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A B S T R A C T   

Advanced ceramics are required in many applications including armor, engine components, and wear parts for 
abrasive, corrosive, and high temperature environments. Heterogeneous structuring in these materials has the 
potential to unlock extrinsic mechanisms that improve damage tolerance, of vital importance for structural 
functionality. However, traditional ceramic powder processing and forming techniques limit the design space to 
simple geometries with chemically homogenous microstructures. Thus, additive manufacturing by direct ink 
writing (DIW) was applied to fabricate multi-phase carbide specimens with tailored composition and meso-
structure. A custom DIW system was developed to allow simultaneous extrusion and mixing of multiple inks, 
comprised of ceramic particulate suspensions, through a single nozzle. Boron carbide (B4C) and silicon carbide 
(SiC) were chosen for this study due to their excellent mechanical properties. Aqueous B4C and SiC inks were 
loaded to 47.5 vol% ceramic content and showed yield-pseudoplastic behavior. The carbide inks were charac-
terized and modified to exhibit similar rheological behavior (yield stress and viscosity), and were used to produce 
B4C–SiC parts with either discrete or continuous composition variation. Specimens were hot pressed at 35 MPa 
and 1950 ◦C, yielding near full density with hardness (Knoop) values of 20–23 GPa. Tailored heterogeneity, 
achieved via active in-line mixing, is revealed through microstructural characterization. Cracking observed in the 
specimen with discretely varied composition is the result of thermally-induced residual stress, and is elucidated 
through analytical calculations.   

1. Introduction 

1.1. Motivation and background 

Ceramic body armor has a long history in the U.S. Military and has 
been actively developed for many decades. A wide array of ceramic 
materials has been explored, with boron carbide (B4C) and silicon car-
bide (SiC) most often used due to their high hardness and low density 
[1]. This continuous effort has led to highly engineered, lightweight 
material systems with unparalleled protective capabilities. However, 

while these monolithic ceramic specimens have approached the limits of 
hardness and strength, which are key properties for projectile defeat, 
cracking is eventually the dominant failure mechanism at higher pro-
jectile velocities [2]. As a result, the mode of fragmentation has the 
greatest effect on ballistic resistance [3]; the most effective way to 
improve ballistic performance is to increase the energy of fracture. 
Achieving full, theoretical density by reducing defects leads, generally, 
to superior mechanical properties [4]. Following this logic, traditional 
knowledge tells us to produce ceramic armor to be fully dense and of a 
single, monolithic material. While it is true that reducing defects, such as 
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porosity, is vital to unlock the high hardness and compressive strength of 
ceramics, there is still the issue of penetration by fragmentation during 
ballistic events. For this reason, alternative methods of fracture miti-
gation must be explored to fully realize the exceptional properties of 
advanced ceramics. 

1.2. Natural design motifs 

Inspiration for alternative methods of fracture mitigation can be 
gained from nature, where biological structures derive superior me-
chanical performance using hierarchical structuring and composition 
gradients, with one typical example being the nacreous abalone shell. 
Nacre is a natural composite of calcium carbonate tiles and organic in-
terlayers in a ’brick and mortar’ microstructure with additional higher- 
scale organic mesolayers [5]. The structural organization of nacre at 
multiple length-scales leads to an 8-fold increase in fracture toughness 
over that of pure calcium carbonate [6]. Similarly, fish scales, such as 
those of the arapaima, use hierarchical structuring and mineralization 
gradients to increase toughness, strength, and ductility while remaining 
thin and lightweight [7,8]. Fig. 1 highlights two biological design mo-
tifs, layering and mineral gradients, which are found in arapaima scales 
and the abalone shell. 

Bioinspired design features can enhance performance if integrated 
into next-generation ceramic armor materials since they can provide 
greater strength, hardness, and toughness [9]. Indeed, recent studies 
have shown that ceramic specimens with second phase inclusions, 
layers, and multi-scaled organization show an increased toughness due 
to extrinsic fracture mechanisms that inhibit crack propagation [10–14]. 
Moshtaghioun et al. [10] observed two extrinsic toughening mecha-
nisms, crack tip deflection and crack bridging, for a B4C matrix with SiC 
inclusions. These extrinsic toughening mechanisms led to a 65% in-
crease in toughness compared with monolithic B4C. Wang et al. [11] and 
Wilkerson et al. [12] demonstrated the toughening effect of using bio-
mimetic nacre-like structures in ceramic composites. Rao et al. [13] and 
Lugovy et al. [14] increased the toughness of layered ceramic materials 
using thin compressive layers to deflect cracks at layer interfaces. These 
findings have catalyzed a major research effort to study the effects of 
composition, geometry, and multi-scaled structuring on mechanical 
performance in ceramic materials. 

1.3. Fabrication methods for heterogeneous structures 

To manufacture these multi-phase materials, a processing technique 
is required that can produce complex, three-dimensional parts with 
material heterogeneity and organization across multiple length scales. 
Various ceramic forming technologies exist and are of commercial 
manufacturing scale, e.g. pressing, extrusion, slip casting, tape casting, 
and injection molding [15]. However, these techniques severely limit 
the available design space for variation of composition and geometry. 
Tape casting, without secondary layering steps, only allows control of 
the sheet thickness [15]. Pressing and extrusion produce parts of simple 
geometry such as disks, rods, and tubes [15]. Slip casting and injection 
molding afford the most geometric freedom, but do not enable material 
heterogeneity [16]. With the exception of layered tape-cast specimens, 
where layers may be of different materials [17], these techniques pro-
duce chemically homogenous parts. 

