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Abstract

Additive manufacturing (AM) has become a versatile and diversified technology that has made a huge difference in how things are
being manufactured. Substantial growth has been observed in the development of ceramic materials for AM processes. However,
ceramic parts manufactured by AM methods often exhibit deficiencies in mechanical properties and performance. Recent research
developments have included improvement of performance and mechanical properties by introducing a material preparation process
and additional post-processing techniques to improve the fabrication process. This paper contemplates and reviews the advance-
ments made in AM techniques to fabricate high-performance ceramic (HPC) materials, also known as advanced ceramics. AM
processes are classified as per ASTM standards and the technologies implemented are sub-listed. The principles, mechanical

properties, advantages, disadvantages, applications, and limitations of each technology are described in detail.
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1 Introduction

Additive manufacturing (AM), also known as 3D printing
(3DP), is a fabrication process in which a product is fabricated
layer-by-layer. AM provides flexibility to manufacture com-
plex designs with relatively little effort and with reduced time
and cost, allowing increased customization of products. As the
manufacturing industry has shifted from mass production of
single-use products to customized production to better meet
individual customer needs [1] and increase in economic com-
petitiveness, AM has opened ways to be more creative and
explore new opportunities.
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Reviews of AM AM technology was introduced in the late
1980s. Since that time, much work has been published,
reflecting the interest in, and importance of, the field. A num-
ber of survey and review papers have focused on AM
methods, modeling approaches, control processes [2], and
AM materials such as metal [3, 4], polymers [5], ceramics
[6], and various composites [7]. Relatively few articles have
classified AM processes based on specific international
standards.

There have been some reviews related to ceramics’ AM,
but they have been limited to specific applications [8] or
specific AM processes [9, 10], leaving other scientific ac-
complishments uncovered. One review paper that focuses
on ceramic materials was found [11]. This paper reviews
AM ceramic products from a fabrication process perspec-
tive (single- vs. multiple-step processes) and describes the
pros and cons of each type of process. Relatively little
work has focused on high-performance ceramic (HPC) ma-
terials. This paper aims to provide a comprehensive review
of AM processes available to fabricate various types of
HPC materials and to explicate the process parameters,
heat treatment aspects, economic aspects, and applications
of different AM techniques. Through the classification of
AM techniques based on the material states and providing
information on material synthesis, particulate aspects of
the HPC materials, and available AM systems, this paper
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can assist AM practitioners from non-ceramic materials to
select appropriate AM processes for specific HPC
materials.

Definition of high-performance materials in ceramics Use of
ceramic materials with high-performance properties has rap-
idly increased in recent years. However, until AM processes
were introduced, companies had difficulty in meeting demand
due to challenges in fabrication of high-performance ceramic
(HPC) materials with complex geometries and personalized
designs.

High-performance ceramic (HPC) materials exhibit char-
acteristics such as high flexural and tensile strength, high ther-
modynamic stability (or resistance to heat), corrosion, abra-
sion, and oxidation. They are also extremely lightweight; have
prominent dimensional stability even in thermal, corrosive,
and abrasive environments; and have high energy—
conversion capabilities.

Special HPC powder materials for AM processes have
been introduced and are being investigated to overcome lim-
itations and increase flexibility for various applications.
Figure 1 depicts a few examples of AM applications using
ceramic materials.

HPCs are typically classified into oxides, carbides, and
nitrides [9]. Oxides are most widely used. Of these, Al,O3
is the most commonly used structural material due to its
high chemical and thermal resistance; it is often used for
applications such as insulation and biomedical devices
[12]. Oxide parameters for the piezoelectric effect, ther-
mal sensitivity, and electrical conductivity are exploited
and used in lambda sensors (ZrQ,), actuators, crucibles
(MgO), and shielding from high temperatures
(ALL,053TiOy).

Additive manufacturing of high-performance ceramics
Conventional HPC manufacturing processes require mul-
tiple treatments such as powder synthesis, master forming
(where basic or complex geometries are made), sintering
to densify the structure, and finally, hard and soft machin-
ing to achieve the final part. Numerical control (NC)
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machining processes such as milling or grinding cause
high tool wear and reduced material yields leading to high
production costs. Due to limitations in geometry and
shrinkage during sintering, use of HPCs has historically
been precluded for certain applications. AM technologies
can be used to overcome many of these limitations.

Using AM processes, HPCs can be manufactured using
direct and indirect methods. In the direct method, ceramic
material is deposited on the build area to form a layer and
sintered immediately to densify the layer. This method
does not require post-heat treatment. The advantages are
that the final work piece has no shrinkage since it has
already been densified and that the processing time is rel-
atively short. However, a downside of direct manufactur-
ing is that the work pieces tend to be porous ceramics and
the surface roughness values are high, as compared with
indirect AM processes. Indirect AM processes first form
green bodies by binding the binder material with a struc-
tural material, followed by a sintering process to densify
the green bodies before optional post-processing to clean
residual uncured material. Indirect AM processes tend to
produce highly densified parts with high surface quality
and high-strength values, and they are built with high res-
olution. The downside is that shrinkage needs to be antic-
ipated and additional fabrication steps are required to den-
sify the objects.

2 Additive manufacturing methods
for fabrication of HPCs

In advent of rapid prototyping (RP) technologies, several AM
methods were introduced in the past 25 years. ASTM
International has defined the standard classifications for the
AM technologies. The AM processes are classified into seven
categories: (1) vat photopolymerization, VP; (2) binder jet-
ting, BJ; (3) material jetting, MJ; (4) material extrusion, ME;
(5) powder bed fusion, PBF; (6) sheet lamination, SL; and (7)
directed energy deposition, DED.

(b)

Fig. 1 A few examples of AM applications using ceramic materials. a Dental caps. b Jewelry. ¢ Artifacts. Pictures from 3DT lab, Taipei Tech
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2.1 Vat photopolymerization

Vat photopolymerization (VP) is an AM process where a lig-
uid photopolymer in a vat is cured by projecting masked light
from an active source [13]. The spectrum of light can be either
normal visible light or ultraviolet (UV) light spectrum. There
are two different approaches to fabricate HPC materials using
VP process; the top-down approach and the bottom-up ap-
proach. Figure 2 represents the layout of the VP process with
two different approaches.

