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Extrusion-based additive manufacturing has emerged as a powerful technique for fabri-
cating polymer-ceramic composites with complex geometries. By enabling layer-by-layer
deposition without the need for molds, this process significantly reduces material waste
and manufacturing costs, particularly for low-volume and customized production. Among
various additive manufacturing technologies, extrusion-based 3D printing methods are
widely adopted owing to their cost-effectiveness, design flexibility, and broad material
compatibility. These processes typically utilize polymers as binders or matrices, combined
with high loadings of ceramic powders and functional additives, where the ceramic phase
plays a dominant role in defining the final mechanical, thermal, and functional properties
of the component. This review provides a comprehensive overview of extrusion-based
additive manufacturing of polymer-ceramic composites. It systematically examines the
key material systems, binder formulations, processing routes, post-processing strategies,
and critical parameters that govern microstructural development and overall performance.
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1. INTRODUCTION

Additive manufacturing has emerged as one of the most
important advanced fabrication technologies, facilitating
the creation of complex geometries tailored to consumer
preferences and demands for products and services. Ini-
tially, this method was proposed as a means of rapid pro-
totyping. However, with the advent of a wider range of
manufacturing techniques, materials and equipment, it is
now regarded as a significant production approach [1,2].
Nowadays, manufacturers and researchers routinely pro-
duce polymer, ceramic, and metal parts, allowing low-
cost production of complex geometries with high design
flexibility and very little waste [3,4]. The layer-by-layer
nature of additive manufacturing enables precise control
over geometry and material distribution, thereby signifi-

cantly enhancing design flexibility and material efficiency
in polymer composite fabrication [5]. It is worth noting
that there are few known industries where additive man-
ufacturing has not entered, and it is used in various fields
such as aerospace, automotive, biomedical, electronics
and construction [6-9]. There are several methods for
additive manufacturing of composite parts with polymer
binders, including powder-based methods where polymers
are applied as a binder or as a layer on top of powders
to improve quality. For example, binder jetting is used to
produce parts in which the polymer binder is sprayed onto
a bed of powder together with other additives [10], or,
in the case of the solid based methods, sheet lamination,
in which a layered arrangement of sheets with a special
component is used [11]. A large number of polymers are
also used in processes based on extrusion, in which solid
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Table 1. Additive manufacturing process classification.
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> Binder jetting Extrusion based Photopolymerization based Sheet lamination methods
v Powder Slurry ~ Suspension  Thermoplastic Digital light ~ Stereolithography Laminated object Computer aided
binder binder pastes based or filament processing (SL) manufacturing manufacturing
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Fig. 1. Classification of extrusion based additive manufacturing.

ceramic or metal particles are placed in a bed of polymers
and then extruded either in the form of a paste or in the
form of filaments by various extrusion-based 3D printers.
Table 1 presents a brief classification of additive manufac-
turing processes.

In principle, extrusion-based techniques have relative
advantages over other proposed methods, including the
variety of raw materials used, relatively low manufactur-
ing costs and the ability to customize the manufactured
products [21]. The mixing of ceramic or metallic rein-
forcing materials can play a significant role in shaping the
properties of the final product, increasing various strength,
chemical and other properties. A brief description of the
process is as follows. In extrusion-based 3D printing
systems, it is important to create suspension pastes that
contain binders together with reinforcements. These re-
inforcements may take various forms of particles, fibers
or platelets [4]. In most cases, to improve printing con-
ditions and increase the amount of ceramic materials in
the paste, additives such as plasticizers, surfactants, etc.
can be added to the structure after the paste has been
formed [13]. In accordance with the methods described in
the Figure 1, once the paste or filament has been formed,
layer-by-layer construction of the highly filled polymer
part can begin [13,22-24].

2. PROCESSINGSTRATEGIESFORACHIEVING
FUNCTIONAL 3D-PRINTED COMPOSITE
PARTS

Recent studies demonstrate that components fabricated
via extrusion-based additive manufacturing (EBAM) can
be directly employed as polymer-based composites. How-
ever, growing research interest has been directed toward
the conversion of these structures into ceramic-based
components through polymer-to-ceramic transformation,
enabling the transition from polymer-matrix to ceram-
ic-matrix systems. For example, some researchers have
been able to convert polymer-derived ceramics into final
ceramic parts, after making a polymer composite piece by
using a series of secondary processes such as UV irradi-
ation with infrared rays on the manufactured piece, caus-
ing the polymer to harden and transform the polymer base
into a ceramic structure [25-27]. Most of the new research
by some researchers is going towards the construction
of parts in which the role of polymers in the structure is
more as a binder and the parts made that contain high-
ly loaded polymer together with ceramic or metal com-
pounds [28,29]. After obtaining the green body, an effort
is made to extract the polymer in the structure, which has
functioned as a binder, from the body of the piece, called
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Table 2. Binder systems for ceramic additive manufacturing.

Aqueous
PVP, agar, methyl-

cellulose slurries)

s Ik Paraffin wax, PE, PP, 50-65 (typically 50-60 vol.% in  Thermal or solvent +
FFF filaments; up to 60 vol.%

(wax-based) EVA, PEG, PVB

ALO,)

INELIERE POM (polyoxymeth- 55-65 (commonly ~55-60 vol.%; Catalytic
similar to CIM feedstocks)

(catalytic) ylene)

UV-curable

Bio-based /
sustainable

Waste PVB, lignin,

starch, PLA PLA-based filaments)

de-binding, and finally to move towards a uniform piece
of ceramic or porous metal through post-processes. In the
subsequent stage, the printed part is subjected to thermal
post-processing, such as local melting or sintering, which
promotes densification, thereby reducing porosity and sig-
nificantly enhancing mechanical strength.

This study focuses on extrusion-based additive man-
ufacturing processes incorporating ceramic particles as
reinforcing phases. The resulting components can be em-
ployed either as polymer-ceramic composites or, through
subsequent post-processing, converted into fully ceramic
structures that are challenging to fabricate using conven-
tional manufacturing methods.

3. BINDER SYSTEMS IN EXTRUSION-BASED
ADDITIVE MANUFACTURING

The binder system represents a critical component in the
formulation of highly filled polymer-ceramic feedstocks,
governing rheological behavior, printability, green-body
integrity, and subsequent de-binding efficiency. In extru-
sion-based additive manufacturing, binder systems are
typically classified into aqueous binders, thermoplastic
binders, and photo/UV-curable systems (Table 2).

3.1. Aqueous binder systems

Aqueous binder systems are widely employed in suspen-
sion-based extrusion processes such as direct ink writ-
ing (DIW), owing to their environmental compatibili-
ty and simplified de-binding pathways. These systems
typically utilize water-soluble polymers including car-
boxymethyl cellulose (CMC), hydroxypropyl methylcel-

Acrylates, methacry- 45-60 (up to 60 vol.% in opti-
lates, photoinitiators mized Al,0,/ZrO,/Si;N, slurries) (after UV-curing)

45-60 (typically ~ 50 vol.% in

Typical ceramic loading, vol.% | De-binding method Key advantages

CMC, HPMC, PVA, 50-60 (up to 58 vol.% optimized; Thermal
~ 50 vol.% common in Al,O;

Environmentally friendly, low
(evaporation/pyrolysis) toxicity, easy de-binding; good
green density in robocasting/DIW

High green strength, excellent
filament flexibility; suitable for
complex FDM/FFF structures

thermal

Rapid de-binding, minimal

(HNO; vapor) dimensional distortion; efficient
like CIM
Thermal Instantaneous curing, high reso-

lution, thermoset stability; ideal
for SLA/DLP

Thermal / solvent Low environmental impact,

circular economy integration;
greener alternative to conven-
tional thermoplastics

lulose (HPMC), polyvinyl alcohol (PVA), polyvinylpyrro-
lidone (PVP), sodium alginate, gelatin, and agar.

These polymers function as rheology modifiers,
enabling the development of yield-stress, shear-thin-
ning (pseudoplastic) behavior, which is essential for extru-
sion and structural recovery after deposition [30,31]. The
presence of a finite yield stress ensures shape retention,
while shear-thinning facilitates flow under applied stress.
Cellulose derivatives such as CMC and HPMC are partic-
ularly effective for stabilizing highly concentrated ceramic
suspensions, enabling solid loadings up to ~ 55-60 vol.%
with relatively low organic content. This significantly im-
proves thermal de-binding efficiency and minimizes defect
formation such as cracking and bloating [30,32].

3.2. Thermoplastic binder systems

Thermoplastic binder systems are predominantly used in
filament-based EBAM processes, including fused depo-
sition modeling (FDM). These systems are generally
multi-component formulations designed to balance melt
flow and mechanical stability.

Typical compositions include:

» paraffin wax — reduces melt viscosity;

* backbone polymers (polyethylene (PE), polypro-
pylene (PP), and ethylene-vinyl acetate (EVA)) —
provide mechanical integrity.

Advanced systems include polyethylene glycol/poly-
vinyl butyral (PEG/PVB), which allows partial solvent
de-binding through selective extraction of PEG, followed
by thermal removal of PVB. This staged removal reduces
internal stresses and defect formation [30]. Another im-
portant system is polyoxymethylene (POM), which en-
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ables catalytic de-binding in nitric acid atmospheres, al-
lowing rapid and uniform binder removal at relatively low
temperatures. This approach is well-established in powder
injection molding and has been adapted for ceramic addi-
tive manufacturing [33].

