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ABSTRACT

With the growing demand for materials capable of withstanding extreme temperatures and pressures,
ceramic components with exceptional corrosion resistance and reliable mechanical properties have
experienced a significant surge in demand. However, traditional ceramic forming methods involve
high-temperatures and energy-intensive processes that often struggle to produce complex parts or
composites efficiently. Polymer-Derived Ceramics (PDCs) offer a transformative solution by using
polymeric precursors that can be converted into a wide variety of silicon-based and non-silicon-
based ceramics through heat treatment. The polymeric nature of PDC precursors enables the
fabrication of geometrically intricate components using conventional polymer-forming techniques
at significantly lower processing temperatures. Furthermore, PDCs are well-suited for additive
manufacturing (AM), allowing the production of complex structural and functional components
through cost-effective, low-temperature processes. By leveraging the diverse properties of PDC
materials - each with unique advantages and limitations - manufacturers can optimise
performance for specific applications. This review provides an overview of the types of PDCs
developed to date and their broad range of applications. Specifically, it delves into the Direct Ink
Writing (DIW) process, exploring its rheological requirements and the critical role of fillers in
tailoring the rheological properties of polymeric precursors to meet the specific demands of DIW.
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1. Introduction to their specific structures. Hydrosilylation of unsaturated
polymers is a widely used method for producing silane

1.1. What are polymer-derived ceramics? . .
and siloxane polymers, which are commonly employed

Polymer-derived ceramics (PDCs) represent an innovative
class of materials characterised by exceptional high-
temperature stability, distinctive semiconductive, electri-
cal, and optical properties, superior corrosion and oxi-
dation resistance, and robust mechanical strength [1].
PDCs are designed to simplify the production of silicon-
and non-silicon-based ceramics by eliminating the need
for high-temperature sintering methods. This approach
enables greater flexibility in the geometry, composition,
and functionality of components, allowing for the use
of polymer-forming techniques in their fabrication [2].
All PDCs follow a similar four-step process as outlined in
Figure 1 polymer synthesis, the forming or shaping of
the precursor, a crosslinking reaction to form a green
body, and the pyrolysis of the green body [2,3].

Polymer precursors for PDCs encompass a diverse
range of organosilicon and non-organosilicon polymers,
synthesised through various chemical reactions tailored

as preceramic materials [6,7]. Customised polymers can
also be designed to produce precise microstructures,
controlled porosities, and tailored properties [2,8]. A
variety of commercial polymer precursors are now avail-
able, spurring extensive research into their influence on
ceramic structures and potential applications. These pre-
cursors can be synthesised using techniques suitable for
both liquid and solid polymers, offering a significant
advantage over traditional ceramic manufacturing
methods. Liquid precursors, in particular, are compatible
with conventional plastic-forming techniques such as
thin film production, template moulding, injection
moulding, and blowing processes [3]. The development
of liquid precursors was primarily motivated by the
need for ceramic fibres manufactured through melt spin-
ning, dry spinning or electrospinning; today these fibres
are sought after for their reinforcement capabilities in
composites and felts [9,10]. Recently, liquid precursors
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Figure 1. Polymer Derived Ceramic manufacture process involving Direct Ink Writing (DIW). (a) An overview of the manufacturing
process and the four steps involved. Reproduced under terms of the CC-BY license [3]. (b) An example of the DIW shaping
process for PDCs. Reproduced with permission [4]. Copyright 2015, Wiley. (c) A body as printed from the DIW process, (d) A crosslinked
or green body, and (e) A pyrolyzed ceramic body. Reproduced with permission [5]. Copyright 2016, Journal of the European Ceramic

Society.

have been integrated into additive manufacturing (AM)
techniques for vat polymerisation methods such as
stereolithography and digital light processing, and
additionally for fused deposition modelling, direct ink
writing, and binder jetting. These methods enable the
fabrication of complex structures that would otherwise
be unattainable, making this a key area of ongoing and
future research [11,12].

Once the structure is formed, the preceramic polymer
precursor undergoes a curing process, which typically
involves heat treatment to establish crosslinking bonds,
transforming the material into a rigid green body. In
cases where the material is sufficiently transparent, UV
light can also be employed to induce crosslinking, a step
that can be integrated into the forming process in
certain AM techniques [13-16]. The thermal curing
process generally occurs below the polymer’s degradation
temperature and can be accelerated with the use of a

catalyst [17]. Pyrolysis, or ceramization, transforms the pre-
ceramic polymer into a ceramic by subjecting the green
body to elevated temperatures - typically between 800°
C and 1800°C - under an active or inert atmosphere.
During this process, volatile components such as -CHs
and -H are released as gaseous byproducts, leaving
behind an inorganic ceramic structure. However, the
removal of these volatiles can introduce challenges,
including shrinkage, thermal stresses that may lead to
cracking, and occasionally, undesired porosity in the final
ceramic [18-20]. Minimising these effects is essential to
ensure the production of precise, high-quality structures
that meet the requirements of their intended applications.
Such applications have included structural components in
the form of ceramic fibres for use as reinforcement of com-
posites [9,21,22]; ceramic matrix composites for the auto-
motive and aerospace industries [23-25]; coatings
[18,26]; joints [27,28];biomedical devices [29]; and as



components in sensors [3,13,30], batteries [31-35], and
electromagnetic wave absorbers [36-38].

1.2. What is direct ink writing (DIW)?

Owing to their numerous advantages, PDCs have emerged
as a highly promising material system for AM applications
[39]. AM utilises digital 3D design data to build com-
ponents layer by layer, facilitating the creation of custo-
mised functional architectures with adjustable chemical
compositions at the micro- and molecular scales [11,40].
The AM processes applied to PDCs encompass a range of
techniques, including Direct Ink Writing (DIW).

DIW, also referred to as robocasting, involves the
extrusion and deposition of a viscous ink or paste con-
taining fine solid particles onto a substrate under
applied pressure, enabling the fabrication of three-
dimensional structures. DIW offers several advantages,
including cost-effectiveness, faster printing speeds com-
pared to vat-polymerisation methods such as stereo-
lithography and two-photon polymerisation of
materials with similar material loading compositions, a
wide printing area, and a simple printing setup,
making it a highly appealing choice for diverse appli-
cations [11,41]. However, the successful fabrication of
desired shapes using DIW is highly dependent on the
rheological properties of the ceramic ink. These proper-
ties must meet specific criteria, including appropriate
yield stress, storage modulus, viscosity, and elasticity,
to ensure optimal performance during the printing
process [11,39]. Despite these challenges, DIW has
gained increasing popularity in the field of ceramic print-
ing. Its versatility has been demonstrated through the
production of a wide array of structures, such as mag-
netic separation tools [13], electrodes [42], composite
structures [43], bioengineering constructs [44], and com-
ponents resistant to high temperatures and corrosion
[45]. PDC components fabricated through DIW are uti-
lised across a wide range of sectors, including aerospace,
electronics, biomedical engineering, chemical proces-
sing, and environmental engineering. This integration
offers remarkable opportunities for the additive manu-
facturing of ceramic-based components, characterised
by their tailored properties, complex geometries, and
superior performance. Such advancements are driving
innovation and fostering technological progress across
numerous industries [11,13,39,42-45].

1.3. Methods for direct ink writing of polymer-
derived ceramics

Optimising the rheological properties of PDC-derived
inks for DIW presents a considerable challenge. PDC
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precursors frequently lack the rheological characteristics
required to maintain shape fidelity after extrusion in the
DIW process. Additionally, in some instances, they may
fail to meet the specific mechanical, electronic, or
thermal performance criteria needed for particular appli-
cations [46]. To overcome these challenges, the incor-
poration of rheological modifiers, or ‘fillers’, plays a
vital role in maintaining the shape fidelity of extruded
inks. The choice of these modifiers is carefully tailored
to the desired composition and application of the final
ceramic product, ranging from solid ceramic materials
for mechanical reinforcement [47,48] to polymers for
biologically-inspired materials [49].

The behaviour of individual filler materials can signifi-
cantly vary during heat treatment, impacting the final
properties of the printed part. Some fillers remain chemi-
cally inert, while others may react with PDC precursors or
decompose, leaving the ceramic composition
unchanged. These effects are influenced by the selected
PDC precursor, heat treatment parameters, and the
process duration and atmosphere. Furthermore, fillers
can impart beneficial functional properties to the final
ceramic that are not inherent to the original PDC. For
instance, Shibuya et al. demonstrated that incorporating
vapour-grown carbon fibres enhances the electrical con-
ductivity of porous silicon oxycarbide ceramics while
simultaneously providing mechanical reinforcement
[50]. Alternatively, functional properties can be achieved
through the chemical modification of PDCs during heat
treatment, facilitating the production of ceramics with
enhanced high-temperature stability [51]. The wide
range of applications, techniques for modifying PDCs,
and the variety of fillers constitute a dynamic area of
research that has been extensively explored in the exist-
ing literature [51-53].

1.4. Contents of this review

This review is intended to provide an overview of the
state of the art in the field of DIW as a manufacturing
method for precursor-based ceramics. To this end, the
fundamental aspects of PDCs will be highlighted, includ-
ing an overview of the types of ceramics that have been
produced through precursor methods, crosslinking
methods for these materials, the importance and effect
of pyrolysis on the ceramic product, and an overview
of the current applications for PDCs, independent of
manufacturing method. Following this section, the
current status of DIW will be analyzed, providing a com-
parison of this AM method to other existing methods
specifically used for shaping PDCs, and explaining the
fundamental properties that are critical for developing
PDC feedstock inks. Finally, the current state-of-the-art
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in DIW of PDCs utilising fillers as modifiers to achieve
printability will be discussed, including the different
types of fillers that can be added and the effect of
these fillers on the printability and ceramic product.
Finally, the future work in this field will be summarised.

2. Polymer-derived ceramics

Although a relatively recent innovation, PDCs offer dis-
tinct advantages over traditional metals in several critical
areas. One of their standout benefits is exceptional
design flexibility, enabling the fabrication of complex
geometries that are unattainable with conventional
metals or ceramic sintering techniques. This flexibility
extends to their properties, which can be precisely tai-
lored to meet specific application requirements. PDCs
also feature a significantly lower density and weight
than their metallic counterparts, making them highly
desirable for applications where weight reduction is a
priority. Furthermore, their production, particularly for
intricate shapes and small-scale manufacturing, is more
cost-effective than traditional metal fabrication, provid-
ing an economically attractive alternative. In addition
to these benefits, PDCs exhibit excellent chemical resist-
ance and biocompatibility, making them well-suited for
sensitive applications across a range of industries [54].

2.1. Types of PDCs

PDCs can be classified based on their precursors and the
desired composition following pyrolysis, with increasing
specificity as additional criteria are applied. At the broad-
est level, PDC precursors are categorised into silicon-
containing polymers and non-silicon-containing poly-
mers [55]. Silicon-containing polymers - organosilicon
polymers illustrated in Figure 2 - are further classified
based on their compositional elements and the resulting
structures formed after pyrolysis. The resulting polymer-
derived ceramics are categorised as binary, ternary, qua-
ternary, or higher-order systems, depending on the
number of constituent elements incorporated [3]. Non-
silicon-based ceramics, such as AIN, BN, and Ti-ceramics,
just to name a few, have also been fabricated in binary
and ternary forms using polymer precursors, employing
a variety of specialised processing techniques [56].

2.1.1. Binary ceramics

Binary PDCs produce ceramics composed of two
elemental components, most commonly silicon paired
with carbon or nitrogen, although binary non-silicon cer-
amics are not restricted to these elements. Prominent
examples of silicon-based PDCs include silicon carbide
(SiC) and silicon nitride (SisN,). SiC is commonly

synthesised from polysilanes or polycarbosilanes (PCSs)
with the basic structure shown in Figure 3(a), with the
choice of precursor determined by the specific manufac-
turing process and the desired properties of the final
product [9]. Recent advancements in commercial poly-
carbosilanes have significantly improved the feasibility
of fabricating near-stoichiometric SiC ceramics using
PDC methods [57]. The desirable properties of SiC cer-
amics, such as exceptional wear resistance and thermal
stability, make them highly attractive for manufacturing
[11,58]. Precursor polymers for SiC were first developed
in the 1970s to produce high-quality SiC fibres for use
as reinforcing materials in composites. Polycarbosilanes
synthesised from dimethylchlorosilane historically
yielded a viscous liquid that could be spun and dried
to form SiC fibres, in a form pictured in Figure 3(b) [9].
Zunjarrao et al. observed that bulk SiC fabricated from
commercially available PCS exhibits an amorphous
structure upon initial pyrolysis at temperatures of at
least 900°C, even after a 4-hour hold, with only a few
small crystalline SiC domains present. The crystallinity
of the bulk SiC structures increased with increasing
pyrolysis temperatures. Intermediate microstructures
annealed at elevated temperatures displayed amor-
phous regions surrounding crystalline SiC tetrahedral
structures, which expanded further at annealing temp-
eratures up to 1650°C, generating large and distinct crys-
talline domains appearing in Figure 3(e). Under
optimised pyrolysis conditions — 1150°C with a 1-hour
hold - the average crystalline size was approximately
3nm [57]. Thin layers, such as coatings applied
through spin or dip coating methods, exhibit microstruc-
tures similar to those of bulk SiC. At low pyrolysis temp-
eratures, the microstructure consists predominantly of
amorphous SiC, with occasional domains of free
silicon. These silicon domains result from the rapid
effusion of gaseous organic compounds during initial
pyrolysis, which diminishes as the process progresses
[59]. The microstructure of fibrous SiC produced
through the melt-spinning of preceramic polymers is
influenced by the precursor type and grade. Ceramic-
grade Nicalon fibres, derived from melt-spun polymer
precursors, exhibit a significant presence of [-SiC,
along with some a-SiC domains and crystalline regions
concentrated on the fibre surface. Heat treatment pro-
motes growth in the size of the a-SiC particles. In con-
trast, standard-grade SiC fibres produced using the
same process contain lower amounts of 3-SiC and tran-
sition to nearly pure a-SiC upon heat treatment [60].
Innovative heating methods for curing and pyrolysis
have been explored to reduce the lengthy production
times associated with SiC ceramics. Microwave heating
has demonstrated the ability to uniformly increase the
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ternary, and quaternary ceramics are shown, based on the precursor organosilicon that generated them. Reproduced under terms of

the CC-BY license [2]. Copyright 2015, Mera, G. et al, MDPI.

temperature of preceramic materials, ensuring complete
curing and resulting in reduced mass loss during pyrol-
ysis. However, this approach requires the incorporation
of microwave absorbers, such as carbon nanotubes,
which have been shown to be highly effective when
used with the commercial polycarbosilane precursor
SMP-10 [61]. Photothermal heating using a Xenon flash
lamp was employed to heat a cured commercial precera-
mic in incremental stages. Following the initial exposure,
the absorbed energy raised the material’s temperature
to 1100°C, which then cooled to 75°C within a minute
through conduction to the substrate. Subsequent
exposures progressively increased the temperature,
reaching a peak of 1360°C, with reduced temperature
decay after each cycle. These brief, high-intensity
exposures facilitated the transformation of the polymer
into SiC ceramics with crystalline domains while mini-
mising oxidation due to the short heating durations,
resulting in purer ceramic materials [62].