Lithography-based ceramic manufacturing (LCM) de-
veloped by Schwentenwein and Homa [14] and Solvent-
based slurry stereolithography (3S) developed by Wang
et al. [15] stand as the best suitable HPC examples for
the VP processes. The process parameters claimed by both
the processes include the layer thickness, exposure time of
the light with a relevant intensity level. Both the systems
consist of a wiper blade that paves the slurry above the
build platform while the thickness of each layer is con-
trolled by moving the platform in a linear z-direction. In
LCM and 3S processes, the green parts were built with the
layer thickness of 25 um and 20 um, respectively. The
light engine used in both the processes has a digital mirror
device (DMD) resolution of 1920 x 1080 pixels. Each pix-
el resolution defines the tiniest detail that can be fabricated
in the green part. With a pixel resolution of 40 pm in x- and
y-directions, the build size of 76.8 mm and 43.2 mm was
achieved. The pixel resolution defines the flexibility of
fabricating the shell structure with a minimum wall thick-
ness. A heat exchanger [16] was fabricated with a wall
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thickness of 0.1 mm which is not possible using conven-
tional processes.

Process parameters The process parameters are primarily de-
pendent on the ceramic slurry filling and viscosity of the slur-
ry; by controlling the intensity of light and exposure time, the
geometrical accuracy and overgrowth are controlled. An in-
crease in exposure time is directly proportionate to the growth
of curing depth and the over growth on the surface surround-
ings [17].

Heat treatment and post-processing After the fabrication of
the green parts, they are subjected to debinding and sintering
consecutively. The debinding and the sintering temperatures
depend upon the binding material and the structure material
used, respectively. For alumina and zirconia materials, the
sintering temperature could range up to 1600 °C. During
debinding and the sintering, it is necessary to sinter the parts
under a controlled temperature to reduce the thermal stresses
and avoid cracking. After sintering, the final objects obtained
are highly dense ceramic objects with complex features. The
final objects result in fine surfaces with a low R, value and
minimum porosity, which makes the parts facultative for post-
processing like grinding, sanding, or infiltrating the pores.

2.2 Binder jetting
Binder jetting (BJ) is the process where a liquid binder is

deposited selectively to join a powdered material. The BJ
systems comprise of the cartridge that not only deposits the
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(a) Top-Down approach

(b) Bottom-Up approach

Fig. 2 Vat photopolymerization (VP) process layout. a Top-down approach. b Bottom-up approach
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binder resin but also the ink like conventional 2D printers. For
HPC, the BJ process is an indirect fabrication method where
initially the powder particles are bonded using a binding ma-
terial such as epoxy resin and starch, followed by sintering at
very high temperatures causing the binding material to burn
off while the structure material is bonded in multiple dimen-
sions. This process also gives the flexibility of using different
powders together to produce composites. Figure 3 depicts the
layout of the BJ system.

Process parameters The BJ printing parameters are adjusted
before initiating the print. The parameters like binder selec-
tion, layer thickness, heater temperature, spreading speed,
binder saturation, and overhead heater travel speed are entered
coded into the program based on the precursor powders
instructed by the system developers [18]. In material selection
and preparation, the material is put into the vessels and their
height is adjusted. Then, let the printing process begin. During
this process, a slight disturbance in the paving of layers can
lead to catastrophic results. Hence, the layer resolution is de-
termined to be set accordingly and the environment has to be
undisturbed until the printing process ends. In BJ process,
there are two methods of spreading the powder—either by
using a blade, or by using a roller shaft. The roller shaft meth-
od has proven to be a more efficient way to spread the low
mobility powder in high density and with consistent layer
thickness. After the printing process, the green parts are care-
fully taken out of the system and depowdered and sometimes
infiltrate filling agents (for example, wax and resin) to enforce
of the parts.

Heat treatment and post-processing The ceramic green parts
obtained after fabrication are necessary to be sintered under
controlled temperatures to allow the objects to achieve their

Fig. 3 Layout of binder jetting
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highest mechanical properties. The density of the final parts is
dependent on the sintering time and temperature. For alumina
material, the hardness was increased more than 6 times when
the sintering time was increased from 2 to 16 h [19]. The BJ
process is also not limited by any thermal effects, such as layer
warping. The roughness and the porosity of the final objects
are relatively higher than the ones obtained through VP pro-
cesses. To fill the pores, post-processing steps could involve in
infiltrating the porous objects to a solution in order to strength-
en the parts [20]. The surface roughness can be improved by
manual operations like sanding or grinding.

2.3 Material jetting

Material jetting (MJ) is a process in which droplets of the build
material are selectively deposited [13]. The droplets are usu-
ally the combination of the molten thermoplastic suspension
or wax along with the structure material. The droplets are
deposited onto the surface continuously forming filament-
like structures. MJ systems usually comprise of inkjet or sim-
ilar cartridges, which have thousands of micro-size nozzles
and deposit strings of droplets onto the build surface as per
the layer pattern that is fed by the slicing software. The depos-
ited droplets agglomerate the build material and solidify by
cooling or by exposure from an external light source. Figure 4
represents the schematic layout of the MJ process.

There were several studies and publications that used
inkjet technology with thermal drop-on-demand (DOD)
to produce ceramic objects [21, 22]. The DOD is also
achievable through piezoelectric technology to produce
3D structures [23]. The rheological characteristics of the
ink are defined by the Reynolds, Weber, and Ohnesorge
numbers (Re, We, Oh). Based on study of drop formation,
generator, depositor, and the refilling system, the shape and
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Fig. 4 Material jetting (MJ)
process
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form of the actuating waveform are designed for the pie-
zoelectric DOD system. When the liquid drop affects with
a planar surface, the drop deforms and spreads in multiple
directions until it achieves a state of equilibrium. The in-
dividual drops when deposited on the substrate at a dif-
fered space a parallel-sided fluid track is achieved when
the spacing is less than the maximum spacing between the
drops [24]; where the maximum space between the drops is
equal to the width of the droplet. In other cases, the depo-
sition is not interacting with a drop-to-drop or having ir-
regular edges or having bulged edges. After the liquid is
dropped, it is important to let the droplet dry. The droplet is
best dried by the coffee staining method as Deegan et al.
presented. It occurs when the edge of the droplet is pinned,
through the edge, the drop vapor evaporates. Hence, in
some studies, an evaporating solvent is used to increase
the density before sintering.

Overall, to produce stable ceramic workpieces using DOD
technology, it has to be clearly noted that the ceramic suspen-
sions must be well defined with the fluid and be able to pass
through the droplet generator. Secondly, the proximity must
be optimized to form a desired layer pattern by delivering the
new suspension onto the previous layer or substrate. At last,
the solidification by allowing the droplets to dry off before
depositing another layer must be considered to produce a 3-
dimensional object. HPC materials like zirconia, alumina, and
silicon-based ceramic materials can be used.