Additive manufacturing (AM), on the other hand, enables the pro-
duction of parts with complex, multi-scaled geometries, including in-
ternal structures [18–20]. Additionally, multi-material AM can support 
material heterogeneity by discrete layers and composition gradients 
[12,21]. Direct ink writing (DIW), a material extrusion AM technique 
[22] that allows multi-material and mixing capabilities [23–26], was 
chosen to fabricate multi-phase carbide specimens in this study. The 
DIW technique, also known as robocasting, involves extrusion of a line 
of highly-loaded colloidal suspension, termed ’ink’, through a nozzle in 
a specific pattern layer-by-layer to produce a three-dimensional part 
[27]. This line of deposited material is known as a trace. The ink used for 
DIW relies on yield-pseudoplastic behavior to self-support following 
extrusion. Yield-pseudoplastic rheology enables the ink to retain struc-
tural integrity up to its yield stress, followed by shear-thinning behavior 
[28,29]. This behavior is critical for ink to both flow through a small 
nozzle (high-shear environment) and retain its shape post-extrusion 
(low-shear environment). 

1.4. Ceramic additive manufacturing 

Ceramic AM techniques are defined as indirect processes, because 
post-processing is required to densify printed green bodies [22]. A 
prerequisite of high sintered density is high green density; this requires 
high ceramic content and low binder/dispersant content [30]. The 
maximum density of loose, random packing for powder is approximately 
60 vol% [31], which effectively sets the upper-bound for ceramic 

Fig. 1. (A) The arapaima scale consists of a 
flexible base and hard, mineralized outer sur-
face that inhibits penetration. (B) The mineral-
ization gradient from the base layers to the 
hard, top surface arrests cracks that form in the 
arapaima scale during penetration events. (C) 
The abalone shell uses layering and hierarchical 
structuring to improve toughness over its weak 
constituent materials. (D) CaCO3 tiles are ar-
ranged in a brick and mortar structure. (E) The 
tortuous crack path around aragonite tiles leads 
to an 8-fold increase in the toughness of nacre 
over pure CaCO3 [6].   
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content. Ink formulation in this study targets a ceramic content as close 
to 60 vol% as possible without sacrificing yield-pseudoplastic rheology. 
Shrinkage occurs during sintering as a function of ceramic content and 
can impart significant residual stresses on densified parts. Residual 
stresses are the result of non-uniform shrinkage, which can arise from 
asymmetrical geometries and chemical heterogeneity. This effect is 
especially pronounced in parts with discrete composition changes, such 
as layered composites, where different coefficients of thermal expansion 
(CTE) produce compressive and tensile residual stresses that can lead to 
part failure [32]. Thus, a balance must be found between printability 
and post-print processing, namely sintering behavior. 

Dense, complex oxide ceramic parts have been produced via AM 
techniques [33–37], whereas AM of dense carbides has faced challenges 
due to difficult colloidal dispersion and high sintering temperatures. 
Costakis et al. [38] produced B4C parts via material extrusion, but ob-
tained a theoretical density of just 82% through pressureless sintering. A 
higher theoretical density of 95% was achieved for extruded B4C parts 
by Eqtesadi et al. [39], but required the use of cold isostatic pressing and 
spark plasma sintering. These studies demonstrated the feasibility of AM 
for producing dense, geometrically complex carbide parts, but lacked 
investigation into material heterogeneity. 

Several recent studies have attempted multi-material ceramic AM in 
order to develop functionally graded oxides. Functionally graded oxide 
ceramics were made using a material extrusion process with active 
mixing by Li et al. [24]. Similarly, a material extrusion system with 
mixing capabilities was designed by Smay et al. [23] to develop ternary 
mixtures for high-throughput characterization of oxide ceramics. Bio-
inspired ceramic-metal composites were demonstrated by Wilkerson 
et al. [12] with discrete “brick and mortar” structures mimicking the 
abalone nacre. These bioinspired 0.95Al2O3–0.05Ni composites showed 
improved toughness compared with pure alumina based on their func-
tional design. Studies on AM of functionally graded ceramics often use 
custom-built equipment due to the lack of commercial systems with 
multi-material and mixing capabilities [12,23,24]. Whereas multi- 
material ceramic AM of oxides has seen recent progress, fabrication of 
functionally graded carbides has remained elusive due to challenges 
with densification, ink formulation, and sourcing processing equipment. 

This study intends to fill the gap in available processing technologies 
for the development of functionally graded carbide materials with 
tailored structural organization and material heterogeneity. High 
ceramic content B4C and SiC inks are formulated with suitable rheology 
and their printability is evaluated. A custom, low-cost DIW system is 
designed with active, in-line mixing capabilities for real-time control of 
material heterogeneity. Characterization of multi-phase carbide speci-
mens in both green and sintered states is performed to demonstrate and 
validate the effectiveness of this processing technique. 

2. Experimental procedures 

A custom DIW system was developed to enable the printing of car-
bide components with heterogeneous structuring. Boron carbide and 
silicon carbide powders were suspended as aqueous inks and used as the 
feedstock for printing heterogeneous carbide specimens. The custom 
DIW system was assessed for its ability to print and mix multiple ma-
terials at specified ratios. Printed specimens were tested for shape 
retention, density, microstructure, and mechanical properties to eluci-
date the advantages and limitations of our ceramic AM method. 

2.1. Feedstock preparation 

B4C (mean particle size ~ 0.8 µm, ESK Tetrabor 3000F B4C, 
Kempten, Germany) and SiC (mean particle size ~ 0.7 µm, Superior 
Graphite 490N SiC, Chicago, IL) powders were processed into high 
ceramic content aqueous ink formulations, with rheological behavior 
controlled using mixtures of organic binders and dispersants. Bru-
nauer–Emmett–Teller (BET) particle surface area was measured using a 

Micromeritics Tristar II Plus (Norcross, GA). The B4C ink contained 
polyethyleneimine (25 kDa PEI, Sigma-Aldrich, Louis, MO), hydro-
chloric acid (96.99% HCl, Sigma-Aldrich, Louis, MO), methylcellulose 
(4000cP MC, Sigma-Aldrich, Louis, MO), and deionized water. The SiC 
ink contained of polyethyleneimine (25 kDa PEI, Sigma-Aldrich, Louis, 
MO), methylcellulose (4000cP MC, Sigma-Aldrich, Louis, MO), and 
deionized water. 