3.3. Sustainable and bio-based binder systems

Recent developments focus on sustainable binder sys-
tems derived from renewable or recycled sources. Mod-
ified bio-based carboxymethyl cellulose (CMC) derived
from agricultural waste has demonstrated high ceramic
loading (~ 58 vol.%) with improved green strength due to
enhanced intermolecular interactions [34]. Recycled poly-
vinyl butyral (PVB) from automotive windshields has also
been successfully used as a primary binder in SiC extru-
sion systems, achieving up to ~40% reduction in carbon
footprint without compromising performance [35]. Oth-
er emerging bio-based binders include starch, lignin, and
polylactic acid (PLA). While these materials offer envi-
ronmental advantages, challenges remain in terms of ther-
mal decomposition behavior, rheological consistency, and
process reproducibility [36].

4. CERAMIC MATERIAL SYSTEMS
IN EXTRUSION-BASED ADDITIVE
MANUFACTURING

The inherent flexibility of EBAM enables the processing
of a broad spectrum of ceramic material systems, ranging
from conventional oxide ceramics to advanced non-oxide
and bioactive compositions. The selection of ceramic type
is fundamentally governed by thermodynamic stability,
sintering mechanisms, atmosphere sensitivity, and target
functional performance. These material classes exhibit
distinct processing windows and microstructural evolu-
tion pathways during printing and post-processing.

4.1. Oxide ceramics

Oxide ceramics are the most extensively investigated
class in EBAM due to their chemical stability in ambient
atmospheres, relatively well-established powder process-
ing routes, and predictable sintering behavior.

Among them, alumina (ALO,) and yttria-stabilized zir-
conia (ZrO,, particularly 3Y-TZP) are the most widely uti-
lized. Alumina offers high hardness, wear resistance, and
thermal stability, whereas zirconia provides superior fracture
toughness due to the transformation toughening mechanism
(tetragonal — monoclinic phase transformation) [37,38].

In EBAM processes such as direct ink writing (DIW),
these materials can achieve relative densities exceeding
95-99% after optimized sintering, provided that high solid
loading (> 50 vol.%) and homogeneous particle dispersion

are achieved. Rheological optimization is critical to sup-
press defects such as interlayer delamination and anisotro-
pic shrinkage [39].

Functional oxide ceramics such as barium tita-
nate (BaTiO,) have gained increasing attention for piezo-
electric and dielectric applications. Recent studies have
demonstrated that EBAM-processed BaTiO, components
can achieve densities above ~ 96%, with preserved ferro-
electric properties, when processed via optimized aqueous
gel systems and controlled thermal cycles [40]. However,
challenges remain in controlling grain growth and domain
orientation during sintering, which directly influence di-
electric and piezoelectric performance. Figure 2 shows the
fundamental ceramic material variants commonly used in
extrusion-based 3D printing systems.

4.2. Non-oxide ceramics

Non-oxide ceramics, including silicon carbide (SiC), sil-
icon nitride (Si;N,), and boron carbide (B,C), are charac-
terized by exceptional mechanical strength, thermal con-
ductivity, and chemical resistance, making them suitable
for extreme environments. However, their processing via
EBAM is significantly more complex due to oxidation sen-
sitivity, covalent bonding nature, and limited self-diffusion
during sintering.

These materials typically require:

» controlled (inert or reducing) atmospheres to pre-

vent oxidation during high-temperature processing;

* sintering additives (e.g., Y,0,, AL,O, for Si;N,) to

promote liquid-phase sintering and densification.

For instance, Si;N, densification relies on transient
liquid phases formed by oxide additives, which facili-
tate particle rearrangement and solution—reprecipitation
mechanisms [41].

In the case of silicon carbide, pressure-less sinter-
ing often requires boron and carbon additives to enhance
densification kinetics. Achieving high density (> 95%)
remains challenging due to grain boundary diffusion
limitations [42].

Advanced non-oxide systems such as ultra-high tem-
perature ceramics (UHTCs)—including zirconium di-
boride (ZrB,) and titanium diboride (TiB,)—have been
successfully processed using EBAM techniques such as rob-
ocasting and colloidal direct extrusion (CODE). These ma-
terials exhibit melting points above 3000 °C, making them
suitable for acrospace and hypersonic applications [43].

Recent studies report relative densities exceeding
~95%, with tailored microstructures achieved through
the incorporation of secondary phases (e.g., SiC) to im-
prove fracture toughness and oxidation resistance [42].
Nevertheless, controlling crack formation during drying
and sintering remains a key challenge due to their intrinsic
brittleness and high elastic modulus.
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Ceramic Material Systems in Extrusion-Based Additive Manufacturing
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Fig. 2. Ceramic material system in extrusion-based additive manufacturing.

4.3. Bioceramics

Bioceramics represent a distinct class of materials in
EBAM, primarily used for bone tissue engineering and re-
generative medicine. Common compositions include:

* hydroxyapatite (HA);

e tricalcium phosphate (TCP);

* bioactive glass (e.g., 45S5-NovaMin© calcium so-

dium phosphosilicate bio-glass);

 calcium silicatese(e.g., akermanite, wollastonite).

These materials are typically fabricated as highly po-
rous 3D scaffolds, where porosity (50-90%) and intercon-
nected pore architecture are critical for cell infiltration,
vascularization, and nutrient transport [44].

A central challenge in bio-ceramic processing is
the trade-off between porosity and mechanical strength.
While high porosity enhances biological performance, it
significantly reduces compressive strength and structural
reliability. EBAM enables precise control over pore ge-
ometry and gradient architectures, allowing partial miti-
gation of this trade-off through topology optimization and
hierarchical structuring.

Additionally, the bioactivity of these materials is
strongly influenced by surface chemistry, ion release ki-
netics, and phase composition. For example, HA provides
excellent biocompatibility but relatively low resorption
rates, whereas TCP exhibits faster biodegradation. Com-
posite or multiphase systems are often employed to bal-
ance these properties [45].

5. EXTRUSION 3D PRINTING OF POLYMER-
CERAMIC COMPOSITES

In extrusion-based additive manufacturing, a slurry or
paste is prepared by mixing a polymer (acting as a matrix
or binder), ceramic particles (as reinforcement), along with
other necessary additives. This mixture is then extruded
through a nozzle to fabricate the desired part [46,47]. Dif-
ferent post-processing routes may subsequently be applied
depending on the intended final application. As illustrated
in the Figure 3, the manufactured parts may be used di-
rectly as polymer composite components, or they can un-
dergo curing via exposure to IR or UV radiation when us-
ing photosensitive or IR-curable polymers. Alternatively,
post-processing involving de-binding of the polymer and
subsequent sintering can be applied to convert the ceramic
compounds into a strong, dense final ceramic part.

Figure 4 shows different nozzles of extrusion-based
3D printers. In pneumatic extrusion, a continuous pres-
sure is applied to the paste inside the extrusion chamber,
causing a continuous ejection of the paste and its applica-
tion to the platform. In piston mode, the piston applies a
uniform mechanical pressure to the paste inside the noz-
zle. This mode has the ability to apply more force than the
pneumatic mode and is therefore suitable for printing very
high viscosity pastes [48,49]. And in the screw mode, af-
ter entering the nozzle, the paste hits the spiral impellers,
where the paste is guided by the torsional flow generated
along the extrusion nozzle to the end of the nozzle outlet
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Direct usage

The finished parts are used for known applications
and as a polymer composite part.

Use of UV and IR light

-— . L. ..

By using polymers that are curable to IR and UV radiation
and then exposing the manufactured part to these radiation,
the manufactured part is cured.

Use of a post-processing method

Using post-processing to debinding the polymers in the
manufactured part and finally sintering to convert the ceramic
compounds in the piece into a strong final ceramic part.

Fig. 3. Classification of processing routes for converting extru-
sion-based 3D printed green bodies into final parts, categorized
based on technological process pathways and the resulting fi-
nal-state products, including polymer—ceramic composites and
fully ceramic structures.

Pneumatic Piston Screw

i bioRender

Fig. 4. Three common extrusion mechanisms in extrusion-based
3D printing: (left) pneumatic extrusion driven by air pres-
sure; (middle) piston extrusion using mechanical force; and
(right) screw extrusion with a rotating auger.

and is applied to the surface of the platform. This leads
to the elimination of material selection limitations for 3D
printing technology and also helps to mix different com-
ponents in the paste with low or high viscosity [50]. Final-
ly, it is important that the choice of each of these nozzles
is directly related to the type of raw material used and its
composition, for example, if paste is used, its rheology is
important, and if filament is used for extrusion, the diam-
eter of the filament and the amount of melt required to get
the filament out of the nozzle and then its ability to melt
are important.