Build platform

Support material
XY Linear actuator

Inkjet print se—) II I |I

Build part

Support material

The T3DP is an MJ process where the ceramic particles are
combined with the thermoplastic suspension and cooled down
when deposited to increase the viscosity [25]. Scheithauer
et al. investigated the study of T3DP by using zirconia sus-
pension and introduced the droplet fusion factor (dff) that can
calculate the distance between the two droplets to form a con-
tinuous filament look-alike structure of droplets. The zirconia
suspension used in this process is of nanoscale TZ;Y-E with
dsp = 0.37 um and a purity of 90 wt.% ZrO, stabilized with
Y,0;. A piezo-actuator controlling unit is used to dispense the
drop at the rate of 1 KHz frequency through the nozzle.

Process parameters The process parameters of T3DP process
include the droplet formation optimization by defining the
rising slope, falling slope, the open time, the needle lift, and
the dispensing system traversing speed. The suspension in this
system is heated to 110 °C at the dispensing system. The two
identical droplets are fused without overlapping when the dis-
tance between the two drops is equal to the diameter. The
highly filled suspension has the lower height for the maximum
filament suspension than the suspension with lower solid con-
tent. As the viscosity of the suspension is low, the heightening
is also lower and the widening is inversely proportional.

The advantage of the T3DP process is that it delivers the
homogenous distribution of the suspension that can result in
high-density green parts before sintering. As the deposition of
the droplets is selective, the properties of the final parts can be
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regulated flexibly by layer level. The solidification in this
process is independent of the powders’ physical properties
as the solidification is dependent on the viscosity of the sus-
pension while cooling down.

Heat treatment and post-processing The green bodies formed
using MJ processes consist of wax or solvent that is necessary
to be removed prior to the sintering process. The dewaxing is
done by various processes like drying in the dry chamber
under a controlled temperature for a certain time or putting
inside the carbon black powder that can remove wax through
capillary action [26]. After dewaxing, the objects are sintered
at high temperature based on the filling material type. The
sintering action is generally held for a certain time to burn
the residual wax or any high molecular weight surfactant res-
idues, followed by heating to the maximum temperature of the
structure material in consecutive steps. Post-sintering, the ob-
jects obtained are tend to achieve highly dense ceramic
components.

2.4 Material extrusion process

Material extrusion (ME) process is an AM process where the
raw material is extruded through an orifice. This is the most
common and economic AM process available [13]. ME sys-
tems are easy and less expensive to build. The materials used
in ME processes can be classified into fused- or non-fused-
type materials. For infused-type materials, the state of the
material changes during the process, for example, solid to
viscous paste and then viscous paste to solid. The solid mate-
rial is fed through an extrusion head that consists of a heater
and nozzle. The heater melts the solid material into a viscous
paste that is extruded through the nozzle while traversing in
the XYZ directions over the build platform. The extruded
paste cools down with the surrounding environment and im-
mediately solidifies. The non-fused-type materials remain in
the same state throughout the process. Usually, the non-fused
materials are in the form of a viscous paste that requires ex-
ternal pressure to make it flow. The examples of non-fused
materials are clay (often mixed with porcelain) or other ce-
ramic materials, concrete, etc. Figure 5 represents the ME
process.

Process parameters The FDM process mainly relies on mate-
rial composition that is being used. The material composition
is desirable to have a tackifier to enable the tackiness and
flexibility of the material; elastomer is used to provide elastic-
ity, plasticizer to provide the plasticity for the filament to the
spool, and wax to reduce the viscosity. The strength for the
entire filament is given from the base polymer that is easily
modifiable by the other constituents. In fused deposition of
ceramic (FDC) process, a binder system with low viscosity,
high strength, high strain, high modulus, and easily burnout
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Fig. 5 Material extrusion (ME) process

was developed [27]. The binder system is composed of 55
vol.% of the ceramic powders, like titanium dioxide, mullite,
and fused silica. With the nozzle temperatures between 200 °C
and 265 °C, with suitable extrusion rate parameters, the print-
ing process is initiated. In extrusion freeform fabrication
(EFF) process [28], the feedstock comprises of SisNy in a
volume of 55%, saturated elastomer of volume % of 25, par-
affin wax, and fatty acid ester plasticizer each with a volume
% of 10. The EFF process is similar to the multiphase jet
solidification (MJS) developed by the Fraunhofer Institute of
Applied Materials, Germany. This process can handle higher
viscous materials through the feedstock and higher extrusion
temperatures allowing to form many complex shapes.

Heat treatment and post-processing The green parts are
formed by depositing the feedstock material as a semi-
molten state through the liquefier’s nozzle while the material
is maintained between the temperatures of 200 °C and 265 °C.
Once the green parts are formed, they are subjected to
debinding and sintering processes. The liquid binder compo-
nents are first removed by capillary action when set inside the
dry alumina powder lesser than 200 °C. Followed by heating
the parts over 200 °C, the remaining residual binder material is
removed by evaporation and decomposition leaving porous
green parts, followed by sintering the porous green parts up
to the desired temperature which is 1600-1650 °C for
alumina-based feedstock, causing densification and linear
shrinkage of the ceramic parts. Ceramics can be printed with
100% infill density using ME processes but once the binder is
burned out after sintering, the final workpieces tend to be
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porous. The porous voids can be filled using molten metals
and form metal-ceramic composite functional parts [27].

2.5 Powder bed fusion process

Powder bed fusion (PBF) is the process where the powder
particles are fused together selectively on the powder bed
[13]. The fusing of the powder particles usually happens by
focusing laser beams through a deflection Galvano mirror by
scanning each layer according to the sliced pattern of the 3D
model. The successive powder layer thickness can vary from
20 to 200 pm depending upon the particle size. Figure 6 rep-
resents the layout of the PBF process.

The process of fusing, also called a binding mechanism, is
classified into mainly four types [29]: (1) solid-state sintering,
(2) chemically induced binding, (3) liquid-phase sintering
(partial melting), and (4) full-state melting.

i) Solid-state sintering (SSS) SSS is a thermal process that fuses
the adjacent powder particles at 75% of the melting tempera-
ture. Many kinds of materials can be processed using SSS.
However, preheating of the materials is required in this pro-
cess to increase the diffusion rate of the atoms and keep in
pace with the laser scanning velocity.

ii) Chemically induced binding In this process, the interaction
between the laser and the material is very short and avoids the
diffusion process unlike what happens in SSS. When the ce-
ramic particle, say SiC, is subjected to high temperature, the
partial disintegration of Si and C occurs. The free Si forms SiO2
due to oxidizing and acts as a binder between the SiC particles.
After the infiltration using Si, a fully densified SiC is formed.

iii) Liquid-phase sintering (partial melting) This process is for
a different binder and structural material where mostly metals

Fig. 6 Powder bed fusion (PBF)
process
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are used as the binder particles and are smaller than the struc-
tural material. The technologies can be differed as per the
structural material grain types that are used. For separate
grains, as the binder material grains are smaller than the struc-
tural ones, there occur only small pores and the rearrangement
of particles takes place through the capillary forces that cause
movement of particles. For composite powder grains, they
contain both binder and structural material within each indi-
vidual powder grain. The composite grains result in higher
green part density and lower surface roughness values. The
third kind of powder particles is coated grains, where the
structural material is coated with the binder material to ensure
that the laser radiation is absorbed by the binder coating, lead-
ing to an effective bonding of the structural particle. This
process is called partial melting because of the indistinct melt-
ing of the binder and the structural particles, where only the
grains shell surface is molten.

iv) Full melting In this process, the structural material is
completely melted by the laser beam and fused to form fully
dense objects. This process is mainly used for metallic and
ceramic materials [30].