A stock solution of 5 vol% methylcellulose (MC) and deionized water 
was made to simplify processing at the time of mixing. Four grams of MC 
powder were slowly added to 80 mL of deionized water at 95 7‾C on a 
mixing hot-plate. Once all MC powder was dissolved, the solution was 
placed into an ice-bath until it became clear, signifying gel-network 
formation [40]. 

Ink formulations were mixed in 120 g batches using a DAC 400 VAC 
SpeedMixer (Flacktek, Landrum, SC). PEI and one-half of the ceramic 
powder were added to a 150 g Flacktek container and mixed at 800, 
1200, and 1600 RPM steps for times of 30, 30, and 15 s, respectively. 
Next, using the same mixing procedure twice, the deionized water and 
HCl were incorporated into the Flacktek container along with small 
amounts of ceramic powder. The MC solution and remaining ceramic 
powder were then added into the Flacktek container and mixed with 
800, 1200, 1600, and 2000 RPM steps for times of 60, 60, 30, and 15 s, 
respectively, to be homogenized. The three rough mixing stages and 
final homogenizing mixing stage resulted in a total mixing time of 7 min 
and 45 s. SiC ink formulation follows the same procedure as the B4C ink, 
with the exclusion of the HCl addition, as no further modification of 
particle surface charge is necessary to attain dispersion. 

2.2. Rheology 

Rheological characterization of inks was performed using an MCR 
302 (Anton Paar, Graz, Austria). A concentric cylinder fixture with a 
nominal diameter of 27 mm and a gap of 1 mm was used for testing of 
the ceramic inks. A damp paper towel was placed at the top of the 
concentric cylinder apparatus to reduce water loss during testing. 
Rheological testing was conducted at a controlled temperature of 25 ◦C. 
Samples were pre-sheared after loading at 30 s− 1 for 60 s and allowed to 
equilibrate for 5 min before testing to remove shear history from the 
sample. The viscosity was measured with a continuous flow test from 0.1 
to 100 s− 1. 

2.3. Direct ink writing 

Carbide parts were formed via DIW using a custom-built system, 
depicted in Fig. 2, with multi-material and in-line mixing capabilities 
[41]. This system has two primary modules, the print head and the feed 
system, and interfaces with a low-cost fused filament fabrication (FFF) 
3D printer (LulzBot Taz 6, Aleph Objects, Loveland, CO). The feed sys-
tem consists of two units, which are independently controlled to output 
two different ceramic inks to the print head. Each unit utilizes a lead-
screw driven plunger for precise, volumetric feed rate control. Ceramic 
ink is fed through 4 mm inner-diameter Teflon tubes to the print head, 
which contains an auger to enable in-line mixing and precise extrusion. 
The auger, depicted in Fig. 2C, provides shear mixing to blend highly 
viscous inks, which tend to resist turbulent flow and are therefore 
difficult to mix with impellers or other turbulent dispersion methods. 
The mixed ink is extruded through the 1.2 mm orifice of the nozzle. The 
Taz 6 3D printer serves as the 3-axis motion system, allowing for either 
FFF of plastic parts using the provided tool head or DIW of ceramic 
specimens using the custom-made print head and feed system. In fact, 
several components of the print head and feed system were printed from 
ABS filament (Chroma Strand Labs, Loveland, CO) and PC-ABS filament 
(Proto-pasta, Vancouver, WA) using the Taz 6 with its FFF tool head. The 
Taz 6 was selected due to its suitable precision, print volume, and open- 
source design, and its firmware was modified to remove temperature 
related errors, print head spatial variations, and custom tool path 
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modifications. 
Slic3r (https://slic3r.org/), a 3D slicing engine, was used to prepare 

the G-code sent to the Taz 6. Relevant slicing parameters include a 
1.2 mm layer height, 1.2 mm trace width, and print speed of 5 mm/s. 
The 1.2 mm trace width is determined by the nozzle width of 1.2 mm. 
The 1.2 mm layer height was chosen to reduce nozzle dragging effects 
(observed for lower layer heights), while maintaining acceptable print 
quality. At layer heights greater than 1.2 mm, print quality was visually 
reduced as extruded material tended to deflect sideways before con-
tacting the previous layer. A conservative print speed of 5 mm/s was 
selected to reduce under-extrusion, visually observed as thinner traces 
with gaps in between, which tended to occur at higher speeds. 

Composition was controlled automatically using G-code, whereby 
commands were sent to the feed system to adjust feed rate and ratio. 
Feed system unit 0 was loaded with B4C ink and feed system unit 1 was 
loaded with SiC ink. The G-code composition command uses an ’R’ 
identifier followed by a 0.00–1.00 value to denote composition changes 
of any ratio as a function of vol% SiC. For example, R0.25 would adjust 
the feed ratio to 75 vol% B4C and 25 vol% SiC. A purge operation was 
used during compositional changes. The purge operation moves the 
print-head over a waste container, located beside the build platform, and 
extrudes a specified volume of material to clear any remaining ink of the 
prior composition from the print head. Prior to printing, ’R’ identifier 
commands were manually added to the G-code files used for printing 
heterogeneous parts, with the purpose of commanding composition 
changes at the correct locations. Carbide specimens with composition 
variation in the build direction were printed onto acrylic squares, which 
were mounted on the Taz 6 build platform. Directly after each print 
completed, the acrylic squares were moved to a chamber, which allowed 
the specimens to dry in a controlled environment. The chamber was set 
to 77% relative humidity and ambient temperature. Printed carbide 
specimens were dried for 48 h. 

