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Additive manufacturing (AM) has created a new era of digital manufacturing, where en-
gineering practices, computer-aided design platforms, and part sourcing pipelines are
dramatically changing. AM techniques are capable of producing plastic, metal, and ceramic
components for both prototyping and end-use purposes. In this review, the fabrication of
dense, structural advanced ceramic components using the seven families of additive
manufacturing is discussed through a historical perspective. Initial studies on additive
manufacturing of ceramic materials were reported just a few years after those of metal and
plastic materials. However, industrial application of ceramic additive manufacturing is
more than a decade behind metallic and plastic materials. Many of the challenges of
ceramic AM can be traced back to the intrinsic difficulties of processing structural ceramic
materials, including high processing temperatures, defect-sensitive mechanical properties,
and poor machining characteristics. To mature the field of ceramic AM, future research
and development should focus on expanding material selection, improving printing and
post-processing control, realizing single-step processing, and unique capabilities such as
multi-material and hybrid processing.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. Preface

In this review, we detail the history, recent advances, and future
directions for additive manufacturing (AM) of bulk, dense
structural ceramics. Advanced ceramics are attractive for usein
structural applications due to their high hardness, wear resis-
tance, and corrosion resistance. To achieve these properties, a
relative density greater than 95% is necessary for structural ce-
ramics, with many applications such as armor ceramics
requiring above 98% relative density [1]. High hardness and wear
resistance properties complicate machining processes; ceramic
AM research is driven by the need for cost effective methods to
manufacture complex components. Through our historical
analysis of the development of ceramic AM, seminal works are
highlighted to provide context for the lag in technology for
ceramic AM compared with plastic and metal AM.

For readers interested in components with designed
porosity such as lattice structures, several excellent reviews
exist [2—4]. Specific applications for designed porosity include
printing hydroxyapatite implants [5], bone scaffolds [6], and
variable stiffness ceramic foams [7]. Bae [8] reviewed and
investigated the use of direct ceramic casting using vat pho-
topolymerization to create ceramic investment casting molds
for applications like turbine blades with integrated cooling
channels. Although the use of ceramic AM for creating molds
is important, it is out of scope for this review. Several groups
have used the additive manufacturing technique of direct
energy deposition to develop ceramic coatings on titanium
[9,10] and steel [11,12] to increase wear and corrosion resis-
tance. Properties such as biocompatibility can also be
improved by deposition of ceramic coatings [13]. Although this
is an important body of research, coatings are also out of
scope for this review.

1.2 Advanced ceramics and their applications

Advanced ceramics are characterized by exceptional wear,
corrosion, and temperature resistance. These materials can be
biocompatible, electrically activated, and optically active.
Applications span nearly every industry, with an emphasis in
the aerospace, automotive, defense, medical, and energy
sectors. Engine components, body and vehicle armor, and
load-bearing medical implants all rely on dense, structural
advanced ceramics [14].

Ceramic forming is a mature technology with several
methodologies at a commercial manufacturing scale, e.g.
pressing, extrusion, slip casting, tape casting, gel casting, and
injection molding [15]. However, these traditional forming
techniques often only allow two-dimensional design freedom,
cannot create internal or multi-scaled features, and require
complicated and expensive dies [16]. In addition, engineering
of chemically heterogeneous structures is limited due to the
stochastic nature of traditional powder mixing and process-
ing. Tape casting, without secondary layering steps, only al-
lows control of the sheet thickness. Pressing and extrusion
produce parts of simple geometry such as disks, rods, and
tubes [17]. Slip casting [18], gel casting [19,20], and injection

molding [21] afford the most geometric freedom, but do not
enable material heterogeneity. With the exception of layered
tape-cast specimens, where layers may be of different mate-
rials [22], these techniques all produce chemically homoge-
nous parts. Furthermore, due to the exceptional wear
resistance of advanced ceramics, machining is time
consuming and expensive. In fact, machining of dense
advanced ceramic parts can amount to more than 80% of the
production cost [23].

1.3.  Additive manufacturing

Additive manufacturing (AM), conversely, enables the pro-
duction of parts with complex, multi-scaled geometries
including internal structures [16,24,25]. Additionally, multi-
material AM allows for tailored material heterogeneity by
discrete layers and composition gradients [26—28]. The ISO/
ASTM standard 52900:2015(E) defines the fundamental prin-
ciple of AM processes as, “forming three dimensional parts by
the successive addition of material” [ [29]. The primary
distinction between additive processes is the method of
joining, which establishes seven families of AM technologies:
vat photopolymerization, powder bed fusion, binder jetting,
material jetting, sheet lamination, material extrusion, and
directed energy deposition [29]. These processes are described
in Table 1, with information including material selection,
special features, advantages and disadvantages, and me-
chanical properties and microstructure. AM is achieved in
either a single-step process (commonly called ‘direct’) or
multi-step process (commonly called ‘indirect’) [29]. Fig. 1 il-
lustrates the difference between direct processes that simul-
taneously produce a desired shape with final properties and
indirect processes that require two or more steps to produce
the desired geometry with final properties. Metallic, ceramic,
and polymeric materials have all been adapted for use in these
AM processes, enabling the production of both prototypes and
end-use components [14].

Additive manufacturing is best suited for low-volume
production of complex geometries, because time and cost
are weakly dependent on complexity; for masked AM pro-
cesses, time and cost are fully-independent from complexity
in the build plane [30]. A case study performed by Atzeni et al.
[31] compared the cost of manufacturing an aluminum aero-
space component using high-pressure die casting and powder
bed fusion processes. Production volumes below 42 parts
favor the AM powder bed fusion process, due to the high cost
and long manufacturing time of the die. Further, AM affords
the ability to make complex geometries that are impossible to
create through subtractive manufacturing or forming
processes.

It is important to note that mechanical properties are
largely anisotropic for parts produced by AM, due to the layer-
wise nature of the process [14]. In fact, the term ‘3D printing’ is
a misnomer, as printing is a one- or two-dimensional process
repeated layer-wise in the build direction. For this reason,
mechanical properties will differ depending on the testing
orientation with respect to the build direction. Anisotropic
mechanical properties arise from differences between inter-
layer and inter-trace bonding strength, microstructure
texturing, and other printing artifacts [32].
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1.4. Challenges in ceramic additive manufacturing

The commercial use of additive manufacturing to produce
ceramic components is more than a decade behind that of
polymeric and metallic materials. In addition, the adaptation
of AM for ceramic materials occurred nine years after that of
polymers [33]. This lag in technology is primarily due to the
difficult processing conditions and quality requirements
intrinsic to ceramic materials. For example, the lower melting
temperatures of metallic and polymeric materials enables
direct AM, wherein feedstock material is processed above its
melting point, bonds to nearby material, and cools to maintain
its desired shape with final properties, all within a single
machine. In contrast, a majority of ceramic AM processes are
indirect, wherein a green body is formed by the 3D printer
using a binding agent to hold ceramic particles together and
then several post-processing steps are required to attain final
properties [34].

Post-processing steps include pyrolysis (up to 700 °C) and
sintering (up to 2300 °C), which are necessary to remove
binders from the green body and consolidate the ceramic
powder into its final geometry with final properties. Green
bodies formed by AM machines contain, at a maximum, 65—72
vol.% ceramic powder [34]. Post-processing to full density will
resultin dimensional shrinkage exceeding 30% [35], which can
lead to warping, cracking, and poor dimensional control.

The mechanical properties of ceramic materials are defect-
dominated due to their brittle nature and low damage toler-
ance. The hardness of alumina increases by more than 30% for
a change in relative density from 92% to 98% [36]. This corre-
lation between mechanical properties and flaw content
dramatically increases the necessity of accurate processing
control. Unfortunately, limited standardization exists for
material feedstock production, process parameters, and post-
processing, which leads to poor quality control in additive
manufacturing processes [37].

2. The history of additive manufacturing
2.1. First attempts

The inception of additive manufacturing goes back to 1980
when Hideo Kodama [38], of the Nagoya Municipal Industrial
Research Institute of Japan, invented the vat photo-
polymerization process and filed a patent for a “stereoscopic
figure drawing device”. Kodama [39] developed a rapid, low-
cost, and automated process for selectively curing liquid
photo-hardening polymer using ultraviolet (UV) energy. Se-
lective curing was accomplished by either a mask pattern or
point-by-point using a laser, and repeated layer-by-layer to
build a three-dimensional part. Although this work marks the
first published record of a successful additive manufacturing
process, it did not generate any commercial traction and
Kodama's patent expired without proceeding past the exam-
ination stage.

In 1984, Charles Hull [40] patented and commercialized the
first AM technology. He developed an <“apparatus for

production of three-dimensional parts by stereolithography,”
which was named SLA-1 [41]. In addition to inventing the
machine and method, he created the STL (an abbreviation of
stereolithography) file format to store geometric data for
parts. This machine falls into the vat photopolymerization
family of AM technologies. Hull [40] developed the SLA-1 with
the intent of more efficiently producing prototypes. Closely
following Hull's patent, the selective laser sintering (SLS)
process, a type of powder bed fusion, was patented in 1986 by
Deckard et al. [42]. They formed the company DMT based on
their SLS technology, which was later acquired by 3D Systems.
In 1987, Masters [43] patented a process for ejecting particles
or droplets or using a laser to attract material to a specific
point to automatically create three-dimensional objects.
Masters' patent covers both material jetting and direct energy
deposition processes. The following year, the sheet lamina-
tion process was patented by Feygin [44] with the company
Helisys. Woven fiber composites impregnated with a bonding
agent were initially used as feedstock material to build 3D
parts with the sheet lamination method [45]. In 1989, two
additional patents were filed that covered fused deposition
modeling (FDM) [46], a type of material extrusion, and 3D
Printing [47], the copyrighted name for binder jetting. Crump
[46] started the company Stratasys based on FDM, while Sachs
et al. [47] invented the binder jetting process at the Massa-
chusetts Institute of Technology (MIT) and then licensed their
technology to several companies. A timeline of the patents
and first published accounts with a ceramic feedstock is
shown in Fig. 2.

2.2. Rapid prototyping to additive manufacturing

These processes, then termed rapid prototyping techniques,
were first surveyed in 1991 by Kruth [48]. In their infancy,
additive manufacturing techniques were believed to be solely
useful for prototyping. However, during the 1990s few new
processes were developed and instead an effort was made to
move towards higher process efficiency and production of
end-use parts [49]. Indeed, the term ‘additive manufacturing’
had already begun to replace ‘rapid prototyping’. Six-fold and
eight-fold decreases in process time for vat photo-
polymerization and material extrusion, respectively, were
realized during the 1990s [49]. This decrease in processing
time enabled a new wave of rapid throughput manufacturing,
where one-off parts could be ordered, manufactured, and
shipped in under 24 h [50].