SisN, is synthesised from polysilazanes or other low-
carbon organosilicon polymers under inert nitrogen or
ammonia atmospheres — conditions that promote the
removal of carbon and oxygen from the polymer and
enable its conversion into SisN, crystalline structures.
In contrast, this transformation does not occur in
argon atmospheres, which instead causes the formation
of silicon carbonitride (SiCN) [63-65]. An alternative

approach to producing SisN4 from polymer precursors
involves the decomposition and crystallization of SiCN
at elevated temperatures, resulting in a more thermally
stable and crystalline form of SisN4. Bao et al. investi-
gated several types of polycyclodisilazane as precursor
polymers for this process, employing three distinct reac-
tion methods to achieve variations in the polymer struc-
ture and molecular weight. The pyrolytic yield from
these methods was significantly affected by the molecu-
lar weight and the presence of Si-H and N-H reactive
groups. Polymers with higher molecular weights and a
higher number of reactive groups exhibited increased
ceramic yields and produced greater amounts of SisN,4
[66]. Structurally, SisN, exhibits trends similar to those
of SiC ceramics. At low pyrolysis temperatures, SisN,4
remains predominantly amorphous, with only small crys-
talline Si-N domains present. The amorphous structure
typically persists up to approximately 1200°C, after
which crystalline SisN, domains begin to form in
greater quantities and continue to grow until the temp-
erature reaches 1600-1700°C. At these elevated temp-
eratures, the structure transitions entirely to crystalline
SizsN4, with no amorphous phase remaining. However,
the complete removal of carbon is challenging, leading
to the retention of small amounts of B-SiC in crystalline
form within the structure, even after further heat treat-
ments [63,66]. This residual carbon complicates the
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Figure 3. (a) Structure of polymers that generate SiC. (b) Organosilicon fibres in spun form. (c) SiC fibres as pyrolyzed from spun
organosilicon. Reproduced with permission [9]. Copyright 1975, The Chemical Society of Japan. (d) TEM image of microstructure
of SiC pyrolyzed at 900°C revealing amorphous regions, (€) TEM image of microstructure of SiC pyrolyzed at 1650°C revealing
large crystalline regions. Reproduced with permission [57]. Copyright 2013, The American Ceramic Society.

production of pure, homogeneous SisN,. However, its
exceptional oxidation resistance and ability to maintain
high mechanical performance at elevated temperatures
make it a highly desirable material for manufacturing
applications [66].

2.1.2. Ternary ceramics

Ternary PDCs produce ceramics composed of three
primary elements, with silicon as the dominant com-
ponent, typically combined with oxygen, carbon, or
nitrogen. Various polymer precursors have been devel-
oped in stoichiometric or near-stoichiometric ratios to
fabricate silicon oxycarbide (SiOC) and silicon carboni-
tride (SiCN) ceramics. SiOC ceramics can be synthesised
using a wide range of silicon-based polymers, including
polysiloxanes, polysilsesquioxanes, and polycarbosi-
lanes, many of which are commercially available and
have been extensively evaluated. The phases present
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for SiOC and other ternary ceramics consists of tetrahe-
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elements — carbon and oxygen — while excluding Si-Si,
C-C, and O-O bonds. Experimentally, however, this
ideal crystalline structure has not been achieved, as
SiOC remains amorphous when pyrolyzed below 1100°
C. Consequently, two alternative approaches to define
the phase diagram have been proposed [68,69]. The
first defined structure consists of SiC,0,(1 domains,
based on a combination of SiO, and SiC tetrahedra.
The second and more widely observed phase domain
consists of amorphous SiO,C,4, where x = 1-3, resulting
in mixed SiOC; SiO,C,, SiO3C, and free carbon sp2
bonds that depend on the amount of carbon in the pre-
cursor and the pyrolysis conditions; this amorphous
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structure is demonstrated in Figure 4 [69,70]. The carbon
composition and phase play critical roles in determining
the thermal and electrical properties of SiOC ceramics,
which are directly influenced by the choice of polymer
precursor. An increase in the sp?bonded carbon
content enhances the thermal stability by improving
the resistance to crystallization and suppressing the car-
bothermal reactions that lead to oxidation. Additionally,
it modifies the viscoelastic behaviour of the material and
increases the specific surface area of the carbon-rich
regions [68,71]. An increase in the free carbon content,
caused by changes in the environment or the precursor,
also decreases the electrical resistivity of the ceramic,
producing more conductive materials that could have
unique applications in electronics [72]. Upon crystalliza-
tion, SiOC ceramics split into distinct phases consisting
of B-SiC embedded in amorphous SiO, domains. This
crystallization effect occurs at lower annealing tempera-
tures as compared to other ternary and quaternary cer-
amics, but also serves to increase the number of
conductive domains [72,73]. Photothermal heating sig-
nificantly reduces the pyrolysis time and produces
samples lacking SiO, domains, suggesting diminished
oxidation that enhances thermal resistance. This
reduction in oxidation positively affects the electrical
properties, making this pyrolysis approach beneficial
for enhancing SiOC ceramics’ electrical characteristics
for supercapacitors and improving thermal properties
for coatings [62].

SiCN ceramics are produced using Si-based polymers
that include silicon (Si), carbon (C), nitrogen (N), and
hydrogen (H) in diverse structural forms. Predominantly,
these polymers are polyvinylsilazanes, along with their
cyclic or linear variants, or polysilylcarbodiimides. The
pyrolysis of these polymer species yields SiCN ceramics;
however, the resulting microstructure varies depending
on the specific type of polymer used [8,65,671. Polyvinyl-
silazanes are one of the most commercialised polymer
precursors for producing SiCN ceramics, with a wide
range of options available that typically differ in the
ratio of Si-vinyl and Si-CH3 bonding that is in the com-
pound [74,75]. Vinyl-precursors yield a distinct micro-
structure within the SiCN ceramics that favours the
creation of single-phase amorphous SiC,N, where x +
y=4 and Si atoms are bonded to C, N, and free carbon
that is sp2 bonded [8,67,76,77]. As compared to vinyl-
precursors, polysilylcarbodiimides form a different,
three-phase amorphous system due to the nature of
the C-N bonds in the polymer, although they are still
considered as SiCN precursors. The three-phase system
formed by polysilylcarbodiimides is composed of
mostly SisN, clusters, dispersed with a-SiC and free
carbon clusters that do not contain any mixed bonds
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[67,68]. These two different phase structures are com-
pared in Figure 4. The impact of differing phase struc-
tures on the properties of SiCN ceramics has not been
extensively explored in direct comparisons, largely due
to the challenge of correlating properties with phase
composition due to its complexity. The formation of
crystalline structures in the pyrolyzed ceramic, along
with its thermal stability and electrical properties, are
significantly influenced by the phase composition,
making these characteristics most susceptible to altera-
tion [68]. The crystallization of SiCN ceramics by pyrolysis
at higher temperatures results in greater phase separ-
ation and increases the amount of B-SiC as the major
crystalline phase. Crystallization of these ceramics
leads to higher electrical conductivity, an effect that is
shared with carbon-rich SiC ceramics [78]. The mechan-
ical properties and thermal stability of SiCN ceramics are
improved by the presence of fillers, which can reinforce
the microstructure and has the additional effect of allow-
ing several different manufacturing methods, including
additive manufacturing [56,79-82].

2.1.3. Quaternary ceramics
Quaternary PDCs produce Si-based ceramics composed
of four elemental components, typically including
silicon along with boron, carbon, nitrogen, oxygen, or
aluminum, although other elements may also be incor-
porated. Ceramics with the general structure SiIMCN or
SiMCO, where M represents boron, aluminum, or a tran-
sition metal, are particularly desirable for their excep-
tional performance under extreme conditions and their
distinctive electrical and magnetic properties [11,58,82].
The production of silicon oxycarbonitride (SiCNO) cer-
amics is relatively straightforward among quaternary
ceramics, as they do not require any extra elements
beyond those found in commonly accessible precursors.
Historically, SiCNO has been formed by curing polycar-
bosilazane precursors under oxygen or water vapour
to introduce oxygen into the cured body, then pyrolyzed
them under inert atmospheres into bulk or fibre forms.
The microstructure from this process is amorphous
when pyrolyzed below 1400°C under both nitrogen
and argon atmospheres. Crystallization of this precursor
was noted to begin between 1400 and 1600°C, depend-
ing on the atmosphere type, with the mechanical and
semiconductive properties heavily dependent on the
crystalline state of the product [83]. Ryu et al. extended
this work, determining that the N/O ratio had the largest
effect on the resistivity of SICNO manufactured with a
polysilazane precursor, and confirmed that the amor-
phous ceramic is a semiconductor until 1300°C [84].
Yang et al. developed a method to produce SiCNO 1D
nanofibers using a composite polysiloxane precursor



8 V. BISHOP ET AL.

with urea acting as both the nitrogen source and a criti-
cal component in fibre formation, producing fibres with
an amorphous microstructure and high surface area [85].
Polysilazane precursors have also been used to yield
amorphous SiCNO nanoparticles with mixed structures
containing SisN,4, SiO,, and graphitic carbon with a
chemical and electrical properties acceptable for use in
energy storage devices [31]. In bulk structures, the
mixed bonding present in SiN,C4, and SiO,C4, has
been noted to enhance structural stabilisation as com-
pared to SiOC ternary ceramics. Despite this, the antici-
pated temperature stability of these quaternary
ceramics is comparable to that of SiOC and SiCN cer-
amics, likely due to the mixed microstructure they
exhibit [75]. Copolymer processes using polysilazane
and polysiloxane precursors have also been recently
developed to modify the N/O ratios to determine
specific properties and tailor the viscosity more effec-
tively for 3D printing processes, albeit with a low
ceramic yield [41].

Silicon boron oxycarbide (SiBCO) and silicon boron
carbonitride (SiBCN) stand out as particularly promising
silicon-based PDCs for high-temperature applications.
They are capable of performing without decomposition,
serving as environmental protection materials at temp-
eratures up to 2000°C [23,77,82,86,87]. The manufactur-
ing of PDCs that contain boron has traditionally been
achieved through two primary methods: the first
method involves the copolymerisation of monomers
that already contain the necessary boron element; the
second method uses single-source precursors to
develop specialised compounds such as borazines, poly-
borosilazanes, and polyborosilylcarbodiimides [86,88].
The copolymerisation of monomers that contain the
necessary components for the desired ceramic is a
simple method to obtain the necessary precursors;
however, precursors developed in this way tend to
decompose into binary parts from the mixed monomers,
lowering the performance at high temperatures [88].
The concept of modifying established polysiloxanes
and polysilazanes to create polyborosiloxanes or poly-
borosilazanes has gained traction, particularly given
the availability of commercial precursors. The process
yields more homogenous microstructures with
improved thermal stability and associated properties,
as outlined in existing studies [86,88,89]. The structure
of the SiBCO/SiBCN(O) ceramics generally remains
amorphous until heat treatment at 1400°C, at which
point 3-SiC and SiO, begin to form. Prior to the onset
of crystallization, the structure contains mixed tetrahe-
dral units of SiC,N4, and SiC,O,, accompanied by
mixed B-N-O and B-N bonding, with the amount of O,
in the system decreasing above 1600°C due to the

carbothermal reaction resulting in crystallization. This
system is still incredibly stable, showing little to no
decomposition in air or argon when exposed to tempera-
tures of 1580°C [87]. Ideal SiBCN ceramics that do not
contain elemental oxygen defects are more thermally
stable when they are composed of mixed SiC-C-BN
phases, but realistically, the microstructure falls within
the potential four-phase domain illustrated in Figure 5.
These phases are most likely organised into amorphous
Si-C-N domains that have similar structures to those of
the SiCN phases, with inclusions of B-C-N domains of
intercalating carbon and boron nitride that impede the
decomposition of the Si-N component [77,86]. The
onset of the crystalline structures in SiBCN is counter-
acted by the incorporation of boron, increasing the stab-
ility of the structure in air and the resistance to oxidation
at high temperature, like emphasised in Figure 5 [86]. The
incorporation of boron acts to restrict the mobility of the
grain boundaries, thereby suppressing crystallization.
The effectiveness of this process is dependent on the
concentration of boron within the material [90].

Silicon aluminum oxycarbide (SiAICO) and silicon
aluminum carbonitride (SiAICN) share many similarities
in terms of their synthesis to boron-containing quatern-
ary ceramics. The inclusion of aluminum in SiAICN
enhances its corrosion and oxidation resistance com-
pared to SiCN and SiBCN by reducing oxygen diffusion
under oxidative conditions, thereby limiting the for-
mation of SiO, inclusions. These inclusions can also
cause the growth of Al,O3 phases that increase the
thermal stability of the ceramic [91,92]. SiAICN has excel-
lent electrical properties at high temperature, and has
been shown to maintain semiconductive properties
between 650 and 900°C [93]. Liu et al. have demon-
strated that the material exhibits elevated dielectric con-
stants at increased temperatures, noting that both the
AC conductivity and dielectric constant rise in conjunc-
tion with the pyrolysis temperature and as the free
carbon content diminishes [94]. SIAICN and SiAICO cer-
amics can be manufactured by employing analogous
methods used for quaternary materials containing
boron, typically through the synthesis of polyaluminasi-
lazanes or polyaluminasiloxanes. This is often achieved
by reacting an existing polymer with an aluminum-con-
taining compound [69,95]. Initially pyrolyzed into an
amorphous state, SIAICN contains mixed SiCN,4
bonds, with increasing Al content favouring nitrogen
rich SiICN3 units, interacting with AIN, (y=4,6) units
and reduced free carbon phases [95]. The SiAICO struc-
tures are similar in that they contain mixed SiC,04
phases, but Al shows increased bonding to Si-O struc-
tures and thermally favourable AlO, units. Bik et al.
reported that AI** cations also influence phase evolution
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Figure 5. Composition, structure, and oxidation resistance of SiBCN ceramics. (a—d) manufacture of SiBCN ceramics, (a) Composition of
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behaviour of SiBCN at 1400°C in air over 50 h. Reproduced with permission [86]. Copyright 2006, The Ceramic Society of Japan.

during the pyrolysis of SiAICO. The polymer was
observed to have less violent mass loss during pyrolysis,
which resulted in homogenous structures with a
reduced carbon content that is otherwise present in
the SiOC and improved the thermal behaviour in the
intermediate stages [69].