In order to calculate the purge volume, different colors of Play-Doh 
were printed in zig-zag formations using the same printing parame-
ters. The trace length required to fully change Play-Doh color following 
a composition change was measured from a photograph of the zig-zag 
print. Trace length was converted to volume by assuming a cylindrical 
geometry with a diameter of 1.2 mm. Play-Doh was used as a surrogate 
for the ceramic ink due to its superior optical contrast, ease of acquisi-
tion, and similar yield-pseudoplastic behavior. 

2.4. Printability 

The printability of the carbide inks was determined by three tests. 
First, ink formulations were continuously extruded through nozzle 
orifice diameters of 0.6, 0.8, 1.0, and 1.2 mm in a purge operation to 
verify no clogging would occur during a print. Second, a single wall of 
stacked traces was printed, allowed to dry, and total height loss was 
measured. Total height loss is the difference of the measured height of 
the stacked traces from the nominal height, which is equal to the pro-
grammed layer height multiplied by the number of layers. Third, after 
drying, the total height loss was calculated for the heterogeneous car-
bide specimens. 

2.5. Sintering and characterization 

Two heterogenous B4C–SiC specimens, one with discrete composi-
tion variations and one with a continuous composition variation along 
the build direction, were both (1) pyrolyzed by ramping at 1 7‾C/min up 
to 650 7‾C and holding for 24 h and (2) densified through hot pressing. 
The specimens were hot pressed at 35 MPa and 1950 ◦C for 2 h, using a 
25 ◦C/min ramp rate and including an intermediate hold at 1350 ◦C for 
1 h to volatilize oxide species. Density was determined using the 
Micromeritics GeoPyc Model 1360 (Norcross, GA). The GeoPyc de-
termines density through displacement of a highly flowable, uniform- 
packing powder bed. This allowed for a true envelope density of the 
sample to be measured, which included both open and closed porosity in 
the sample volume. Densities were reported as a percentage of theo-
retical density, which was calculated using a rule of mixtures with values 
of 2.52 g/cc for boron carbide and 3.21 g/cc for silicon carbide [1]. Hot 
pressed specimens were cross-sectioned, mounted in epoxy, and pol-
ished using diamond media. Rough polishing was accomplished using a 
125 µm diamond embedded disk until specimen surfaces were exposed 
and planar. Next, colloidal diamond suspensions of sizes 30, 9, and 3 µm 
were used to polish both specimens for times of 30, 30, and 90 min, 
respectively. A final polish was done using 1 and 0.25 µm colloidal 
diamond suspensions for times of 45 and 60 min, respectively. All pol-
ishing steps were performed at a 20 N load and with plate and head 
speeds of 300 and 150 RPM, respectively, in a co-rotating configuration. 
SEM micrographs were taken of the resulting polished cross-sections 
(FEI Apreo SEM, Hillsboro, OR). ImageJ was used for all 

Fig. 2. (A) The DIW system consists of two feed system units, the feed system controller, and the print head mounted on a LulzBot Taz 6 printer. (B) Cross-section 
view of the print head illustrating the mechanisms involved in mixing and extrusion. (C) The auger uses a series of channels to provide high-shear mixing and 
consistent material extrusion. 
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measurements on SEM micrographs [42]. Layer height, crack length, 
crack spacing, and crack opening displacement are reported from at 
least 25 measurements. 

Knoop indentation was performed using a Wilson VH3100 automatic 
hardness tester (Buehler, Lake Bluff, IL). Indents were made at 2 kgf with 
a 10 s dwell and at sufficient spacing according to the ASTM C1326-13 
standard [43]. An automatic grid pattern was used to create indents on 
the polished cross-sections of the discrete and continuous specimens. A 
3 × 10 grid was used for the discrete specimen, with 10 indents each in 
the B4C, SiC, and B4C–SiC interface regions. A 5 × 36 grid was used for 
the continuous specimen, which allowed for 36 sampling locations of 5 
measurements each along the build direction. Hardness data for the 
continuous specimen is reported as a function of distance along the build 
direction, starting from the B4C-rich portion of the specimen. 

3. Results and discussion 

3.1. DIW system calibration 

Communication between the Taz 6, which controls the print head, 
and the feed system is achieved using the I2C serial communication 
protocol. This provides a simple, yet effective, method for synchronizing 
the feed system and print head behavior via G-code, including the 
custom ’R’ identifier to command feed ratio changes. Thus, for any point 
in 3-D space, the Taz 6 and feed system can communicate to adjust print 
speed, feed rate, and material composition. Mixing of the two ceramic 
inks requires a finite volume of material between the ends of the feed 
tubes and the nozzle tip, which results in a lag time between composi-
tion changes. Fig. 3 demonstrates the lag time between when a 
composition change is commanded and the actual change in composi-
tion of extruded material. A lag volume of 3.2 cm3 was calculated by 
measuring the trace length required to fully change material color 
following a commanded change. During composition changes, the 
calculated lag volume is purged. 

3.2. Ink rheology and printability 

Ink formulations were developed with the goal of matching ceramic 
content and flow behavior across relevant shear rate regimes in order to 
maintain an optimal balance between printability and sinterability. 
High printability is defined by minimal slumping, which improves shape 
retention, and consistent extrusion. Increasing ceramic content and 
decreasing binder content improves the green density of printed parts, 
resulting in higher sinterability. Similarly, high surface area ceramic 
powder promotes densification during sintering but reduces printability. 