Even more importantly, however, was the rapid expansion
of materials amenable for additive manufacturing processes:
high performance polymers, metals, and ceramics enabled
the development of functional, end-use parts. AM has great
potential for creating composite parts with graded composi-
tions, where virtually any powder material can be combined
and printed into heterogeneous components with spatially
tailored properties [51]. This trend continues currently, where
the major goals of AM research include the development of
quality control mechanisms and expanding the AM material
library to facilitate the production of end-use parts [52]. Today,
major players in the ceramic AM commercial sector produce
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Table 1 — The seven families of AM processes described for structural ceramic components. Material selection, special features, advantages, disadvantages, multi-material

capability, and mechanical properties and microstructure are summarized for each ceramic AM technique.

Classification =~ Technique Direct/ Description Feedstock Minimum Minimum Maximum  Average Multi- Challenges Advantages
Indirect Material Required Feature Size Density [% Flexural material
Binder [pnm] TD] Strength Capable
Content [MPa]
[vol.%]
Vat Photo- SL Indirect Stereolithography Liquid vat of 40 [61] 102 (x-y); 25 97 (Al,05) 275 (Al,05) No Limited material  Fast printing
polymerization uses a laser to cure  photocurable () [61] [61] [61] selection time; highest
resin point-by-point. resin loaded with (refractive index  resolution; good
DLP Indirect Digital light ceramic powder. 55 [66] 40 (x-y); 25 (z) 99.3 (Al,03) 427 (Al,05) No issues prevent surface finish;
processing uses a [66] [64] [64] the use of many  large part size
light projector to borides, carbides,
selectively cure resin and nitrides);
layer-by-layer.
Powder Bed SLS Indirect Selective laser Ceramic powder 10 [83] 200 (x-y) [83] 89 (Al,03) 148 (Al,05) No Poor surface Overhangs are
Fusion sintering uses a laser bed; may contain [82] [82] finish; low green  supported; wide
to partially fuse or a polymer binder. body density material
sinter ceramic selection; good
powder point-by- resolution
point.
SLM Direct Selective laser Ceramic powder 0[79] 100 (x-y); 100 100 (Al;03) 500 (Al,0s) No Severe thermal
melting uses a laser bed (z) [79] [80] [80] gradients cause
to fully sinter or melt part failure and
ceramic powder limit size
point-by-point.
Binder Jetting 3DP Indirect Three-Dimensional Ceramic powder 60 [100] 50 (x-y); 95 (z) 98.5 (ZTA) 441 (ZTA) [98] No Poor surface
Printing uses an bed [33] [98] finish; low green
inkjet head to body density
selectively deposit
liquid binder to fuse
ceramic powder
Material Jetting Mj Indirect Material jetting uses Thermopolymer 65 [109] 20 (x-y); 10 (z) 99 (PZT) Not reported  Yes Low green body  High resolution;
a inkjet head to or photocurable [106] [109] density multi-material

rapidly eject droplets
of photocurable or
thermoplastic resin
loaded with ceramic
powder.
Solidification
happens by cooling
or UV lamp curing.

ink loaded with
ceramic powder

capable

(continued on next page)
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Table 1 — (continued)

Classification =~ Technique Direct/ Description Feedstock Minimum Minimum Maximum  Average Multi- Challenges Advantages
Indirect Material Required Feature Size Density [%  Flexural material
Binder [nm] TD] Strength Capable
Content [MPa]
[vol.%]
Sheet LOM Indirect Layered object Tape cast 44 [118] 190 (z) [118] 97 (SizNy) 700 (SizNy) Yes, but Defects and poor Highest speed,;
Lamination manufacturing uses  polymer sheets [118] [118] only layer bonding at layer layered
a laser to cut two- loaded with to layer interfaces composites
dimensional profiles ceramic powder
from a ceramic green
tape, which are
layered and fused
through pressure
and heat.
Material DW Indirect Direct write Slurry of ceramic <10 [137] 1000 (x-y); 850 98 (Al,03) 145.5 (Al,03)  Yes poor resolution;  Low-cost
Extrusion techniques extrude a powder, solvent, (z) [137] [137] [137] difficult process; multi-
ceramic slurry, and binder feedstock design  material capable;
point-by-point, that near-net shaping
solidifies via
rheological,
temperature, or
photocurable effects.

FDC Indirect Fused deposition of = Thermopolymer 45 [136] 250 (x-y); 254 >99 (SisNg) 908 (SizNy) Yes It is difficult to low-cost process;
ceramics extrudes filament loaded (z) [136] [136] [136] load filament multi-material
thermoplastic with ceramic with enough capable
filament loaded with powder ceramic powder
ceramic powder to facilitate full
from a heated densification
nozzle, point-by-
point.

Directed Energy LENS Direct Laser engineered net Ceramic powder 0 [152] 400 (x-y); 500 98 (Al,05) Not reported  Yes Severe thermal direct processing;
Deposition shaping uses a high- (z) [152] [145] gradients cause  multi-material
powered laser to part failure and  capable

melt a jet of powder
point-by-point in a
process similar to
welding.

limit size
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Powder
Feedstock

Powder

Binder ‘ —A
Mixing and Forming process
formulation -

Indirect AM

Green Body
(Powder + Binder Compact)

Brown Body
(Powder Compact)

Final, Dense
Ceramic

—)
Pyrolysis
(up to 700°C)

——)
Sintering
(up to 2300°C)

Direct AM

Fig. 1 — Direct additive manufacturing processes simultaneously produce a desired shape with final properties, whereas
indirect processes require two or more steps to produce the desired geometry with final properties. For ceramic materials,
pyrolysis and sintering are necessary to attain final properties after an indirect process is used to form a green body.

end-use components for medical, aerospace, defense, auto-
motive, and energy applications [53].

3. Vat photopolymerization for advanced
ceramics
3.1. Foundations

Vat photopolymerization, originally called stereolithography,
was the first family of additive manufacturing processes
adopted for commercial use. 3D Systems dominated the
market with their SLA-250 machines [41], an industrial itera-
tion on their SLA-1 prototype machine. Three-dimensional
parts are produced layer-by-layer, by the selective applica-
tion of UV energy to photocurable resin, as illustrated in
Fig. 3A. In order to print ceramic parts, ceramic powder is
loaded into the resin [54]. Resin can be cured point-by-point
using a laser or layer-by-layer using a light projector or
masked liquid-crystal display (LCD) screen. Processes where
the entire layer is cured simultaneously can reduce build
times by a factor of 100 [49]. This AM technique excels at
producing highly complex geometries with fine resolution and
good surface finish. Vat photopolymerization can be carried
out in either a bottom-up or a top-down approach [48]. The
bottom-up approach has the advantage that uncured resin

Patented:
Crump

will drain back into the vat, reducing the volume of resin
necessary to build a part [52]. Vat photopolymerization is an
indirect process for ceramic materials because the photoc-
urable resin, which is essential to the polymerization process,
must be removed through post-processing steps to obtain a
dense ceramic component.

3.2. Evolution

In 1995, Griffith and Halloran [55] first demonstrated the use of
vat photopolymerization for fabrication of ceramic parts, with
the goal of more rapidly producing metal casting molds. Vat
photopolymerization was studied for silica, alumina, and sil-
icon nitride particulate loaded resins. Major challenges were
the cure depth and rheology of the ceramic loaded resins.
Viscosity increases exponentially with volume fraction
ceramic material, which competes with the requirement that
the resin must be able to flow across the build surface. The
three main factors found to determine cure depth were par-
ticle size, interparticle spacing, and refractive index difference
between the resin and ceramic particles, with refractive index
difference as the dominant factor [56]. Alumina and silica
were both cured at depths of hundreds of micrometers, but
silicon nitride could only be cured to tens of micrometers due
to its large refractive index difference from the diacrylate
resin. Silicon nitride parts could not be produced due to the

Ceramics:
Agarwala

11127 Material Extrusion

Patented for Ceramics:
Sachs etal.
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_
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Fig. 2 — The invention of additive manufacturing processes occurred in the 1980s, but the adaptation of these techniques for
ceramic materials extended into the 1990s. The time between invention and ceramic material use varied greatly, with
binder jetting being invented using ceramic materials versus vat photopolymerization which was invented 15 years before

ceramic materials were successfully demonstrated.
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A X-Y SCANNER

PHOTOCURABLE SLURRY

Original lengt

Fig. 3 — (A) Diagram illustrating the vat photopolymerization technique, where three-dimensional parts are created by
selectively curing a photocurable resin layer-by-layer. (B) Overexposure occurs due to light scattering in highly loaded
particulate suspensions [61]. (C,D) Dense zirconia specimens with complex geometry were produced with no visible layer

interfaces after post-processing [61].

low cure depth. Alumina parts were produced from 40 vol.%
alumina powder (average particle size of 0.34 um) in diacrylate
resin with dimensional stability in both thick and thin sec-
tions. Due to light scattering, parts showed 5—15% dimen-
sional errors. Sintering at 1550 °C resulted in 100% relative
density and fracture surfaces free of printing artifacts such as
layer lines [57].

Two years later, Griffith and Halloran [58] conducted a
thorough follow-up study on the effects of laser parameters
with the goal of predicting and improving the cure depth for
many advanced ceramics, including TiO,, SiC, Si3N4 and
Al,O5. Cure depths were modeled for 40—50 vol.% ceramic
particulate loaded resin. Cure depth can be modeled using a
Beer's law equation combined with an extinction coefficient,

(e g

where d is average particle size, Q is the scattering efficiency
term, An? is the squared refractive index difference between
the ceramic and photocurable monomer, and E, is the energy
density [58]. The refractive index difference between the
ceramic and resin was, again, found to have the greatest effect
on cure depth, followed by interparticle spacing, and lastly

_2Ad) g
"~ 3Q An?

C

(less important than previously thought) ceramic particle size.
Although particle size has a minor effect for cure depth, it
significantly impacts slurry rheology and post-processing
characteristics, and must be carefully controlled. For highly-
loaded colloidal alumina and silica suspensions, Garg et al.
[59] studied light adsorption differences between short-pulse
and constant light sources. Relationships were experimen-
tally verified and, in agreement with previous work, inter-
particle spacing has an important effect.