2.1.4. Non-silicon-based ceramics

PDCs have also been manufactured with non-silicon-
based polymers, yielding a range of ceramic structures
that include boron-nitride and aluminum nitride binary
ceramics, as well as transition metal nitrides, carbides,
and borides [26,56]. Boron Nitride (BN) ceramics have
been developed from preceramic polymers based on
borazine/polyborazylene and B-trichloro-/B-tri(methyla-
mino)-Borazine/Poly[B-tri(methylamino)borazine]  pre-
cursors. Generally, polymers derived from borazine, i.e.
polyborazylene, are useful for creating monolithic

structures using polymer forming methods that have a
high ceramic yield but have a turbostratic morphology
that results in brittle monoliths, although it can also be
useful for infiltration methods that generate composites
and nanotubes as highlighted in Figure 6(a). In contrast,
poly[B-tri(methylamino)borazine] precursors, and their
related polymers like poly(alkylamino)borazine, are
excellent for melt spinning BN fibres due to their
melt-processability [96-98]. Polyborazine is a highly
adaptable polymer that can be manufactured from the
reaction between ammonium sulphate ((NH,),50,4) and
sodium borohydride (NaBH,) following distillation and
polycondensation. Matsoso et al. evaluated three
different methods of processing for this product with
the goal of obtaining hexagonal-BN (h-BN). Polyborazine
can be pyrolyzed directly under inert atmosphere at
1400°C to yield amorphous BN structures, or with the
addition of a crystallization agent, LisN, it can yield a
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mixture of h-BN and rhombohedral BN. Preference to
produce h-BN can be increased by combining the precera-
mic precursor with gas pressure sintering methods, yield-
ing a significant amount of h-BN that can be
manufactured into BN nanosheets. The last approach
involves atomic layer deposition (ALD), a straightforward
technique that entails depositing a preceramic polymer
followed by its transformation into dense boron nitride
(BN) via thermal processing. ALD results in amorphous, tur-
bostratic, or h-BN films depending on the substrate
material, with the potential for use with templates to gen-
erate complex structures [21]. Recently, BN fibres have
been manufactured from poly[tris(methylamino)borane]
(PTMB) to yield BN fibres with mixed amorphous and una-
ligned h-BN microstructures following melt-spinning and
pyrolysis with microstructures displayed in Figure 6(b
and ¢). The alignment of the h-BN grains to radial micro-
structures through thermal treatment and stretching
increased the Young’s modulus and the tensile strength
of the fibres [63]. BN ceramics manufactured with precera-
mic polymers are electrical insulators with low wettability
and are capable of acting as high hardness coatings, being
the second hardest material behind diamond, and in fibre
form as reinforcing materials in composites due to high
young'’s modulus and tensile strength [63,96,99,100].
Aluminum Nitride (AIN) ceramics obtained through
precursor methods were initially developed during the

second world war through the reaction of trimethyl
aluminum with ammonia, creating an intermediate
polymer material that was converted to AIN during
heating [101]. Traditional methods of manufacturing
AIN include high temperature and high-pressure
powder sintering, carbothermal reduction reactions,
and chemical vapour deposition [101,102]. More
advanced precursor methods are required to produce
high purity AIN due to its favourable properties; AIN is
a chemically resistant ceramic with a large bandgap,
high thermal conductivity, and piezoresistivity, which
make it appropriate for a range of structural and electri-
cal applications [101-104]. Current research has focused
on developing polymer precursors that result in high
purity AIN with few carbon and oxygen inclusions and
defects. Liquid or solid precursors for AIN ceramics
include poly[N-(alkylimino)alanes] or poly[N-(methyla-
mino)alanes] which are manufactured using different
processes. Liquid precursors such as poly[N-(alkylimi-
no)alanes] are useful for dip coating substrates, although
the ceramic yield of this polymer can be low depending
on the alkyl chain length. For example, liquid poly[N-
(isopropylimino)alane] was used to prepare 1D AIN
nanostructures by infiltrating a template, the resulting
1D ceramic formed w-AIN nanorods pictured in Figure
7(a) as defined by the template [104]. Shimokawa et al.
developed a liquid precursor from the reaction of



bis(trimethylsilyl)carbodiimide and aluminum tri-chlor-
ide. The pyrolyzed product had an amorphous micro-
structure until 800°C, after which point the hexagonal
AIN diffraction peaks were observed under XRD,
although with a ceramic yield of only ~20%. The
ceramic yield and purity of the sample were improved
by increasing the synthesis temperature of the
polymer and increasing the amount of crosslinking,
raising the ceramic yield to ~35%. Heat treatments up
to 1800°C improved the purity of the sample and
increased the AIN crystallinity [105]. Recently, research-
ers have attempted to simplify the reaction components,
identifying the reaction between metal chlorides and
hexamethyldisilazane (HMDS) as a sufficient precursor
source for not only AIN, but also other transition metal
nitride precursors through the pathways outlined in
Figure 7(b). The products of this reaction and pyrolysis
at temperatures between 800 and 1200°C yielded amor-
phous ceramics with mixed a-Al,05 regions; at higher
pyrolysis temperatures (~1600°C) the ceramic was a
mixture of a-Al,0; and AIN phases. Other metal chlor-
ides reacted with HMDS, yielding precursors that could
potentially be applied for gas phase deposition pro-
cesses [106].

Titanium nitride (TiN), carbide (TiC), boride (TiB,), and
carbonitride (TiCN) are also among the non-silicon cer-
amics that can be produced from polymer precursors.
Traditional methods for producing Ti-based ceramics
typically involve high-temperature processes. These
methods, while effective for creating limited but ther-
mally stable and hard ceramics, are generally not favour-
able for producing fibrous materials [107,108]. The most
straightforward methods of producing transition metal
ceramics rely on well-developed reactions, such as the
reduction of transition metal oxides with boron
carbide (BC) and carbon, where the transition metal
compound acts as an active filler to produce the
desired ceramics. Utilising a precursor for BC, mixed
with some amount of a transition metal oxide, high
purity TiB, or ZrB, could be produced, potentially as a
protective coating, albeit with low ceramic yield and
formability [109]. A similar reaction also allows for the
production of transition metal carbides and nitrides.
Keller et al. utilised a carbon-based polymer, 1,2,4,5-tet-
rakis(phenylethnyl)benzene (TPEB), and TiH, mixture
that could be pyrolyzed to form TiC or TiN nanoparticles.
In this process, the polymer precursor acts a matrix and
as a carbon source for the Ti to form TiC. Under nitrogen
atmospheres, TiN is preferentially produced, although
this method only produces nanoparticles regardless of
the reactant ratios [107]. This method has also been
used to produce a significant number of other Ti-
based ceramics, that are not as formable as single
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source precursors, but are simplistic and have interest-
ing electrical properties [110,111]. Single source precur-
sors are also being developed to allow for the formation
of more structures such as fibres and dense monoliths.
The simplest single source polymers that can be decom-
posed into TiN are titanium amides, which provide TiN
and organic products with low ceramic yields. Titanium
nitride precursors with higher molecular weights
derived from diamines produce high ceramic yields
and, in the case of precursors containing more elemental
carbon, potentially TiCN ceramics [112]. Polytitanosila-
zanes, synthesised through the reaction of polysilazanes
and titanium amides, are desirable because they can be
processed through melt spinning into fibrous forms or
made into dense monoliths, yielding TiN/SizN, compo-
sites. The ceramic yield of mixed composites, although
no longer pure, is higher than that of other single
source precursors, but further work is required to
develop improved precursors and ceramic products
[113].

Further non-silicon ceramics that have been gener-
ated through polymer-precursor methods have included
other high-entropy or ultra-high temperature ceramics
(UHTCs) based on zirconium, hafnium, and niobium pre-
cursors [114,115]. Fabricating UHTCs through the
polymer precursor method is attractive due to the
reduced temperatures that are required, the polymer
forming methods that are available, and the high
control over the composition [115,116]. In particular,
UHTCs are desired for their mechanical, chemical, and
thermal properties; UHTCs have high melting points,
high hardness, resistance to ablation, corrosion, and
wear, thermal and electrical conductivity, and very
good thermos-mechanical and thermos-chemical prop-
erties [116,117]. A common synthesis reaction utilised
to obtain high-entropy carbides such as ZrC, HfC, and
NiC is the polymerisation of MCl (M =Zr, Hf, Ni, etc)
with a carbon source and chelating agent, involving a
replacement reaction, a chelation reaction, and polycon-
densation [114,116,118-120]. This type of reaction is
favourable due to the ability to electrospin the product
into fibres, or to use as a component in composites
[119]. The ceramic yield of such precursors, however, is
very low, and high heat treatment temperatures are
required to obtain crystalline products [116]. Further
work is required to increase the yield of these precursors
and to integrate them with AM methods.

2.2. Crosslinking and pyrolysis

2.2.1. Crosslinking of precursors
The crosslinking reaction during the curing process dic-
tates many properties in the pyrolyzed ceramic such as
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Figure 7. Potential of AIN ceramic through precursor or PDC methods. (a) AIN aligned nanorods generated by infiltration of template
with poly[N-(isopropylimino)alane]. Reproduced with permission [104]. Copyright 2009, Elsevier. (b) Thermal decomposition pathways
for transition metal PDC precursors. Reproduced with permission [106]. Copyright 2021, Wiley.

the converted mass and density, and higher degrees of
crosslinking can also reduce the amount of fracture fol-
lowing pyrolysis [56,121]. These reactions vary depend-
ing on the polymer base and chain structure, altering
for ring-like molecules versus chains [19]. The mechan-
isms for this process can be analyzed using a battery
of tests that include combined Thermogravimetric-
Fourier Infrared Transform (TG-FTIR) and Nuclear Mag-
netic Resonance (NMR) that reveal the types of bonds
in the crosslinked polymer, and the groups released
during the process [122]. The crosslinked polymer itself
can be suitable for many applications depending on
the mechanical properties, which are dependent on
the crosslink density (the number of cross-links per
unit volume in a polymer network).

2.2.1.1. Catalysts. To accelerate the crosslinking process,
catalysts are frequently added to the formulations. When
curing preceramic polymers such as polymethylhydrosi-
loxane (PMHS) and polymethylvinylsiloxane (PMVS), met-
allic catalysts such as Karstedt's catalyst and non-metallic
catalysts in the form of peroxides are generally used. The
cured product, a silicone rubber can have visual mechan-
ical defects such as bubbles and cracks when Karstedt's
catalyst is used. To reduce these defects, Derbin et al. pro-
vides an alternative, cis-[PtCl,(BNnCN),] [123]. The same
group also worked on alternative non-metal catalysts,
since peroxide-based catalysts such as dicumyl peroxide
(DCP) require high temperatures for the crosslinking to

begin. These catalysts also induce the formation of
gaseous byproducts during the reaction, which can lead
to change in dimension when used in additive manufac-
turing applications. They reported catalysts based on
diazo compounds such azobisisobutyronitrile (AIBN) for
the crosslinking of PMHS and PMVS [124].

Reschke and colleagues investigated the rheological
properties and crosslinking dynamics of a low-viscosity
SiOC preceramic polymer blend, comprising poly(-
methoxymethyl)siloxane, a low-chain-length hydroxy-
terminated linear polysiloxane (silicone oil) with a com-
parable viscosity, and a tin catalyst (bis-2-ethylhexanoa-
tetin). The rheological behaviour of this preceramic
polymer is significantly influenced by the concentration
of the tin catalyst. At lower catalyst concentrations, the
system exhibits Newtonian flow behaviour, transitioning
to shear-thinning flow behaviour at higher catalyst con-
centrations. This transition is attributed to the formation
of crosslinks between poly(methoxymethyl)siloxane and
hydroxy-terminated linear polysiloxane, which increases
the system’s viscosity and makes it more prone to shear.
The crosslinking process in the preceramic polymer
system is catalyzed by the tin catalyst. The reaction pro-
ceeds through the hydrolysis of methoxymethyl groups
on poly(methoxymethyl)siloxane, followed by the con-
densation of resulting hydroxyl groups with those on
hydroxy-terminated linear polysiloxane. As a result, vis-
cosity increases and gelation time decreases. The
system viscosity increases proportionally with increasing



catalyst concentration, indicating increased crosslink for-
mation between poly(methoxymethyl)siloxane and
hydroxy-terminated linear polysiloxane. Ultimately,
fine-tuning the tin catalyst concentration has emerged
as a pivotal strategy for manipulating the rheological
attributes and crosslinking tendencies of this low-vis-
cosity SiOC preceramic polymer system [17].

UV sensitive catalysts result in polymers that can
crosslink under exposure to UV light, as opposed to
thermal conditions. The use of UV catalysts results in
highly selective, nearly instantaneous curing of the
appropriate polymer, which can be appropriate for coat-
ings or microelectromechanical systems (MEMS) devices
[125]. These catalysts promote crosslinking through two
mechanisms: radical polymerisation and cationic poly-
merisation, which are separated on the basis of which
polymer or catalyst is exposed to UV light [126]. These
catalysts have been used extensively in vat polymeris-
ation printing methods, such as digital light processing
and stereolithography of PDCs, as well as for direct ink
writing thin films, and bulk precursors [11,31,58]. Wei
et al. paired with UV curing with DIW processes, disco-
vering that UV curing can be used with reduced fillers
to print inks that lack the appropriate shear-thinning
properties by near-instantaneously curing the printed
structure into shape. The resulting polymer and
ceramic were highly dense and had few defects but
experiences 25% line shrinkage and 30% mass loss
[127]. Co-polymerisation with UV active polymers
results in photoinitiated crosslinking without the intro-
duction of catalysts, useful for developing flexible poly-
mers that yield hierarchically porous ceramics with low
thermal conductivity [13]. Fillers influence the UV
curing process independent of the catalyst or copoly-
merisation initiators. Fillers are known to have positive
effects on the mechanical properties of the ceramic in
controlled amounts, however, fillers can also inhibit
the absorption of UV light to activate the curing
process [16,128].

2.2.2. Pyrolysis

Following the pyrolysis process, the green body is trans-
formed into a ceramic with a degree or yield of compo-
sition on the basis of the mass or volume of the resulting
structure called the ceramic or char yield. The ceramic
yield is measured on the basis of the mass or volume
of the structure before and after ceramization, with all
mass loss occurring as the escape of volatile gases and
appearing as the shrinkage in the ceramic [129]. The
reactions that occur during heat treatment are depen-
dent on the degree of crosslinking in the polymer and
the composition of the precursor, typically occurring as
a 4-phase procedure, outlined in Figure 8. The first
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phase is the crosslinking of the material, occurring
between room temperature and 300-400°C depending
on when the decomposition of the thermoset polymer
begins. The second phase is the organic/inorganic tran-
sition during the decomposition process between the
onset temperature of decomposition to 700-800°C
when decomposition is complete. In this phase, signifi-
cant off gassing of volatile or organic components
results in the largest change in mass and volume of
the sample. The third phase occurs after all volatile com-
ponents have been removed, resulting in a reorganis-
ation of the remaining inorganic structure and the
development of the ceramic phases, as well as the off
gassing of remaining hydrogen, typically between 800
and 1200°C. The fourth and final phase is the decompo-
sition of the amorphous ceramic phases yielding
ordered crystalline phases that depend on the compo-
sition of the remaining components [18,122,130]. The
actual onset temperatures for each of these phases
and the overall degree to which they are formed
depend on the type of precursor and the desired com-
position and microstructure. To alter the degree of for-
mation and composition of the ceramic, the pyrolysis
temperature, hold duration, heating and cooling rates,
and the atmospheric conditions can be finely tuned,
and an overview of those effects is given herein.

2.2.2.1. Effect of pyrolysis conditions. The pyrolysis
temperature and hold duration affect the phase devel-
opment of the ceramic structures within the final
product, and thus influence the physical properties of
the ceramic [20,57,68,131]. Performing heat-treatments
prior to crosslinking and pyrolysis of the precursor can
improve the mass yield of the ceramic by a significant
degree as illustrated for the polycarbosilane (SMP-10)
and polysilazane (Ceraset® PSZ20) precursors in Figure
9. Although also found to decrease the cure enthalpy,
the mass yield of pre-treated polymers increases due
to the increased molecular weight of the crosslinked
polymer and the decreased thermally induced volatilis-
ation of the polymer. The overall effect is a potential
improvement in the handling ability of the precursor
prior to part manufacture, and an increased mass yield
of the final ceramic product [132]. An increased
ceramic yield can improve the density of the product
and decrease the cracking that occurs in certain types
of geometries, such as coatings and composites [133].
Increasing the pyrolysis temperature and duration
during the process has several general effects that are
independent of the type of precursor used. Higher pyrol-
ysis and sintering temperatures have been noted to
increase the crystallinity and phase distribution of the
ceramic material, generally making the phases more
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distinct while reducing the number of grain boundary
defects [22,24,134]. The degree of crystallinity and
phase size influences the amount of free carbon in the
structure, which has proven to have a large effect on
the physical and electrical properties of the ceramic;
increased temperatures have also led to increased oxi-
dation, lowered glass transition temperatures, increase
in the dielectric loss of the ceramic, and increased acti-
vation energy of the final product [68,135-138]. For
SiOC ceramics in particular, higher sintering temperatures
lead to increased thermal stability due to the growth in
more crystalline and thermally stable B-SiC domains
through carbothermal reduction [75]. Similarly, increasing
the sintering temperature for bulk and layered SiC
increased the domain size of crystalline -SiC from the
amorphous state [57,59]. Heating at greatly increased
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temperatures can induce the opening of pores within
the structure as decomposition occurs, allowing for chan-
nels to use polymer impregnation and pyrolysis to gener-
ate complex composites and densify the structure [139].
The duration of the pyrolysis and heat treatment can
affect the size of the phases generated, which typically
increases in size as the pyrolysis or post-treatment dur-
ation is increased. Larger phases can serve to increase
the density of the structure, which has been shown to
have a large effect on all properties of the ceramic
[122]. Overall, the duration of the pyrolysis any sub-
sequent post-processes are among the most influential
variables on the resultant properties of the material.
However, the specific effects of these variables are precur-
sor and ceramic dependant, making these effects unique
for each PDC, going well beyond the scope of this review.
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Figure 9. Thermogravimetric analysis of pre-treated preceramic polymers. The inset graph shows the decreasing weight loss over
longer heat treatment durations up to 8 h. (a) Data for polycarbosilane SMP-10. (b) Data for Ceraset® PSZ20. Reproduced with per-

mission [132]. Copyright 2020, Elsevier.