Ceramic powder and aqueous binder/dispersant systems were 
characterized to determine which combination would provide the 

highest stability colloidal dispersion. BET measured surface areas for 
B4C and SiC powders were 11.23 and 12.55 m2/g, respectively. The 
surface area values and ceramic content were used to tailor various 
binder-dispersant systems. An exact binder-dispersant addition is 
necessary because colloid dispersion is improved until all particle sur-
faces are covered, with excess leading to pockets of agglomerated 
polymer that leave pores in sintered specimens. Polyethyleneimine (PEI) 
provided the most stable dispersion across a wide range of pH values for 
B4C and SiC powders. Fig. 4A shows a plot of Zeta potential versus pH for 
the B4C–PEI and SiC–PEI systems. Through the addition of PEI, carbide 
powders show optimal dispersion effects, defined as a Zeta potential 
value above 30 mV (absolute), in a wide pH range of 2–8. Ink formu-
lations with lower sensitivity to pH variation have greater flexibility 
during the simultaneous extrusion of multiple inks. 

Optimal formulations for B4C and SiC were developed by varying 
ceramic and MC content to enable desired printability and maintain high 
ceramic content. The viscosities of notable formulations are plotted 
against shear rate in Fig. 4B to illustrate the effects of ceramic powder 
type and content and secondary binder content. All formulations show a 
significant decrease in viscosity with increasing shear rate, which is 
indicative of shear-thinning behavior. An increase from 47.5 to 50.0 vol 
% ceramic content while holding methylcellulose content at 1.0 vol% 
led to an increase in viscosity at all shear rates. Similarly, increasing the 
volume fraction of MC increased the viscosity at all shear rates. These 
relationships held true for all tested B4C and SiC inks. SiC ink formula-
tions at equivalent ceramic and MC content showed higher viscosities at 
all shear rates as compared with B4C inks. 

Final ink formulations for B4C and SiC are reported in Table 1, with 
ceramic content constant at 47.5 vol% and MC contents of 5.0 and 
2.5 vol%, respectively. Differences in powder morphology and surface 
chemistry between B4C and SiC led to the difference in optimal meth-
ylcellulose content; the smaller SiC particle size of approximately 0.7 µm 
(compared to approximately 0.8 µm for the B4C powder) leads to a 
higher influence of Van Der Waals forces, resulting in a greater tendency 
of soft agglomerate formation. Soft agglomerates increase viscosity and 
cause clogging. Carbide ink formulations reported in Table 1 were tested 
for consistent extrusion, and all tested nozzle sizes (0.6–1.2 mm) passed 
without clogging. 

Multi-phase carbide parts were fabricated with the custom DIW 
system using the optimal ink formulations. To verify the printability of 
formulated inks, single stacked traces were printed and their shape 
retention was studied by comparing the expected and measured height 
of the traces. Fig. 5A highlights the shape retention capability of the B4C 
ink, with less than 7% height loss from slumping for six stacked layers. 
As expected, because the flow behavior was matched, stacked traces 
printed with SiC ink show similar results with less than 9% height loss 
from slumping for six stacked layers. Stacked traces of a single wall 

Fig. 3. (A) A single zig-zag trace was extruded to demonstrate composition adjustment in real-time. The composition was changed from 100% A (dark Play-Doh) to 
100% B (light Play-Doh) at ‘commanded change’ point. (B) Gray-scale values were used to calculate composition values along the zig-zag, which were converted to 
volume by assuming a cylindrical geometry of diameter 1.2 mm. Play-Doh was used for this experiment because it provides higher optical contrast than carbide ink. 
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thickness set the upper-bound for height loss due to their large aspect 
ratio. To verify the printability of two inks simultaneously, cylindrical 
parts were printed while changing composition along the build direction 
in real-time. Fig. 5B shows the printing process for a discrete specimen, 
where composition is changed from pure B4C to pure SiC and vise-versa, 
layer-by-layer. All specimens were printed at 100% infill using inside- 
out concentric patterns. Concentric infill was found to produce fewer 
defects than rectilinear patterns, where abrupt direction changes resul-
ted in void formation between perimeter and infill traces. Cylinders of 
25.4 mm diameter incorporating discrete and continuous composition 
variation were printed to nominal heights of 8.4 and 13.2 mm, respec-
tively. After drying, the continuous specimen measured 12.87 mm in 
height, corresponding to a total height loss of 2.5%, and its external 
walls retained their vertical form. A similar height loss was measured for 
the discrete specimen. 

3.3. Characterization of densified specimens 

Macro specimen images in Fig. 6 demonstrate the novel multi- 
material capabilities of the custom DIW system, which uses active in- 

line mixing to tailor composition in real-time to any ratio of the two 
feed inks. Continuous and discrete specimens are shown in Fig. 6 in (A, 
C) green and (B, D) sintered states. In the green state, visually, B4C 
shows up as dark gray and SiC shows up as tan. Fig. 6A shows the 
gradual transition in composition from B4C (bottom layer) to SiC (top 
layer), whereas Fig. 6C shows discrete compositional changes layer to 
layer. Through the use of a humidity chamber, no drying-induced 
warpage or cracking was observed in the green specimens. No macro-
scopic pores were observed in the cross-sections of the dense parts. 
Based on the rule of mixtures of expected material feed during printing, 
densities of 99.2% and 98.6% of the theoretical value were calculated 
for the continuous and discrete B4C–SiC specimens, respectively. The 
absence of macroscopic pores and ~ 50% linear shrinkage resulting 
from hot pressing indicate near full density and validate theoretical 
density calculations. 