One of the key aspects of this manufacturing process
is to ensure an appropriate number of ceramic particles are
incorporated into the polymer matrix. This involves ensur-
ing that the quantity of solid particles within the polymer is
substantial, and that their distribution within the polymer
matrix is homogeneous. Furthermore, the viscosity of the

paste is precisely calibrated to eliminate any potential is-
sues not only during the extrusion process, but also during
the subsequent manufacturing of the part [S1]. Most of the
suspension pastes used in extrusion-based 3D printers have
non-Newtonian fluid behavior, which is often divided into
dilatant and pseudoplastic fluids. In paste with dilatant be-
havior, by applying force to the paste, the paste becomes
rigid. and the resistance shows that this is a problem in
the discussion of using extrusion and it causes the paste to
come out of the nozzle with difficulty and after the force
is removed, it becomes loose and cannot have the desired
layered structure to manufacture the part. In pseudoplastic
pastes, viscosity decreases under shear stress, facilitating
smooth extrusion through the nozzle, while rapid viscos-
ity recovery after deposition helps maintain the printed
geometry and the layered construction of parts by extru-
sion. However, in the case of pastes with pseudoplastic
behavior, the force reduces the fluidity of the paste, which
hardens again when the force is removed, thus preventing
the paste from exiting the nozzle and making it possible
to build up the parts in layers by hardening the paste [52].
On the other hand, polymer-based pastes behave as vis-
coelastic materials. These types of viscoelastic materials
need to have a suitable tensile strength in addition to being
fitted to the model for yield pseudoplastic fluid [53] and
most suitable tensile strength for extrusion are in the range
of 100-1000 Pa [54-56]. For this purpose, polymer pastes
with increased solid ceramic particle content and higher
concentrations of polymer binders (e.g., methyl cellu-
lose [57], polyvinylpyrrolidone (PVP) [58], and polyeth-
yleneimine (PEI) [59]) can be prepared to provide the re-
quired viscoelastic properties. In this regard, two primary
categories of extrusion-based 3D printing processes are of
interest for fabricating polymer-ceramic composites. The
first involves suspension paste-based extrusion technolo-
gies, in which a low-viscosity or yield-pseudoplastic paste
is prepared as a suspension containing ceramic particles,
a solvent (typically water or organic solvents), a polymer
binder, and other additives. This approach operates at
room temperature without requiring melting of the paste,
enabling higher ceramic loadings (often > 50 vol.%) and
simpler de-binding. The second category encompasses fil-
ament- or thermoplastic-based extrusion processes, where
ceramic particles are dispersed within a thermoplastic
polymer matrix to form either pre-extruded filaments
or granules/pellets. These feedstocks are then fed into
a heated extruder, melted, and deposited layer by layer.
Although this method typically involves lower ceramic
loadings compared to suspensions and requires thermal
management during printing, it offers excellent process
stability, compatibility with commercial fused deposition
modeling/fused filament fabrication (FDM/FFF) printers,
and the ability to produce complex geometries with good
green-body handling. Both approaches are followed by
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Fig. 5. Schematic of suspension paste extrusion 3D printing.

appropriate post-processing (curing, de-binding, and/or
sintering) depending on whether the final part is intend-
ed as a polymer-ceramic composite or a dense monolithic
ceramic component; they will be examined in detail in the
following sections.

5.1. Extrusion additive manufacturing based on
suspension pastes

The advantage of this method over other methods of pro-
ducing polymer composites is the use of more ceramic
particles within the polymer matrix. In this method, the
formation of a suspension leads to a reduction in the use
of organic materials and polymers. Finally, the de-binding
process of the polymer within the structure becomes eas-
ier, which, in addition to ease of manufacture, also leads
to a reduction in defects in the part. For this reason, most
of the extrusion-based processes developed emphasize the
use of suspension paste. Figure 5 shows a schematic of
the additive manufacturing process for the production of
suspension paste containing ceramic particles using extru-
sion-based 3D printers.

Among the challenges of this method are the direct
effect of the shape, size and surface morphology of the
particles, including surface roughness, on the behavior
of the paste prepared; on the other hand, the stabilization
of the suspension to obtain a homogeneous mixture with
reinforcing ceramic particles is important in the context
of polymer, which depends on the precise control of the
paste formulation and other printing parameters to obtain
the desired final product [60]. In the following, the differ-
ent methods of the 3D printing subset of suspension paste
extrusion will be examined.

5.1.1. Robocasting

Robocasting (RC), another name for direct ink writ-
ing (DIW), is based on the extrusion of a polymer-based

paste, where the resulting paste acts as a binder and, if
ceramic particles are added, various additives can be used
to facilitate the printing process. These additives control
the rheology and other properties of the paste [61-63]. De-
pending on the nozzle used for this process, the filament
diameter of the materials exiting the robocasting nozzle is
in the range of 200—800 um. Another important consider-
ation is how these exiting filaments are deposited onto the
platform, so that when integrated samples are produced,
the distance between the filaments that make up a layer is
considered to be zero, preventing sample distortion [64].
However, the distance between the deposited filaments on
the platform is considered a positive factor in the manu-
facture of porous ceramics [64]. Wahl et al. [65] prepared
a suspension paste containing silicon carbide particles and
carbon and then produced a SiC/C green-body using RC.
They then used reaction sintering and liquid silicon in-
filtrate (LSI) to produce the final part, where the density
of the final part and its four-point flexural strength were
measured to be 98% and 224 MPa respectively. A sche-
matic of the DIW is shown in Figure 6.

Adequate dispersion of the solid particles is essential
to obtain a well homogenized suspension. In addition,
small amounts of other additives such as viscosifiers,
plasticizers, thickeners in the range of 0—5 wt.% could be
used to increase the stability of the suspension and provide
rheological properties [66,67]. Although some problems
have been observed in the manufacture of parts via rob-
ocasting, including residual porosity, drying cracks, and
delamination between filaments (particularly in non-opti-
mized printing directions), recent studies have introduced
effective strategies to mitigate these issues through ad-
vanced ink formulations and optimized printing param-
eters. Notably, Feilden et al. [68] demonstrated that by
employing a robust hydrogel-based ink (Pluronic F-127)
with high solid loading and carefully controlled rheolog-
ical properties, dense monolithic alumina and SiC parts
with excellent interlayer bonding and flexural strengths of
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Fig. 6. Schematic representation of ceramic fabrication via direct ink writing (DIW).

Table 3. Mechanical properties of robocast alumina parts after sintering.

i ) i Density, %
AM Ceran.nc Polymer material Cerapnc pov&;der y - Flexural strength, MPa | Ref.
proces | mateia loading.vol%
2 56 —

Carrageenan

Ammonium polyacrylate 55

(DIW)
>
©

Robocastin

Pluronic F-127 36

230 MPa and 300 MPa, respectively, can be successfully
fabricated.DIW was used to produce a part made of SiC
and carbon fibers by Xia et al. [69]. The final part had a
porosity of 30.9-34.8%. The ultimate strength was mea-
sured in the range of 84—123 MPa. In addition, its frac-
ture toughness was measured to be approximately 1.46—
2.71 MPa-m'?. Costakis et al. [S6] prepared an aqueous
suspension paste containing ceramic boron carbide (B,C)
particles and polyethyleneimine (PEI), where the sam-
ple containing 2.7 vol.% WC has a density of 2.88 g/cm’
and a tensile strength of 43 MPa. They showed that the
probability of cracking increased with increasing solid
particles. Kemp et al. [70] fabricated a ceramic composite
part from polysiloxane reinforced with hexagonal boron
nitride (hBN) using DIW, where the flexural strength of
the parts obtained was approximately 56.4 MPa and with
a microhardness of 111.4 HV2, indicating lower porosi-
ty and more uniform pore distribution. In another study,
Shao et al. [71] produced glass frameworks by forming
a CaSiO,-based paste (4.5 grams of ceramic powder with
4.0 grams of polyvinyl alcohol (PVA)), applying it to a
DIW platform, and sintering to produce a 60% porosity
part with a compressive strength between 48 and 88 MPa.
Table 3 presents an analysis of the literature investigating
the research conducted on the additive manufacturing of
alumina-containing parts. These methods have used heat
treatment for de-binding and sintering to obtain alumina
parts.

97.6 250.86 [72]
98 156.6 + 17.5 [39]
97 230 [68]

By optimizing the deposition pattern, suitable network
structures can be created to achieve better mechanical
performance. Other parameters affecting the rheology of
composite pastes include the effect of the morphology of
the particles added on the viscosity and the loading of the
ceramic particles in the past [22]. Compounding signifi-
cantly affects the rheological behavior of the feedstock.
In general, increasing the volume fraction of ceramic par-
ticles leads to an increase in viscosity due to intensified
hydrodynamic interactions and particle—particle contacts
within the suspension. Excessively high viscosity may
reduce flowability and impair printability during extru-
sion-based additive manufacturing. The mechanical prop-
erties of the parts produced by this method are also directly
influenced by the manufacturing conditions of the samples
as well as the parameters of the molded paste, so that if the
molded paste has a suitable printability and the additives
and solvents in it are optimal during the 3D printing pro-
cess, it will find the least defects and porosity. On the other
hand, if the distance between the nozzle and the substrate
as well as the speed of the nozzle movement are optimal,
it will lead to a high quality printing of the paste layers on
top of each other, eliminating problems such as lack of fill-
ing and the part will be printed with high quality [22,73].
According to some research, there is a type of robocasting
in which the paste used for 3D printing has a lower vis-
cosity than robocasting [74,75] which are also included in
the field of extrusion free form (EFF), but still found in a
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separate category. In principle, EFF can be applied to all
methods based on extrusion, and new methods that have
many similarities to other known methods, but the differ-
ence is the parts seen in them are mentioned under the title
of extrusion. This type of additive manufacturing method
will be investigated below [74,75].