The heating and cooling rates affect the onset and
physical state of the ceramic following pyrolysis. Lower
heating rates typically result in earlier onset tempera-
tures for the mass loss phases during the pyrolysis
process, and decreases the peak mass loss during trans-
formation [121]. When comparing the poly(methylsilses-
quioxane) and oxycarbide samples at heating rates of 1,
5,and 10°C min~', the slowest heating rate of 1°C min™"
resulted in the completion of the transformation to
ceramic at a point 100°C, which was lower than the
fastest heating rate at 10°C min~'. However, the
changed heating rate did not affect the ceramic yield
to a large degree [133]. The heating and cooling rates
have a much greater effect on the physical state of the
ceramic or composite. For example, a mismatch in the
heating and cooling rates of ceramics and fillers can
result in the variations in thermal expansion and shrink-
age, causing increased thermal stresses in product that
yield cracks and defects that weaken the overall struc-
ture. Increasing the heating and cooling rate can exag-
gerate these effects, leading to more defects [140,141].
Heating at extremely fast rates, such as through micro-
wave heating can lead to an increase in volume due to
rapid outgassing of volatile gases during the decompo-
sition and transformation. The benefit of high heating
rates due to microwave heating is an increase in yield
and a uniform temperature distribution, however, only
certain fillers can be used with this type of heating [61].

The pyrolysis atmosphere has the greatest effect on
the elemental composition of the resulting ceramic as
compared to the temperature and heating rates. The
atmosphere largely affects the amount and state of
free carbon that is generated as part of ceramic structure
and thus affects the properties that depend on this
phase, which include mechanical and electrical proper-
ties [22]. Oxidative atmospheres like air, containing
water, oxygen, or CO; result in an increase in O- contain-
ing phases such as silica, which act as the matrix of the
ceramic instead of Si-C or Si-N bonds. The increase in
silica phases reduces the amount of free carbon in the
structure, by removing it from the final composition
during heating as an outgas product after combination
reactions [22,58,142]. Dense or microporous samples of
SiOC with reduced carbon content can be made specifi-
cally using an atmosphere that contains water vapour
from polysiloxanes [143,144]. The degree of porosity
and colour change of this microstructure depends on
the amount of water vapour added. Oxidative atmos-
pheres also generally result in less volume shrinkage, a
higher ceramic yield, and less density due to the
inclusion of SiO, and SiO, phases that are much less
dense than SiC phases that would otherwise result
from the transformation [145]. Oxidative atmospheres
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are typically avoided except when specific porosities
are desired due to the inclusion of oxygen defects that
lead to the onset of crystallization and degradation;
defects such as SiO, growths are also brittle, and
reduce the mechanical properties under high tempera-
ture conditions [8,19]. Pyrolysis in pure hydrogen also
reduces the amount of free carbon in the product by
suppressing the evolution of H, from the precursor
and facilitating the removal of larger carbon containing
groups such as alkyls and aryls. Effectively, this can act as
a control for the carbon content in the precursor,
especially for polycarbosilanes during the development
of high purity SiC fibres [22,146].

Inert atmospheres are the most common type used to
prevent any kind of oxidation and develop specifically
tuned compositions with many studies preferring nitro-
gen or argon depending on their purpose, ammonia is
also used in certain cases. Ammonia (NHs) atmospheres
result in unique compositions that lack free carbon. The
carbon in the precursor becomes converted to hydrocar-
bons and is thus removed from the ceramic during trans-
formation, yielding carbon-free microstructures that are
appropriate for ultra-high temperature Si-based cer-
amics [22,56]. Nitrogen is also added to the final compo-
sition when transformed under NH; by nitridation, as
noted for polysiloxane precursors which can result in
oxynitride glasses [147]. The atmosphere also affects
the nitrogen composition in binary SisN; and the
oxygen composition in all polymer-derived ceramics,
shifting the composition between carbon-rich and nitro-
gen-rich [23]. For non-silicon-based ceramics manufac-
tured from titanium containing polymers, the type of
inert atmosphere has significant influence on the com-
position of the final product. Polymers reacted under
ammonia atmospheres will readily generate TiN or
TiCN ceramics, while pyrolysis under argon or nitrogen
will generate TiC ceramics from the same base
polymer [107,110,112,148,149].

Unlike NH3 and N, atmospheres, argon is unreactive
and does not readily add components such as N or O
through chemical reactions to the composition of the
final ceramic, instead, it shifts the ceramic to be more
carbon-rich, and devoid of oxide phases, except in the
case of pyrolyzed siloxanes [19,23]. Owing to this
effect, polymers under Ar often experience greater
shrinkage and lower ceramic yield depending on the
number of hydrocarbons in the mixture, with greater
hydrocarbon content leading to lower ceramic yield
[134,145]. Despite the removal of the hydrocarbons,
due to the lack of H,, free carbon from the Si-C backbone
can form in increased amounts alongside Si-C bonds
[68,142,147]. An increased free carbon content has
shown a positive effect on the electrical conductivity
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of PDCs [22,36,73]. The oxygen content and porosity can
also be controlled under Ar through the injection of H,
or H,O during treatment, specifically, studies have ana-
lysed this effect for developing highly porous SiOC cer-
amics. The addition of H,O to the Ar atmosphere shifts
the phase composition toward SiO/C, through the
growth of SiO, phases, the porosity and ceramic yield
are increased, fundamentally altering the surface area
that is available [143-145].

2.3. Applications of polymer-derived ceramics

The applications of PDCs span a broad spectrum,
ranging from structural designs to functional materials
[22,58]. In structural applications, PDCs are utilised for
their excellent mechanical properties, often in the form
of fibres and coatings [24]. These designs are particularly
valuable for specialised uses under extreme service con-
ditions, such as high-temperature environments
[32,55,135]. On the other hand, functional materials
leverage the unique thermal, electrical, chemical, and
magnetic properties inherent in PDCs [11,13,30,32].
However, the scope of these applications is currently
limited by the natural drawbacks of ceramics, including
their inherent brittleness and low resistance to crack
propagation [150].

2.3.1. Structural applications

The structural applications of PDCs include ceramic
fibres, composites, coatings, and adhesives. Ceramic
fibres, among the earliest structural designs of PDCs,
were first fabricated in the 1970s [9,21,22]. These fibres
are valued for their heat resistance and high strength,
both as standalone materials and as reinforcement com-
ponents in composites. PDC-containing composites find
extensive use in the automotive, aerospace, and space
industries. They have been evaluated for applications
such as thermal protection systems, high thrust-to-
weight ratio engine hot structures, aircraft brakes, and
exit cones of liquid rocket engines [23-25,150]. In space-
craft, surfaces exposed to atmospheric re-entry endure
complex thermal and aerodynamic environments that
cause rapid oxidation. PDCs, including quaternary cer-
amics and binary ZrB,-based composites, offer a promis-
ing solution for these surfaces. These materials are
notable for their high melting points, improved
thermal insulation, and low weight, making them ideal
for such demanding conditions [151].

Coatings manufactured from PDCs typically act as
thermal (TBC) or environmental barriers (EBC) that
protect the coated material from wear, oxidation, or
other environmental effects. These coatings can be
easily applied using simple liquid phase methods such

as dip, spin, or spray coating [13,18,25,26,32]. Thickness
is the largest limiting factor for the use of PDCs as coat-
ings, because extensive shrinkage can occur during
pyrolysis, resulting in a critical thickness that can be
used without failure and evaluated experimentally.
This critical thickness can be a function of heat treatment
temperature, as with higher temperatures more volatiles
are removed, leading to greater shrinkage [20]. The use
of fillers and multi-layer applications of the coating have
opened new avenues for coating PDCs on surfaces with
desirable properties and structures [13,32]. In appli-
cations where high-temperature corrosion is the great-
est consideration, SiOC is often considered for
environmental coatings on metals. Metals coated with
SiOC ceramics are reported to withstand temperatures
above 800°C with minimal degradation [152]. To
improve the quality of SiOC coatings, they are often
paired with active fillers such as Cr, Fe, and TiSi;
powders which enhance bonding to the substrate and
oxidative resistance, while reducing the amount of
shrinkage [133,153]. TiSi, has been used extensively in
several studies as an expansion agent in SiOC ceramics,
increasing the volume of the end ceramic after heat
treatment. This volume change occurs due to the for-
mation of oxides which are complementary to SiOC
and improve the mechanical properties of the surface,
resulting in a structure that is highly chemical resistant
to oxidative attack, and does not decrease in the thick-
ness of the substrate-coating interface [133,152,154].
SiOC is particularly effective as an EBC because it can
form a silicon oxide-rich surface layer that is oxidation
resistant and chemically inert. Depending on the
polymer precursor used, this layer can also facilitate
the growth of Cr-rich oxides on stainless-steel surfaces
during the heat treatment of the coating that further
increase the oxidation protection of stainless steels
[26]. In addition to chemical attack resistance, PDC coat-
ings can also serve to protect the surface from wear and
act as lubricants with enhanced tribological properties
[155]. Coatings for multi-stress environments require
more complex layering that can withstand both environ-
mental and mechanical stresses. This can be achieved by
using multiple compatible layers of PDCs or physical
vapour deposited ceramics. Precursors to SiCN can be
easily applied in coatings of varying thickness and
treated and then layered with hard materials such as
TiN, which serve to improve not only the thermal protec-
tion offered by the SiCN layer, but lend the surface
scratch resistance, which would be useful in a wider
range of environments [156]. Quaternary ceramics are
investigated as well for their functional properties
when applied as coatings, such as SiAICO ceramics for
solid oxide fuel cells. SIAICO ceramics are ideal for this



environment because of the formation of several layers,
as illustrated in Figure 10, which import environmental
protection, increased adhesion through the interaction
of the SIiAICO ceramic and the chromium within the
steel, and electrical conductivity at the bond site
where carbon is present [157].

The ability to act as a joint or adhesive is one of the
most unique aspects that is possible when manufactur-
ing ceramics with a polymer precursor. Chemical joining
through PDCs can reduce the number of stress concen-
trators that are present in the joint when mechanical
joining methods are used. This allows the manufacture
of large parts for high-temperature applications with a
minimal coefficient of thermal expansion mismatch
[27,28]. Preceramic polymers can be layered on as
adhesives that join other ceramics or composites, with
the most crucial properties of the chosen polymer
being the ceramic yield, porosity, shrinkage stresses,
and joint thickness, all of which determine the adhesion
of the generated ceramic to the surface [131]. Fillers
added to the preceramic polymer can also be tuned to
provide additional reinforcement and bonding ability
to further strengthen the material by reacting with the
surface or generating new phases that mechanically
strengthen the matrix of the composite [27,28,158]. For
SiCN adhesives joined in air, the addition of TiB, can gen-
erate Si0,-B,05-TiO, phases that inhibit diffusion of
oxygen and decomposition at high temperatures while
healing cracks in the matrix, maintaining an adhesion
strength of 8.0 MPa in air at 800°C [159]. Single-source
quaternary ceramics from polyborosilazane can further
increase the operating temperatures for the joints due
to the inherent thermal stability. Wang et al. determined
that a SiBCN joint, modified with Al powder could main-
tain a shear strength of 7.9 MPa at 1600°C, a large
improvement on the operating temperature compared
with that of ternary ceramics [160]. SiBCN can also
show enhanced bonding strength at room temperature
of 12.9 MPa and a high ceramic yield for a decreased
volume shrinkage of 86 wt% when generated from poly-
silazane modified with carborane [161]. PDC joints can
also provide electrical conductivity for further use in
sensors. SiC was used to join conductive SiAICN cer-
amics, which are capable of remaining sensitive at
100-550°C and exhibiting similar electrical properties
to the SIAICN with minimal influence, highlighted in
Figure 11, a step that could be useful or large sensor
designs [162]. Several studies using PDCs as adhesives
or joints are compared in Table 1.

Non-silicon-based PDCs have also been used exten-
sively as structural materials in composites and as pro-
tective materials. Structurally, AIN can be used in high-
temperature crucibles and refractories, as well as
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components in high temperature composites, and,
using its high thermal conductivity as a substrate for
integrated circuits and heat exchangers [101,102].
Boron nitride, and other boron-based ceramics manufac-
tured using traditional high-temperature methods have
been reported to be used in a large variety of fields, but
especially are widely used as components for structural
composites in  nanoparticle and fibrous forms
[168,169]. Notably, fibrous forms of BN manufactured
through precursor methods are expected to be applied
in composites for air and space crafts, and as com-
ponents for high temperature applications [96,97,100].
Due to their high melting points and other favourable
thermos-mechanical and thermos-chemical properties,
UHTCs made through the precursor route such are
expected to be useful as protective coatings, refractory
insulation, and components in composites, particularly
for extreme environments [23,56,120]. UHTCs coatings
in particular find applications in the field of nuclear
power. In this field, ZrC is shown to be a promising
coating for nuclear particle fuels, due to its low
neutron absorption and its resistance to radiation
damage [116].

2.3.2. Functional materials

Functional materials derived from PDCs span a diverse
range of applications, owing to the high tunability of
their precursors and resulting ceramics. PDCs have
been utilised in biomedical applications, sensors, elec-
tromagnetic absorbers, heat exchangers, fuel cells,
nuclear systems, and as electrodes in energy storage
devices [3,30]. In biomedical applications, certain cer-
amics have demonstrated the ability to mimic bone
structures, coupled with the advantages of 3D-
printed polymer precursors. Bernardo et al. combined
silicone polymer precursors with calcium carbonate
and hydroxyapatite to fabricate wollastonite (CaSiOs)
bioceramics as tissue scaffolds [170]. Additionally,
coatings of bioactive ceramics and porous SiOC have
been explored for their compatibility with the
human body, serving as protective coatings and as
systems for drug delivery [29]. Further non-silicon
based ceramics like AIN has also been evaluated for
use in biomedical applications: AIN nanotubes have
been investigated as candidates for a drug delivery
system for the cancer treatment drug 5-aminosalicylic
acid. The surface of the nanotubes could effectively
absorb the drug and release it while remaining bio-
logically compatible [171].

As sensors, PDCs are known for their piezoelectric
properties and are useful pressure, vibration, and
acceleration sensors, even in extreme environments
[13,32]. Ternary ceramics SiOC and SiCN are both
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able to maintain piezoelectric properties up to and
above 1000°C and within corrosive or oxidative
environments [13,21,22,30]. Quaternary ceramics that
have recently been evaluated for their piezoelectric
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properties are SiOCN, SiAICO, SiCoOC, and SiBCN.
Additionally, AIN ceramics through precursor
methods have been evaluated as piezoelectric thin
films for biologically compatible thin films [103].
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Table 1. Adhesive or joint applications for PDCs.
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Ceramic Precursor + Additives Heat Treatment Reported Properties References

SiC Polycarbosilane 850°C 5 um thickness, 2.12 MPa tensile strength [162]

SioC methyl-hydroxyl-siloxane (SR350)  1200°C in Ar RT bending strength = 218.7 MPa, Shear strength = 26.6 MPa, [163]
V-PMS 1000°C in N, Shear Strength = 14.0 MPa, thickness = 28 um [131]
Polymethylsilesquioxane 1100C in Ar Maximum Strength = 26 MPa [27]

SiBCN Polymethylsilazane modified by 1600°C in N, Shear Strength =7.9 MPa [42]

borazine
Polyborosilazane 1400°C 12.08 MPa RT bond strength RT, 6.65 MPa HT (1000°C) bond strength [159]
PSNB + TiB, 600, 800, 1000, 1200°  10.07 MPa bond strength at RT, 8.0 MPa at HT (800°C pyrolysis) [159]
Cin Air

SiBON Polyborosilazane 200-1650°C in N, 12.9 MPa bonding strength at RT (800°C pyrolysis) [164]
Polyborosilazane + B4C 400-1500°C in N, Failure at 1100°C, Cohesion failure [165]
PSNB + TiB, 1000°C RT Adhesion Strength (AS) = 18.95 + 1.78 MPa, HT (800°C) AS=14.6 + [166]

2.7 MPa, HT (1000°C) AS=12.3+2.5 MPa

SiHFBCN  SiHfBCN precursor 1000°C in Air RT AS =3.22, 5.47 MPa at 1000°C [167]

SiHfBCN precursor + TiB2 + 1000°C in Air RT AS =9.49, 6.37 MPA at 1000°C [167]

polysiloxane

Manufactured through PDC methods, these materials
have proven capable of sensing with a high degree
of accuracy over a large range and have high stability
[30]. In addition to their piezoelectric properties, the
conductive qualities that PDCs can obtain in unmo-
dified or tuned forms allow for a wider range of
sensors. Wu et al. evaluated direct ink written SiBCN
film as a ceramic thermistors, observing resistance
variations in the film of only 0.09% between 505 and
620°C, and 1.7% between 610 and 720°C, even under
aerobic conditions [172].