SEM micrographs of the cross-section of the discrete B4C–SiC spec-
imen in the sintered state are shown in Fig. 7. Micrographs were taken 
using the backscatter detector to highlight elemental contrast. B4C and 
SiC phases show up as dark and light regions, respectively. B4C and SiC 
layers were measured to be 549 ± 102 and 526 ± 95 micrometers, 
respectively. B4C and SiC inclusions, dark and light spots, range in size 
from tens to hundreds of micrometers. These inclusions are the product 
of soft agglomerates that were not completely dispersed during in-line 
mixing of the ceramic inks. Printing pure SiC or B4C is not possible as 
there will always be residual material inside the barrel and nozzle 
following a ratio change. Therefore, SiC layers are actually SiC-rich 
matrix regions with many pure SiC inclusions and a few pure B4C in-
clusions. Similarly, B4C layers are B4C-rich matrix regions with many 
pure B4C inclusions and a few pure SiC inclusions. 

Fig. 4. (A) A zeta potential plot demonstrating the stabilizing effect of PEI additions to B4C and SiC powders. (B) Rheological curves of SiC and B4C inks illustrate 
their yield-pseudoplastic behavior. Viscosity is matched for + and ∎ formulations across a wide range of shear rates through the use of high viscosity methylcellulose. 

Table 1 
Final, optimized ink formulations used for direct ink writing of ceramic parts.  

Ink 
type 

Ceramic 
powder (vol 
%) 

PEI 
(vol 
%) 

HCl 
(vol 
%) 

Water 
(vol%) 

Methylcellulose 
(vol%) 

SiC  47.50  3.00 –  47.00  2.5 
B4C  47.50  3.79 5.00  38.71  5  

Fig. 5. (A) Stacked traces printed from the optimized B4C ink demonstrate good shape retention post-extrusion and indicate a sufficient yield stress. (B) Inside-out 
concentric infill patterns were found to reduce printing related defects over rectilinear infill patterns. 
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Significant cracking seen in B4C layers is likely due to the thermal 
expansion mismatch between B4C (5.5 * 10− 6 K− 1) and SiC (3.0 * 10− 6 

K− 1) [44]. These cracks occur preferentially within B4C layers and are 
perpendicular to the interface. Cracks bifurcate and close as they tra-
verse across layer interfaces into SiC layers. Interestingly, layer in-
terfaces show good cohesiveness and no delamination is observed. The 
absence of cracking along layer interfaces may be the product of a 
limited amount of mixing that occurs between layers during the printing 
process. The small mixed zone, wherein the composition grades over a 
few micrometers, is shown in Fig. 7B. 

SEM micrographs of the continuous specimen are shown in Fig. 8. In 
addition to the overall composition gradient, a gradient of inclusion 
distribution can be observed that follows the overall grading of 
composition. The number of B4C and SiC inclusions decrease and in-
crease, respectively, as the composition is graded from B4C to SiC. White 
speckles seen in Figs. 7B and 8B are intergranular porosity. Minimal 

cracking can be seen originating from the SiC-rich surface of the 
continuous specimen in Fig. 8C. In contrast with the discrete specimen, 
the gradual composition change in the continuous specimen signifi-
cantly reduced cracking. This finding is important in understanding how 
to tailor crack behavior and, ultimately, tune the fracture toughness of 
carbide materials through functional grading. 

3.4. Analysis of stress and crack formation due to coefficient of thermal 
expansion mismatch 

An analytical discussion of the mechanisms underlying the cracking 
seen in the discrete specimen is performed to provide a framework to 
inform future design of heterogenous parts with controlled residual 
stresses (σr) and fracture behavior. The approach used here follows one 
discussed by Meyers et al. [45], who evaluated two stress release 
mechanisms for Ti6Al4V–Al3Ti laminate composites. First, creep can 

Fig. 6. A continuous carbide ceramic specimen produced via DIW in its (A) green and (B) sintered states. A discrete carbide ceramic specimen produced via DIW in 
its (C) green and (D) sintered states. Unidirectional shrinkages of approximately 50% in the build direction (bottom to top) resulted from the hot pressing process. 
Light and dark materials are SiC and B4C, respectively. 

Fig. 7. SEM micrographs of the discrete B4C–SiC specimen produced via direct ink writing. Dark material is B4C and light material is SiC. B4C and SiC inclusions 
appear as dark and light spots, respectively. Significant cracking is observed in B4C layers. 
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relieve residual stresses at temperatures above approximately half a 
material’s melting temperature (Tm). Second, crack propagation relieves 
stresses below ~ 0.5Tm as materials, generally, have higher fracture 
toughness at elevated temperatures above. Thus, creep is the dominant 
mechanism above ~ 0.5Tm and crack propagation is the dominant 
mechanism below ~ 0.5Tm. 

For ceramic materials, such as B4C and SiC, creep occurs above the 
‘joining’ temperature (Tj) and is assumed to release all σr generated 
above this temperature [46]. Creep becomes inactive as temperature 
drops below Tj. With this in mind, when calculating the residual stresses 
from coefficient of thermal expansion (CTE) mismatch, a zero-stress 
state is assumed for temperatures above Tj and that cracking is the 
dominant mechanism at temperatures less than Tj. The residual stresses 
of a layered composite with finite thickness and alternating brittle layers 
(of potentially different thickness) are: 

σr1 =
E′

1E′

2f2(α2 − α1)∆T
E′

1f1 + E′

2f2
and (1)  

σr2 =
E′

1E′

2f1(α1 − α2)∆T
E′

1f1 + E′

2f2
, (2)  

where E′

i = Ei/(1 − υi), f1 =
l1(N+1)

2h , f2 =
l2(N− 1)

2h , Ei and vi are the elastic 
modulus and Poisson’s ratio of component i, li is the layer thickness of 
component i, αi is the CTE of component i, ∆T is the difference between 
Tj and ambient temperature, N is the total number of layers, and h is the 
total specimen height. B4C and SiC are defined as component 1 and 2, 
respectively, Tj is equal to the sintering temperature of 1950 7‾C, 
ambient temperature is 25 ◦C, and N is 7. Fig. 9A defines relevant pa-
rameters used in this analysis and is simplified to only show one full B4C 
layer and two partial SiC layers. The material properties used for the 
residual stress calculations of B4C and SiC layers are shown in Table 2. 
The above equations and material properties are adapted from work by 
Orlovskaya et al. [44,46,47]. Layers are assumed to be pure B4C and SiC 
in all calculations. The calculated residual stresses are − 1.11 and 
+1.42 GPa for the B4C and SiC layers, respectively, where tension and 

Fig. 8. SEM micrographs of the continuous B4C–SiC specimen produced via direct ink writing. Dark material is B4C and light material is SiC. B4C and SiC inclusions 
appear as dark and light spots, respectively. It should be noted that micrograph (C) has been rotated clockwise 90◦ with respect to all other micrographs, which 
orients its build direction from left to right. 