In 1998, Hinczewski et al. [60] determined that heating the
vat of photocurable suspension will significantly reduce vis-
cosity, which enables higher ceramic content. For an alumina-
diacrylate photocurable suspension, viscosity was reduced by
a factor of six as temperature was increased from 25 to 70 °C.
This novel method enabled an unusually high ceramic con-
tent of 53 vol.%, while maintaining acceptable rheological (less
than 5 Pa*s) and cure-depth (greater than 200 pm) properties
for printing.

3.3. Recent developments

Challenges faced in early vat photopolymerization studies of
ceramic  materials, including suspension rheology,
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particulate-induced light scattering, and low cure depth,
remain a major focus in recent studies [54]. The requirement
for feedstock material with high ceramic content leads to
rheological challenges, scattering, and low cure depth. With
the goal of eliminating rheological challenges, Chartier et al.
[61] used a novel processing approach in 2002 that enabled the
use of photocurable suspensions with ceramic content up to
60 vol.%. Instead of relying on fluid flow to recoat the build
surface, the photocurable alumina suspension was dispensed
using a piston and spread in even layers using a doctor-blade.
This method enabled the printing of uniform layers down to
25 pm. An added benefit of tape-casting feedstock material for
the vat photopolymerization method is that over-hang
structures are supported, and shrinkage, warping, and
cracking are reduced. Alumina (average particle size of 1.5 pm)
parts sintered at 1700 °C achieved relative densities of 97% and
had flexural strengths of 275 MPa, comparable to those of
traditionally processed specimens (250—350 MPa). Zhang et al.
[62] added fine grains and sintering additives to improve the
densification of parts printed from large particle-size alumina
powder. For a ceramic content of 50 vol.%, alumina (average
particle size of 10.34 um) parts sintered at 1600 °C showed
minimal densification. By using a bimodal mixture of alumina
powder with average particle sizes of 10.34 (85%) and 1.05 um
(15%), in addition to 1 wt.% MgO and 3 wt.% TiO,, a relative
density of 92.97% was achieved. While a relative density of
93% is insufficient for structural ceramic components, this
study demonstrates the potential of low-cost feedstock pow-
ders combined with fine grains and sintering additives. For
printed zirconia parts, adding 7.5 vol.% 3Y-TZP increased the
relative density from 91.84% to 96.40% [63].

In the mid-2010s Schwentenwein et al. [64] and Schei-
thauer et al. [65] used a masked, bottom-up approach, termed
digital light processing (DLP), to improve the resolution and
processing speed for alumina parts. During the build process,
a part is submerged into the vat of photocurable suspension
with the build surface just 25 pm from the bottom of the vat.
The entire layer is then cured at the same time using a digital
micromirror device (DMD) based on light-emitting diodes
(LED). Build-up speeds less than 30 s per layer, irrespective of
layer complexity or selected area, were achieved through the
dynamic masked curing process. Mitteramskogler et al. [66]
utilized different light curing strategies to reduce printing
flaws and improve densification. Overexposure, where mate-
rial outside of selected pixels is cured, is caused by light
scattering and is shown in Fig. 3B. Constant, exponential, and
softstart light curing strategies, which change light intensity
with respect to time during curing, were tested by pulsing the
DMD at a specified duty-cycle. The softstart strategy starts
curing at a low intensity (duty-cycle near 10%) and then steps
up to full intensity (duty-cycle of 100%). No significant change
was observed for exponential curing as compared to constant
curing. Conversely, softstart curing reduced cracks and
increased green density. A second strategy, using a cure depth
greater than the layer height, was shown to improve inter-
layer bonding. For a layer height of 25 pm, cure depth of
150 pm, and softstart curing strategy, dense zirconia speci-
mens were produced with no visible layer interfaces after
post-processing (Fig. 3C, D).

Ding et al. [67] fabricated SiC green bodies using vat pho-
topolymerization in 2019, a major accomplishment because
the high absorbance of SiC and high refractive index differ-
ence between SiC and photocurable resin. The refractive
indices for diacrylate monomer, Al,03, SizNy4, and SiC are 1.46,
1.70, 2.10, and 2.65, respectively. A large refractive index dif-
ference and absorbance results in a low cure depth, which
impedes vat photopolymerization processing. This phenom-
enon was initially reported on by Griffith and Halloran [58],
and fabrication of parts using SisN, and SiC suspensions was
not achieved. Ding et al. [67] achieved a cure depth of 60 um by
using large SiC particulates of diameter 15 pm and a ceramic
content of 40 vol.%. Cure depth was increased to 66.8 pm by
adding 1 wt.% nanometer-sized SiC powder [68]. The
nanometer-sized SiC powder also improved suspension sta-
bility, which enabled fabrication of complex SiC green bodies.
However, neither the post-processing characteristics, sintered
density, nor mechanical performance of these parts was re-
ported on; low ceramic content and large particle size will
hinder densification during sintering. In a subsequent study,
Ding et al. [69] printed small-scale (<5 cm) SiC mirrors for
potential aerospace applications. Photocurable suspensions
contained 45 vol.% ceramic content, consisting of 1 wt.%
alumina (sintering additive), 1 wt.% nanometer-sized SiC
powder, and remainder micrometer-sized SiC powder. Sin-
tering at 1800 °C resulted in a relative density of 85.2% and
flexural strength of 78.6 MPa. To increase structural perfor-
mance, polycarbosilane was infiltrated into the sintered parts
and then pyrolyzed at 1200 °C. After eight cycles, a relative
density of 93.5% and flexural strength of 165.2 MPa was
achieved.

A notable alternative to loading ceramic particles into
photocurable resins is the polymer derived ceramic (PDC)
method. In this approach, photocurable preceramic resins are
formed through vat photopolymerization and then pyrolyzed
at temperatures 1000—1300 °C to derive ceramic parts with
final properties [70]. Significant energy savings are realized by
using these relatively low post-processing temperatures, as
compared to traditional ceramic sintering temperatures. In
addition, this method enables the production of ceramic parts
with excellent surface finish. One major advantage is that
carbides, borides, and nitrides can all be derived from pre-
ceramic resins [71]; these materials are challenging to cure
using traditional ceramic particle loaded resins due to their
large refractive index differences and high absorbance values.
A variety of ceramic materials can be produced by varying the
preceramic feedstock, including SiOC using siloxane-based
polymers, SiOCN by combining siloxanes with silazanes, and
SiC by adding silane-based polymers [72]. An initial study by
Eckel et al. [73] from HRL Laboratories demonstrated the
feasibility to produce dense SiOC microlattices that outper-
form ceramic foams with respect to shear and compressive
strength. In 2020, O'Masta et al. [74] used the PDC method in
combination with reinforcement particles (mullite, alumina,
and silicon nitride) and whiskers (SiC) to produce ceramic
matrix composites with improved toughness. The addition of
SiC whiskers to the SiOC matrix increased toughness by a
factor of three. Guo et al. [75] demonstrated an additional
benefit of the PDC method, wherein elastomeric material can
be printed, stretched/deformed, and then pyrolyzed into
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ceramic lattices with unique geometries that may be difficult
to print in a single orientation. The main drawback of the PDC
approach is shrinkage-induced cracking and pore formation
during pyrolysis, which imposes limits to the maximum
thickness of structures. Thus, this method shows significant
promise for lattice structures with strut diameters below
approximately one millimeter but will face challenges for
structural applications that require dense, bulk ceramic
components.

The PDC method is not limited to vat photopolymerization
processes, and has been demonstrated for powder bed fusion
[source], binder jetting [source], material jetting [source],
material extrusion [76].

4, Powder bed fusion for advanced ceramics
4.1. Foundations

The powder bed fusion (PBF) process, originally called selec-
tive laser sintering (SLS) or selective laser melting (SLM),
produces three-dimensional parts by fusing powder via se-
lective application of laser energy in a layer-by-layer process,
as shown in Fig. 4A. This process is unique in that it can be a
direct or indirect ceramic AM process. If a high-power laser is
used that can melt or fully-sinter the ceramic powder, a dense
part with final properties is directly created and no further
processing necessary. Conversely, if the laser only partially
melts or joins powder, post-processing steps are required to
attain final properties. PBF, like other powder bed processes,
has the advantage that overhangs are supported by unbound
powder, which is removed in post-processing steps. The
application of PBF for structural ceramics has seen limited
success because green bodies have low relative densities. One
potential method for improving final sintered density is
isostatic pressing of printed green bodies prior to pyrolysis
and sintering [77]. Other challenges include poor surface fin-
ish and thermal-gradient induced cracking, which restricts
geometry and overall dimensions.

4.2. Evolution

Original powder bed fusion methods used for advanced ce-
ramics required the ceramic powder to be coated in a thin
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polymer layer, which is melted by the laser beam to selectively
bond powder together into a green body [78]. Post-processing,
namely binder removal and sintering, was therefore required
to produce the final part. Relatively few publications [79-81]
cite successful fabrication of dense ceramic parts using a single
step PBF process, because thermal shock causes part failure
and is intrinsic to the rapid heating and cooling cycle of creating
a melt pool. Thus, many approaches create porous scaffolds,
which are subsequently infiltrated with molten polymeric or
metallic material. This process produces composite parts with
improved toughness. In order to reduce thermal-shock-
induced cracking, each powder layer can be pre-heated,
which decreases the temperature differential between un-
bound powder and the melt-pool [82]. An additional compli-
cation of PBF of ceramic materials is their low density relative
to metallic powders, which further hinders the flowability of
fine ceramic powders. To address this issue, Mapar et al. [83]
used spray-drying to increase the flowability of fine powders
(1-5 um) by creating larger agglomerates with 30 pm diameter.

Lakshminarayan et al. [84] performed the first powder bed
fusion study for ceramic materials in 1990. Alumina parts
were produced through an indirect process, where an
alumina-ammonium phosphate powder mixture was used.
During laser irradiation, the ammonium phosphate powder
melts and forms a glassy phase around the alumina particles.
Ammonium phosphate has a melting point of just 190 °C,
which significantly reduces the laser power required. Com-
plex shaped parts were produced but showed poor dimen-
sional tolerance, surface finish, and mechanical properties
due to high porosity.