Owing to the conductive and lightweight nature of
PDCs, Si-based ceramics have been evaluated as elec-
tromagnetic wave absorbers (EMWA) with the follow-
ing properties: a strong absorption capability,
impedance matching characteristicc, a minimum
reflection coefficient (Rc) or reflection loss coefficient
(RI), and a wide efficient absorption bandwidth (EAB)
[36,37]. The final goal for materials with these proper-
ties are applications as radar absorption materials for
air and space crafts for stealth and defence [37,38].
PDCs like SiC and SisN,4 are easily tailorable to both
modify and manufacture with appropriate fillers to
improve their capabilities, naturally having the
desired low density as compared to metals, and
good mechanical properties in a range of potential
environments [4,37,157,173-176]. Ternary ceramics
of SiOC and SiCN are widely applied in combination
with conductive, magnetic fillers like Fe, Ni, and Co,
and waste biomass sources of carbon that increase
the interfacial polarisation and magnetic loss of the
material [76,165,173,177]. Manufacturing a ceramic
with several complex and complementary mechan-
isms, which are illustrated in Figure 12, is one
method for obtaining both high absorption quality
and mechanical properties that do not otherwise
occur in binary or filler-free ceramics. The mechanism
involved the addition of Fe and Ni particles to a SiCN

precursor, which generated CNTs and mixed Fe- and
Ni- microstructures, resulting in an Rl,,;, of —18 dB,
an EAB of 2.5 GHz that can be adjusted by altering
material thickness, as well as a low density of
2.09gcm™ and promising mechanical properties
[177]. Quaternary ceramics can further improve the
range and thermal stability for even more complex
thermal environments [38]. Jiang et al. recently devel-
oped an SiBCN aerogel with in-situ synthesised SiC,,y
that is ultra-lightweight (0.142 g cm™), thermally
insulating (TC=0.052W m~™"*K™"), and maintains
good electromagnetic wave (EM) absorption proper-
ties, with a minimum reflection loss coefficient
(Rlnin) of —50.1 dB, a wide EAB of 6.4 GHz and a low
thickness of 2mm [164]. Composites containing
non-silicon precursor derived ceramics have recently
been noted for their performance as EMWA, specifi-
cally in concert with SiC, introducing the exception-
ally good high-temperature components that
perform well when Rl < —20 dB [178].

The properties and compositions of the PDC EM
absorber materials are compared in Table 2.

PDCs, owing to their unique electrical properties,
have been extensively evaluated for use as bulk
materials or components in electrodes for electro-
chemical storage systems, including lithium-ion bat-
teries, sodium-ion batteries, and supercapacitors.
Materials such as SiOC, SiCN, and SiCNO have been
the focus of significant research because of their
advantageous thermal and chemical stability, favour-
able conductivity and resistivity, and the amorphous
microstructures they can achieve. Non-silicon-based
materials have also been researched for applications
in the energy storage and conversion devices; the
findings from these studies on both groups of
ceramic materials have been thoroughly documen-
ted in several comprehensive reviews [29,31,33-
35,168,169].
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3. Direct ink writing (DIW)

DIW is an material extrusion-based additive manufactur-

deposited onto a print bed through a nozzle. Also
referred to as robocasting, DIW relies on inks with

ing technique in which a viscoelastic ink is continuously precise rheological properties, including apparent
Table 2. Electromagnetic absorption applications of PDCs.
Ceramic Precursor + Additives Heat Treatment Reported Properties References
SiC Methyltrichlorosilane + Carbon fibre 1000°C in Ar Flex strength =375 + 10 MPa, fracture toughness =21 + [174]
0.3 MPa*m0.5, EMI SE =31+ 1.1 dB, conductivity =2.7 +
0.15cm™
Polycarbosilane + Paraffin Wax 900°C Pyrolysis, d=1.51 mm, Rl,,=-56.8 dB at 15.2 GHz [175]
1600°C Anneal
Polycarbosilane, aerogel 1000, 1200, 1400°Cin  d=2.5 mm, Rl,;, =—26.5 dB at 11.98 GHz, EAB = 5.8 GHz [157]
Ar (9.6-15.0 GHz)
BN + CNT 1200°C d=3.4 mm, R, =—57.20 dB, EAB = 4.2 GHz (8.2-12.4 GHz) [179]
SioC SiOC (SiC + BYK-430 + tetraethyl 1000°C in N, d=3.5mm, Rl,»=—36 dB, EAB=2 GHz [165]
orthosilicate + dibutylin dilaurate)
Polymethylsilesquioxane + MWCNT 1400°C in Ar d=2.19 mm, Rl,,, =—61.8 dB, EAB =2.6 GHz (8.2-12.4 GHz) [42]
Polysiloxane 1200°C in Ar d=2.9 mm, Rcy,in=—36.33 dB, EAB =3.76 GHz (X-band) [176]
Polycarbosiloxane + ZrB, 1000°C in Ar d=3.00 mm, EAB =10.85 GHz, up 900°C [41]
SiCN SiCN + Co,Si(Co) (PSZ + filler) 1300°C in N, d= 1.31 mm, Rly, =—50.04 dB, EAB = 3.48 GHz [12]
SiCN + Fe + Ni (5 wt%) (PSZ) 1200°C in N, d=1 mm, Rl,=—18 dB, EAB = 2.5 GHz, density =2.09 g [30]
cm™', CS=337 MPa
SiCN + Ni + BPC (PSZ, HTT1800) 1100°C in N, d=1.33 mm, Ry, =—69.44 dB, EAB at 1.49 mm =4.27 GHz [12]
(13.79-18 GHz)
SiCN-Fe (7 wt%) (PSZ, Ceraset) 1400°C in N, d =2 mm, Rl,;, = —54 dB, EAB modified by thickness [175]
SiCN-CNT (PSZ, HTT1800) 1100°C in N, d=4.4 mm, Rl,,,;, = —38.4 at 18 GHz, EAB = 1.3 GHz in range of [162]
(16.7-18 GHz)
Polysilazane + MWCNTs N/A d=1.7 mm, R, =—21.7 dB, EAB =4.7 GHz [30]
Polysilazane + Ni + Fe + C + HfO, N/A d=2.27 mm, Rli, = —54.07 dB, EAB = 3.95 at RT, d(500°C) = [169]
1.65 mm, Rl,in(500°C) = —33.72 dB, EAB (500°C) = 1.82 GHz
Polysilazane 1000°C in N, Rlnin = —43.37 dB at 7.6 GHz, density=0.19 g a3, SA= [180]
13448 m? g~
Polysilazane + Eu,0, + Fe,03 1100°C in N, Rlmin=—12 dB at 16.6 GHz [181]
SizrC Polyzirconocenesilanes 1000°C Rlmin =—34 dB [182]
SiCNO SiOCN + CNT + FesSi + Fe (PSZ HTT 1800) 900°C Pyrolysis, RCmin=—65.3 dB at d =3.43 mm, EAB=6 GHz at d = 1.6 mm [175]
1100-1500°C Sinter
SiBCN SiBCN, (Single-source precursor) 1100, 1150, 1200, Rc = —64.75 dB, EAB = 3.8 GHz in X-band at RT, can still cover [1]
1400°C in Ar 50% of X-band at 600°C
SiBCN (polyborosilazane) 1000-1600°C in N, RCmin = —56.9 dB, EAB = 3.4 GHz, thickness-d = 2.6 mm, max [38]
dielectric constant = 0.44
SiBCN + SiCnw (polyborosilane, aerogel) 1400°C in N, Rlmin = —50.0 dB, EAB = 6.4 GHz, d = 2.0 mm, density =0.142 g [164]
cm~3, thermal coeff.=0.052 W m~"*K™"
Polyborosilazane 1000°C in N, d=3.0 mm, Rl,;, =25.05 dB at 16.07 GHz [183]




viscosity, yield stress in compression and strain, and loss
and elastic moduli, to ensure proper extrusion. A key
advantage of DIW is its independence from the chemical
composition of the ink, allowing for a highly versatile
selection of materials, provided that they exhibit the
required rheological characteristics [184]. Compared
with many other additive manufacturing techniques,
DIW is more cost-effective, making it a preferred
choice for numerous applications. Furthermore, DIW is
particularly well-suited for printing nano- and microscale
materials in small quantities, effectively addressing a
challenge commonly encountered in powder bed-
based methods [185].

3.1. Comparison of additive manufacturing
methods

According to the ISO/ASTM 52900 standards, there are
seven processing categories of additive manufacturing
technology. These 7 categories are binder jetting (BJT),
directed energy deposition (DED), material extrusion
(MEX), material jetting (MJT), powder bed fusion (PBF),
sheet lamination (SHL), and vat photopolymerization
(VPP)[186]. Among these other principles, AM offers
various techniques suitable for processing preceramic
polymers, as illustrated in Figure 13.

Fused Filament Fabrication (FFF) is another MEX tech-
nique, employing a heated extruder to deposit a
filament of preceramic polymer onto a substrate layer
by layer. This method is valued for its simplicity and
cost-effectiveness. However, FFF is limited primarily to
thermoplastic materials, constraining the range of prop-
erties achievable for advanced ceramics. It also typically
delivers lower resolution and surface finish, which can
affect the aesthetics and detail of printed parts.
Additional challenges include anisotropic properties
and weak interlayer adhesion, which may compromise
mechanical performance. The process often requires
support structures to successfully fabricate complex
geometries [191].

Stereolithography (SLA), a VPP process, employs
photopolymerization to cure a photosensitive resin
layer by layer using a laser. This technique excels in fab-
ricating high-resolution ceramic components with
complex geometries. However, SLA faces notable chal-
lenges. Its reliance on photocurable resins restricts the
range of properties achievable in advanced ceramics.
Additionally, the high cost of specialised resins and
equipment makes SLA less economically competitive
than other methods. The process can also become
time-consuming and complex, particularly for intricate
designs requiring support structures. Furthermore,
SLA-printed parts are susceptible to brittleness,
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especially under mechanical stress or during thermal
cycling, which may limit their practical application
[192,193].

Digital Light Processing (DLP) is another VPP tech-
nique that cures an entire layer of photosensitive resin
simultaneously using a projector. Compared with SLA,
DLP enables faster production and is capable of fabricat-
ing larger ceramic components. However, it shares
similar challenges with SLA, including material limit-
ations and high costs. DLP typically offers lower resol-
ution, which can affect the surface finish and detail of
printed parts. Furthermore, incomplete curing of the
resin may result in sticky or mechanically weak com-
ponents, requiring additional post-processing steps to
achieve the desired quality and functionality
[192,194,195].

Inkjet Printing (IJP) or MJT, uses inkjet nozzles to
deposit a slurry of preceramic polymer and additives
layer by layer onto a substrate. This technique is highly
versatile, enabling the fabrication of ceramic com-
ponents with varied compositions and properties.
However, IJP faces several limitations. It typically offers
a smaller build volume, slower printing speeds, and
requires specially formulated inks tailored for ceramic
applications, which can increase production costs.
Additionally, parts produced via IJP often exhibit
inherent porosity, necessitating post-processing steps
to achieve higher density and improved mechanical
strength [196].

Selective Laser Sintering (SLS), a PBF AM technique,
uses a laser to sinter layers of preceramic polymer
powder sequentially. This process enables the fabrica-
tion of ceramic components with high density and excel-
lent mechanical strength. However, SLS is an expensive
method due to the high cost of equipment and special-
ised powders. Additionally, the handling of powders can
be messy and potentially hazardous, necessitating
specialised equipment and strict safety protocols. Post-
processing is typically required to remove excess
powder from printed parts, adding complexity and
time to the overall manufacturing process [191,197].

Compared to the other methods that have been used
for printing PDCs, DIW presents significant advantages
for the fabrication of advanced ceramics. It supports a
broader range of materials, including ceramic powders,
polymers, and composites, offering greater versatility
in material selection. DIW achieves high resolution and
excellent surface finish, enabling the production of intri-
cate and detailed ceramic components. Unlike many
other additive manufacturing techniques, DIW can fabri-
cate complex geometries without requiring support
structures, streamlining the process and minimising
post-processing requirements. Furthermore, DIW is a



22 (&) V.BISHOPET AL.

d

Built plate

Elevator

Scanning rinted material

galvanometer

Optics —

n
Laser Beam - - H

Laser source ——» ‘

Laser beam

N

mirror

supply

/l Scanning

Object

Powder bed

platform : — i

Filament material

Pinch roller

@ @4-/ feed system

Liquifier

chamber \

Nozzle tip

Dispenser

Nozzle

Platform Xy axes

Platform

z-axis

| A e et L Print Heads

I”' .............................. Object being fabricated

_____ Build Platform
-Levelling Blade

. ................... Elevator

Figure 13. Additive Manufacturing methods that have been used for PDCs. Additive Manufacturing methods that have been used for
PDCs. (a) SLA/DLP. Reproduced with permission [187]. Copyright 2018, Elsevier. (b) DIW. Reproduced with permission [188]. Copyright
2016, Royal Society of Chemistry. (c) FFF. Reproduced with permission [189]. Copyright 2019, Elsevier. (d) SLS, and (e) IJP. Reproduced

with permission [190]. Copyright 2019, Springer Nature.

cost-effective solution that is particularly well-suited for
small-scale production and research applications,
addressing several limitations commonly associated
with other AM methods [198]. The important properties
of these techniques are compared in Table 3.

3.2. Ink rheology requirements

As a liquid or gel feedstock MEX AM technique, the rheo-
logical properties of the ink are critical to the printability
of materials in DIW. Two primary rheological require-
ments must be met for an ink to be considered printable.
First, the ink must exhibit suitable extrudability, meaning
that it should flow smoothly and continuously through
the nozzle as a filament to accurately replicate the
digital model. This requires consistent flow character-
istics, free from discontinuities or clogging, to ensure
uninterrupted deposition. Second, the ink must demon-
strate strong shape fidelity to maintain the integrity of
the structure after deposition, particularly since many
PDC inks require subsequent post-printing treatments.
Inks with shear-thinning behaviour under variable flow
rates have been found to effectively meet these criteria,

enabling  successful  extrusion and  structural
preservation.

The extrudability of an ink is typically evaluated using
two key parameters: the flow stress (Ty) and the flow
behaviour index (n). The flow stress indicates the
minimum shear stress required to initiate ink flow,
whereas the flow behaviour index describes the type
of flow behaviour exhibited by the ink. An n-value less
than 1 generally indicates shear-thinning behaviour, a
characteristic of non-Newtonian fluids. In such fluids,
the viscosity decreases as the shear rate increases,
meaning that less pressure is required for extrusion at
a given speed than inks that behave as Newtonian
fluids. This property is particularly advantageous for
ensuring smooth, efficient material deposition during
the DIW process.