Fig. 9. (A) Diagram highlighting relevant parameters for the analysis of thermally-induced residual stresses, which shows one full B4C layer and two partial SiC 
layers. (B) Plot of equilibrium crack spacing versus crack opening displacement for specific surface energies of γ = 1, γ = 5, and γ = 20. 

Table 2 
Material properties of carbides used to calculate residual stresses [44].  

Component E (GPa) Poisson’s ratio CTE (10− 6 K− 1) 

B4C  483  0.17  5.5 
SiC  411  0.16  3.0  
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compression are denoted by ‘− ’ and ‘+’. Based on these calculated re-
sidual stresses and the fact that the flexural strength of B4C ranges from 
approximately 350 to 500 MPa [1,48,49], the B4C layers should frac-
ture. Indeed, these calculations are supported by microstructural ob-
servations, where cracks occur in tensile B4C layers and then bifurcate 
and close as they traverse into compressive SiC layers. 

Using Eqs. (1) and (2), residual stresses can be calculated as a 
function of the ratio l1/l2 to determine layer height configurations with 
lower residual tensile stresses. Tensile residual stresses in B4C layers are 
inversely related to compressive residual stresses in SiC layers. Layer 
configurations that reduce tensile residual stress should maximize the 
l1/l2 ratio, which yields thick B4C layers and thin SiC layers. Diminishing 
returns suggest an optimal layer thickness ratio at or slightly above 4. 

Crack spacing (s) and crack opening displacement (wc) for the 
discrete B4C–SiC specimen were measured from SEM micrographs and 
found to have values of 283 ± 44 and 0.7 ± 0.3 µm, respectively. The 
equilibrium crack spacing can be estimated analytically by using an 
energy balance approach and making simplifying assumptions: strain 
energy is released by crack opening displacement and provides the en-
ergy for the creation of new surface area during crack formation. The 
surface energy per unit area of cracks is γ. Cracks are assumed to have a 
constant opening displacement, to be perpendicular to the layer inter-
face, and to be arranged in a 2-dimensional network with equal spacing. 
Thus, the total strain energy (Ut) equals: 

Ut = Us +Ue, (3)  

where Us is the increase in surface energy due to the creation of two new 
crack surfaces and Ue is the elastic strain energy due to tensile residual 
stress. The increase in surface energy is equal to: 

Us = t ∗ l1 ∗ 2γ ∗ nc = l1 ∗ 2γ ∗ t ∗
2L
s

=
4γ
s

∗ V, (4)  

where t is layer width, l1 is layer thickness, and the number of cracks is 
nc. The number of cracks equals 2L/s, where L is layer length and the 
term 2/s represents the 2-dimensional network of cracks of spacing s. 
The total increase in surface energy per unit volume is then 4γ/s from Eq. 
(4). The elastic strain energy is: 

Ue =
σ2

r

2E∗
∗ l1 ∗ t ∗ L =

E∗ε2

2
∗ V, (5)  

where E* is the effective elastic modulus of the layered structure and ε is 
the strain. Eq. (1) is adapted into elastic strain energy per unit volume in 
the following equation: 

Ue =
E∗ε2

2
=

E′

1E′

2 f2
E′

1 f1+E′

2 f2

(
(α2 − α1)∆T + wc

s

)2

2
, (6)  

which accounts for elastic strain energy from both the CTE mismatch 
and the crack opening displacement by including wc/s. The rationale for 
adding wc/s to relax CTE mismatch strain is adapted from a methodology 
developed by Matthews and Blakeslee (1974), where misfit strain εm is 
relaxed by the displacement b (Burgers vector) and spacing s of misfit 
dislocations in the form ε = εm +b/s [50,51]. By definition, εm and b/s 
must have different signs to cause stress relaxation, which holds true for 
our case where wc/s and CTE mismatch strain are of different sign. Ac-
cording to the equilibrium theory of Van der Merwe (1972), the stable 
configuration can then be calculated by setting the derivative of Ut with 
respect to 1/s equal to zero [52]. Thus, 

∂Ut

∂1/s
= 4γ +

E∗

(
2wc

(
(α2 − α1)∆T + wc

s

))

2
= 0, (7)  

which can be modified to solve for equilibrium crack spacing 

s =
− E∗w2

c

4γ + E∗wc(α2 − α1)∆T
. (8) 

The free surface energy for B4C is approximately 3 J/m2 [53,54]. 
Solving Eq. (8) using γ = 3 J

m2, wc = 0.7 μm, ∆T = 1925K, and material 
properties in Table 2, the equilibrium crack spacing is calculated as 
148 μm; equilibrium being defined as all residual stress relieved by 
cracking. Thus, the difference between our calculated value and the 
measured value of 283 μm indicates residual stresses have not been fully 
relieved by cracking. Another likely factor in this difference is error in 
our crack opening displacement measurements. For example, if wc is set 
to 1.5 μm, the equilibrium crack spacing is calculated as 314 μm. The 
sensitivity of equilibrium crack spacing to changes in crack opening 
displacement is demonstrated in Fig. 9B. The measured experimental 
value, represented as a diamond, is presented beside calculated curves 
for comparison. Surface energy seems to have a minimal effect on the 
equilibrium crack spacing, indicating the majority of the strain energy is 
released through crack opening displacement. Equilibrium crack 
spacing increases with increasing crack opening displacement and spe-
cific surface energy, resulting in fewer cracks. 