A different indirect approach used by Vail et al. [85] in the
following year employed polymer coatings as intermediate
binders for printing soda-lime glass parts. Glass powder was
mixed with polymer and spray dried through the centrifugal
atomization method. Parts fabricated using coated powders
had improved edge definition and stability compared to those
created from a powder-polymer mixture. A similar trend was
observed by Subramanian et al. [78], where green parts built
from binder-coated powder showed flexural strengths twice
that of mixed systems. The flexural strength of green parts
increases with energy density up to a point, followed by a
reduction in strength as polymer degradation occurs. There-
fore, short scan vectors are optimal for increasing green
strength, while avoiding polymer degradation. Further, green

Fig. 4 — (A) Diagram illustrating the powder bed fusion technique. (B) A fully dense zirconia toughened alumina dental
restoration with acceptable mechanical properties [87]. The dental restoration highlights a major challenge of PBF, poor

surface finish.


https://doi.org/10.1016/j.jmrt.2021.07.155
https://doi.org/10.1016/j.jmrt.2021.07.155

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:670—-695 679

strength significantly decreased as particle size was reduced
from five to two pm, resulting in unstable parts. For particle
sizes below five pm, powder should be agglomerated prior to
coating with polymer.

Nelson et al. [86,87] modeled thermal diffusion within the
powder bed for polymer coated ceramic materials. Polymer
coating thickness showed the most significant effect on
thermal properties; thermal calculations provide data to
optimize scan speed, laser power, and raster width. The
model was used to predict the flexural strength for green test
bars produced using different processing parameters and
showed good agreement with experimental 4-point bend
testing results. The flexural strength of green test bars was
found to increase linearly with energy density up to an elbow
point at 1.2 cal/cm? after which the rate of increase in
strength reduces by 80%. This phenomenon is due to polymer
degradation from excessive heating. This finding is important
for any AM process that uses a laser for selective energy
application to both liquid and powder beds. In order to address
excessive heating, a thermal efficiency term, input energy
density (IED), is introduced

IED = energy density*f <2L_w> . (2

This term takes into account the energy density that ma-
terial receives and the frequency of laser spot passes, where
overlap will heat each location several times at different en-
ergy densities. This is important because heat is rapidly lost
during a scanning cycle as the laser moves away from a spe-
cific point and then returns to pass over an adjacent area.
Therefore, large parts will have a heating process with a lower
thermal efficiency because each location has more time to
cool during longer scan vectors.

In 1999, Gureev et al. [88] fabricated piezoelectric elements
in the first reported direct PBF study. A stoichiometric mixture
of TiO,, ZrO,, and PbO powders was sintered using a Nd:YAG
laser with a spot size of 50 um. Laser powers between 11 and
14.5W and scan speeds from 15 to 30 mm/s produced cohesive
parts containing approximately 80 vol% porosity. Fabricated
parts were annealed at 1240 °C for 3 h to enable PZT phase
formation and reduce residual stresses. Annealing reduced
porosity to approximately 75 vol%. Annealed parts showed
piezoelectric properties but could only withstand a maximum
electric field of 0.95 kV/mm; above this threshold breakdown
occurred due to porosity.

4.3. Recent developments

Thermoset binders were studied for used in ceramic PBF by
Evans et al. [89] in 2004. Thermoset polymers cannot be
remelted like thermoplastics, but instead leave a high volume-
fraction of carbon when subjected to temperatures above their
volatilization point. Phenolic resin was used to bond SiC
powders due to its high carbon yield of 40—70 wt.%. Unlike the
thermoplastic binders used in previous studies, phenolic resin
maintains green body strength after pyrolysis; phenolic resin
transforms into carbon ash with yields of 40—70 wt.% during
pyrolysis. During sintering, the phenolic ash functions as a
sintering aid and can even be used as a preceramic polymer
when paired with metal infiltration.

In order to achieve high density and mechanical proper-
ties, Shahzad et al. [90] processed green alumina parts fabri-
cated by PBF with pressure infiltration (PI) and warm isostatic
pressing (WIP) before sintering at 1600 °C. Alumina parts that
were not processed with PI or WIP reached relative densities of
39% when sintered. Relative density was increased to 64%
using PI (alumina-ethanol solution at 13 MPa) and 89% using
WIP (64 MPa and 135 °C). Interestingly, using PI and WIP
together resulted in a lower relative sintered density of 88%.
However, by infiltrating porosity before WIP, shrinkage is
significantly reduced, which limits the potential for warping
or cracking of complex geometries. An average flexural
strength of 148 + 22 MPa was achieved for these crack-free
complex alumina parts. Similar work by Liu et al. [91] ach-
ieved complex alumina parts with relative densities of 92% by
cold isostatic pressing printed green bodies and sintering at
1600 °C.

In 2006, Gahler and Heinrich [79] demonstrated direct
fabrication of alumina-silica ceramics with relative densities
up to 92%. To achieve this density, a doctor blade was used to
spread 100 pm layers of ceramic slurry, consisting of 50 wt.%
silica, 16 wt.% alumina, and 34% water, which were selectively
melted using a continuous-wave CO, laser. The alumina-silica
system enabled crack-free specimens withing narrow
composition and laser parameter ranges. In a different direct
PBF study, a low relative density of 56% was achieved for yttria
stabilized zirconia parts due to the use of a lower power laser
that caused partial melting, which resulted in net shaped
parts of the same density as the powder bed [92]. An advan-
tage of partial melting is the significantly lower thermal
stresses, which enables the fabrication of larger parts, and the
large volume-fraction of open porosity could be infiltrated to
improve relative density.

Two decades after the first ceramic PBF studies, Hagedorn
et al. [80] successfully demonstrated direct fabrication of fully
dense oxide ceramic components with mechanical properties
comparable to oxide ceramics produced through traditional
routes. In order to reduce thermal stresses that cause cracking
and part failure, a CO, laser was used to heat the entire
30 x 40 mm? build area to above 1700 °C. Complete melting of
the ceramic powder was accomplished using a continuous-
wave Nd:YAG laser. The rapid melting and cooling produced
a fine-grained microstructure, resulting in a flexural strength
of more than 500 MPa for ZrO,—Al,03 parts of 2.5 mm in height
[81]. However, parts of height 10 mm had severe cracking due
to thermal gradients between top and bottom layers. A three-
unit dental restoration was fabricated using this technique
and loaded to 1000 N without failure [93]. The dental restora-
tion, Fig. 4B, highlights a major challenge of PBF, poor surface
finish. Furthermore, heating the whole powder bed above the
feedstock material's sintering temperature is expensive and
difficult to scale.

5. Binder jetting for advanced ceramics
5.1. Foundations

Binder jetting, known under the trademarked name 3D
Printing (3DP), was the very first AM process used for
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producing ceramic parts. In fact, this was the only process
created specifically for processing ceramic powders and
then later adapted to metallic and polymeric materials [47].
To create a three-dimensional part, liquid binder is applied
to selectively bind powder in a thin layer, loose powder is
spread over the top, and the binding process is repeated.
The binder jetting process is illustrated in Fig. SA. Complex
geometries with overhangs, which are supported by un-
bound powder, can be fabricated from any powdered
ceramic material of appropriate particle size; powder
smaller than 50 pm will agglomerate and inhibit flow [94].
Resolution is limited by powder size or binder droplet size,
depending on which is larger. The excellent dimensional
accuracy of the binder jetting technique is enabled by using
nozzle orifices less than 50 pm. Binder rheology and nozzle
geometry play important roles in controlling the size of
droplets [95]. Binder can be applied through either drop-on-
demand or continuous-jet techniques. Continuous-jet
printers use a pressurized ink reservoir and a piezoelectric
element to break the ink jet into droplets. Droplets are
charged as they exit the nozzle and pass between elec-
trodes, which allows them to be steered either back into the
reservoir or onto the build platform by a strong electric field.
For this reason, inks must be conductive for the continuous-
jet process. Drop-on-demand printers use a piezoelectric
actuator to produce a pressure pulse in the nozzle that
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ejects droplets of ink and does not require conductive inks.
The continuous-jet process produces droplets at a much
faster rate (64 kHz), which enables a higher build rate
compared with drop-on-demand systems.

5.2. Evolution

In 1990, Sachs et al. [33] performed the first additive
manufacturing study using a non-polymeric material. Binder
jetting was initially developed to print ceramic molds for
casting metal parts with the goal to reduce the cost and lead-
time of producing complex metal parts. In a traditional metal
casting process, molds cost between $5 k-50 k and can take
several months to manufacture. While traditional molds
enable high-volume production, binder jetting could provide
significant benefit for unique, one-off parts. Build rate is
determined by three main steps. First, powder spreading will
take 0.1-1 s for dry powder and 1-10 s for wet powder. Sec-
ond, printing a 0.5 x 0.5 m layer would take approximately
0.025 s for a continuous jet process and 5 s for a drop-on-
demand process, if the head is designed with a line of jets so
as to print in a single pass. Third, the binder must set, which is
estimated between 0.1 and 1 s for solvent-based binders.
The physics of the ballistic impact of binder droplets into
the powder bed has implications in x-y resolution, surface
finish, mechanical properties, and even resolution in the build
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Fig. 5 — (A) Diagram illustrating the binder jetting technique, where a three-dimensional object is produced by selectively
depositing binder droplets into a powder bed layer-by-layer as the build platform lowers and fresh powder is spread to
create a loosely bound green body. (B) A bimodal particle size distribution enables better surface finish, and small particles
tend to migrate to the surface [93]. (C) Several complex alumina parts with good surface finish and edge definition [93].
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direction due to powder compaction. Droplet overlap and
interaction provide the green strength necessary to maintain
form after removing loose powder. Vertical dimensional error
is caused predominantly by displacement from compaction of
the powder bed due to the weight of subsequent layers.
Increasing the packing density of the powder bed reduces this
error. For a powder bed of packing density 54 vol% comprised
of 30 ym alumina powder, vertical accuracy errors of
approximately 50 pm were measured for middle layers [96].
Middle layers in a powder bed will always show the highest
compaction displacement as sufficient weight from upper
layers and sufficient room for displacement both exist. Pow-
der scattering occurs due to the kinetic energy of the binder
droplets, which reduces dimensional accuracy and surface
finish. Powder scattering is significantly reduced for powder
beds that are misted with water to loosely fix powder in place
[97]. These alumina cores bound with silica are used to cast
metal parts, such as turbine blades.

Yoo et al. [98] used binder jetting to produce ZTA parts with
functionally graded yttria doping, with the goal of tailoring
transformation toughening mechanisms. The binder jetting
system utilized a multiple nozzle print head where either
binder, binder-yttria ink, or a ratio of the two were jetted into
the powder bed. By carefully controlling the yttria dopant
composition, the ZTA phase was tailored locally between
monoclinic and tetragonal. Multilayer composites with
tailored internal stresses and transformation toughening
were formed and pressureless sintered to 99% theoretical
density. Post-processed parts showed an increase in flexural
strength of 441 MPa, which indicates that compressive
stresses were successfully developed at specimen surfaces.