For instance, Gomez et al. [76] fabricated a sili-
con carbide part using EFF 3D printing. The final piece
formed with porosity about 65-85% after SPS sintering.
Zhang et al. [77] fabricated a part containing silicon carbide
along with carbon black and chopped carbon fibers where
the final composite piece had a 3-point bending strength of
300 MPa. McLainn et al. [78] prepared a suspension us-
ing ceramic precursors along with 45 wt.% chopped car-
bon fibers and 10 wt.% carbon black, and using EFF on
a platform based on pyrolysis. The mechanical properties
of the resulting composite parts were comparable to those
reported in previous studies on alumina-containing com-
posites fabricated by similar extrusion-based methods. The
de-binding and sintering processes were also used in this
preparation method for achieving final desirable specimen.

5.1.2. Freeze-form extrusion fabrication

The paste formed in this process is a water-based sus-
pension containing ceramic particles or a colloidal gel,
which is modified after preparation. Of course the extru-
sion method is modified so that the desired paste is ap-
plied to the substrate after extrusion. After deposition and
formation of a layer, it is frozen [78]. Basically, the paste
generated from the computer-aided design (CAD) model
is printed in a controlled freezing environment, typically
between 0 °C and —20 °C, depending on factors such as
the solvent freezing point, slurry rheology, ceramic sol-
id loading, and the required dimensional stability during
deposition. After fabrication of the composite sample, the
structural water is removed through a freeze-drying pro-
cess, in which the selected drying temperature and pres-
sure are determined by the sublimation behavior of ice,
pore preservation requirements, and prevention of struc-
tural collapse or cracking during solvent removal [79,80].
The advantages of this method include the production of
large parts, the reduction of the use of polymer binders for
the production of high-density parts, and the reduction of
waste, which is not only considered to be an environmen-
tally friendly method. The mechanical properties of the
parts are also important due to the high density of the parts
manufactured [80].

One of the primary limitations of freeze-form extru-
sion fabrication (FEF) is its relatively low dimensional
accuracy compared with other extrusion-based additive
manufacturing techniques. Surface irregularities and ge-
ometric distortion are mainly attributed to ice-crystal
growth, solvent sublimation, and anisotropic shrinkage

during freeze-drying [38]. Reported dimensional devia-
tions in FEF-fabricated ceramic parts generally range from
approximately 1-5%, whereas optimized robocasting and
filament-based extrusion methods commonly achieve de-
viations below 1-2%. The severity of these defects strong-
ly depends on slurry rheology, freezing rate, solid loading,
and freeze-drying conditions [78].

The effective point of this processes is the control of
the viscosity of the extruded slurry in such a way that
the control of the rheological properties of the paste
and the slurry is a determining factor for the properties
of the final product in this process [81]. Applications of
this process include the production of functionally grad-
ed materials (FGM), such as alumina oxide parts, and
the use of a polymer such as methyl cellulose to form
metal parts [82-84]. In a study using FEF, Ghazan-
fari et al. [75] successfully fabricated alumina compo-
nents with a relative density of up to 98% after sintering,
exhibiting flexural strengths in the range of approximate-
ly 200-350 MPa.

5.1.3. 3D gel printing

3D gel printing is one of the new additive manufacturing
methods for producing complex composite parts, so it's
a relatively modern process that evolved from both gel
casting and 3D printing. In this process, the first step is
to prepare a gel-like suspension of polymer and other ce-
ramic fillers; the resulting polymer network is responsible
for the retention and distribution of the ceramic particles
during the printing process, then the resulting gel paste is
extruded into the desired part shape, and finally, through
processes such as curing, the final three-dimensional
structure is created [85—87]. It should be noted that in this
process, the gel rheology, curing mechanism and printing
machine parameters have led to the construction of poly-
mer composite parts with better mechanical and function-
al properties [85,86]. In one study, they investigated the
process of 3D gel printing for the production of raw parts
relevant to the gelling process of 2-hydroxyethyl meth-
acrylate (HEMA) [85]. A schematic of the 3D gel printing
process is shown in Figure 7.

The advantages of this method include the ability to
produce samples of large size and at high speed. This
method can be used for all ceramic particles. The cost
of the equipment used in this method and the prepara-
tion of the raw materials for the production of the parts
is low. It is also possible to mention the possibility of
manufacturing composite parts with complex geometries
and shapes, in addition to the possibility of manufactur-
ing polymer composite parts with different compounds
with high efficiency, and finally the versatility in all
types of thermosets, thermoplastic and hydrogel polymer
fields [87,88].

Reviews on Advanced Materials and Technologies, 2026, vol. 8, no. 2, pp. 87-116



S. Mahboubizadeh et al.: Extrusion-based additive manufacturing of polymer-ceramic composites... 96

Ceramic

Catalyst
Particles -

Initiator

Premixed Solution

Pressure

22
T

i N

Gelation
Process

Composite
Gel Sample

3D Printing ~wbioRender

Fig. 7. Schematic of additive manufacturing process by 3D gel printing.

5.1.4. Ceramic on demand extrusion

This method is an additive manufacturing process based
on extrusion, in which an infrared radiation process is
used to manufacture the final parts from the print, where
the final piece is not a composite part, but an all-ceram-
ic piece with a high density and strength [89-91]. The
process of manufacturing parts in this way first involves
extrusion printing of the samples, in which the suspen-
sion paste produced contains a much smaller amount of
binder in the presence of water solvent, and this paste
should be able to be printed at room temperature [90]. The
printing process in this method differs from convention-
al extrusion techniques. After each layer is deposited, the
structure is continuously immersed in an oily fluid prior
to the next layer deposition. This controlled immersion
regulates the drying rate and effectively prevents uneven
drying and capillary crack formation. Subsequently, infra-
red radiation is applied to partially and uniformly cure the
green body. The combination of low binder content and
the elimination of capillary cracks during the controlled
drying process significantly enhances the strength of the
molded part [91]. By determining the control parame-
ters of the extrusion process and drying, it is possible to
obtain parts with a density close to the theoretical value
and with high mechanical properties. The applications of
this method can be used to produce parts with complex
compositions and geometries that have good density and
strength. The most common applications today are com-
pact heat exchangers, power generation systems and sen-
sors [89-91]. A schematic of the additive manufacturing
process using the ceramic on demand extrusion (CODE)
method is shown in the Figure 8.

Yield-pseudoplastic rheology gives the suspension
structural integrity up to its yield stress, followed by

shear-thinning behavior [92,93]. This behavior is critical
for the ink as it must flow through the die due to the high
shear environment and maintain its shape after being ap-
plied to a substrate. McMillen et al. [94] used CODE to
produce ultra-high temperature ceramics from ZrB, which
has a density of 99% and PVA binder along with other ni-
tride and carbide additives. This technique is a pioneering
method suitable for the production of parts with complex
shapes [94].

5.2. Extrusion additive manufacturing based on
thermoplastic or filament

Extrusion printing of composite parts based on thermo-
plastic and filament is a method that is a category of addi-
tive manufacturing methods of ceramics, which includes
two techniques, fused deposition modelling (FDM) [15]
and thermoplastic 3D printing [16]. The steps involved in
manufacturing parts using these methods involve extrud-
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printed filament
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solidification
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Fig. 8. Method of fabrication of ceramic parts using IR curing
CODE process.
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ing a mixture of ceramic and polymer materials through a
3D printer, layer by layer [95]. The polymer used in the
thermoplastic paste, when mixed with ceramic particles
or other additives, can be fed directly into the printer's ex-
truder and start making 3D parts, or the mixture can first
be extruded separately and created as composite filaments,
and then the desired filament is 3D printed using extrusion
printer [95,96].

In general, the amount of polymer used in these meth-
ods is higher than in the suspension methods, because the
addition of ceramic particles has a strong effect on the
formed melt paste, and by increasing a small amount of
ceramic powder, the possibility of forming a filament to
make parts is increased, and with this increase, the depre-
ciation rate of the extrusion nozzle also increases. The
general advantages of these methods include ease of use,
insensitivity to changes in the amount of polymer matrix
or ceramic particles, the production of parts with different
dimensions and the low cost of part manufacturing [95].
On the other hand, when formulating the desired paste
composition or subsequently for filament production, the
commercialization process can be facilitated and com-
posite films with a specific composition can be supplied
wholesale and commercially to manufacturers. Initially,
this method was developed only for the 3D printing of
polymers, but after the attention of many researchers, the
production of composite filaments containing ceramic
particles, obtained by breaking the pieces, using a polymer
matrix, became possible, as well as high quality composite
parts. One of the advantages of these methods is the use
of thermoplastics, which are mostly soft materials, on the
other hand, the manufacturing parameters of the compo-
sition of materials and the characteristics of the ceramic
particles used in polymers are factors affecting their me-
chanical properties [4,97].