Selective laser sintering Selective laser sintering (SLS) pro-
cess can be implemented in two approaches to fabricate ce-
ramic parts, i.e., direct SLS and indirect SLS. For the indirect
SLS process, the laser beam hits the ceramic particles and
results in solid-state sintering. Using direct sintering, the parts
can be fabricated directly, but the high performances are not
achievable. Several investigations were carried out to fabricate
dense ceramic components through SLS processes. By using
isostatic polypropylene (pp) as the binder phase for high pu-
rity oc-alumina structural component and preheating the pow-
der bed temperature just below the melting temperature of the
binder, the green parts were fabricated [31]. In another study, a
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slurry-based SLS process was developed in which polyvinyl
alcohol (PVA) was used as a binder to produce polymer-
coated alumina parts [32].

Selective laser melting Selective laser melting (SLM) is a full
melting—type SLS process where a pool of molten material is
formed when subjected to laser radiation. It is capable of
forming fully dense net-shape ceramic components without
the need for post-processing. SLM has also shown significant
improvement in product quality, processing time, and
manufacturing reliability [30]. SLM was implemented to pro-
duce ZrO,-Al,O3 ceramic components in which alumina
powder is blended with zirconia to avoid crack formation
and preheated up to 1600 °C [33]. In another study, the
SLM process was implemented to investigate the key param-
eters to fabricate silica sand for sand-casting molds [34]. It
resulted with an overall fabrication time of only 22 h to build,
a 60 x 60 x 25 mm half cavity and 60 x 60 x 24 mm core half,
and a dimensional accuracy of 0.4 mm.

Process parameters of the PBF process The important process
parameters for PBF fabrication process are laser power, scan-
ning speed, scanning spacing, layer thickness, and preheating
temperature [31, 35, 36]. The energy density (e) is expressed
as follows:

P
e=g (1)

where P is the laser power, H is the scanning spacing, and v
is the scanning speed. From Eq. (1), it is understandable that
the laser power has the greater impact on the quality of the
curing [37]. It is important to optimize the laser power to the
critical value; higher laser power could melt and burn the
binders while the lower laser power causes week bonding
strengths.

In PBF processes, a blade or roller shaft spreads the powder
above the previous layer. The material spreading also influ-
ences the formation of a dense and quality green part. The
relatively small size of the powder can result in high-quality
final parts as layers can be laid with a very high resolution. In
the PBF process, the shape of the powder particle also plays an
important role in forming dense objects. Near-spherical-
shaped composite alumina ceramic parts can be produced with
different binder materials through a temperature-induced
phase separation (TIPS) process along with other conditions,
and it was found that the parts built with low viscosity raw
material produced high-density green parts and final parts
[38].

Heat treatment and post-processing The fabricated parts are

nearly densified in the SLS process but the residual binder
material can be removed by heat-treating the specimen.

@ Springer

After sintering, the relative density of the parts is increased
and fully densified. Post-processing the green parts—such as
infiltration process, polishing, thermal treatment, and
coating—can improve their mechanical strength, surface
roughness, and structural integrity, and decreases porosity.

2.6 Sheet lamination

Sheet lamination (SL) is an AM process where the sheets of
materials are bonded together to form a 3D object [13]. SL is
also implemented under the name of laminated object
manufacturing (LOM) [39]. In this process, the sheets of the
materials are bonded by applying pressure and heat using the
coating of a thermal adhesive. A laser cuts the material into
desired shape for each layer as per the sliced 3D model infor-
mation. Figure 7 represents the layout of the SL process. The
main advantage of this process is that it is very low-cost pro-
cess, very little post-processing is required, and no support
structures are required. The downside of this process is that
the complex overhangs are difficult to be built, and the mate-
rial that is subtracted in each layer during fabrication is not
recyclable and wasted.

LOM is a basic SL process; many ceramic materials like
monolithic silicon carbide (SiC), SiSiC composites, and alu-
minum nitride (AIN) parts have been produced. Using tape
casting process, a thin layer of a ceramic sheet of large area
can be cast and dried followed by punching and lamination
[40, 41]. Using melt-infiltration method, a dense ceramic-
metal composite can be fabricated [42, 43]. The metal melts
into the porous structures of the ceramic and yields to in situ
near-net-shaped and ceramic-metal composites. LOM process
is also applied in fabricating MAX-phase ceramic materials
[44]; M stands for metal, A stands for element group, and X
denotes nitrogen or carbon. The materials used in this study
are TiC and SiC with different ratios and processed by liquid
silicon infiltration. The use of higher TiC content in the initial
green tapes yielded to Ti3SiC2.

Process parameters LOM process parameters include mainly
the preparation materials in the form of green tapes [41] or the
pyrolized paper sheet and adhesive tape [45]. The lamination
is carried out on the material at the bonding temperature. The
layer thickness is defined by the sample thickness of each
paper sheet. The process of laying new layers is done either
automatically or by manual operation after hot pressing of
each sheet.

Heat treatment and post-processing The green parts obtained
are subjected to debinding and pressureless sintering to den-
sify the parts. The pores that occur during the sintering process
can be filled by infiltration methods to cover the gaps and
increase the strength properties of the final objects [45]. The
infiltration can be done by liquid silicon material at 1500 °C
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Fig. 7 Sheet lamination (SL)
process
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for 1 to 7 h. Due to the additional pyrolysis at 800 °C and
spontaneous infiltration, the pore size distribution was well
suited to the process and preserved the geometrical shape.

2.7 Directed energy deposition

Directed energy deposition (DED) is an AM process where
focused thermal energy like a laser, electron beam, or plasma
melts the material while depositing onto the surface [13]. DED
is the direct fabrication method to produce ceramic objects.
Ceramics with even up to 3000 °C can also be melted by
focusing a high-power laser beam, and the substrates do not
need binders for fusion. Figure 8 depicts the layout of the
DED process.

