with varied poly
urdue “P” and the scale for this image is 5 times smaller than the profile image. W
tructure at the maximum point of displacement and is illustrated in image (h).

During the drying process, shrinkage induced warpage effects
educed the final specimen quality. The amount of warpage of
ach specimen can be seen in the profile images shown in Fig. 6,
ith warpage displacement values for each shown in Table 1.

t was found that an increase in molecular weight of PEI led to

n increase in the amount of warpage for suspensions that had
ufficient strength to retain a filament shape. This is true for sus-
ensions made with PEI 25k g/mol molecular weight that had a
olecular weight and B4C solids loading. The inset figure shows the top views of the
e displacement (X) is the measurement from a flat surface to the bottom of the B4C

solids loading greater than 54 vol.% and for suspensions made
with PEI 750k g/mol molecular weight that had a solids loading
of 50 vol.% and greater. This effect could be due to entropic relax-
ation of the polymer during drying that causes the final specimen
to warp. Higher molecular weight polymer melts have been shown

to experience more elongation upon extrusion from a capillary that
causes them to experience a greater relaxation effect [35]. Narrow
molecular weight distributions have also been shown to reduce
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F 4C and 25k g/mol PEI. A dashed circle indicates the starting and stopping point for each
l  between each printed layer.
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Fig. 8. A representative microstructure taken between two  deposited layers of a
54 vol.% B4C suspension sintered to ∼82% TD. Light particles in the image are WC,  and
ig. 7. (a) Sintered sample formed via direct writing a suspension with 54 vol.% B
ayer.  (b) A cross sectional and (c) profile view of the sintered piece show adhesion

elaxation effects in polymers [35]. The 750k g/mol and 25k g/mol
EI solutions have a manufacture specified polydispersity index
PDI) of 12.5 and 2.5, respectively. Therefore, the higher PDI of the
50 k g/mol PEI could also be contributing to the larger warpage
ffects. Increasing solids loading also showed an increase in the
mount of specimen warpage for the set of suspensions that had
ufficient strength to retain shape. As the solids loading increased,
here was a decrease in solvent volume, which has been shown in
eneral polymer systems to lead to a more constrained polymer
ystem with a higher driving force for relaxation [35].

It was determined that the 54 vol.% B4C suspension with a PEI
olecular weight of 25k g/mol produced the highest final quality

pecimens. Specimens produced with this suspension showed no
reen body warpage displacement and had adequate strength to
etain shape due to its yield stress of 122 Pa and elastic storage mod-
lus of 962 Pa. A final sintered sample formed with this suspension

s shown in Fig. 7a, with a cross sectional and profile view shown in
ig. 7b and c, respectively. The cross sectional and profile views of
he sintered specimen show adhesion between each printed layer
ith no systematic residual porosity associated with the forming
rocess for this particular suspension. Comparing the green body
pecimen image in Fig. 1b and the sintered specimen image in
ig. 7a reveals that there is some final warpage after the sintering
rocess. The warpage could be due to anisotropic shrinkage during
intering and will be examined in further sintering studies.

.3. Microstructure and density

An SEM micrograph of a sintered and polished specimen made
f the optimum suspension of 54 vol.% B4C with 25k g/mol PEI is
hown in Fig. 8. This image is taken from an area between two suc-
essive deposited layers and shows no porosity or cracking between
ayers. There is minimal macroscopic porosity due to forming and

 large volume of microscopic porosity seen in the microstructure
s due to incomplete sintering.

Chemical analysis of sintered specimens determined that
.33 wt.% oxygen remained. The minimal oxygen content suggests
hat the binder burnout and pressureless sintering procedure effec-
ively inhibited the formation of additional oxides in the final
pecimens due to aqueous processing. Note that the focus of this
tudy was forming, and as such, no sintering aids were added to the
uspensions to increase the sintered density. The average density
f four sintered specimens made from the optimized suspension
as 82% TD, as obtained through Archimedes testing (ASTM 37314)

31]. The true density of the sample is 2.88 g/cm3 which accounts
or the 14.79wt.% W in the sample as determined by ICP-OES out-
ined in Section 2.3. High densities were not expected due to the
elatively low sintering temperature of 2000 ◦C. Studies using WC

s a sintering aid for B4C found that high densities are only achiev-
ble when utilizing liquid phase sintering at temperatures above
he WC-B4C quasibinary eutectic temperature of 2220 ◦C [26,39].
elow this temperature the WC  acts as a solid phase sintering
porosity is observed from incomplete sintering. A dotted line indicates the interface
between two successive layers. No large-scale porosity from forming or cracking
between layers is observed.

aid that contributes to densification via the addition of a free car-
bon source, with densities less than 82% TD obtained in previous
research when sintering below the eutectic temperature [26,39].
Increasing the sintering temperature through modifications to the
current furnace, as well as investigating alternative sintering aids,
will be explored as methods to achieve higher density specimens
in future studies.

4. Summary and conclusions

An additive manufacturing technique termed direct ink writ-
ing was  used to produce near-net shaped B4C components. The
effects of dispersant polymer molecular weight and B4C solids load-
ing on the rheological properties and final quality of specimens
were explored. An increase in the molecular weight of the polymer
dispersant (PEI) led to an increase in the yield stress, viscosity, stor-
age shear modulus, and final specimen layer shape retention and
warpage. An increase in the yield stress, viscosity, and storage shear
modulus of the suspensions correlated to increased layer shape

retention and the ability to support additional layers. However,
increasing the solids loading decreased the quality of the final spec-
imens due to warpage effects. It was determined that the 54 vol.%
B4C suspension with a PEI molecular weight of 25k g/mol was  opti-
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um  for direct writing because of the high filament layer shape
etention and zero warpage displacement during drying.
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