5.3. Recent developments

Sachs et al. [99] demonstrated the use of ceramic powder with
a bimodal size distribution to reduce surface roughness in
2003. Fine powders of particle size less than two um improve
surface finish and sinterability but cannot be spread dry due to
Van der Waals forces. Fine powder must be spread wet in
slurry form, which significantly slows the process and in-
creases its complexity. On the other hand, coarse powders can
be spread dry, but cause rough surface finish and poor
densification during sintering. In this study, a bimodal size
distribution of spherical alumina powder was spread dry and
compared with results from a unimodal alumina powder.
Coarse powder used measured 20 and 30 um and fine powder
used measured 2.5 and 5 pm. Coarse powders were mixed
with 10—25 vol% fine powder and spread across the bed. Sur-
face roughness is significantly reduced using the bimodal
distribution as seen in Fig. 5B. Interestingly, fine particles tend
to migrate to the surface as the binder droplet selectively
binds material, which explains the reduction in surface
roughness. In addition to improving surface finish, a wider
particle size distribution can increase green body density.
Several complex alumina parts (Fig. 5C) were fabricated with
good quality and edge definition. Gonzalez et al. [100] pro-
duced alumina parts with relative density of 96.51% and
compressive strength of 146.6 MPa, by using a bimodal particle

size distribution. Kunchala et al. [101] added nanoparticle
densifiers to the liquid binder to improve green body density.
Alumina green bodies with nanometer-sized alumina parti-
cles were produced with a relative density of 65.7%, compared
to green bodies without nanoparticle additions that had a
relative density of 35.7%. Although these parts were not sin-
tered, the significant increase in green body density indicates
sintered density and mechanical properties would greatly
improve via nanoparticle additions.

Recently, II-VI MCubed demonstrated binder jetting of SiC
preforms that were subsequently reaction bonded (RB) with Si
[102]. SiC preforms with dimensions of 4 x 4 x 0.25 inches
were fabricated using binder jetting. Preforms were printed
using SiC feedstock powder with monomodal and bimodal
particle size distributions. The printed preforms were then
infiltrated with molten Si at a temperature above 1410 °Cin an
inert atmosphere to form SiC—Si composites. The density,
elastic modulus, flexural strength, and fracture toughness of
all printed and RB specimens increased with volume fraction
SiC. Specimens fabricated using bimodal feedstock powders
had higher density, elastic modulus, flexural strength, and
fracture toughness at all tested volume fraction SiC.
Compared to traditionally formed and RB SiC, specimens
formed via binder jetting and then RB had comparable den-
sity, elastic modulus, and flexural strength, but lower fracture
toughness.

6. Material jetting for advanced ceramics
6.1.  Foundations
Material jetting, originally named ballistic particle

manufacturing, uses ink-jet printers with nozzle diameters in
the range of 20—75 um to print low viscosity ceramic particle
suspensions, termed ‘inks’ [103]. Material jetting is depicted in
Fig. 6A. There are two main methods of material jetting, drop-
on-demand and continuous-ink-jet. If a multi-nozzle printing
head has separate reservoirs with different inks, composition
can be varied to create functionally graded parts. Material
jetting of ceramic materials is difficult because ink formula-
tion must follow conflicting requirements, such as the ink
needing to be low enough viscosity to avoid nozzle clogging
while also containing enough ceramic content that the green
body can be sintered to full density. Material jetting enables
the use of ceramic materials of particle size less than 100 nm
that are well dispersed as inks. Using these ultra-fine powders
promotes sintering to enable full-density parts after post-
processing.

6.2. Evolution

In 1995, Blazdell et al. [104] produced three-dimensional yttria
stabilized zirconia parts using the material jetting process. A
70 pm nozzle array was used with the capability to dispense
50,000 droplets per second. Printed traces and thin wafers
were pyrolyzed and sintered, and were free from printing
defects, cracks, and shape distortion effects. In 1997, Teng
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Fig. 6 — (A) Diagram illustrating the material jetting technique. (B) Alumina impeller produced by material jetting of a highly-

loaded ink [101].

et al. [105] used continuous-ink-jet printing to create ceramic
green bodies. Ceramic inks used for jet printing ceramic
components must be well dispersed and dilute to have an
acceptably low viscosity. However, it is important to load the
maximum possible volume fraction of ceramic material into
inks to produce high density green bodies that can be sintered
into dense ceramic parts. In addition, inks must be conductive
to enable the steering and detection of droplets during the
jetting process. For these reasons, the development of optimal
ceramic inks for jet printing is vital to the success of the ma-
terial jetting technique.

Inks should have a conductivity of greater than 0.1 S/m,
viscosity between 1 and 10 mPas, surface tension between 25
and 70 mN/m, and particle size less than 1 um. Teng [105]
found that an ideal ink composition contained 2.4 vol.% grade
HSY3 submicron ZrO, powder, 1.43 wt.% ATSURF dispersant,
and remainder ethanol as the solvent. To increase the con-
ductivity of the ink, ethanol was modified with 2 wt.%
ammonium nitrate. The optimal ink formulation had a con-
ductivity of 0.298 S/m and viscosity of 1.64 mPas. The jetting
nozzle had a diameter of 65 um. Ceramic green bodies with
acceptable dimensional resolution were successfully fabri-
cated using this ink.

Two years later, Song et al. [103] developed ZrO, compo-
nents of height 2.5 mm (1700 layers) using a continuous-ink-
jet printer with nozzle diameter 60 um. The development of
an optimal ink formulation was focused on and resulted in an
optimally functioning ink with 4.4 vol.% ZrO,. The ZrO, pow-
der (grade HSY3) was stabilized with 5.4 wt.% yttria of particle
size 100 nm. Printed parts were pyrolyzed and sintered at 400
and 1450 °C, respectively. Viscosity must be below 100 mPas to
avoid satellite formation during droplet ejection; satellites are
small drops that break off the main droplet. Ink formulations
dispersed solely using ultrasonic agitation were found to clog
nozzles and cause irregular droplet ejection; powder agglom-
erates were not eliminated. In order to fully breakdown ag-
glomerates, a twin-roll mill was used for high-shear mixing of
subsequent formulations and resulted in consistent droplet
formation and avoided nozzle clogging. Compared with pas-
sive drying, surface quality and dimensional accuracy was

found to be improved by active drying via hot air flow after
each layer is deposited. Although bulk shapes were achieved,
walls were not vertical and surfaces are dimpled and curved.

6.3. Recent developments

In order to solve issues related to printing low ceramic content
inks, such as poor surface finish and dimensional accuracy, in
2001 Seerden et al. [106] formulated wax-based ceramic inks
with up to 40 vol.% ceramic powder that were successfully
ejected from an ink-jet head. Optimal formulations contained
20—40 vol.% Al,0; powder (400 nm diameter), 0.65—1.2 wt.%
surfactant Hypermer LP1, 0.33—1.2 wt.% stearylamine, and
remainder paraffin wax. Optimal printing conditions were
100—110 °C and 10-13 kHz droplet frequency. In order to
successfully print the 40 vol.% formulation, pressure was
applied to the ink reservoir to aid the piezoelectric actuator
driven pressure pulses. Ceramic green bodies were developed
using the drop-on-demand method with feature sizes of less
than 100 pm using an ink with 30 vol.% ceramic content.
Fabricated green bodies showed good shape retention and
dimensional accuracy, with vertical walls and sharp corners
well defined.

Reis et al. [107] tested ZrO, and PZT using paraffin wax
based inks with the drop-on-demand method. Sintered bodies
retain features such as corners and vertical walls, and no
warping, cracking or delamination is observed as illustrated in
Fig. 6B. The use of thermal energy to lower the viscosity of
wax-based ceramic inks shows great promise for increasing
the maximum ceramic content of material jetting processes,
which enables to development of dense, structural ceramic
components. Driving pressure must be carefully controlled to
eject uniform droplets of the high viscosity wax-based
ceramic inks; relevant parameters include electric signal
voltage amplitude, frequency, pulse duration, and waveform.
Acoustic pressure wave superposition of two or more
consecutive waves are necessary to provide the necessary
energy to eject droplets of high viscosity ink [108]. A rela-
tionship is outlined between ejected drop volume and velocity
and a dimensionless quantity Z,
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where d is nozzle diameter, p is ink density, v is ink surface
tension, 7 is ink viscosity, and Oh™' is the inverse of the
Ohnesorge number. Fromm [95] used this relationship to
predicted that droplet formation in DOD systems is only
possible for Z > 2 and that droplet volume increases with
increasing Z.

Dense PZT components with good shape retention were
fabricated using a wax-based ceramic ink with a PZT content
of 35 vol.% [109]. The optimal ink formulation contained 35
vol.% PZT (particle sizes less than 500 nm), 1% polyester, 0.5%
stearylamine, and remainder paraffin wax. To further reduce
the viscosity, solid paraffin wax was replaced with a 60/40
paraffin oil/wax mixture. A porosity of less than 1% was ach-
ieved for sintered components.

A

7. Sheet lamination for advanced ceramics
7.1. Foundations
Sheet lamination, commonly called layered object

manufacturing (LOM), involves the cutting and layering of
prefabricated ceramic tapes, often made via tape casting, into
three-dimensional parts. A rectangular block is produced
containing the desired object surrounded by ‘tiled’ support
material. The ‘tiled’ regions are produced by cutting the
negative space around the desired shape into a grid. Blocks of
green material are then sintered and de-cubed, wherein sup-
port cube grids are mechanically removed to extract the final
geometry. Sheet lamination is depicted in Fig. 7A. The process
of tape casting thin ceramic sheets was patented in the 1940s
to enable the mass production of capacitor dielectrics
[110,111]. The idea of layering ceramic tapes, cut to specific

HOT ROLLER

-

‘ BUILD

PLATFORM

CUT
TAPE

GREEN PART

UNCUT
TAPE

Fig. 7 — (A) Diagram illustrating the sheet lamination technique. (B) Glass-ceramic gears in green (left) and sintered (right)
state demonstrating successful densification without warping or cracking [114]. (C) Complex curved SiC component

produced by sheet lamination of bimodal SiC tapes [109].
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geometries, was patented in the 1960s [112]. Interestingly, the
commercial application of layering ceramic tapes for the
production of three-dimensional parts lagged for nearly 30
years, when sheet lamination was patented in 1988 [44]. The
reason for this lagin application is primarily due to the limited
control of laser scanning equipment and software that could
convert a 3D model into slices and motion planner to raster
the laser in an efficient automated process to build parts.
Sheet lamination processes face challenges related to the
quality of interfaces, where defects such as delamination,
porosity, and thermal-stress induced cracking cause failure of
components.