5.2.1. Fused deposition modeling

This method is a technique based on fused filament fabrica-
tion [98—101] in which a filament containing a large amount
of ceramic particles is mixed with quantities of a thermo-
plastic polymer such as wax and then printed using stand-
ard FDM printers [102]. Figure 9 shows the manufacturing
process for the filament-extruded product. The employment
of FDM facilitates the directed placement of individual,
pre-impregnated filament lines, thereby obviating the ne-
cessity for costly molds and enabling the fabrication of
more intricate components with elevated curvatures [103].
The thermoplastic filament is applied to the nozzle as
a rotating pressure roller and is affected by the heat of the
melt, causing it to melt and then be applied to the intended
platform [104-106]. FDM can be considered as a form of
rapid prototyping, and is, in general, comparable to injec-
tion molding. In comparison to other manufacturing tech-
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Fig. 9. FDM additive manufacturing method using film.

niques, FDM is a cost-effective method that can be per-
formed with relatively simple equipment and inexpensive
materials [21,107]. Based on recent studies conducted by
researchers, composite parts made by robocasting and
FDM were evaluated in a series of parameters determined
for the quality production of parts, and the result of this
evaluation is shown below in Table 4 [13].

The filament components necessary for this process
include: (1) a base polymer, which serves as the filament’s
backbone and provides mechanical strength; (2) an elas-
tomer-based polymer to impart elasticity and flexibility;
(3) a tackifier to enhance adhesion and flexibility; (4) a
plasticizer to provide plasticity for spooling; and (5) wax
to reduce the melt viscosity. The resulting filaments are
optimized in terms of strength, elasticity, plasticity and
flexibility. This process has been employed in the man-
ufacture of a diverse array of oxide and non-oxide ce-
ramics [108]. Nevertheless, the range of applications is
constrained by the mechanical and rheological properties
that are necessary for the production of different compo-
nents [101,109]. It is therefore essential to conduct a de-
tailed study of the rheological properties and parameters
in order to ensure the correct flow and exit of the molten
filament from the nozzle [105,110].

For example, it is possible that the filaments used are
not hard enough and break on the way and on entry into
the nozzle, which is an indication of the filaments' inability
to maintain flow continuity for part production [111, 112].
Screw extrusion has emerged as a highly effective ap-
proach for producing dense ceramic parts through FDM.
This method provides superior control over the printing
process, enhances the reliability of highly-filled ceram-
ic feedstocks, and enables precise regulation of filament
rheology compared to conventional single-screw or piston
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Table 4. Comparison of robocasting and FDM by main processing parameters.

Resolution High
Size of parts made Large
Geometrical complexity Medium
Surface roughness Medium
Manufacturing process cost Low
Powder size Fine
Amount of binder in green part Low
State of suspension (paste or slurry) Paste

Medium
Small
Medium
Medium
Medium
Fine
High
Filament

Table 5. Investigated properties of final silicon nitride parts by FDM manufacturing.

Ceramic | Ceramic powder
AM process e p o
material |loading, vol.%
55

Fused deposition modelling of ceramics Si;N
Extrusion free form fabrication Si;N, 53

Direct ink writing Si;N, 52

systems. Because each ceramic suspension possesses dis-
tinct rheological characteristics (such as viscosity, yield
stress, and shear-thinning behavior), the design of the ex-
trusion screw must be specifically tailored to the feedstock
composition. Different extrusion screw configurations
have been developed to address these requirements. For
example, some designs integrate a combination of a gear
wheel and a plunger mechanism, which allows for accu-
rate metering and gentle handling of the material, making
them particularly suitable for the production of delicate
and high-precision ceramic components. In a prominent
study, Scheithauer et al. [16] successfully fabricated dense
alumina ceramics reaching a relative density of 99% using
an optimized screw extrusion system, demonstrating the
capability of this technique to achieve high densification
while maintaining good shape fidelity. Table 5 presents a
comparison of the manufacture of parts containing silicon
nitride with the additive manufacturing processes of rob-
ocasting and FDM. In these studies, secondary processes
are used to produce the final ceramic parts. It is obvious
that the production of composite parts is proposed. Both
methods are possible and both methods have produced
parts with desirable mechanical properties.

5.2.2. Thermoplastic 3D printing

Thermoplastic 3D printing, which can use a wide range
of thermoplastics as a polymer matrix to produce com-
posite parts, has been one of the most popular additive
manufacturing methods in recent years. This 3D printing,

Shrinkage, % Density, % | Flexural strength,|
(1]
Gleen Final MPa

16.6 £ 1.3 in XY 824 £ 110 [108]
193+£1.6inZ (4-point bending)

18+ 3 in XY 51 97  613£12 [74]
20£5InZ

16 56 99 737 + 38 [114]

which can manufacture a variety of polymer composites
with metallic and ceramic components, was developed by
Scheithauer et al. [16,115] using a combination of robo-
casting and FDM methods. The process involves casting
and dispersing the ceramic powder in a paraffin-based
thermoplastic polymer, grinding it at 100 °C and sending
it to a heated extrusion press to be applied by a 3D print-
er, which uses the thermoplastic binder system to create a
dense composite [116]. This method also allows the man-
ufacture of metallic parts and enables the adoption of both
continuous and droplet deposition strategies for the man-
ufacture of other parts [117] which is shown in Figure 10.
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Fig. 10. Schematic of the thermoplastic 3D printing process.
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The advantages of using this method are essentially a
combination of the advantages of using the two methods
mentioned above, with the result that different amounts of
additives can be added and different polymers can be used
at the same time, in addition to creating complex geometric
shapes. In addition, there is no limit to the use of a wide range
of materials that are used in the additive manufacturing pro-
cess. Among the advantages of this method over FDM, it is
possible to mention the shortening of part construction and
the elimination of the initial mixing and extrusion of materi-
als to create the filament. In addition, the raw materials used
can be used directly if they are in short supply and cannot be
made into filaments by separate extrusion [118].

6. POST-PROCESSING: DE-BINDING AND
SINTERING

Transforming the as-printed green body into a dense,
functional ceramic component requires careful post-pro-
cessing. This involves two critical stages: de-binding (re-
moval of the organic binder matrix) and sintering (densi-
fication of the ceramic particles). These steps significantly
influence the final microstructure, density, dimensional
accuracy, and mechanical properties of EBAM-produced
ceramics.

6.1. De-binding strategies

De-binding is frequently the most time-consuming and
defect-prone stage in the EBAM process chain. Incom-
plete or overly rapid binder removal can lead to crack-
ing, blistering, warping, or residual carbon contamination,
which compromises subsequent sintering. Three primary
de-binding strategies are commonly employed, often in

combination (two-step processes) to optimize efficiency
and minimize defects (Figure 11).

Thermal de-binding involves controlled heating of the
green body to pyrolyze or evaporate the binder. Typical
heating rates are slow (0.1-2 °C/min, often <1 °C/min in
critical decomposition ranges) to allow gaseous by-products
to diffuse out without generating excessive internal pres-
sure. Temperatures generally range from 400-600 °C (up
to 900-1100 °C in some multi-stage profiles), conducted
in air (for oxide ceramics such as ALO, and ZrO,), inert
atmospheres (argon or nitrogen for non-oxides like SiC or
Si;N,), or vacuum to reduce oxidation risks. Hold times
at key decomposition temperatures (identified via ther-
mogravimetric analysis and differential scanning calorim-
etry (TGA/DSC)) can extend from several hours to days,
depending on part geometry and wall thickness [60].

Solvent de-binding (or solvent extraction) is often
used as a first step for multi-component binder systems.
The green part is immersed in a suitable solvent (e.g.,
water or ethanol for polyethylene glycol (PEG), hexane
or acetone for waxes/paraffin) at moderate tempera-
tures (typically 40-80 °C). This selectively dissolves the
low-molecular-weight primary binder, creating intercon-
nected pore channels that facilitate subsequent thermal
removal of the backbone polymer. Solvent de-binding is
relatively fast and cost-effective but is limited to smaller
cross-sections and requires careful control to avoid crack-
ing from capillary stresses [119].

Catalytic de-binding, primarily applied to poly-
oxymethylene (POM)-based binder systems, offers the
fastest removal. The process exposes the green body to an
acidic vapor atmosphere (commonly nitric acid, HNO,)
at relatively low temperatures (110-140 °C, sometimes
up to 120150 °C). This catalyzes the depolymerization

De-binding Strategies in EBAM

Controlled heating to pyrolyze
or evaporate binder in air, inert
atmosphere, or vacuum

Green body exposed to acidic
vapor to depolymerize POM
binder

Green part immersed in solvent
to dissolve primary binder

Made with % Napkin

Thermal De-
binding $

Solvent De-
binding

Catalytic De- §$
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Fig. 11. De-binding strategies in EBAM.
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of POM into formaldehyde gas, which diffuses rapidly
out of the part. De-binding times can be reduced from
days (thermal) to hours, with minimal dimensional dis-
tortion and low carbon residue. This method is particu-
larly advantageous for thicker sections (> 30 mm in some
feedstocks) and is well-adapted from ceramic injection
molding (CIM) experience [120].