Laser-engineered net shaping (LENS) is a DED process
focused by the laser beam and produces molten material onto
the surface area. The powder material is fed through the feed-
ing gas that also acts as a coolant that solidifies the molten
material as soon as it is deposited on the surface. LENS is
much easier to control while achieving higher cooling rates.
The main advantage of the LENS process is that it can reman-
ufacture the parts and allows a minimal heat-affected zone. By
using different powders carried in different nozzles and
allowing them to react with different non-reactive gases, func-
tionally graded materials can be produced.

Process parameters The key process parameters of LENS sys-
tem are the laser spot width, laser scanning speed, and powder
feeding rate [46]. The investigated results show that the in-
crease in the laser power has a direct impact on the change in
length and very little impact on the width. The surface

\ G XY positioning mirror

Laminating roller

Build part current
layer

Build part support
material

l

Material
supply roll

Z axis build
platform

Used material
take up roll

roughness was also improved when the laser power was in-
creased, making the molten pool to absorb more energy and
increasing the fluidity of the material. When the laser power
was increased from 175 to 200 W, the surface roughness de-
creased from 9.1 to 6.4 um and the surface flatness decreased
from 0.25 to 0.08 mm. The variation in deposition head scan-
ning speed and the powder-feeding rate also affected the
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Laser beam mmp
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Fig. 8 Directed energy deposition (DED) process
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Fig. 9 Classification of AM methods based on raw materials

decrease in length, width, height, powder efficiency, and mi-
crohardness of the layer.

Post-processing Few 25 x 25 mm” thin-walled structure spec-
imens were fabricated using LENS and subjected them to
grinding, polishing, and gilding [47]. The samples are charac-
terized to have the coarsening in the eutectic structure in the
interlayer. As the grain size selected in this study was 200 um,
the porosity is visible between the divorced eutectic regions.
LENS technology was also implemented to fabricate eutectic
ceramic structures [48]. In this system, YAG (Y3Als0;,) is
doped into Al,O3 at the volume ratio of 55:45 to improve
the microstructure and properties.

2.8 Classification and comparison

The materials used in AM processes are of different physical
states with different rheological properties. A classification is
provided in Fig. 9 to describe various different material states
adapted by different AM processes, followed by Table 1 that
describes the overview of the AM processes equipped with
suitable layer deposition system. The materials can be usually
prepared in three states: (1) dry powder, (2) liquid/slurry, and
(3) solid state. The layer deposition is dependent upon the
state of the material and can vary from process to process.
Depending on the process, it is also possible to deposit multi-
ple materials in one layer. The most common FDM process is
able to deposit multiple materials through multiple extruders.
Similarly, in the LENS, DOD, and T3DP by connecting mul-
tiple spray nozzles and dispersing orifices respectively to dif-
ferent feedstocks, multi-material deposition can be imple-
mented within one layer.

@ Springer
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Comparison of mechanical properties between the conven-
tional and additive manufacturing AM has expanded to an
extent of building the functional grade parts without additional
requirement of tools, processing, and reduced lead-time.
However, it has always been uncertain about the mechanical
properties obtained by the AM processes which are able to meet
the standards of those manufactured using conventional
methods like injection molding, roll-forming, and sand casting.
Table 2 provides a side-by-side comparison of the mechanical
properties obtained by various conventional manufacturing and
AM methods. The properties mentioned in the conventional
manufacturing columns are acquired from the ISO and
ASTM standard online material data publishing sources.
From Table 2, it is observed that the flexural strength and frac-
ture toughness values of most of the materials are comparably
similar for both the manufacturing methods. Although
manufacturing ZrO2 using conventional method can provide
higher flexural strength values. It is very convincing that the
oxide materials can be manufactured with high density and low
porosity using VP process. Using VP processes, extreme over-
hangs and tiny shell structures can also be manufactured with-
out yielding to cracks. However, the AIN manufactured using
AM methods has less flexural strength. It is due to the LOM
process, which in general has a very high layer resolution and
poor bonding between each layers. Not all HPC materials have
been used for manufacturing functional materials, but nitrides
and carbides are mostly being used for research purposes [49].

Specifications obtained are from the materials’ online ma-
terial data publishing sources: Source 1: Ferro-Ceramic
Grinding Inc., www.ferroceramic.com; Source 2: AZOM
materials, www.azom.com; Source 3: MatWeb, material
property data — www.matweb.com


http://www.ferroceramic.com
http://www.azom.com
http://www.matweb.com
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3 High-performance ceramic materials for AM
processes

HPCs compete with metals due to their high-temperature re-
sistance, high elastic modulus, and corrosive properties, which
make them suitable for applications in hostile environments.
Originally, ceramics were clay-based (what we now call clas-
sical ceramics); they were used in electrical insulators,
whitewares for dishes, and tiles. However, with developments
in ceramics, there are many different classifications of ceramic
materials. In this review, HPC materials are classified into
oxides and non-oxide materials. The non-oxide materials are
carbides, nitrides, and borides. In this review, only oxides,
nitrides, and carbides are considered for the AM processes.
Oxides are the most commonly used materials that compete
with non-oxide materials. Table 3 provides information about
particulate aspects of the HPC materials in comparison with
various AM processes.

Oxides In oxides, aluminum oxide (Al,O3) and zirconium
dioxide (ZrO,), also known as zirconia, have captured the
market and have been used majorly as structural ceramics.
The Al,O5 consists of a polycrystalline monophasic structure
with a high oxidation state that does not allow it to age but
does maintain resistance to corrosion and displays chemical
inertness that are high-performance characteristics. These
make the material suitable for biomedical applications [57].
ZrO, consists of the polycrystalline biphasic structure. The
pure ZrO, is unstable at high temperatures because of its te-
tragonal phase, which is why it is necessary to be stabilized
with a compound material like yttrium. In zirconia parts, the
possibility of aging occurs and results in surface roughening
because of the phase transformation from the metastable te-
tragonal phase into the monoclinic phase. Magnesium oxide
(MgO) also exhibits high-performance characteristics and is
applied in heaters, fireproof cables, etc. MgO has a high ther-
mal conductivity and acts as a very good electrical insulator at
very high temperatures. Silicates are subcategorized under
oxides and are able to produce high performances with com-
posite materials [58].