7.2. Evolution

In 1991, Feygin et al. [45] and Helisys, Inc. first demonstrated
the use of sheet lamination for producing three-dimensional
parts; many materials were successfully demonstrated
including ceramics, paper, plastics, composites, and even
metals. In 1994, Griffin et al. [113] fabricated advanced struc-
tural ceramic components with complex geometries using
LOM. In order to verify the mechanical performance of printed
parts, rectangular bars of alumina were prepared by LOM and
traditional dry-pressing. Alumina sheets for LOM were pro-
duced by casting a slurry with a doctor blade into 15 um thick
green tapes. Green tape is loaded onto the supply roll and fed
over the build platform. A laser is used to cut a grid outlining
the desired shape, which can be easily removed in post-
processing steps. Heat and pressure are applied to each
layer to aid layer lamination. Both pressed and LOM'ed parts
were pyrolyzed at 600 °C to remove organic material and then
sintered at 1550 °C for 2 h. Specimens from both processes
sintered to full density with less than 1% porosity. Flexural
strength, hardness, and fracture toughness values for the
LOM'ed bars were all within one-standard deviation of those
for the traditionally processed bars. Expanding on their pre-
vious work, Griffin et al. [114] fabricated complex ceramic
ZrO,—Al,0; composites. Two different thicknesses, 58 and
116 pm, of tapes were produced with compositions of Ce—ZrO,
and Ce—ZrO,/Al,0;. Composite parts were developed by
alternating layers of the two compositions. Green bodies were
post-processed by pyrolysis and then sintering at 1600 °C for
6 h. Final parts contained less than 1% porosity and no
delamination of macroscopic defects were observed. Final
layer thicknesses in densified parts were approximately 85
and 44 um for starting tapes of thicknesses 116 and 58 um.
Comparing monolithic parts to composite parts, the flexural
strength increased 20% by alternating composition layer-by-
layer. Complex geometries with curved and vertical surfaces
were successfully produced with composite structures.
Hardness varied locally with composition.

Three ceramic systems were studied by Klosterman et al.
[115] in 1996: (1) Coarse SiC powder of size 30 um that enables
post-process infiltration; (2) Bimodal SiC with particle sizes 2
and 30 um; and (3) AIN powder with particle size 2 um.
Ceramic feedstock material was prepared using a standard
tape casting process. A slurry consisting of 60 vol.% ceramic
powder, binder, plasticizer, and solvent was cast into tapes of
thicknesses 150—175 and 300—325 pm. Ceramic tapes were
manually loaded into the sheet lamination system. In order to

prevent the oxidation of these carbide materials during the
sheet lamination process, a blower supplies an inert gas at the
focal point of the laser to shield the cutting process. In order to
increase the green strength of LOM'ed parts, a particle binder
burnout cycle was run that volatilized the plasticizer but left
the binder. Subsequent silicon infiltration and reaction
bonding resulted in near net-shape parts with little dimen-
sional change, shown in Fig. 7C. However, poor layer bonding
led to delamination and a relatively low flexural strength of
160 MPa. In comparison, SiC components produced via binder
jetting and reaction bonding have flexural strengths of
approximately 280 MPa [102].

Himmer et al. [116] demonstrated an automated tape
casting process connected to a sheet lamination system in
1997, eliminating the need to manually place feedstock ma-
terial. Plastic was rolled over the top of ceramic slurry into
0.25 mm thickness sheets, which avoided the need to let the
slurry dry into a solid tape. In this fashion, a continuous layer
of slurry and plastic was fed into the sheet lamination system,
where the plastic was then separated from the layer of slurry.
Complete separation is important, because any slurry that
sticks to the plastic will leave voids in the laminated part.
Parts with complex geometries were built to up to 20 layers
successfully. After pyrolysis and sintering parts contained
10—15% porosity, which led to low strength and delamination.
Macroscopic voids were observed due to incomplete plastic-
slurry separation prior to sheet lamination.

Klosterman et al. [117] published a follow-up study in 1998
focused on improving the interfacial bonding of laminated
sheets. SiC tapes were produced using a doctor-blade and
slurry containing biomodal SiC powder (2—3 and 60 pm par-
ticle sizes), graphite powder, and binder system. The lami-
nation roller was set to 180 °C, above the binder melting point,
to achieve sufficient interlayer bonding. Pyrolysis at 600 °C
and reaction bonding with silicon at 1600 °C produced near-
net-shaped parts. A low flexural strength of 80 MPa
(compared to the expected 300—400 MPa) was measured. Large
voids were observed at layer interfaces. Strength was
increased to 155 MPa by increasing the graphite powder con-
tent from 5 vol.% to 20 vol.%. In order to further improve
strength, the layer bonding needs to be improved. To improve
bonding, a solvent was misted on the tape prior to lamination
and the temperature and pressure of the lamination roller
were increased. Using these methods, interlayer bonding was
improved to the point that parts could not be de-cubed. It was
found that a secondary cutting operation around the profile of
each layer, after creating the support grid, enabled successful
de-cubing even at higher lamination pressures and tempera-
tures. This operation left a thin layer of power at the interface
between cubed support regions and the desired part, which
facilitated the removal of the cubed material. Through the use
of the secondary cutting operation and better lamination pa-
rameters, defect free layer interfaces were demonstrated.

7.3. Recent developments

Rodrigues et al. [118] fabricated silicon nitride parts using the
sheet lamination process in 2000. They found a direct corre-
lation between the feedstock quality, i.e. homogenous
ceramic tapes with uniform thickness, and the mechanical
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properties of final parts. In addition, lamination roller pres-
sure and temperature were carefully optimized to yield suffi-
cient interlayer bonding. LOM'ed parts were pyrolyzed at
500 °C and sintered at 1750 °C, resulting in less than 3% re-
sidual porosity. The flexural strength and fracture toughness
of silicon nitride parts produced with sheet lamination
matched that of silicon nitride parts made using traditional
methods. Fracture surfaces reveal complete layer bonding and
no interlayer defects are observed. Travitzky et al. [119] tape
casted preceramic polymers filled with SiC of varying particle
sizes, and fabricated functionally graded ceramics using the
sheet lamination technique. SiC structures with graded par-
ticle size showed 25% higher flexural strength over those
produced with uniform particle size. Gomes et al. [120]
increased the strength of glassy ceramic components by
rotating feedstock tape by 90° for each layer of the sheet
lamination process. Complex Li,0—Zr0,—SiO,—Al,0; green
parts were sintered at just 700 °C and achieved near full
density, shown in Fig. 7B.

That same year, Park et al. [121] characterized the LOM
process to determine important sources of dimensional error.
Error was found to be largest in the build direction due to
moisture absorption and subsequent tape swelling. Low
relative humidity during the forming process was found to be
important. Two years later, Karunakaran et al. [122] proposed
an efficient method for separating the desired object from the
surrounding block of material. A major drawback of the sheet
lamination process is the significant time of cutting the sup-
port grid and then de-cubing the fabricated part. Their method
is analogous to extracting a casting from a mold, where the
mold primarily consists of two halves and can contain plugs to
create internal cavities. Instead of making many cuts to form a
grid, the negative space of each layer is cut into two halves.
The cuts are coordinated across layers to create a consistent
seam that enables the separation of the support material in
two pieces, compared with many cubes in the traditional
sheet lamination process.

Weisensel et al. [123] demonstrated the fabrication of
biomorphic ceramic composites via the sheet lamination
technique, with the goal of mimicking natural cellular mate-
rials. A cellulose based paper was used with a phenolic resin
adhesive. After laminating several layers and creating a three-

A

EXTRUSION

dimensional part, the paper and phenolic resin were pyro-
lyzed to leave a layered carbon structure with porosity tem-
plated from the natural cellulose structure. Through reaction
melt infiltration with silicon, the carbon structure was con-
verted to a Si—SiC composite with 16 vol.% residual carbon
and negligible porosity. A flexural strength of 130 MPa was
measured by four-point bend testing. To further increase the
mechanical properties of these biomorphic composite struc-
tures, the meltinfiltration process should be optimized to fully
react with the carbon template.

8. Material extrusion for advanced ceramics
8.1. Foundations

The material extrusion process, commonly known as Robo-
casting, involves the extrusion of a high ceramic content
slurry through a nozzle in a specific pattern layer-by-layer to
produce a three-dimensional part [124]. This line of deposited
material is known as a trace. Material extrusion is demon-
strated in Fig. 8A. The material can be extruded continuously
or in droplets, and self-supports via gelation, cooling, UV-
curing, or other rheological effects [125]. Yield-pseudoplastic
rheology enables the ink to retain structural integrity up to
its yield stress, followed by shear-thinning behavior [34,126].
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). Advantages of the mate-
rial extrusion technique include low-cost machinery, versatile
feedstock, and high green density. Challenges include
achieving small feature size, low precision, and poor surface
finish.

8.2. Evolution

In 1995, Danforth's group [127] developed the fused deposition
of ceramics (FDC) method in the Center for Ceramic Research
at Rutgers University. The feedstock material used in this
process is thermopolymer filament loaded with ceramic
powder. FDC is analogous to fused deposition modeling,
developed by Stratasys, where thermopolymer filament is

Fig. 8 — (A) Diagram illustrating the material extrusion technique. (B) Complex boron carbide components were processed
using spark plasma sintering and cold isostatic pressing to achieve less than 5% residual porosity [133]. (C, D) Discrete and
continuous SiC—B4G parts printed using a material extrusion system with in-line mixing capabilities [25].
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melted and extruded to build plastic parts. Thermoplastic
filament loaded with 55 vol.% SisN, was printed and sintered
to greater than 98% relative density and average flexural
strength of 824 MPa [128]. Printing defects are a major concern
for material extrusion processes, because inconsistent tool-
path generation can cause large voids between traces of
printed material [129]. During the creation of simple testing
geometries, toolpath files can be manually optimized to
reduce defects. However, manual modification is not possible
for more complicated geometries.

Kupp et al. [130] used a different approach termed multi-
phase jet solidification (MJS), where a thermoplastic-ceramic
mixture is directly fed through a heated nozzle using a pis-
ton. Time-consuming filament production is avoided in this
technique. The feedstock material contains 50—70 vol.%
ceramic material. Fabrication of SiC parts with complex ge-
ometry was successfully demonstrated.