Hybrid approaches (e.g., solvent + thermal or catalyt-
ic + thermal) are widely recommended to balance speed,
safety, and defect minimization. A number of investiga-
tions have indicated emphasize the importance of TGA/
DSC for designing multi-stage profiles with optimized
hold times and atmospheres to prevent defects.

6.2. Sintering methods and shrinkage anisotropy

After de-binding, the resulting brown body undergoes sin-
tering to achieve densification through particle rearrange-
ment, neck formation, and pore elimination. Conventional
pressure-less sintering in air or controlled atmospheres
remains the standard for most EBAM ceramics, typically
at 1200-2000 °C depending on the material (e.g., ~ 1550—
1650 °C for AlLO;, higher for SiC or ZrO,). Heating rates
during sintering are usually 1-5 °C/min, withhold times of
1-5 hours to reach > 95-99% theoretical density.

To address limitations of conventional sintering—
such as prolonged processing times and excessive grain
growth—advanced sintering techniques are increasingly
applied to EBAM-produced ceramic parts. These include:

* Microwave sintering. Petit et al. [121] demonstrat-
ed that microwave sintering offers volumetric heating,
which enables significantly faster densification rates and
reduced grain growth. This technique has been successful-
ly combined with material extrusion additive manufactur-
ing, particularly in the sintering of 3Y-TZP zirconia parts.

» Spark plasma sintering (SPS). Brucculeri et al. [122]
showed that spark plasma sintering provides rapid consol-
idation under simultaneous uniaxial pressure and pulsed
electric field, allowing short sintering times while achiev-
ing high density. This method has been effectively applied
for post-processing of complex structures produced by
material extrusion.

* Hot pressing and flash sintering. Nunes et al. [123]
reported that hot pressing and flash sintering enable ul-
tra-fast densification with minimal thermal exposure. In
particular, flash sintering has shown excellent potential for
the rapid consolidation of 3D-printed ceramic scaffolds
with reduced energy consumption.

These advanced techniques help retain fine micro-
structures, suppress excessive grain growth, and improve
the mechanical properties of the final EBAM components.

A major challenge unique to EBAM (and other ex-
trusion-based methods like FFF and robocasting/DIW) is
shrinkage anisotropy. The layer-by-layer deposition and

shear-induced particle/filament orientation during extru-
sion create microstructural anisotropy, including prefer-
ential pore alignment and inter-filament interfaces. Conse-
quently, linear shrinkage in the build direction (Z-axis) is
typically higher than in the printing plane (X-Y directions).
Reported differences range from 2-5% or more (e.g.,
~17% in X-Y vs. ~ 21% in Z for some alumina FFF parts),
leading to distortion, warping, or internal stresses if not
compensated [124,125].

This anisotropy arises from the filament deposition
process and is more pronounced in filament-based systems
than in direct ink writing. Mitigation strategies include
anisotropic scaling in CAD design (different compensa-
tion factors for X-Y and Z), optimized printing parame-
ters (e.g., infill patterns, raster orientation), and controlled
sintering profiles. Predictive modeling of anisotropic sin-
tering behavior is an emerging tool for improving dimen-
sional accuracy [126].

Overall, successful post-processing in EBAM requires
integrated optimization of de-binding and sintering param-
eters tailored to the specific binder system, ceramic pow-
der, and part geometry. Advances in multi-step de-binding
and rapid sintering techniques continue to reduce process-
ing times and defects, enhancing the viability of EBAM
for producing complex, high-performance ceramic com-
ponents (Table 6).

7. PARAMETERS AFFECTING EXTRUSION-
BASED 3D PRINTING

In the 3D extrusion-based printing of polymer compos-
ites, a broad spectrum of processing parameters can be
identified, each contributing in a unique way to the print
quality, microstructural evolution, and overall perfor-
mance of the fabricated components. These parameters
influence not only the deposition behavior and interlayer
bonding, but also the mechanical integrity and functional
characteristics of the final structure. For the sake of clarity
and systematic analysis, these numerous parameters can
be broadly classified into two principal categories, which
will be comprehensively described and examined in the
following sections: (1) parameters affecting the paste and
(2) 3D printing machine parameters. These categories are
illustrated in Figure 12. Parameters affecting the paste re-
fer to the intrinsic characteristics of the feedstock, such as
particle size, particle size distribution, solid loading, bind-
er type, and additives, which directly govern the rheolog-
ical behavior, printability, and quality of the extruded ma-
terial. In contrast, 3D printing machine parameters include
operational variables such as layer height, print speed, ex-
trusion temperature, and nozzle diameter, which influence
the deposition process, interlayer bonding, and overall
structural integrity of the printed part. While paste-related
parameters primarily determine the material’s extrudabil-
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Table 6. Sintering parameters and properties of EBAM ceramics.

ALO, Conventional 1550-1650 / air
pressureless
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Sintering method Temperature range, °C /| Final density, % | Flexural strength, MPa | Shrinkage (X.Y-Z ), %
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Fig. 12. Affecting parameters for extrusion 3D printing.

ity and stability, machine parameters control the precision
and consistency of the layer-by-layer fabrication.

7.1. Parameters affecting the paste

The parameters of the paste are of critical importance, as
they significantly influence the printability, quality, and
final performance of parts produced by composite paste
extrusion printing. These parameters are listed below.

7.1.1. Particle size

The viscosity of ceramic reinforcement particles (< 10 um)
is generally increased, which requires greater pressure to
be applied by extrusion. While this increases the phase in-
tegrity of the paste, bigger particles (> 10 um) have the
opposite effect. A reduction in paste viscosity may occur,
accompanied by an increased likelihood of nozzle clog-
ging. Furthermore, the phase integrity of the paste may
also be compromised [127]. The particle size and distribu-
tion also exert a direct influence on the density of the final
product [128].

7.1.2. Particle size distribution

This parameter is also effective in the viscosity of com-
posite pastes. The more uniform the size distribution of
ceramic particles is, the more suitable it is for the desired
application. However, if this distribution has a wide range,
the viscosity increases [127].

7.1.3. Solid loading

The loading of solid particles is typically conducted at
loads exceeding 50 vol.%, which has been observed to
result in an increase in viscosity and yield stress. Addi-
tionally, the formation of a more robust filament structure
has been reported. However, it is important to note that
this loading approach also leads to an increase in the re-
quired pressure for extrusion. A reduction in the loading
of solid particles to less than 50 vol.% has been observed
to result in a decline in both the viscosity of the compos-
ite paste and the strength of the filament formed from the
paste. Consequently, the optimal loading amount for each
ceramic material should be identified [127].
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7.1.4. Binder type

The selection of an appropriate polymer binder is criti-
cal, as it directly governs the rheological properties of the
paste, including viscosity, shear-thinning behavior, and
yield stress. A well-chosen binder enhances particle dis-
persion and interfacial adhesion within the polymer ma-
trix, enabling the preparation of homogeneous, high-qual-
ity composite pastes. Consequently, this leads to improved
printability and superior mechanical properties in the final
printed components [128].

7.1.5. Additives

The selection of appropriate additives can result in a re-
duction in the amount of solvent required for the process
of manufacturing the part. Additionally, these additives
exert a significant influence on the rheology of pastes,
with the most crucial role of modifying doughs pertaining
to this category of materials [128].

7.2. 3D printing machine parameters

The aforementioned parameters have a considerable im-
pact on the mechanical properties of the produced parts,
which are as follows.

7.2.1. The height of the formed layers

Reducing the layer height generally improves the mechan-
ical properties of the printed part by minimizing the size of
interlayer defects and enhancing interlayer bonding [129].
However, this relationship is not unlimited. When the lay-
er thickness approaches or becomes comparable to the size
of the ceramic particles, printability deteriorates and new
defects such as nozzle clogging, poor particle packing,
and increased porosity may occur. Moreover, the optimal
layer height depends not only on particle size distribution
but also on the part topology and geometric complexity.
Therefore, layer height must be carefully optimized ac-
cording to the specific feedstock characteristics and the
intended application to achieve the best compromise be-
tween mechanical performance and printing reliability.

7.2.2. Print speed

Print speed is a critical process parameter that significant-
ly influences the quality and mechanical performance of
extrusion-based printed parts. An optimal printing speed
must be determined for each specific material and geom-
etry. If the printing speed is excessively high, the inter-
layer cooling time decreases substantially, leading to in-
sufficient diffusive bonding and poor interfacial adhesion
between consecutive layers, which ultimately reduces the

overall mechanical strength of the component. Converse-
ly, excessively low printing speeds can cause material
degradation, over-heating, or excessive spreading of the
extruded filament.

Importantly, the effect of print speed on mechanical
properties is highly dependent on part geometry and the
resulting molecular or particle orientation. In certain ori-
entations and geometries, an appropriately selected print-
ing speed can enhance molecular alignment and interlayer
diffusion, thereby improving the anisotropic mechanical
strength of the printed part [130].

7.2.3. Extrusion temperature

In all extrusion printing methods, the application of heat
has a significant effect on the properties and quality of
the part. This is true even in methods in which the heat
applied to the part is not defined. In such cases, the role
of temperature changes is nevertheless important [131].
For example, at a relatively high optimized extrusion tem-
perature, an improvement in the link between the layers
is observed.