Carbides Carbides possess excellent wear resistance and oxi-
dation resistance properties. For many years, silicon, titanium,
boron, and tungsten that are metal carbides were used. Silicon
carbide (SiC) has been a prominent HPC material throughout
the ages due to its specific strength, stiffness, high corrosion
resistance, and Young’s modulus. It is inexpensive to synthe-
size and available in most complex engineering shapes. The
use of SiC was widespread in the 1970s after introducing
pressureless densification methodology [49]. SiC materials
are also used as a composite with ZrB, and demonstrate
higher strengths than 1000 MPa at room temperature and a
fracture toughness of 3.5 MPa*m"? [59]. Boron carbide B,C
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Table 3  Comparison of particulate properties of HPC materials utilized in various AM processes

Process HPC Particle size dsq Purity (%) Doping/stabilizer BET specific surface area

VP [63] ALO; 0.2 pm 99.99 13.5 m?/g

VP [54] SiO, 5 um 98

VP [64] SiO, 0.1-0.2 pm NH,OH

VP [52] ZrO, 0.1~0.3 um > 94 14~18 m%/g

VP [15] ZrO, 0.3~0.4 um >94.3 3Y-TZP 7~10 m%/g

BJ [53] ZrO, 1.23 pm 7.52 m%/g

MIJ [65] B.C 1.5-3.5 um 6-9 m’/g

MJ [51] 710, 0.09 um 3Y-TZP 7 +2 m?/g

M]J [66] ALO; 0.4 pm Hypermer LP1 and stearic acid 8.2 m%/g

ME [67] 710, 0.3 pm 3 mol% Y505 7+2m¥g
AlLOs 1-1.7 um 99.8

ME [68] ALOs 0.5 um 99.8 8.9 m%/g

PBF [35] AlLO; 0.4 pm 99.7

PBF [31] AlLO; 0.3 pm 99.99 Xylene 9-12 m%/g

PBF [32] AlLO; 0.5 pm 99.8

DED [47] ALO; 40-90 um 3 wt% Y,03

has hardness values similar to that of diamond. B,C materials
are used in lightweight armors because of its low specific
gravity and high hardness.

Nitrides Nitrides are known for their electrical applications,
internal combustion (IC) engines, turbine blades, crucibles
for molten metals, etc. The silicon nitride Si;N4 has grabbed
more attention as a structural ceramic for biomedical [60] and
automobile applications. The aluminum nitride (AIN) is ma-
jorly focused on the electronic integrated circuits applications
where it is used as substrate layers and for thermal manage-
ment applications. AIN has weak atomic bonding that can
accelerate the sintering and fusing processes, but it exhibits
only moderate hardness and modulus values. However, by
using alkaline earth compounds like yttria, calcium oxide,
yttrium fluoride, and calcium fluoride as additives, high
sintering densities with desired electrical and thermal proper-
ties can be achieved. Boron nitride (BN) has three
isostructural forms known as amorphous, hexagonal, and cu-
bic similar to carbon. Due to its higher thermal conductivity
than copper, it is used as a heatsink in electronics applications
[61].

3.1 Particulate aspects of HPC materials used in AM
processes

In the recent trends, the HPC materials are abundantly avail-
able with all the suitable specifications required for the
manufacturing process. By contrast, the particulate engineer-
ing aspects have become very important in choosing the

materials before preparing the feedstock for various AM pro-
cesses. To achieve the dense layers while fabricating, the sus-
pension or powder substrate is supposed to have good colloi-
dal stabilization while preventing coagulation and pore ag-
glomeration. If the suspension is in liquid or wet slurry state,
the particles must have good disintegration when subjected to
liquid medium. The key parameters while choosing materials
are particle geometry size, surface area distribution, impurities
and additives, composite materials, etc. Table 3 provides the
particulate properties of HPCs used in different AM processes.

Geometry size The powder particles’ geometry size can direct-
ly affect the quality of the final part. Based on the geometrical
dimensions of the powder particles, viscosity of the slurry
suspension is defined and the layer resolution is affected in
the powder-based processes. Specifically in VP, MJ, and BJ
processes, the fine particles can fill the voids before sintering
and produce high-density green parts. Nevertheless, the binder
material quantity is also a key parameter for high-density
parts.

Surface area distribution The surface area of the particles is
directly proportional to the geometrical size of the particles. In
a fine-compact small-size ceramic powder, the particles are
densely packed contacting with the surface boundary of the
neighboring particles. As the powder size increases, the con-
tact formation of the neighboring particles decreases and large
area of the surface remains non-contacted, leading to highly
porous structures. During the sintering process, the formation
of'the neck between the particles exhibits the physical strength
of the structure.
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Doping stabilizers and additives In spite working under harsh
mechanical loads and thermal shock conditions, pure ceramic
materials tend to exhibit their limitations through brittleness
and low fracture toughness. Pure ceramics tend to phase-
change from monoclinic to tetragonal (~ 1100-1200 °C), then
tetragonal to cubic (2200-2400 °C) state making the part
prone to cracking due to the internal stresses. By adding im-
purities and additives, the phase transformation can be tough-
ened in the ceramic materials. For example, the zirconia ma-
terials are usually added with yttria, ceria, and magnesia ma-
terials. The additives stabilize the parent material during the
phase transformation and exhibit higher fracture toughness
value than before the transformation [62].

Impurities The purity of the ceramic materials used in the AM
processes is usually very high but never 100% pure. They tend
to have 0.1-5% of impurities, including dispensers and dop-
ing stabilizers. The impurities are helpful to maintain the
charge balances that can consume large amount of energy
required which can be minimized by the non-stoichiometric
redistribution of the atomic charges, which is by adding the
impurities that react through solutes, oxidation, and reduction
processes. Impurities can relatively decrease the viscosity of
the suspension with increase in temperature.

Composites The composite materials are particulate-
reinforced or combinations of oxides/non-oxide ceramics.
The composite ceramics can exhibit higher fracture toughness
and mechanical strength values than the conventional ce-
ramics. The embodiment of the reinforced material has a
higher elastic modulus than the original material. The com-
posites can also be induced as infiltrates into the pores of the
final objects providing additional mechanical strengths [45].

From Table 3, it is observed that the particle sizes used in
different VP processes are very similar to each other and the
difference in purity does not have impact on fabricating high-
resolution parts. In fact, the less pure ceramics tend to provide
high-resolution final parts due to the stability achieved during
the sintering process. Apparently, the MJ processes tend to use
materials with lowest dsy values to disperse the material
through the micro-orifices. By contrast, in DED process, the
particle sizes did not affect the fabrication process and the
mechanical properties where the particles are dispersed
through aerosol spraying method. From Table 3, the zirconia
particles with the huge difference in particle sizes tend to have
similar specific surface area. This is possibly due to the non-
uniform distribution of the particles within the powder/
suspension.