A year later, Cesarano and Grieco [131] conducted a high-
impact material extrusion study using ceramic materials at
the Sandia National Laboratory. This study termed the com-
mon name of Robocasting for the material extrusion of
ceramic slurries. His motivation was to increase the green
density of ceramic AM parts to improve post-processing
behavior, namely debinding and sintering processes. Slurries
of 50—65vol.% ceramic and less than 1vol.% organic were
developed and successfully printed. In contrast with ceramic
parts made in binder jetting and vat photopolymerization
processes, these parts could be post-processed in less than
24 h versus several days due to the much lower organic con-
tent. In addition, the high ceramic content enabled sintering
to higher relative density and less shrinkage, resulting in
improved final properties. Producing ceramic slurries of such
high ceramic content faced several technical challenges
including difficult rheological control and drying kinetics.
Previous work by Cesarano and Aksay [132] discussed the
development of aqueous alumina suspensions and provided a
basis for the slurries printed at Sandia National Laboratory.
Well-mixed suspensions of alumina, Darvan-821 A, and water
showed yield-pseudoplastic behavior for ceramic content
below 60 vol.%, followed by dilatant behavior. Low viscosity
and slow drying results in slumping, whereas high viscosity
and fast drying enables good shape retention. Robocasting
suspensions exhibit significant yield-pseudoplastic behavior
during printing, but quickly change to dilatant behavior after
extrusion and minimal drying to retain their specified geom-
etry. Alumina geometries were made by Robocasting of yield-
pseudoplastic ceramic slurries. Finite element analysis (FEA)
simulations indicate fast drying results in good shape reten-
tion, voids form for medium drying rates, and low drying rates
lead to significant slumping [133].

In 2000, Lewis et al. [19] conducted an in-depth rheological
study of colloidal ceramic suspensions, with the goal of
enabling Robocasting with smaller nozzles, improving shape
retention, and producing defect-free parts. Technical chal-
lenges faced included isolating printing and rheological pa-
rameters. To perform this study, a mixing system was
designed that allowed for on-the-fly binder content adjust-
ment in the printed slurry. This methodology enables high-
throughput discovery of the optimal ceramic content in
extruded slurries for different powdered materials. The

viscosity of several notable slurry compositions was
measured across a range of shear rates, with an emphasis on
isolating the shear rate for each step in the printing process.
Four printing process steps were identified as pumping, mix-
ing, extrusion, and deposition. In addition, FEA simulations
were used to verify shear-rate regime calculations. Through
this work, alumina slurries were successfully printed from
nozzle sizes 0.254—1.370 mm and showed good shape reten-
tion with no observable defects.

8.3. Recent developments

Jafari et al. [134] developed a multi-head FDC system, capable
of printing up to four unique ceramic loaded thermoplastic
filaments. Two filaments, one loaded with PZT-5H and one
loaded with PZT-8, were used to produce multilayer parts with
alternating layers of the two piezoelectric materials. The
dielectric constant of the parts was tunable based on the ratio
of PZT-5H to PZT-8, with applications for improving the per-
formance of transmitting devices. Smay et al. [135] conducted
a comprehensive multi-material study using two types of
machine set-ups, a multi-head arrangement where each tool
head deposits a different material and a single head
arrangement where active mixing inside of the tool head en-
ables the tailoring of composition to any ratio of the feedstock
materials. The motivation was to create cermet materials and
ternary composition gradients. Technical challenges faced
include difficulty in controlling the rheology of multiple input
materials where differences in viscosity or compressibility
will cause poor printability and variation in surface chemistry
between metallic and ceramic powders. Printing ternary
mixtures of barium titanate, strontium titanate, and barium
zirconate, requires the rheology of each material to be
matched across a range of shear rates that the slurries expe-
rience during processing. Both ternary mixtures and cermets
were demonstrated and showed good final properties after
post-processing. Pelz et al. [28] fabricated functionally-graded
carbide parts using a print head with an extrusion screw to
mix two feedstock materials in-line. Discrete and continuous
composition variation were demonstrated as shown in
Fig. 8C,D. Full density was achieved, and hardness values
match traditionally processed carbide materials. A part with
alternating SiC and B,C layers was printed but cracked due to
residual stress arising from coefficient of thermal expansion
mismatch.

Iyer at al. [136] produced strong, dense Si3N, components
using the FDC technique. Filament contained 55 vol.% SizN4
(average particle size of 0.5 pm). Printing parameters include a
nozzle width of 250 pm, layer height of 254 um, and x-y or z
testing bar orientations. After sintering, the full density Si;Ny
bars printed in the x-y and z orientations had flexural
strengths of 908 and 888 MPa, respectively. The near-isotropic
strength of these parts is very promising and indicates print-
ing defects are nonexistent and layer lines are fully eliminated
during sintering. Rueschhoff et al. [137] used a low-cost ($2 k)
commercially available material extrusion printer to produce
strong, dense alumina parts. Slurry compositions from 51 to
58 vol.% ceramic content were formulated with 5 vol.% binder
content. The rheology of each suspension was characterized
and it was found that a composition of 55 vol.% alumina, 4.2
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vol.% Darvan 821 A, and 4.9 vol.% PVP produced the best print
results. Post-processing included debinding at 700 °C and
sintering at 1600 °C with no sintering additives or applied
current or pressure resulted in parts with greater than 98%
relative density. These parts showed flexural strengths com-
parable to those of traditionally processed alumina parts. In a
second study, boron carbide suspensions were formulated
using the same low-cost extrusion system [138]. A major
motivation for this research is the fact that dense B,C parts
cannot be made using other AM techniques, such as vat
photopolymerization (very high refractive index difference) or
binder jetting (low density green bodies). The rheology of each
suspension was characterized and it was found that a
composition of 54 vol.% B4C, 5 vol.% PEI (25 k g/mol), and 5
vol.% HCL enabled optimal printability. The binder PEI was
tested at two different molecular weights, 25 k and 750 k g/
mol, and it was found that the lower molecular weight results
in a lower apparent viscosity. Good layer adhesion and shape
retention were achieved, with limited shrinkage and warpage
during post-processing. Parts were debound at 500 °C and
sintered at 2000 °C with no sintering additives or applied
pressure, resulting in parts of 82% relative density. This low
relative density is due to the strong covalent bonding in car-
bide ceramics, which leads to very high melting temperatures.
Eqtesadi et al. [139] demonstrated improved results for ma-
terial extrusion of B4C materials, producing complex geome-
tries such as gears, cones, and hexagons (Fig. 8B). In order to
create fully dense sintered specimens, green prints were first
cold-isostatic pressed. This increased green density from 53%
to 58% of theoretical. Green bodies were then densified via
spark plasma sintered at 2100 °C to produce specimens with
less than 5% porosity.

A unique characteristic of material extrusion processes is
the pressure gradient in the nozzle, which enables the align-
ment of fibers and high aspect-ratio particles [140—144]. Bis-
muth titanate structures with oriented microstructures were
fabricated by Allahverdi et al. [140] using the FDC technique to
align BiT platelets. Using this technique, ceramic matrix com-
posites were developed by Franchin et al. [141], which involved
a SiC suspension loaded with 30 vol.% chopped carbon fiber.
Fibers inside the SiC matrix reduce cracking that occurs due to
post-processing. Fiber direction can be varied within a layer
based on trace pathing. A maximum fiber loading of 30 vol.%
was achieved due to rheological effects. Feilden et al. [142] used
the nozzle pressure gradients, unique to material extrusion
techniques, to align alumina platelets in epoxy-ceramic com-
posites to create bioinspired structures. Bouligand structures,
analogous to those in fish scales, with high ceramic content
were produced. Upon loading and cracking, the structure
guides crack propagation in a three-dimensional twisting mo-
tion that improves the toughness. Fabricated structures
outperform the strength of nacre by a factor of two while
maintaining a similar R-curve behavior (representative of
toughening mechanisms that inhibit crack propagation). Kemp
et al. [144] printed SiC fiber reinforced ZrB, components, which
can function as structural ultra-high temperature ceramics.
However, at 10 vol.% SiC fiber content, significant porosity
developed, and mechanical performance was limited.

9. Directed energy deposition for advanced
ceramics
9.1.  Foundations

Directed energy deposition (DED), commonly known as laser
cladding [145] or laser engineered net shaping (LENS) [145,146],
uses a laser to melt powder or wire feedstock in layer-by-layer
traces to build a three-dimensional part. This process is
similar to welding, where a melt pool is formed by melting
feed wire and is depicted in Fig. 9A. DED is the only ceramic
AM process that is solely a single step process, which means
parts formed do not require post-process densification.
However, the use of DED for fabrication of bulk ceramic parts
is limited due to thermal cracking, which results from the
rapid heating and cooling in the melt-pool induced by the
laser. This effect is similar to that previously described for
single-step powder bed fusion. Further, poor surface finish
and dimensional stability are occur due to freeform fabrica-
tion with complete melting. Interestingly, the authors did not

Build Direction

Fig. 9 — (A) Diagram illustrating the directed energy
deposition technique. (B) Complex alumina components
fabricated by DED, including a cylinder with a maximum
dimension of 25 mm [139].
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find a ceramic DED study that reported flexural strength,
while fracture toughness was often reported.

9.2. Evolution

The first published account of a ceramic DED process studied
the selective area laser deposition (SALD) method in 1993,
which uses a laser to selectively heat a substrate and cause
material deposition based on precursor gas, the feedstock
material. Using tetramethylsilane as the precursor gas,
Tompkins et al. [147] demonstrated small SiC deposits could
be made selectively onto an alumina substrate. A second
study of the SALD process by Jakubenas et al. [148] used TiCly
gas to selectively deposit titanium oxide. Deposit morphology
is highly dependent on oxygen concentration in the precursor
gas; low oxygen content leads to smooth deposits and high
oxygen content results in dendritic depositions. However, in
both studies the build heights were limited to a single layer
because large thermal gradients caused cracking and irregular
growth when printing a second layer. Fessler et al. [149]
created a gradual, graded composition change using the
directed energy deposition process and utilized a powder
mixing system. Through gradual composition change, ther-
mal gradients were reduced, and cohesive parts were suc-
cessfully fabricated.

A similar method is the selective area laser deposition
vapor infiltration (SALDVI) approach, where powder is fused
together using a selective chemical vapor deposition process.
Crocker et al. [150] demonstrated this technique using tetra-
methylsilane as the precursor gas to selectively infiltrate SiC
into Mo, SiC, ZrO,, and WC powder beds. A laser is used to
selectively deposit SiC into the powder bed, layer by layer, to
create multi-layer parts. A rectangular part with four 250 pm
thick layers was produced from tungsten carbide powder
fused with the infiltrated silicon carbide. To obtain a sufficient
infiltration depth, slow laser scan speeds must be used.
However, at low scan speeds, SiC was not deposited evenly.
Due to these competing factors, fabricated parts had poor
surface finish and large voids.