3.5. Hardness testing 

Reported hardness values in the literature for monolithic B4C and SiC 
vary significantly due to differences in specimen preparation, testing 
methods, and testing conditions, with one major influence being the 
indentation size effect (ISE). The ISE results in a trend of decreasing 
measured hardness with increasing indentation load up to a plateau. 
Swab [49] found the Knoop hardness to be load-independent at 1 kgf 
Knoop or higher for many common armor ceramics. Vargas-Gonzalez 
et al. [1] studied the ISE for B4C and SiC and found both Knoop and 
Vickers measured hardness to vary with load up to 2 kgf. 

Fig. 10 summarizes Knoop indentation hardness results for the (A) 
discrete and (B) continuous specimens, which were collected consistent 
to the 2 kgf standard prescribed in ASTM C1327 to avoid the ISE. No 
significant change in hardness was detected between B4C, SiC, and 
interface regions in the discrete specimen, which had HK2 and standard 
deviation values of 21.44 ± 0.74, 21.29 ± 0.42, and 21.26 ± 0.34 GPa, 
respectively. The larger standard deviation in hardness values measured 
for the B4C layers is likely due to the presence of cracks; while residual 
stress is zero at crack surfaces, tensile stresses are likely still present in 
uncracked material. For the continuous specimen, indents made in re-
gions with nominal composition ratios of 10–90 vol% B4C had hardness 
values of 21.53 ± 0.33 GPa, while indents in regions with nominal 
compositions closer to pure SiC or B4C had HK2 values of 
20.85 ± 0.31 GPa. Knowing the hardness of B4C exceeds that of SiC, one 
could expect the hardness to decrease with increasing SiC content. 
However, looking at Fig. 10, hardness gradually increases with SiC 
content until about 4 mm, where it then decreases towards pure SiC. The 
trend observed is hypothesized to be due to two factors: (1) softening in 
regions of pure B4C and SiC due to edge-effects and (2) thermally- 
induced residual stresses due to composition variation. Based on CTE 
calculations, B4C-rich regions will tend towards tensile residual stress, 
which would decrease hardness, and SiC-rich regions will be under 
compressive stress, which would increase hardness. However, past 
4 mm, the hardness of the nominally pure SiC decreases as residual 
stresses are partially relieved due to cracking. 

A challenge in measuring the hardness of these printed specimens 
was the presence of large inclusions (hundreds of micrometers), which 
were of similar size as the indenter tip. Thus, indents made in a B4C layer 
may be over the matrix region, a B4C inclusion, or even a SiC inclusion. 
Knoop hardness values for the printed B4C–SiC specimens were within 
one standard deviation of HK2 values for fully-dense, monolithic B4C 
(21.7 ± 0.9 GPa) and SiC (20.6 ± 0.2 GPa) materials reported by 
Vargas-Gonzalez et al. [1]. 
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4. Conclusion 

Multi-phase carbide parts were formed via DIW using a custom-built 
system with multi-material and active in-line mixing capabilities. B4C 
and SiC were printed as aqueous ink formulations with high ceramic 
content and yield-pseudoplastic rheology. The flow behavior of B4C and 
SiC inks, having identical ceramic content, was matched across relevant 
shear rates through the addition of high viscosity methylcellulose. 
Active, in-line mixing enabled the successful fabrication of discrete and 
continuous specimens; demonstrating the capability to create both 
gradual and discrete composition variations in real-time. High-shear 
mixing achieved by the auger produced micrometer scale mixtures, 
observed as matrix regions, as well as B4C and SiC inclusions of sizes tens 
to hundreds of micrometers. Near full density was achieved for hetero-
geneous carbide specimens via hot pressing. Cross-sections of densified 
parts show intimate layer bonding and no printing artifacts. Minimal 
cracking observed in the continuous specimen reveals that a gradual 
composition variation reduces residual stress from CTE mismatch, as 
compared with discrete variations. Residual stress calculations support 
microstructural observations, where cracking occurs in the B4C layers 
due to tensile stress. The hardness of printed B4C–SiC specimens 
approximately matched or exceeded that of traditionally processed 
carbide ceramics. These results indicate the feasibility of tailoring the 
structure of advanced ceramics through multi-material additive 
manufacturing. 

In the current study, heterogeneity was only tailored in the build 
direction, or z-direction. Although the custom DIW system is capable of 
producing heterogeneity in the build plane, or x- and y-direction, two 
challenges were faced when tailoring composition within a layer. First, 
purging the material inside the barrel many times during a single layer 
would waste a significant amount of material. Second, the ’R’ modifier is 
manually added into G-code files so it would be difficult to do this for 
specific locations, as compared to adding a command just before a layer 
change. In future work, the ’R’ modifier will be automatically added 
through a custom macro in the Slic3r. In addition, the lag volume will be 
reduced by optimizing the barrel and auger geometries, which will 
enable quicker composition changes. Increasing the complexity of het-
erogeneity will open up additional opportunities for future work, 
including printing bioinspired structures such as a bouligand arrange-
ment of alternating B4C and SiC traces [8]. In addition, the printing of 
discrete specimens with different layer thickness ratios will allow for a 
cracking spacing study with several datapoints at different residual 
stresses. The evaluation of these stresses can inform the production of 
crack-free discrete specimens by calculating an optimal layer thickness 
ratio. 
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