3.2 AM processes available for HPC materials

In spite plenty of research methods exhibited high-quality
HPC parts, there are not many successful companies using
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AM techniques for fabricating HPC materials. Table 4 pro-
vides information about the commercial AM systems avail-
able worldwide. It is observed that oxides are the most com-
monly used HPC materials, and most of the AM techniques
are suitable to fabricate oxide materials, specifically alumina
and zirconia.

3.3 Synthesis of HPC materials for AM processes

The production of ceramic powders in nano-sized particles is
very important for the fabrication of high-quality parts. Lately,
the demand for high-quality fabrication within low-cost
methods has increased, and this has motivated many industries
and academicians to develop innovative techniques to pro-
duce HPC materials. The cost of production of high-quality
powder for low-cost AM processes has always conflicted with
each other. For instance, it is easier to produce high-quality
powders by acquainting additional processing steps, but each
additional step increases the price of the powder material.

Conventionally, the ceramic materials can be produced in
bulk amounts through many processes like Bayer process
[69], hydrothermal methods [70, 71], and combustion-based
synthesis [72]. Recently, arc discharged plasma technique and
pulverization-based study were implemented to prepare nano-
AIN powders from Al wires [73] and oxide powders like
SrTiO3, TiO,, and BaTiOs, respectively. However, the ceram-
ic feedstock for AM processes requires more than just prepa-
ration of the structure materials. Along with the structure ma-
terials, the binder material plays a key role in fabricating dense
parts. In binder feedstock, the binder must be easily removable
from the green part with minimum pyrolysis residue. In
suspension-based feedstock, the dispersant is necessary to dis-
tribute the particles homogenously. Based on the state of the
material, the feedstock properties are adapted. Table 5 pro-
vides the feedstock information of three different states of
materials, i.e., dry powder, liquid/slurry, and solid state. In
the dry powder feedstock, the rheological property is mea-
sured based on the powder flowability and ceramic packing,
while in the liquid/slurry and solid state, it is measured as per
the viscosity and the shear stress. The suspensions are pre-
pared using different mixing mechanisms to form a homoge-
nous mixture at their suitable temperatures.

4 Economic aspects and applications of HPCs
fabricated by AM processes

AM techniques have brought a great deal in manufacturing in
terms of economic aspects. AM is replacing the centralized
assembly lines for prototyping and manufacturing low-
volume components. The cost for producing a component
using AM techniques can be divided into cost for feedstock
and cost for fabrication. Table 6 provides the cost for
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Table 4 Commercial AM systems available for HPC materials

AM processes

Systems and processes available for HPCs

AM systems

Process

Materials

Vat photopolymerization (VP)

Binder jetting (BJ)

Material jetting (MJ)

Material extrusion (ME)

Lithoz Cerafab 7500

3D Ceram - Ceramaker

DWS — XFAB 3500
Prodways Promaker V6000
Admatec — Admaflex 130
ComeTrue M10

Kwambio - Ceramo one
CeraDrop — CeraPrinter F series
XJET - Carmel

WASP - DeltaWASP

LCM [14]

Using laser and photosensitive ceramic
resin

Tank translation technology (TTT)
MOVINGLight technology
Admaflex technology

ComeTrue Binder Jetting (CBJ) —
inkjet-based process
Ceramic binder jetting

Inkjet and aerosol jet
Nanoparticles liquid dispersion

Non-fused material extrusion

AL O3, ZrO,, SizNy

A1203, ZIOz, Si3N4, Zr02 8Y, HAP,

ATZ, SiO,,
Custom materials
Al O3, Zr0,, HAP, Caz(POy,),
Al,Os, ZrO, ATZ, HAP, SiO,
TP 80, TP 81

High-performance composite
Multi materials
Technical ceramics

AL, O3, Z1r0,, clay, porcelain

StoneFlower Non-fused material extrusion Clay
Powder bed fusion (PBF) Osseomatrix Direct laser microfusion HAP, Ca3(PO,),
VTech — VT C500 SLS ALO;
3DSystems — Phenix PXL SLS Al,O3, cermet
Laminated object CAM - LEM CL - 100 Al,O3, Zr0,, SizNy
manufacturing (LOM)
Directed energy distribution Optomec - LENS 450 LENS ALO;

(DED) (customized) [54]

Source: Material specifications obtained are from the system manufacturing companies- Lithoz, 3D Ceram, DWS, Prodways, Admatec, Comptrue 3D,
Kwambio, CeraDrop, XJET, WASP, VTech, 3DSystems, CAM, Optomec, StoneFlower, Osseomatrix

fabricating a component using AM techniques with their build
size configurations. The low-cost feedstock means the mate-
rial is commercially available for low cost. The fabrication
cost includes the operation cost and processing and post-
processing cost including the capital expenses. In contrast,
the AM is economical for mass customization and
manufacturing certain number of components but not for mass
production. For low-cost production/prototyping, FDM and
LOM are suitable while LENS and PBF are able to deliver
larger volume components with higher mechanical strengths
for higher costs; the BJ process can deliver larger build vol-
umes for relatively lower prices but reduced mechanical
strengths. Although AM processes can deliver bigger build
volume, it is still challenging to fabricate a large component
without deformation or cracks. Instead, the bigger build vol-
ume AM systems can be utilized to make multiple smaller
components in one batch. This makes AM more suitable for
batch production

4.1 Applications

Over the past few years, there has been great progress in fab-
ricating HPC materials using AM methods, but it has been
most suitable for prototyping and production in low volumes.
AM has offered great potential for mass customization for

orthopedic implants and automobile parts, and for applications
in various other fields which are listed below.

Automobile and turbine manufacturing In the automobile and
turbine manufacturing industries, it is necessary to push the
material limits to its maximum to improve their performance
efficiency. For example, a gas turbine is required to operate at
1200 °C. As it is necessary for the materials to be resilient,
durable, and non-reactive to the environment, HPCs are the
best suitable materials for this application. So far, HPCs are
being used as a thermal barrier coating and as a structural
material [75], exhaust gas flaps, plain bearings, sensors,
sealing, sliding, storages, etc.