7.2.4. Fill pattern

The fill pattern, also known as the infill pattern, plays
a critical role in determining the density, mechanical
strength, and overall performance of the printed part.
Different infill geometries directly influence the internal
structure and load-bearing capacity of the component. In
particular, studies have shown that grid patterns can sig-
nificantly improve part density and mechanical properties
compared to other infill designs [132].

7.2.5. The number of walls

Increasing the number of walls (perimeters) has been
shown to improve the overall quality of the printed com-
ponents. A higher number of walls enhances surface fin-
ish, structural rigidity, and mechanical strength by provid-
ing additional solid outer layers around the infill [109].

7.2.6. Nozzle diameter

The nozzle diameter is a key process parameter that must
be properly matched with the rheological properties (es-
pecially viscosity and yield stress) of the composite paste.
An incompatible nozzle diameter—typically too small
for a highly viscous paste—can cause excessive pressure
buildup, nozzle clogging, irregular extrusion, or even
damage to the printed part, ultimately compromising its
mechanical strength. Conversely, when the nozzle diam-
eter is appropriately selected, it enables stable and uni-
form filament extrusion, resulting in defect-free parts with
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Fig. 13. Comparison of EBAM manufacturing processes.

consistent geometry and improved mechanical perfor-
mance [130,109].

7.2.7. The distance between the nozzle tip and the bed

The distance between the nozzle tip and the build bed (also
referred to as gap height or layer height) is a critical print-
ing parameter. It should be carefully adjusted so that the
extruded filament diameter is slightly larger than the noz-
zle-to-bed distance. This slight over-extrusion ensures
proper layer compression, resulting in excellent interlay-
er adhesion, dense structures, and defect-free layers with
smooth surfaces [130,109].

Ultimately, the optimal mode of each parameter affect-
ing the paste required for composite part production, as
well as the parameters affecting additive extrusion print-
ing equipment, must be determined. This includes the cru-
cial activities of every researcher involved in the produc-
tion of composite parts using 3D printers. By paying close
attention to this issue, an extrusion process can be devel-
oped that produces parts with exceptional capabilities in
the desired application conditions.

8. COMPARATIVE SUMMARY OF EBAM
TECHNIQUES

EBAM encompasses a family of processes that deposit
highly loaded ceramic-polymer feedstocks layer-by-layer,
enabling the production of complex polymer-ceramic com-
posites or near-net-shape dense ceramics after de-binding
and sintering. The choice of technique critically influences

achievable ceramic loading, shape fidelity, final density,
mechanical performance, scalability, and post-processing
demands. Suspension-paste methods (e.g., robocasting/
DIW, FEF, 3D gel printing, and CODE) generally per-
mit higher ceramic contents (> 50 vol.%) and room-tem-
perature operation, while thermoplastic/filament-based
approaches (FDM and thermoplastic 3D printing) offer
greater process stability and commercial feedstock avail-
ability but introduce additional thermal and rheological
constraints. Over the past decade, comprehensive reviews
highlight that no single technique dominates universally;
instead, selection depends on target application require-
ments such as resolution, part size, density, or multi-ma-
terial capability (Table 7). A comprehensive comparative
analysis of the binder systems, synthesized from both the
existing literature and recent peer-reviewed studies, is pre-
sented in Figure 13.

8.1. Analytical discussion

Suspension-paste techniques consistently outperform
filament-based methods in ceramic loading and green-
body density because the liquid carrier (water or solvent)
enables higher solids fractions without compromising
extrudability, provided yield-pseudoplastic rheology is
achieved (yield stress 100—1000 Pa, shear-thinning be-
havior). DIW/robocasting, in particular, excels for highly
loaded pastes (> 55 vol.%) and allows in-situ alignment
of high-aspect-ratio reinforcements (e.g., carbon fibers in
SiC composites), yielding fracture-toughened structures
with non-catastrophic failure modes [52]. However, these
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processes are sensitive to drying kinetics; uncontrolled
evaporation induces capillary stresses, cracking, and
warping—issues mitigated in FEF by controlled freezing
and lyophilization or in CODE by continuous oil-bath im-
mersion and infrared curing, which achieve near-theoreti-
cal densities (> 99%) with minimal residual porosity.

In contrast, thermoplastic/filament-based EBAM (FDM
and direct pellet extrusion) benefits from the mechanical
integrity of pre-compounded filaments or granules, en-
abling commercial-scale production and support-structure
generation for overhangs. Recent filament formulations
reach 60 vol.% loading with optimized multi-component
binders (primary + backbone + additives), and ultrafast
or microwave sintering now routinely delivers > 98%
density with flexural strengths rivaling or exceeding con-
ventional ceramics. Nevertheless, these methods suffer
from pronounced anisotropy (Z-direction weakness due
to interlayer bonding) and larger shrinkage (up to 28%
in Z), necessitating precise oversizing and sophisticated
de-binding protocols (thermal, catalytic, or solvent-assist-
ed) to avoid cracking or blistering.

Post-processing and densification trade-offs are deci-
sive. Suspension routes typically require simpler solvent
removal but risk delamination during drying, while fila-
ment routes demand energy-intensive multi-stage de-bind-
ing yet benefit from modern innovations such as ultrafast
high-temperature sintering (UHS) that achieve crack-free
99% density in seconds [106]. CODE uniquely bridges
both worlds by combining low-binder suspensions with
controlled layer-wise drying and partial sintering via in-
frared, making it ideal for ultra-high-temperature ceram-
ics (UHTCs) and functionally graded materials (FGMs).

Mechanical performance follows loading and de-
fect density: DIW and CODE routinely produce parts
with flexural strengths > 300 MPa and Weibull moduli
> 10 when optimized, while FDM excels in Si;N, (up to
824 MPa) thanks to tailored deposition paths (contour off-
set). Anisotropy remains the universal challenge across all
EBAM variants; recent multi-nozzle and dynamic-mixing
systems enable true multi-material and graded structures,
partially alleviating property gradients.

Scalability, cost, and sustainability further differen-
tiate the techniques. Paste-based methods (DIW, 3D gel
printing) offer the lowest equipment cost and largest build
volumes (up to meter-scale), making them attractive for
biomedical scaffolds and large structural components.
Filament-based routes leverage existing polymer-printer
infrastructure, lowering entry barriers but increasing feed-
stock cost and waste during de-binding. Environmentally,
FEF and aqueous CODE minimize organic content, align-
ing with circular-economy goals.

New advancements include machine-learning-guid-
ed rheology optimization, closed-loop sensor control for
filament geometry, hybrid sol-gel/UV-curable inks, and

eco-friendly binders, pushing EBAM toward industrial
viability for aerospace (UHTCs), biomedical (patient-spe-
cific implants), and energy (heat exchangers, sensors) sec-
tors. Multi-material EBAM, particularly CODE and ther-
moplastic variants, now routinely fabricates FGMs with
programmable thermal/electrical gradients.

In summary, DIW/robocasting remains the workhorse
for research-scale high-loading complex parts, CODE for
highest-density functional ceramics, and filament-based
methods for rapid prototyping and commercial scalability.
Selection should be guided by required ceramic loading,
part size, tolerance to post-processing shrinkage, and tar-
get mechanical isotropy. Hybrid approaches—combining
DIW with thermoplastic extrusion or integrating in-situ
monitoring—represent the most promising pathway to-
ward defect-free, high-performance ceramic components
that outperform traditional forming routes in complexity
and customization. Future integration of four-dimension-
al (4D) printing, recyclable binders, and artificial intelli-
gence (Al)-driven process design is expected to further
expand the capabilities and industrial adoption of EBAM
in advanced ceramic manufacturing [135].

8.2 Critical evaluation of conflicting literature and
recent advances

This section provides a critical evaluation of recent devel-
opments in the field, with particular emphasis on the rela-
tionships between processing conditions, microstructural
evolution, and resulting material properties. Special at-
tention is given to reported inconsistencies and divergent
trends across different studies, which often arise from var-
iations in feedstock formulation, processing parameters,
and characterization methodologies. The aim is to recon-
cile these discrepancies and highlight coherent trends that
can guide future optimization strategies.

While EBAM has demonstrated substantial progress
in processing highly-filled polymer-ceramic feedstocks,
a critical examination of the literature reveals several ar-
eas of conflicting findings and unresolved challenges that
warrant deeper scrutiny. For instance, studies on ceramic
loading consistently highlight the trade-off between rhe-
ological printability and final densification [39]. Some
authors report successful extrusion at solid loadings ex-
ceeding 60 vol.% in aqueous suspensions for DIW/rob-
ocasting, achieving post-sintering densities > 98% with
minimal defects. However, others note pronounced lim-
itations in filament-based FDM/FFF systems, where load-
ings above 50-55 vol.% often lead to nozzle clogging,
filament brittleness, and significant anisotropic shrink-
age (up to 15-30% in the Z-direction), resulting in warp-
ing and reduced interlayer bonding [136—138].