After deposition through the nozzle, the ink’s ability
to maintain its shape is characterised by parameters
such as yield stress (T,), the storage modulus at rest (G’
eq), and the ratio of the loss modulus (G”) to the
storage modulus (G'). The yield stress (T,) indicates the
maximum load the extruded ink can sustain when
forming three-dimensional structures, making it a critical
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factor for the successful printing of large or complex
geometries using DIW. The storage modulus (G'),
which arises from the stretching of the internal bonds,
reflects the ink’s elastic behaviour and indicates the
ink’s stiffness after extrusion. In contrast, the loss
modulus (G”) represents the viscous behaviour of the
ink, capturing the internal friction among its com-
ponents that leads to energy dissipation during flow.
The ratio of G"”/G’, often referred to as the damping
factor, determines whether the ink exhibits more
liquid- or solid-like behaviour over time at rest. Ratios
below 1 indicate that elastic (solid-like) behaviour dom-
inates, suggesting that the material behaves like a solid
at rest. Conversely, ratios greater than 1 signify a domi-
nance of viscous (liquid-like) behaviour at rest [184,199].

The rheology of PDC ink is significantly influenced by
the formation of network structures, which depend on
the intermolecular forces within the polymer. The func-
tional groups attached to the polymer chain play a criti-
cal role in determining these rheological properties.
Studies comparing the performance of various carbon-
based functional groups have shown that linear
groups, such as allyl and vinyl, promote stronger inter-
particle network formation than cyclic functional
groups do. This enhanced network formation improves
the shape fidelity of ink formulations utilising polymers
with linear functional groups, making them more
effective for applications requiring precise structural
integrity [200].

Another critical factor influencing the rheology of
PDC inks in particular is the effect of filler materials.
The interactions between the liquid and solid com-
ponents in the mixture can significantly impact the vis-
cosity and yield stress of the ink, with both the filler
loading and the particulate type playing pivotal roles.
In some cases, filler materials disrupt the network struc-
ture of the binder, leading to increased viscosity in the
ink. Xiao et al. reported such behaviour in a study
where the addition of boron nitride to a mixture with
PDMS resulted in higher ink viscosity. They identified
an optimal filler loading of 40 wt%, which provided the
ideal viscosity for extrusion while maintaining effective
printability [201]. The addition of solid inclusions is a
key factor for developing printable PDC resins, and will
be discussed in more detail in later sections.

3.2.1. Rheological characterization

Rheological characterisation of materials is typically con-
ducted using specialised instruments known as rhe-
ometers. These devices can apply a broad range of
shear stresses, strains, and shear rates to a given
sample, enabling precise analysis of its flow and defor-
mation behaviour. Shear parameters are applied by

rotating the upper component, either in a continuous
direction or in an oscillatory motion with a defined
amplitude and frequency, tailored to the specific
requirements of the analysis. An overview of the
different experiments that will be overviewed here,
the parameters of interest, and the types of ink that
the experiments are relevant for is given in Figure 14.

3.2.1.1. Flow sweep test. Shear-thinning materials
exhibit a decrease in viscosity with increasing shear
rate, a behaviour commonly analyzed using a flow
sweep test, also referred to as a rate-dependent viscosity
test. In this method, the applied shear rate is gradually
increased over time, while continuously measuring the
materials viscous response. This test provides valuable
insights into the material's flow behaviour under
varying shear conditions.

The resulting curve of viscosity vs shear rate can be
fitted to Ostwald-de Waele power law models for relat-
ing the shear rate (¥) to the apparent viscosity (n) as
seen in Equation 1:

n=k-(#"" Q)

where k is the flow consistency parameter and n is the
flow index. For shear thinning behaviour, the value of
n lies between 0 and 1. The shear stress can similarly
be estimated from flow sweep tests by relating it to
the applied shear rate as shown in Equation 2:

T=k-(3)" P)

This relationship is instrumental in determining the yield
stress of the ink by identifying the point on a shear stress
versus shear rate plot where flow (shear) initiates [203].

3.2.1.2. Amplitude sweep test. The storage modulus
(@) and loss modulus (G”) values of a material can
vary with applied strain, as the internal network struc-
ture may breakdown at higher strain levels. This behav-
iour is typically analyzed using amplitude sweep tests,
where the strain amplitude is incrementally increased
over time while maintaining a constant frequency
[202]. The results of this test are visualised as a plot of
moduli (G' and G"”) versus shear strain. The range of
strain values within which the moduli remain constant
is referred to as the Linear Viscoelastic Region (LVR),
which is material dependent. In this range, G’ represents
the elastic modulus of a solid material and is denoted as
G'¢q for the ink. The strain value at which the network
structure begins to break down, known as the yield
point, marks the upper limit of the LVR. Beyond this
point, G’ decreases, indicating irreversible deformation.
These metrics are essential for understanding the visco-
elastic properties of the ink.
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Due to the different effects of rheological modifiers
on the viscosity and shear thinning behaviour, as well
as physics effects such as gravity slumping and capillary
forces, it is difficult to provide a definitive numerical
range for G’ and G” values that would make a successful
ink for DIW [204]. Instead, there are trends that can indi-
cate when an ink could have printable shear thinning
behaviour, which can be refined for the ink depending
on the components and the application. Printable inks
typically display a crossover, or a flow point from solid-
like to liquid-like behaviour within these tests,
reflected in the plots of the storage and loss moduli vs.
the shear strain in Figure 15. This flow point is identified
by the intersection of the G" and G” curves, and beyond
this point, the material’s viscous behaviour dominates
[205]. An ink that will not likely be applicable for printing
may show curves like that in Figure 15(a), where the
filled ink does not exhibit crossover behaviour in its
current state. This is in contrast to Figure 15(b), where
the filled inks show a flow point and transition to
liquid-like behaviour that would allow for flow through
a nozzle required DIW [204].

3.2.1.3. Three interval thixotropy test. After extrusion,
the ink must quickly regain the viscosity lost under
extrusion stresses to preserve its shape fidelity. This
behaviour can be evaluated using the Three-Time Inter-
val Thixotropy Test (3ITT), which measures the ink’s

viscosity or shear strain properties over three distinct
time intervals. During the first and third intervals, a low
shear rate is applied, simulating the ink at rest in the con-
tainer and after extrusion from the nozzle, respectively.
In the second interval, a high shear rate is applied,
mimicking the conditions during extrusion through the
nozzle. This test not only assesses the ink’s ability to
regain its viscosity quickly but also determines
whether its viscosity is time dependent [199,205,206].
Time-dependent viscosity could complicate the printing
process by affecting the flow consistency, requiring
careful adjustment of the printing parameters.

Similar to the trends noted for the G’ and G” values,
providing a definitive numerical value of the storage
modulus, viscosity, and relaxation parameters that
would make a successful DIW ink is very difficult due
to the potential variability and physics factors.
However, there are trends that can serve as indicators
for when an ink experiences printable thixotropic behav-
iour. Thixotropic behaviour that could indicate potential
for DIW is in the relaxation measured by output viscosity
(Figure 16(a)) or storage and loss moduli (Figure 16(b))
vs. time plot from the 3ITT test. During the first and
third intervals, the ink should present solid-like behav-
iour, G'>G’, indicative of the unprinted ink not
flowing, and the extruded ink holding shape. During
the second interval, the ink should present liquid-like
behaviour, where G’ < G” and the plot shown in Figure
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Figure 15. Amplitude sweep test results measured at 1 Hz for a 43 wt% boehmite suspension (A) before and (B) after aging. Repro-

duced under terms of the CC-BY license [204]. Copyright 2017.

16(b) plateaus, indicative that the ink in the nozzle
undergoing shear stress should experience liquid-like
viscosity and flow [199]. The most important factors
are the transitions between the behaviours during the
change from solid-like to liquid-like and back. To best
indicate a response favourable for DIW printing, the
recovery time between these states should be very
fast, in the range of a few seconds to show appropriate
recovery after printing [199,207]. Large recovery times,
in the order of minutes, typically indicate highly thixo-
tropic inks that would have a limited ability to support
subsequent layers [202].

3.3. Effects of print parameters on the quality

In DIW, the printing parameters largely mirror those of
other MEX methods. Commonly used FFF parameters —
such as layer height, nozzle speed, infill percentage,
and the number of perimeter lines - also play key
roles in DIW. However, while FFF relies on temperature

to control the flow of molten thermoplastic, DIW typi-
cally operates at room temperature. In this case, ink for-
mulation and extrusion rate become the critical
parameters for managing ink flow and achieving suc-
cessful prints. More broadly, additive manufacturing
research emphasises establishing measurable links
between printing parameters and the final product’s
accuracy. To accomplish this, many studies employ stat-
istical approaches, including Design of Experiments
(DOE), to develop predictive models that optimise print-
ing performance and precision.

Tu et al. [208] emphasised that optimising printing
parameters requires careful consideration of their inter-
dependencies to improve both reproducibility and
efficiency in the optimisation process. They noted that
the print speed, V,, is influenced by the extrusion rate,
Ve, which, in turn, is determined by the piston velocity,
Vp. Similarly, the layer height, h, is dictated by the
nozzle diameter, D,.. To address these dependencies,
Tu et al. proposed using two dimensionless ratios as
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Figure 16. Ideal thixotropic behaviour for printable inks with DIW plotted in terms of the (a) shear viscosity vs. time. Reproduced
under terms of the CC-BY license [206]. Copyright 2024. (b) Storage and loss moduli vs. time. Reproduced under terms of the CC-

BY license [205]. Copyright 2020.



process parameters: R, the ratio of V,, to V,, and H, the
ratio of h to D,,. By focusing on optimising these ratios,
the complexity of directly managing individual par-
ameter interactions is reduced, streamlining the optimis-
ation process and improving control over printing
outcomes.

This approach of accounting for interactions between
parameters is well-founded, as similar studies on opti-
mising FFF printing have also highlighted the signifi-
cance of such interactions. In one study focused on
optimising printing for dimensional accuracy and
material consumption, the authors reported that the
print speed and the density of the outer walls (i.e. the
number of lines forming the wall) significantly
influenced dimensional accuracy of the final part. Con-
versely, material consumption is affected primarily by
perimeter density and infill percentage, underscoring
the importance of parameter interdependencies in
achieving optimal printing outcomes [209]. The impact
of parameter interactions also depends on how the
optimisation objectives are defined during statistical
analysis. In a study by Khalid et al., material consumption
in FFF was assessed in terms of the weight of the printed
part and the scrap generated during the process. This
distinction influences the significance of parameter
interactions. While perimeter density and infill percen-
tage were significant factors for both weight and
scrap, other parameters, such as build orientation and
layer height, were also found to have substantial
effects. This highlights the importance of carefully
defining optimisation metrics to account for the
diverse influences of parameter interactions [210].

In DIW processes, interest in the effects of print par-
ameters on the accuracy and porosity of printed pro-
ducts has increased, particularly in the context of
structures fabricated using bio-inks for medical appli-
cations [49,211,212]. While findings related to print accu-
racy align closely with those reported in other studies,
porosity was found to be predominantly influenced by
the rheological properties and chemical composition
of the bio-ink.

3.4. Advantages and limitations

DIW is an emerging AM technique with significant
potential for producing ceramic components character-
ised by exceptional density and mechanical strength. Its
versatility allows for the fabrication of components using
a wide range of materials, including those with complex
geometries and intricate microfeatures. These advan-
tages make DIW a promising approach for the additive
manufacturing of advanced ceramics, addressing the
limitations of other AM methods and enabling the
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production of high-quality ceramic parts tailored to
diverse functionalities and applications.

DIW has several promising applications in the pro-
duction of structural and functional ceramics. First,
DIW excels at crafting intricate shapes and features
with high resolution, a feat that is often challenging or
impossible with traditional ceramic manufacturing
methods [213]. This capability makes DIW ideal for appli-
cations such as microfluidic devices, sensors, and actua-
tors. Second, DIW’s capacity to produce customised
prosthetics and scaffolds with tailored porosity and
surface properties holds great potential for medical
applications, facilitating tissue ingrowth and cell attach-
ment in the production of biocompatible implants
[198,214]. Third, DIW facilitates the development of
high-performance ceramic membranes for filtration
and separation, offering precise control over the mem-
brane pore size and distribution. This capability leads
to efficient substance separation, advancing filtration
and separation technologies [215]. Fourth, DIW plays a
vital role in manufacturing energy-efficient and light-
weight components for the aerospace and automotive
industries. It can produce lightweight ceramic com-
ponents with high strength and thermal resistance, con-
tributing to enhanced fuel efficiency and performance in
these sectors [216]. Finally, DIW enables the production
of customised ceramic catalysts and supports for chemi-
cal reactions by providing precise control over catalyst
distribution and morphology [217].

However, DIW also faces limitations and challenges.
DIW currently has a narrower range of compatible
ceramic materials as compared to some other AM tech-
niques, such as powder bed fusion. Additionally, DIW
tends to have slower printing speeds compared to
rapid techniques like DLP, particularly for larger com-
ponents. This limitation arises because the printing
speed in DIW is constrained by the viscosity of the
slurry and the flow rate of the syringe [218]. Shrinkage
and distortion during drying and sintering are also
potential issues, requiring careful control and post-pro-
cessing. Fabricating large ceramic components with
DIW can be challenging due to the time-consuming
printing process and potential slurry instability over
time. Furthermore, specialised inks and printing equip-
ment are required for DIW, increasing costs. Developing
and utilising customised ceramic inks and specialised
DIW equipment can be expensive, particularly for
small-scale production. Moreover, DIW-printed cer-
amics require post-processing steps like sintering to
achieve their final properties, unlike some AM tech-
niques that produce finished parts directly, introducing
complexity and extending processing time
[195,198,217].
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Table 4. Applications, advantages, and limitations of DIW.

Applications Advantages

Limitations and challenges References

Microfluidic devices for heat
transfer applications features
Thin Film Sensors for high

temperature applications temperature resistant ceramic thin films

Good at creating intricate shapes and high- resolution

Capable of producing dimensionally accurate high

Smaller range of compatible ceramic [213,219,220]
materials compared to some other AM
techniques.

Potential for shrinkage and cracking during

the pyrolysis process

[172,221-224]

Customised prosthetics and Capable of producing customised prosthetics and Slower printing speeds, especially for [170,198,214,225,226]

biological scaffolds scaffolds with suitable porosity and surface larger components
properties for medical applications

High-performance ceramic Allow for the development of high-performance Potential for shrinkage and distortion [25,86,215]
membranes ceramic membranes for filtration and separation. during drying and sintering processes.

Aerospace lightweight Energy-efficient and lightweight ceramic components  Challenging for producing large [24,216,218]
components with high strength and thermal resistance. components due to time-consuming

printing and slurry instability
Automobile lightweight Energy-efficient and lightweight ceramic components  Challenging for mass production, lower [184,227]

components (brakes, etc)
Microwave absorption
structures
Customised ceramic catalysts
and supports

the best performance

distribution and morphology

with high strength and thermal resistance.
Allows for tuning the composition and structure for

Enables the production of customised ceramic
catalysts and supports with precise control over

resolution, long-term post-processing
Requires specialised ink, increasing costs [173]

Requires specialised inks and printing [217]
equipment, increasing costs

Despite these drawbacks, DIW remains a promising
and rapidly evolving technology with significant poten-
tial for creating advanced ceramic components for
various applications, which are summarised in Table 4.
Ongoing research and development efforts are focused
on addressing these limitations and expanding the capa-
bilities of DIW, making it an even more valuable tool for
engineers and scientists working with structural and
functional ceramics.