Biomedical application The ceramic materials have a special
class of ceramics for biomedical applications and they are
known as bioceramics. Alumina and zirconia are the most
basic materials that are bioinert in this class. There are also
bioactive materials like hydroxyapatite or bioactive glasses
used in applications like knees, tendons, ligaments, repair
for jawbones, and spinal fusion [76]. The bioglass implants
were successfully implanted for low load bearing bone resto-
ration using laser AM processes [77]. Using AM-fabricated
bioceramic materials, antibiotic drugs are also delivered to
treat bone infections [78]. AM has many case studies for cre-
ating custom implants to treat the reconstruction of

@ Springer
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Table 6 Economic aspects of AM processes for HPC materials

Process Cost of feedstock | Cost for fabrication Build volume
SLS Low High (X )
SLM Low High N )
LENS Low High O X |

BJ Low Medium (N )

DOD High Medium X
T3DP High Medium OK )

LCM Low Medium | XOX |

3S Low Medium [ JoX |

FDM Low Low @ 00

LOM Low Low @ 0

.Extra small, < Imm; OSmall, 1-10 mm; .Medium, 10 mm-0.1 m; .Large, 0.1-1 m; .Extra large, > 1m

craniofacial defects. The 3D models of the facial structures are
obtained from the CT-scan data. Then the implants are de-
signed according to the environment and fabricated using a
suitable AM process. This has reduced the operating time and
increased the success rate of the implants [79]. Using BJ pro-
cess cast orthopedic implants [20], different porosity SizNy4
ceramics [80] and many other bioceramic scaffolds [81] can
be fabricated at very economical price.

Dentistry Over the years, ceramics, especially oxides, were
most fondly used for dental applications such as for crowns,
bridges, and veneers. They are implemented by either using
all-ceramic or with metal restorations. Several processes have
investigated the use of dental ceramic fabrication using AM
methods and reported the issues, inaccuracies, and downsides
of this processes [82, 83].

Electronic applications Ceramic materials are used for their
insulating, semi-conductive, piezoelectric, and magnetic con-
ductive properties in various electronics. They are widely used
in capacitors, sensors, actuators, and many other applications.
Though not all high-performance properties of ceramics are
required in these applications, they are mostly used for their
dielectric properties, durability, and non-reactive property.
The application of AM comes in fabricating the highly com-
plex semiconductors with a controlled number of layers with
multiple materials and geometric resolution. SLM technology
was investigated for the process development for the genera-
tion of conductive patterns on ceramic substrates [84]. Using
aerosol-based and voxel-based fabrication, it is also possible
to fabricate on uneven surfaces by the direct wire, also called
direct writing (DW) technology [85, 86].

Aerospace applications The applications of AM in aerospace
include fabricating ultra-high-temperature ceramics (UHTCs)
(> 2000 °C) which are not possible to be manufactured using
conventional methods. The elements of miniature sensors,

turbine components, electrode supports, spark plugs, flange
insulation, etc. that have complex requirements can be ful-
filled using AM processes. UHTCs are used in hypersonic
engines that are built with improved thermal conductivity,
toughness, oxidation resistance, strength, and emissivity
[87]. The scaled down models of missile nose cones are fab-
ricated with alumina and zirconia boride materials using FEF
process [88], which is an indirect method.

5 Technology roadmap for additive
manufacturing of HPC materials

Recent developments in additive manufacturing have been
very exciting. The use of ceramic materials has also rap-
idly increased over the past 5 years. Their tremendous
potential is untapped when paired with AM systems
(Lithoz, Admatec, etc.) offered by few commercial sys-
tems and many academic research projects. Numerous
patents have been issued recently and many more are in
process. AM has driven the concept of mass customiza-
tion and can now be used to produce functional parts
directly with a precision equal to conventionally
manufactured parts. The costs for AM systems and pro-
duction have fallen in the past few years due to new pro-
cesses, decrease in raw material prices, and demand in the
market; nevertheless, it is still expensive compared with
conventional methods and not suitable for mass produc-
tion. The supply chain for AM methods is relatively ver-
satile. The number of stages in a supply chain is reduced
by enabling direct manufacturing of parts that used to be
manufactured in multiple components. It has also enabled
the use of desktop-sized systems that can be used in-
house, which removes or reduces the need for ware-
houses, transportation, and packaging. AM has also re-
duced health and occupational hazards—such as fluid
spills, wasted chip powders, extreme noise, and air
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pollution—that commonly result when using conventional
methods such as casting and forging. However, AM may
create new health problems. Environmental effects and
human safety need to be addressed and regulated as the
use of AM methods increases.

Most AM methods used for fabricating HPC materials
are powder-based. Powder-based methods face issues
when building parts with high density. Hence, the use of
slurry-based technologies has been increasing more rapid-
ly; but due to internal stresses during green part forma-
tion, the parts are limited to small sizes. Large-sized HPC
parts are built using laser-based systems that are not yet
cost-effective. On the other hand, the AM processes are
replacing the steps for additional tooling steps like grind-
ing and milling for fabricating functional parts of small
sizes. For conventional methods, design for fabrication
has always been a limitation, but AM methods overcome
these issues in fabricating personalized implants with
flexibility in design and durability. Using DED processes,
it is now also possible to remanufacture or repair the old
parts to extend their lifespan. AM has the capability to
build any kind of complex part while using less energy
and raw materials. Yet, many innovative processes have
not been transformed into commercial systems due to in-
efficient and complicated ecosystems. With bigger growth
in demand for mass personalization, a strategic ecosystem
can be framed.

Using laser-based AM methods for direct fabrication,
large-sized ceramic composite parts can be produced with
high quality, but monolithic ceramic parts still lack high-
performance properties when using these methods. Hence,
it is also required to adapt classic powder processing
methods to form monolithic ceramic components using
AM methods. So far, AM has been redefining the stan-
dards of final parts using polymers and metals as compos-
ites and reinforcements. However, standards for metallur-
gical and mechanical properties are yet to be established
for components based on these alternate materials.
Needed are more research facilities, increased collabora-
tion between academic researchers and industry, skill de-
velopment, standardization, and materials research and
development.

6 Conclusion

In this paper, innovative and potential AM processes
available for HPC materials are discussed along with their
process parameters, heat treatment aspects, material syn-
thesis and particulate aspects, applications, and future
works which are addressed. AM has versatility in terms
of materials and process control, but the majority of ap-
plications have utilized only single materials. The cost of
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materials is one of the biggest factors affecting the price
of the final part. Hence, it is also important to introduce
novel materials with improved properties that can be pro-
duced in-house location. This can make AM become an
integral process that utilizes both novel and commonly
used materials to meet desired product requirements.

Even though some materials, such as composites (metal
and non-metal mixtures), have expanded potential appli-
cations with improved mechanical properties, AM pro-
cesses are still considered a niche technology. Several
attempts have been made to commercialize various AM
technologies, and ceramic components have been success-
fully delivered in a few cases. With the advent of new
material synthesis and fabrication techniques and an ade-
quate ecosystem, AM can be successfully commercialized
and utilized for rapid mass manufacturing instead of rapid
prototyping. This paper has aimed to enable readers to
acquire a thorough understanding of AM processes for
ceramic materials and to choose the right technique to
build quality and functional grade parts.
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