9.3. Recent developments

In 2008, Balla et al. [145] first demonstrated the successful
production of bulk alumina ceramics by the LENS technique.
Fig. 9B shows several complex parts fabricated by DED, a
maximum dimension of 25 mm was achieved. Fabricated
alumina parts had relative densities near 96%, and through a
short heat-treatment at 1600 °C relative density was increased
to 98%. Heat-treated parts had average compressive strengths
of 276 MPa. To create bulk parts that did not fail due to the
large temperature gradients intrinsic to direct energy deposi-
tion processes, precise thermal management of the melt pool
was performed. Niu et al. [146] again studied directed energy
deposition of alumina, but with the addition of zirconia and
yttria dopants to reduce processing defects and improve the
microstructure. Fully dense parts of 50 mm in height were
successfully fabricated. Fully dense parts with nanometer-
sized eutectic microstructures were developed by the com-
bined doping of alumina with zirconia and yttria [151]. A
eutectic grain structure of spacing 100 nm was achieved,

resulting in high hardness (17.15 GPa) and fracture toughness
(4.79 MPa*mY?). Hu et al. [152] used the directed energy
deposition process to create functionally graded ZTA parts.
Zirconia contents were varied from 5 to 40 wt.%, which
enabled the local tailoring of both different microstructures
and phases locally. Through phase control of the heteroge-
neous structure, both toughness and hardness were
improved. Adding 20 wt.% zirconia improved the hardness by
6.1%, but additional zirconia additions lowered hardness in
comparison with monolithic alumina specimens. Fracture
toughness increased consistently with increasing zirconia
content with a maximum improvement of 38.2%, equal to
3.7 MPa*m'?, at a dopant level of 41.5 wt.% zirconia. Hu et al.
[153] used an ultrasonic vibration assisted directed energy
technique to produce bulk ZTA parts. Cracks that developed in
parts fabricated without vibration were not present in parts
made using identical processing parameters but assisted by
ultrasonic vibration. Cracking is reduced because ultrasonic
vibration reduces thermal gradients and refines grain size.
Grain size was refined from 16 to 8 um by the application of
vibration, which increases nucleation rate in the melt pool
during DED processing. Hardness and compressive strength
were both improved for parts fabricated by vibration assisted
DED. In addition, ultrasonic vibration improves optical ab-
sorptivity, resulting in 9% energy savings compared to non-
assisted DED techniques [154]. Yan et al. [155] produced
nanometer-sized eutectic ZTA microstructures with spacing
60—70 nm. The fully dense parts had residual compressive
stress at their surface due to DED processing, which resulted
in a high fracture toughness of 7.67 MPa*m2.

10. Conclusions and future directions
10.1. Conclusions

Whereas metal and polymeric AM has experienced great
success for both prototyping and industrial production,
ceramic AM remains in the research and development phase
due to the difficult processing conditions intrinsic to ceramic
materials. Nevertheless, great progress has been accom-
plished for several ceramic AM techniques. Seminal papers for
initial research efforts for each family of additive
manufacturing processes were examined and their major
findings, breakthroughs, and challenges were discussed.
Progress in the 1990° centered around basic technique ad-
vancements, processing parameter optimization, and process
modeling. This led to the production of dense, mechanically
sound parts and expansion of the material selection. Recent
efforts focus on novel structuring, multi-material capabilities,
and further achievement of structural and functional parts. In
the realm of ceramics, the following are the most promising
methods:

e Vat photopolymerization produces parts with superior
surface finish and resolution, but faces major, and yet
unsolved, challenges for dark-colored ceramic materials
with high absorbance and index of refraction difference
from photocurable resins. For this reason, many advanced
ceramics including carbides, borides, and nitrides have
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experienced limited success in this technique. Industrial
ceramic additive manufacturing is heavily focused on this
technique, with oxide ceramics as the main feedstock
material.
Powder bed processes, binder jetting and powder bed
fusion, have the benefit of supported overhang structures
and wide material selections, but demonstrate poor sur-
face finish and low green body density. Powder feedstocks
for these processes are generally coarse in size to maintain
free-flowing behavior. Conversely, the final properties of
ceramic components rely heavily on fine microstructures
and full density, which require the use of fine, often sub-
micrometer, feedstock powders and high green body den-
sity [34]. This technique excels at producing scaffolds with
high porosity for applications such as medical implants.

e Sheet lamination has the longest history to draw upon for
insights and process optimization due to its beginnings
from tape-casting in the 1940s. The tape-casting process is
well understood and is currently automated and scaled for
industrial use. If interfacial defects and delamination is-
sues can be minimized, this is one of the most promising
processes for manufacturing structural ceramic compo-
nents and composites.

e Material extrusion processes enable a wide material se-
lection and utilize low-cost equipment. Using two or more
nozzles or a mixing head, composite parts can be produced
with discrete and continuous composition variation.
Feedstock material can be loaded to the highest ceramic
content out of all AM families, enabling dense, structural
components. The main drawbacks are poor resolution and
surface finish.

The commercial ceramic AM sectors are focused on the
above processes: vat photopolymerization, binder jetting,
powder bed fusion, sheet lamination, and material extrusion.
Most of the major commercial suppliers of ceramic AM
equipment and parts utilize vat photopolymerization,
including 3DCeram, Admatec, EnvisionTEC, Lithoz, and
Tethon3D [156]. Admatec printers use a hybrid process be-
tween vat photopolymerization and sheet lamination,
wherein a doctor blade is used to produce a uniform thickness
layer of high ceramic-content photocurable slurry that is
selectively cured using UV light. ExOne uses binder jetting to
form green ceramic parts that are subsequently sintered,
while II-VI MCubed uses binder jetting to print ceramic pre-
forms followed by reaction bonding. Wuhan Binhu manufac-
tures printers for PBF of ceramic materials. Helisys printers
use the sheet lamination process and focus on creating com-
posites. 3D Systems, Solidscape, Stratasys, and nScrypt pro-
duce material extrusion equipment focused on dental and
bioprinting applications. Commercial suppliers support rela-
tively few ceramic materials including alumina, zirconia, and
silicon nitride, but are beginning to gain ground proving the
industrial viability for these few optimized material systems.

10.2.  Future directions
Although substantial progress has been made, challenges

identified in initial research and during the inception of ad-
ditive manufacturing processes still exist today. Challenges

include feedstock design, printing and post-processing related
defects, process control and monitoring, and anisotropic
mechanical properties [53]. To mature ceramic AM, each of
these areas must be addressed.

Feedstock design challenges continue to hold back ceramic
AM. Databases should be developed that contain the physical
and chemical properties, optimal printing and post-
processing parameters, resultant microstructural evolution,
and application-based recommendations for ceramic feed-
stock materials. For example, a database could outline reac-
tive processing relationships between various ceramic
materials [157]. Reactive processing techniques such a reac-
tion bonding [102] and melt infiltration [123] were discussed in
this review, but were achieve during post-processing. A
database of compatible feedstock materials would accelerate
research into in-situ reactive processing for direct AM pro-
cesses such as PBF [158], which show significant promise but
need further development for industrial use. Similarly, a
database of precursor materials for polymer-derived ceramics
and their processing parameters could advance progress in
that area. Schmidt et al. [159] demonstrated multi-scale
ceramic lattice structures using a hybrid AM process
combining DLP and two-photo lithography (2 PL). In this work,
the PDC method enabled sub-micron features on centimeter-
sized parts by removing the challenge of using sub-micron
ceramic feedstock materials that can also be sintered to full
density. Successful research into sub-micron ceramic feed-
stock materials that can be processed could enable a similar
hybrid approach for bulk, structural ceramics.

In-situ monitoring of the printing process needs to be
explored to improve quality control and control defects.
Several monitoring techniques have been explored for poly-
mer and metal AM processes, including nozzle pressure and
temperature sensing [160] and melt-pool thermal analysis for
metal PBF [161], but little work on in-situ monitoring and
feedback control for ceramic AM processes exists. A process
monitoring technique based on image signature analysis was
developed to detect defects for FDC [162], but a feedback loop
was not implemented and the system required manual cali-
bration and image pre-processing. Implementing nozzle
pressure sensors with feedback control for ceramic suspen-
sion extrusion processes would enable consistent trace width
and improve part quality. Monitoring by X-ray computed to-
mography has the potential to detect voids in real-time, which
could provide valuable feedback to optimize processing pa-
rameters and reduce printing derived defects.

Few direct processes have been explored due to the high
processing temperature and brittle nature of ceramic mate-
rials. Future research should look in-depth at direct processes
because much of the time and energy costs for ceramic AM
stem from post-processing. Novel sintering methods such as
flash and microwave sintering may offer opportunities to
improve single-step ceramic AM processes. Recent work by
the Kovar group at UT Austin [163] studied the use flash sin-
tering for ceramic PBF with limited success due to thermal
cracking and uneven initiation of flash. Improved process
control will be necessary to push these novel methods
forward.

Compared with the direct AM processes used for metals
and polymers, indirect processing of ceramic materials is an
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advantage when it comes to avoiding anisotropic mechanical
properties. If printing defects can be eliminated, post-
processing and densification should eliminate layer in-
terfaces. Microstructure texturing that occurs in direct metal
AM processes should not affect ceramic components, which
are sintered in secondary steps. Through the use of compo-
sition gradients, sharp transitions in multi-material parts that
lead to internal stress concentrations, cracking, and delami-
nation at interfaces may be eliminated [49]. Material deposi-
tion processes, including material jetting, material extrusion,
and directed energy deposition, are especially suited to multi-
material fabrication as they are essentially one-dimensional
processes where the feed can be adjusted at any voxel.
Fabrication of functionally graded composites has the poten-
tial to greatly improve damage tolerance of ceramic materials,
which are typically brittle with defect-dominated mechanical
properties. Further, hierarchical design, following that of
natural structures, should be explored through several levels
of structuring: macro and meso-scale features can be pro-
duced by nozzle pathing; fiber and particle alignment at the
microscale could be controlled with shear gradients from
doctor blades used for tape casting and spreader blades for vat
photopolymerization or pressure gradients in extrusion noz-
zles; nanoscale structures could be achieved by grain bound-
ary additives.
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