4. Direct ink writing of polymer-derived
ceramics

4.1. Filler materials as a modification method for
enabling printable polymer-derived ceramics

The addition of ceramic filler material to inks for DIW
applications has been shown to be beneficial due to
volume changes and volatile product generation
during the heat treatment of polymer-derived ceramics.
These fillers often function as rheological modifiers, with
their loading and composition significantly influencing
the ink’s shape fidelity and flow characteristics. Addition-
ally, filler materials enable control over the material
properties of the printed product, tailored to its
intended application. Based on their behaviour during
the heat treatment of the ink, filler materials for
polymer-derived ceramics are broadly classified into
four categories: inert fillers, active fillers, sacrificial, and
meltable fillers.

4.1.1. Inert fillers

Inert or passive filler materials are typically ceramic
powders or fibres that remain chemically unreactive
with the PDC or the volatile products generated

during heat treatment. These materials have included
silicon-based ceramic powders such as SiC, silica, SisNg,
and fumed alumina [4,43,80,139,173,189,226,228,229].
Pre-synthesised silicon-ceramic fibres or non-silicon cer-
amics have also been included such as SiC nanofiber or
whiskers, boron nitride nanotubes, and boron nitride
particulate [33,79,139,228,230].  Alternatively, inert
fillers considered as additive manufacturing modifiers
have also included carbon materials such as carbon
nanotubes, carbon fibres, and graphene [19,140].

The addition of these non-reactive fillers reduces the
amount of precursor composing the ink, thereby mini-
mising shrinkage and the generation of gaseous bypro-
ducts during heating. This reduction in shrinkage also
decreases the stress experienced by the ceramic
product, helping to prevent crack formation [19]. Inert
fillers can further enhance the mechanical properties
of the printed product; for instance, the inclusion of
boron nitride has been shown to improve both the
bending strength and fracture toughness of SiC/BN
composites [231].

4.1.2. Active fillers

In contrast to inert fillers, active fillers react with bypro-
ducts generated during heat treatment, enabling the
formation of different ceramics such as carbides, nitrides,
or silicides to create composites with tailored properties.
For example, within carbides, transition metal oxide
fillers can mitigate defects in the ceramic crystal struc-
ture by reacting with free carbon [232,233]. This
reduction in free carbon promotes densely packed
crystal structures, enhancing the mechanical properties.
In polysilazanes, the incorporation of alumina (Al,O3)
and silicon nitride (SisN4) further improves the



mechanical properties of the final ceramic. These fillers
react with decomposition gases released during pyrol-
ysis, forming secondary ceramic phases. This reaction
reduces void formation within the bulk material,
improving fracture toughness, whereas the reaction
products increase the hardness and elastic modulus
[801.

Active fillers can include metallic particulate, or reac-
tive ceramic components. Active metallic fillers have
included transition metal powders, chlorides, and
alloys. The use of titanium, tungsten, niobium, and mol-
ybdenum in particular are effective when added to PDCs
for generating transition metal carbide phases within
the ceramic [19,139]. Other metallic powders have
additional effects. The inclusion of Zr powders have
resulted in the generation of ZrO, and suppressing the
carbothermal reduction of the ceramic [234]. Metallic
chlorides have been used for modifying the phases of
the ceramic product, although they are rarely used for
additive manufacturing, including catalytic metallic
compounds FeCl, [137], CoCl, [136], NiCl, [233], and
MoCl, [235]. Alloy powders have also been used as a
filler and modifier in DIW of PDCs to generate complex
combinations of carbides and silicides. Biasetto et al. uti-
lised TigAl,V powder to generate multiple phases, as a
combination of titanium silicide and vanadium carbide
[236].

Active ceramic components are popular as rheologi-
cal modifiers of PDCs and for the development of bio-
logically compatible ceramics, or generally for the
fabrication of specific ceramic phases that are otherwise
difficult to produce with traditional ceramic manufactur-
ing methods. Examples of active ceramics used for DIW
of PDCs include mullite, Al,O3, CaCOs5, MgO, ZrO,, TiO,,
ZrSi0,, Y,0s3, Eu,0s3, ZrB,, Na,COs;, Na,HPO, and
NasP,0¢ [4,19,79,226,230,236]. Of these fillers, oxides in
particular react with the decomposition products of
the preceramic polymer when pyrolyzed, specifically
reacting with the silica and generating new phases
with the metallic component [19].

4.1.3. Sacrificial and meltable fillers

A specialised category of active fillers, known as sacrifi-
cial fillers, is designed to be removed during heat treat-
ment or through the use of solvents. These fillers are
primarily utilised to create controlled porosity in pyro-
lyzed PDCs [237,238]. The size, shape, and distribution
of the resulting pores can be tailored by selecting filler
materials with specific particle sizes and geometries.
Organic materials are commonly used as sacrificial
fillers, as they offer multiple removal pathways without
adversely impacting the ceramic structure. A notable
example of this approach was demonstrated by
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Pelanconi et al., where organic polyamides were
employed as sacrificial fillers. During the initial heat
treatment phase, the fillers were burned out, leaving
behind a porous SiOC structure in which the ceramic
accounted for only 2% of the total volume of the final
product [239]. When involved with additive manufactur-
ing of PDCs, sacrificial fillers have been utilised as frame-
work for the indirect printing of ceramic structures. In
this method, the sacrificial poly(lactic) acid structure
acted as a framework or preform. Liquid polycarbosilane
and polysilazane precursors were then used to infiltrate
the porous structure through dip coating, then the
impregnated structure was pyrolyzed to burn away the
sacrificial framework [240]. Polyurethane has similarly
been used as the sacrificial structure for this type of
indirect printing of ceramics [241].

Meltable fillers are related to both the active and
sacrificial category; they are intended to encourage
low shrinkage, densification, and to have stress-relief
effects, while densifying the ceramic. During the pyrol-
ysis process, these fillers will soften or melt to seal
pores within the structure, and depending on the
glass, precursor, and atmosphere combination, can
further take on the role of an inert or active filler.
Glasses are the most significant type of meltable filler,
and their inclusion into a PDC used for coatings resulted
in improved oxidation and corrosion resistance, as well
as use as a sintering aid [53,242]. To the best of our
knowledge, meltable fillers have not been explicitly
used for DIW of PDCs and is remarkable as a potential
field of study.

The effect of these different types of fillers are illus-
trated and compared in terms of the generated micro-
structure in Figure 17.

4.2. Effects of fillers on printed structures

The selection of filler material is a key strategy for
developing printable inks for DIW, and for tailoring
the properties of the final ceramic product, allowing
for enhancements in mechanical, electrical, thermal,
and biological performance. The geometry and dis-
persion of the fillers can influence the mechanical
properties of the final product, while the chemical
composition and morphology determines many of
the mechanical, thermal, electrical, and chemical prop-
erties of the final printed parts. This effect of geometry
and chemistry is notable for both inert fillers, which
serve create composites with unique morphologies,
and for active fillers which can fundamentally change
the product that is being produced. Examples of
printed ceramics are included and summarised in
Table 5.
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4.2.1. Effect of filler geometry and dispersion

The geometry, including the shape and the size, of filler
particles are critical factors in achieving the desired
modifications to the properties of ceramic materials.

Fibrous or nanotube structures are most adept at
improving the mechanical strength of the ceramic
product, although the effect of dispersion and orien-
tation of these filler types must also be carefully con-
sidered. A notable example is the incorporation of
Multi-Walled Carbon Nanotubes (MWCNTSs) into SiCN
ceramics. Significant improvements in fracture tough-
ness were observed only when the MWCNTs were uni-
formly distributed and aligned in a single direction.
The aspect ratio (length-to-width) of the nanotubes
plays a pivotal role, as demonstrated in Katsuda's
research. MWCNTs with small aspect ratios or poorly
defined graphene walls were found to provide negli-
gible enhancement to the mechanical and physical
properties of the ceramic [251]. While MWCNTs and
other fibrous fillers function as inert additions to the
polymer precursor, contributing to improved mechan-
ical properties in PDCs, their tendency to agglomerate
can lead to inconsistent performance at varying concen-
trations, unlike active fillers. This underscores the impor-
tance of using an effective dispersion mechanism during
the preparation of the precursor solution to ensure
uniform distribution and optimal performance [80].

In contrast, platelet-shaped filler particles are gener-
ally more accommodating for incorporation into inks
used for DIW, as their interlocking nature tends to
result in more uniform properties. For example, the
addition of graphene nanoplatelets to SiC ceramics
enhances the strength and hardness of the material.
This improvement is attributed to the ability of the plate-
lets to regulate ceramic grain growth during the lower-
temperature stages of the heat treatment process,
leading to increased density in the final product [252].

Recent research into the flow characteristics of DIW
printing processes demonstrates that the shear rates
experienced by inks during extrusion can affect the
orientation of filler material particles. Leveraging this
phenomenon, Xiao et al. utilised varying shear rates to
control the alignment of boron nitride (BN) particles
within the ink. Since the thermal conductivity of BN
platelets is anisotropic, this controlled orientation
during deposition allows for precise tuning of the
thermal conductivity in the final ceramic prints [201].

4.2.2. Mechanical properties

Filler composition can critically influence the mechan-
ical properties of the ceramic produced using this
manufacturing process. Some of the key influences of

the fillers, beyond imparting printability of low vis-
cosity precursors, is the reduction of shrinkage,
pores, and microcracks in the processed structure, all
of which weaken the part. Fillers have also influenced
the hardness, flexibility, and strength of these
materials.

Inert fillers such as SiC were noted to decrease the
shrinkage within the printed structures and increase
the strength of the part [253]. Xiong et al. determined
that as the mass ratio of SiC nanoparticulate to
polymer precursor was increased, the overall weight
loss of the printed part and the dimensional shrinkage
of the SiOC lattice decreased significantly. The dis-
persion of the particulate was also made more uniform
in the PDC matrix. Additions of fibrous SiC strengthened
the part by pull out and crack deflection effects [228].
Similarly, carbon-based inert fillers have also served to
reduce shrinkage and act as rheological modifiers.
Reduced graphene oxide is notable for its strong effect
on the rheological behaviour due to aggregation
within the ink and shows the ability to reduce micro-
cracking in the pyrolyzed structure [5]. Carbon fibre
has additionally been used as a modifier and filler,
with the goal of increasing the strength of the part.
Aligned carbon fibres in the ceramic matrix has shown
to increase the toughness of printed filaments, and
result in less catastrophic failure after maximum stress
of the part is reached [43]. Carbon fibre has additionally
resulted in increased bending strength and reduced
shrinkage of the printed part, increasing the concen-
tration of the fibres while maintaining printability
resulted in parts with minimised linear shrinkage follow-
ing pyrolysis [140].

Reactive and sacrificial fillers utilise different methods
to affect the mechanical properties of the part. Reactive
fillers in PDC-based ink are typically used to obtain
specific phases, which also serve to strength a part
that is printed from this ink. Metallic active fillers such
as Ti can increase the yield of the ceramic, reduce
linear shrinkage, and generating phases such as TiC
and TiSi. The presence of these additional phases
resulted in increased hardness and density of the pyro-
lyzed ceramic [139]. Sacrificial fillers uniquely can
improve porosity, influencing the mechanical properties
through tunable and interconnected pores within the
structure. A study by Huang et al. investigated how poly-
methyl methacrylate beads of varying sizes could be
used to generate a printable polymethyl siloxane ink
for DIW. Upon removal of the beads, hierarchical pores
were formed within the structure with the goal of
increasing the compressive strength of the structure
for applications as catalyst supports, and for biomedical
and energy storage applications [254].
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Figure 17. Types of fillers and the structure. (a) Summary of filler types and the resultant structure. Reproduced with permission [53].
Copyright 2019, Royal Society of Chemistry. (b1) Carbon fibre as a passive filler in a SiC matrix, sample 1, (b2) Carbon fibre as a passive
filler in a SiC matrix, sample 2. Reproduced with permission [174]. Copyright 2015, Elsevier. (c1) SiCN coating cross section containing
active fillers, (c2) EDS mapping of components revealing active filler composition. Reproduced with permission [243]. Copyright 2015,
Elsevier. (d) Cross section of PDC coating containing glass or meltable fillers after pyrolysis. Reproduced with permission [244]. Copy-
right 2012, Elsevier. (e1) Skeleton of porous PDC generated with sacrificial fillers, (e2) SiC ceramic skeleton generated by sacrificial

fillers indicated in red. Reproduced with permission [245]. Copyright 2023, Elsevier.

4.2.3. Thermal and electrical properties

The thermal and electrical properties are of particular
importance to several applications of ceramics. These
properties can be modified in the treatment methods
of the polymer, as well as by the fillers that are used
during the printing process. Thermal properties that
have been modified include the coefficient of thermal
expansion, the thermal stability, and the thermal con-
ductivity. Common electrical properties that are
modified include the electrical conductivity and
resistivity.

The heating of PDCs often induces volumetric
changes due to thermal expansion, which is quantified
by the Coefficient of Thermal Expansion (CTE). Most
PDCs exhibit a positive CTE, which can pose challenges
in applications where volumetric stability is critical. To
address this issue, lithium aluminum silicates, a class of
materials known for their low or negative CTE, have
been investigated as filler materials. In a recent study,
spodumene, an inexpensive and naturally abundant
lithium aluminum silicate, was utilised as an active

filler in SiOC-based composites [255]. The incorporation
of spodumene enabled precise tuning of the CTE in the
final ceramic product, offering a solution to mitigate
thermal expansion effects in sensitive applications.
Active fillers, TiB, and B mitigated the volume shrinkage
of a printed SiCN ceramic, also reducing the delamina-
tion of layers due to the effect of thermal mismatch
[221].

The thermal stability of SiOC ceramics can be
improved by incorporating metallic fillers such as zirco-
nium (Zr). This improvement is achieved through the for-
mation of ZrO, nanocrystals, which suppress the
carbothermal reduction of carbon products during pro-
cessing. The reduction in free carbon content results in
a greater ceramic yield and improved mechanical prop-
erties, particularly after exposure to high-temperature
conditions [234]. The thermal conductivity is a yet
another important thermal property that can be tuned
by the presence of fillers in printed ceramics, either
increasing this property, or decreasing it further for use
as insulators. Thermal conductivity has improved in
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Table 5. PDCs printed with the DIW technique.

Printed
Ceramic Precursor Modifiers Structure Heat Treatment Reported Properties References
SiC Polycarbosilane N-hexane 3D Scaffold 1400°C in Ar N/A [246]
Polymethylsilesquioxane  SiC powder, BYK-180, Carbon 410 and 580 1000°C in N, 30 MPa Flexural Strength [43]
fibre, Fumed Silica um Filaments
Polymethylsilesquioxane  Dabco Ti,N, Graphene Oxide  Scaffold/Lattice  1000°C in Ar 2.5+0.97 MPa compressive [5]
strength
Polycarbosilane (SMP- SisN,4 powder, Al,O; powder,  Hexagonal 1200°C in Ar 85-88% Ceramic Yield [247]
877) Y,03 powder, crosslinker, Array, Lattice,
photoinitiator Twisted Vase
Polymethylsilesquioxane  3-(trimethoxysilyl)propyl Lattice 800-1600°C 25%-line shrinkage, 70% [133]
methacrylate, Ceramic Yield
Trimethylolpropane
triacrylate, photoinitiator
Polycarbosilane (SMP-10) ~ ZrB, powder, SiC fibre Lattice, 1200°C in Ar Pore Area% =11.16 + 5.34% [80]
Honeycomb to 24.63 + 5.58%, Avg.
Pore Size =588.1 +5.37
pm, 667.2 = 108.5 pm
(major axis)
Polymethylsilesquioxane  Zirconium acetylacetonate, Kagome Lattice  1000-1200°C in  22-32% shrinkage [225]
TinOc N2
Polycarbosilane SiC whiskers, SiC powder Lattice 1000-1400°C 21.3 MPa Tensile strength [228]
Polycarbosilane Chopped Carbon Fibres Scaffold/Lattice  1200°C Bending strength maximum [195]
at 30 wt% Cf
Polycarbosilane SiC particles, Ti particles Scaffold/Lattice  1200°C in Ar 19.7 + 1 MPa tensile [140]
strength (without Ti)
Polycarbosilane (SMP-10)  ZrB, powder, Fumed Alumina  Lattice, 1200°C in Ar 117-458 MPa Flexural [229]
Filament strength
Polycarbosilane n-hexane, toluene Scaffold/Lattice  1100°C in Ar 50-80% porosity, 64.81 ml [150]
min~" max H2 production
SiC + Si0oC Polysiloxane (Nuva-Sil SiC powder, Al,03 powder, Turbine, 1250°C microwave transmission [175]
5039) Y,03 powder, Carbon Black Lattice, Pyrolysis, band in 8-9 GHz
Microwave 1800°C Sinter
Feedhorn
SioC Silicone Elastomer Ti-6Al-4V powder, CaCOs Lattice 1000°C in N, Reduced shrinkage with [236]
powder filler
Hydroxyl Silicone Oil SiC powder, nano fused silica  Lattice 1000°C in N, RImin = —36 dB, thickness = [166]
3.5 mm, EAB=2 GHz
SioC + SiC Polycarbosilane (SMP-10)  poly(methyl methacrylate), Lattice 800°C in Ar 1.946 +0.002 g cm™3 [13]
poly(n-butyl acrylate) density,
SiCN Polysilazane (Durazane H-BN Flexural Bars, 1000°C in N, 56.4 + 0.76 MPa flexural [80]
1800) Honeycomb strength, 28.9 + 1.3 GPa
flexural modulus, 111.9 +
7.11 Vickers
microhardness,
Polysilazane TiB, powder Thin-Film 800°C in Air 0.005-3.4 S cm™" electrical [166]
Resistor Grid conductivity, stable and
low variance up to 800°C
Polysilazane ITO powder Thin-Film Rapid Laser 4.7% drift rate at 1000°C for [222]
B, TiB, Fabrication 25 hr, resistance to
temperatures up to 1250°C
Polysilazane ITO Thin Film Ultrafast High 0.54%h~" drift rate at 900°C [221]
B, TiB, Temperature
Sintering
SiBCN Polyborosilazane TiB, powder Filament 1200°C in N, Stable and low variance at [166]
(Conductive) and under 700C
CasSios + Polymethylsilesquioxane ~ Fumed Silica, CaCO3 powder Scaffold/Lattice  600°C 56-64% interconnected [248]
Si0, porosity, 2.9-5.5 MPa
compressive strength
Hardystonite  Polymethylsilesquioxane ~ ZnO, CaCOs, SrCOs, Mg(OH),,  Scaffold/Lattice  1100°C 0.6-11.6 MPa compressive [249]
fine glass powders strength, 48-77% porosity
Sphene Polymethylsilesquioxane  CaCOs, TiO, Scaffold/Lattice  1300°C Low density, high [169]
(CaTiSiOs) compressive strength,
good permeability
CasSio; Polymethylsilesquioxane ~ CaCOs3 powder, Scaffold/Lattice  900°C Cold Extrusion: 63% [29]
methyltriethylsilane, oleic porosity, 2.7 + 0.62 MPa
acid crushing strength. Hot
extrusion: 84% porosity,
0.34 £ 0.02 MPa crushing
strength
Biosilicate Polymethyl siloxane CaCO0s3, Na,COs, Na,PO,, Scaffold 1000°C Glass-Ceramic foams, 6.7 [250]
Glass Biosilicate™ glass powder MPa compressive strength




DIW ceramics by inclusion of fillers with naturally high
thermal conductivity such as inert SiC, and reactive pro-
ducts TiC and ZrC [23,256,257]. The thermal conductivity
has also been improved by the orientation of fibrous
fillers that have been observed during the printing
process due to the shear strain of extrusion. Xiao, et al.
noted that the thermal conductivity of the polymer pre-
cursor was enhanced as the orientation of the fibres was
refined through printing [201].

Electrical properties are of particular interest for appli-
cations in the field of energy storage and electrocataly-
sis, where conductive ceramics would be highly
effective [253]. Fibrous SiC, graphene and other
carbon-based inert fillers are very commonly added to
increase the electrical conductivity of the ceramic,
while also modifying the printability of the ink.
Graphene is most notable for its ability to improve the
electrical conductivity of the composite [81,258,259].
Even in small doping quantities, reduced graphene
oxide incorporated into the DIW ink can result in an
order of magnitude higher electrical conductivity as
when it is present as the only additive [5]. Further
improvements in the printability and the electrical con-
ductivity can be made when compatible fillers are
paired. Utilising polycarbosilane (PCS) as a SiC source,
along with B-SiC particulate and porous graphene as
modifiers, a highly conductive, yet lightweight compo-
site structure was printed, achieving a conductivity of
670 Sm™~', attributed to the low resistivity of B-SiC, and
the pyrocarbons from the pyrolysis of the PCS forming
a network of conductive channels with the porous
graphene additive [253].

Alternatively, oxide fillers have proven effective for
modifying the electrical properties to obtain high temp-
erature resistance, thin-film sensors. Indium tin oxide
(ITO) has acted as the rheological modifier, and electrical
property modifying component for printing both con-
ductive SiOC and SiCN ceramics [221,222]. Upon acti-
vation the ITO/PDC exhibited monotonic resistance-
temperature characteristics, making them feasible for
new high-temperature thermistor materials. The
printed SiOC/ITO structure achieved extreme tempera-
ture resistance of up to 1250°C, with reduced drift at
temperatures at or near 1000°C [222]. The printed
SiCN/ITO resistance grid obtained very promising electri-
cal conductivity results (706.89 S m~') while keeping the
resistance drift at 900°C very low, showing that ITO as
filler and modifier was very effective for obtaining the
desired electrical properties [221].

4.2.4. Biological properties
Filler chemistry, particularly the use of active fillers, can
influence the generation of materials that are considered
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biologically compatible, such as the case for bone
implants. The inclusion of such active fillers can also
have marked effects on the porosity and strength of
the part. Studies have used active fillers such as CaCO3
and ZnO to generate hardystonite bioceramic
scaffolds, however, volatile byproducts and the porosity
generated during the pyrolysis reactions associated with
these fillers have shown to compromise the strength of
biocompatible materials. To alleviate this problem,
researchers have also investigated the usage of pre-syn-
thesised hardystonite to minimise microfractures such as
illustrated in Figure 18, combining effects of inert and
active fillers, and enhancing the strength of the prints
after heat treatment [225]. Additionally, while CaCOs; is
commonly used as an active filler, its biocompatibility
for bone grafts has led to investigations into its role as
an inert filler. Below 600°C, CaCO3 does not decompose
and behaves as an inert filler. Fiocco et al. demonstrated
that using CaCOs in combination with polysiloxane and
fumed silica for printing bone replacement implants pro-
duced scaffolds with mechanical strength comparable to
that of natural bone. This outcome was attributed to the
complete transformation of the polymer into a ceramic
without CaCO; decomposition. Additionally, the result-
ing porosity of the printed scaffolds made them suitable
for cell adhesion, further supporting their viability for
biomedical applications [248].

4.3. Future of additive manufacturing of PDCs

Additive manufacturing is an increasingly well-
researched field for the manufacturing of PDCs. There
are still many places that this field can be improved,
and directions that research can be expanded into.

4.3.1. Hybrid and alternative printing methods for
PDCs

UV-Assisted DIW (UV-DIW) is a hybrid method that
shows promise for relaxing the rheological constraints
that are required for the standard DIW process. This
hybrid printing method utilises UV light to cure the
printed ink in-situ. This effect is notable for improving
the self-supporting nature of the ink and broadening
the range of materials that can be printed, even with
imperfect rheological properties for DIW under
ambient conditions, and imperfect optical conditions
for vat polymerisation methods of printing [247,260].
Utilising UV curing in this process can further improve
the shape fidelity as well as the strength of the
polymer through more extensive crosslinking, further
reducing the crack formation during pyrolysis and
increasing yield [127,261]. However, this method intro-
duces the need for photocurable inks, which could
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potentially be more favourable for printing through
alternative printing methods such as vat polymerisation,
provided the resin has favourable optical properties.

Beyond DIW, alternative additive manufacturing
methods that have been utilised for processing PDCs
have included vat polymerisation methods, requiring a
photocurable precursor resin, similar to the requirement
for UV-DIW. Preceramic precursors are considered very
promising for this category of additive manufacturing
due to the transparency of the precursor preventing
scattering, their stability, and low viscosity. Precursors
have been made photocurable through three different
methods: functionalization of acrylic or vinyl groups
into the precursor, mixing the precursor with a compati-
ble photocurable polymer, or copolymerisation [58]. Of
these methods, mixing the precursor with a photocur-
able polymer is among the most commonly researched;
several studies have been dedicated to understanding
this type of manufacturing, and have noted a common
issue of low yield due to the presence of the photocur-
able component influencing the crosslinking of the pre-
cursor [262-269]. This additive manufacturing method is
considered most promising for PDCs due to the dimen-
sional accuracy and the high resolution that vat poly-
merisation printers are currently capable of, and will
become more effective as the high shrinkage and low
yield is addressed.

A final glaring knowledge gap is the absence of non-
silicon-based PDCs manufactured through the DIW
process. UHTCs have several extraordinary properties,
but precursors and their synthesis pathways are
limited, particularly in the formation of UV-curable pre-
cursors [23,270]. Limited synthesis pathways and low
yield have limited the application of UHTC and non-
silicon-based precursors from additive manufacturing
methods outside of pre-synthesised ceramic particulate,
which has been manufactured in select studies using
DIW [271]. Improvements in the synthesis of UHTC pre-
cursors could be highly useful for manufacturing
complex parts utilising additive manufacturing
methods without the current drawbacks that are seen
with particulate methods.

4.3.2. Artificial intelligence as a tool

Artificial intelligence (Al) and machine learning (ML) are
novel tools that can potentially be utilised to improve
the field of additive manufacturing. In the case of DIW
and materials development, ML is beginning to be uti-
lised for developing ink formations, and for the evalu-
ation and refinement of the printing parameters. Chen
et al. has evaluated ML as a tool to predict the printabil-
ity of biomaterial formulations, training the algorithm
with 210 different formulations made from 16 different

biomaterials, and achieving an accuracy of greater
than 80% for the ML methods of decision tree, random
forest, and deep learning [272]. ML classifications have
evaluated printing parameters, trained on a singular
type of ink, based on a polydimethylsiloxane precursor.
Four printing parameters were measured, the nozzle
diameter, layer height in ratio to the nozzle diameter,
the extrusion pressure, and the printing speed, and the
results were analyzed with ML models in order to
predict the properties that would be best for printing
representative structures [273]. Recently ML has been
used to also fabricate DIW-printed structures with
specific properties. This was done through training a
ML model to customise the fabrication of a DIW
printed film to achieve the optimum performance with
high accuracy [274]. These methods of using ML to
improve the printing process could be potentially
adapted to DIW and PDCs, to effectively design precur-
sors and inks, as well as optimising the printing par-
ameters for the desired performance.

5. Conclusions and future work

Despite significant advancements in PDCs and their DIW
applications, several challenges and areas for further
development remain. Polymer-derived ceramics (PDCs)
are inherently brittle — a limitation shared with most cer-
amics. Efforts to address this brittleness and enhance
their mechanical and thermal properties have focused
on incorporating fillers to create ceramic matrix compo-
sites. However, the effects of these inclusions and pre-
cursors are only beginning to be studied despite the
presented progress on PDCs and their DIW applications.
Several areas of work still exist for these materials and
methods: Polymer derived ceramics suffer from limit-
ations in their mechanical properties that are common
for all ceramics, such as their brittleness. Methods of alle-
viating the brittleness and improving the mechanical
and thermal properties include the inclusion of fillers
to create ceramic matrix composites, but the effects of
these inclusions and precursors is only now beginning
to be covered in depth [38,275,276]. The fabrication of
dense bulk structures remains a challenge due to exten-
sive cracking and other defects that can occur during
pyrolysis, particularly when the polymer exceeds a criti-
cal thickness [229]. Polymer Infiltration and Pyrolysis
(PIP) has been explored as a method to produce dense
bulk structures, including from 3D-printed scaffolds,
but it is a time-intensive process and is limited to low-
viscosity precursors [239,240,277,278]. Additionally, the
development of high-ceramic-yield precursors for non-
silicon-based ceramics is still in its early stages. Current
research is limited to specific synthesis reactions that
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Figure 18. Formation of microcracks in the printed bioceramic scaffold can be seen in (a) after heat treatment at 1200°C. The addition
of inert filler in (b) reduces the crack formation. Reproduced with permission [225]. Copyright 2016, Wiley.

often result in decreased or impure ceramics, highlight-
ing a critical need for further innovation and refinement
in precursor design [23,105].

Achieving the appropriate rheological properties for
DIW inks containing fillers remains a critical challenge.
Currently, most fillers are assessed through a trial-and-
error approach, which is inefficient for developing a
broad range of printable inks. The impact of fillers on
the rheological properties of preceramic polymers, as
well as their influence on the final ceramic composition,
requires more detailed investigation. Additionally,
ensuring high shape fidelity during printing is an
ongoing challenge. Since print parameters vary depend-
ing on ink composition and printer design, developing
standardised parameters and designs would greatly
facilitate the comparison of inks, print settings, and
resulting ceramic compositions.

Future advancements in DIW and for manufacturing
PDCs may extend to alternative printing methods, the
incorporation of ML, and even beyond Earth. Additive
manufacturing, including DIW, has been explored for
constructing habitats on the Moon and Mars using
local regolith. Current research has focused on lever-
aging geopolymer reactions or polymers as binders for
regolith-based  construction  materials  [279-284].
However, to our knowledge, the use of PDC precursors
as binders for such applications has not yet been
explored. PDC precursors could potentially serve as
effective binders for creating robust composites suited
to the extreme conditions of lunar and Martian environ-
ments, representing a promising avenue for future
research.

The increasing demand for complex high-tempera-
ture ceramics and their composites has driven significant
research into polymer-derived ceramics (PDCs) and addi-
tive manufacturing techniques for ceramics. A diverse

range of ceramics can be produced from preceramic
polymers, offering properties that are well-suited for
high-temperature environments. Precursors have been
developed to yield binary, ternary, quaternary, and
even non-silicon-based ceramics, each characterised by
unique microstructures and properties influenced by
curing and pyrolysis conditions. These properties can
be further tailored through the incorporation of
various fillers. Importantly, PDCs can be processed
using methods specific to polymers, including additive
manufacturing, enabling the production of intricate
and customised ceramic components. The applications
of PDCs span structural roles such as components,
adhesives, and composite reinforcements, as well as
functional uses including electromagnetic wave absor-
bers, sensors, and electrical components. However, chal-
lenges such as brittleness, limited critical thickness, and
shrinkage have constrained their broader adoption.
Despite these limitations, PDCs present an innovative
and versatile alternative to traditional ceramic manufac-
turing methods, offering exciting opportunities for
advancements in high-performance materials.

Direct Ink Writing (DIW) has garnered significant
attention in recent years because of its versatility and
cost-effectiveness in printing a wide range of materials.
With minimal modifications required to produce extrud-
able inks, DIW offers a straightforward and adaptable
approach to additive manufacturing. The most critical
property influencing ink extrudability in DIW is rheology,
which governs two essential characteristics: flow behav-
iour and shape fidelity. These requirements are most
effectively met by shear-thinning inks. The rheological
properties of DIW inks can be assessed through
various tests to confirm shear-thinning behaviour,
which directly impacts the selection of print parameters.
This straightforward printing process enables the



36 (&) V.BISHOPET AL.

fabrication of complex geometries on both small and
large scales. However, when applied to PDCs and cer-
amics, DIW faces certain limitations, including slower
printing speeds and a strong dependency on the vis-
cosity of the slurry ink. Despite these challenges, DIW
remains one of the most extensively studied additive
manufacturing techniques. Continued advancements
are expected to improve both print quality and speed,
enhancing its potential for diverse applications.
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