This discrepancy arises primarily from differences in
binder systems and extrusion mechanisms. Aqueous or
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gel-based suspensions (e.g., CMC/HPMC or Pluronic)
enable higher loadings and better shape retention due to
yield-pseudoplastic behavior but are more susceptible to
drying-induced cracking and capillary stresses. In con-
trast, thermoplastic filaments offer superior handling and
compatibility with commercial printers but suffer from
higher organic content, complicating de-binding and in-
creasing the risk of carbon residue or blistering. Recent
meta-analyses confirm that while DIW excels in complex
porous scaffolds, FDM provides better scalability for
dense structural parts—yet direct quantitative compari-
sons remain scarce due to variations in powder charac-
teristics (size, morphology) and sintering protocols [139].

Recent publications from 2025-2026 further illu-
minate these tensions and propose mitigation strategies.
Gonzalez-Suarez et al. [136] emphasize sustainabili-
ty challenges in material extrusion of ceramics (MEX-
AM), noting that while low-binder aqueous systems
reduce environmental impact, they often compromise
green-body strength compared to thermoplastic routes.
Wang et al. [138] introduce a defect-driven framework
for hybrid extrusion processes, addressing geometric in-
accuracy, porosity, and weak interlayer bonding through
multiscale optimization—highlighting that uncontrolled
defects in conventional EBAM can reduce mechanical re-
liability by 20-40% [136-138].

In  polymer-derived ceramics (PDCs), Khu-
je et al. [140] and Bishop et al. [141] demonstrate that
filler strategies (e.g., SiC or carbon reinforcements) effec-
tively mitigate shrinkage and cracking in DIW of prece-
ramic polymers, achieving near-net-shape UHTCs with
improved fracture toughness. However, conflicting results
persist regarding multi-material integration: while some
studies report successful co-extrusion of graded struc-
tures (e.g., ZrB,—SiC), others highlight interfacial delam-
ination during co-sintering due to mismatched shrinkage
and thermal expansion [140,141].

These recent works underscore the need for integrat-
ed process—structure—property modeling and standardized
testing protocols. Future research should prioritize hybrid
approaches (e.g., DIW combined with in-situ IR curing
or microwave-assisted sintering) and Al-optimized rheol-
ogy to resolve these conflicts, bridging the gap between
laboratory-scale demonstrations and industrial scalability.
By addressing these limitations, EBAM can more effec-
tively transition from prototyping to reliable production of
high-performance ceramic components [142].

9. APPLICATIONS

The geometric flexibility and material versatility inher-
ent to EBAM—encompassing filament-based fused dep-
osition modeling (FDM/FFF), direct ink writing (DIW),
robocasting, and related paste- or slurry-extrusion tech-

niques—when combined with highly filled polymer-ce-
ramic feedstocks (typically 50-85 vol.% ceramic load-
ing), have enabled an exceptionally broad spectrum of
advanced applications. These span biomedical, aerospace
and defense, electronics and sensor systems, energy con-
version/storage, and structural/high-temperature engi-
neering domains. Unlike conventional ceramic processing
routes (e.g., slip casting, injection molding, or subtractive
machining), EBAM uniquely facilitates the layer-by-lay-
er deposition of complex, patient- or application-specific
architectures with controlled microstructural features—
such as graded porosity, internal lattices, conformal chan-
nels, and multi-material integrations—at multiple length
scales. This capability optimizes functional performance
(mechanical, thermal, electrical, and biological) while
minimizing material waste and tooling costs, position-
ing EBAM as a transformative technology for next-gen-
eration components. Recent advancements (up to 2025—
2026) in feedstock rheology, multi-material co-extrusion,
and post-processing (de-binding/sintering) have further
elevated achievable densities (> 95-99% theoretical),
mechanical strengths, and functional properties, often
rivaling or surpassing traditionally manufactured counter-
parts [143—148].

9.1. Biomedical applications

EBAM has become a cornerstone for fabricating pa-
tient-specific biomedical implants, tissue-engineering
scaffolds, and dental restorations, leveraging biocompat-
ible ceramics such as hydroxyapatite (HA), B-tricalcium
phosphate (B-TCP), biphasic calcium phosphates (BCP),
and zirconia (ZrO, or 3Y-TZP). In bone regeneration,
DIW/robocasting of HA- and TCP-based inks produces
highly controlled macroporous architectures with pore
sizes optimally tuned to 300600 um (and interconnect-
ed microporosity < 10 um), promoting osteoconduction,
vascularization, and nutrient diffusion. Compressive
strengths routinely reach 50—-150 MPa (and up to higher
values with polymer infiltration or optimized sintering),
closely mimicking trabecular bone while enabling grad-
ed porosity designs—dense outer shells transitioning to
highly porous cores—for enhanced biological integration
and mechanical reliability under load-bearing conditions.
Recent studies demonstrate in vivo bone regeneration ef-
ficacy, with scaffolds supporting mesenchymal stem cell
differentiation, mineralization, and defect healing in an-
imal models; drug-loading (e.g., vancomycin or growth
factors) via multi-material extrusion further enables local-
ized antimicrobial or osteogenic delivery without compro-
mising printability [143]. Representative examples of such
high-precision extrusion-based printing are shown in Fig-
ure 14, which presents SEM micrographs and optical images
of 21-layer segmented poly(ester urethanes)/poly(3-hydrox-
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Fig. 14. Printed structures of SPEU-PHBV (21 layers bio-glass scaffolds for tissue engineering). SEM micrographs: (A—C) cross-sec-
tional view (55x%, 100x, and 150x), (D,E) top view (130x%, 60%), and (F) image of the 3D-printed structure (top view, 15 mm diameter).
Reproduced from Ref. [144] under the terms of CC BY 4.0 license. © 2024 Lores et al.

ybutyrate-co-3-hydroxyvalerate) (SPEU-PHBYV) structures
fabricated via DIW. These images highlight the excellent fil-
ament uniformity, layer adhesion, and overall architectural
control achievable with polymer-based inks, demonstrating
the technique’s suitability for producing complex biomedi-
cal scaffolds [144].

In dental applications, extrusion-based processes (in-
cluding FDM with highly filled zirconia filaments or
gelled suspensions) have been successfully applied to fab-
ricate 3Y-TZP or 5Y-PSZ crowns, bridges, implants, and
abutments. These exhibit marginal fit accuracies below
50 pm (clinically acceptable), full densification (> 99%
relative density), flexural strengths exceeding 1000 MPa,
hardness ~ 15-16 GPa, and translucency comparable to
milled zirconia—satisfying ISO 6872 standards for per-
manent restorations. Patient-specific geometries derived
from cone beam computed tomography (CBCT) or intra-
oral scans allow customization of occlusal surfaces, root
analogs, and overdenture bars (including lattice designs
for weight reduction).

Bioactive surface functionalization and multi-phase
integration (e.g., zirconia with glass-ceramics) enhances
osseointegration, wear resistance in chewing simulators,
and long-term stability. Compared to subtractive CAD/
CAM milling, EBAM reduces material waste, enables
same-day chairside production (via rapid de-binding/sin-
tering protocols), and supports complex internal features
impossible with traditional methods. Challenges such as

anisotropic shrinkage (~ 15-20% linear) are mitigated
through CAD compensation and optimized raster patterns,
yielding reliable clinical outcomes [145].

9.2. Aerospace and defense applications

For extreme-environment applications, EBAM excels in
producing ultra-high-temperature ceramics (UHTCs) such
as zirconium diboride (ZrB,), ZrB,—SiC composites, and
zirconium carbide (ZrC), critical for thermal protection
systems (TPS), engine nacelles and turbine ducts, hyper-
sonic vehicle leading edges, rocket nozzles, and nuclear
thermal propulsion components. These materials maintain
structural integrity, oxidation resistance, and mechanical
strength at temperatures > 2000-3000 °C, far surpass-
ing metals or conventional ceramics. Extrusion process-
es (e.g., CODE or filament-based material extrusion ad-
ditive manufacturing (FMEAM)) enable near-net-shape
fabrication of complex internal geometries—conformal
cooling channels, lattice reinforcements, and triply peri-
odic minimal surface (TPMS) structures—that optimize
thermal management, reduce thermal stresses, and en-
hance heat dissipation under hypersonic or plasma expo-
sure. Recent innovations include carbon-fiber-reinforced
ZrB, inks (up to 11 vol.%), yielding improved fracture
toughness, thermal shock resistance, and oxidation be-
havior post-sintering, with densities > 92-96% theoretical
and isotropic shrinkage control [146]. Figure 15 presents a
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Fig. 15. (a) A cut of an aircraft engine showing its containment casing cross-section and the corresponding schematic at the bottom,
(b) bio-inspired helicoidal layup using EBAM 3D printing and (c) hybrid interleaved designs, (d) composite fan case demonstrator
developed by GKN Aerospace Sweden. Reproduced from Ref. [147] under the terms of CC BY 4.0 license. © 2025 Shen et al.

cross-sectional schematic of an aircraft engine, illustrating
a bio-inspired helicoidal layup design and hybrid inter-
leaved design, along with a turbine engine blade fabricat-
ed from carbon fiber-reinforced polymer (CFRP) material
made by EBAM 3D printing [147].

Functionally graded materials (FGMs) fabricated via
multi-material co-extrusion mitigate thermal expansion
mismatches between layers or substrates, enhancing du-
rability in aerospace components. Examples include
ZrB,-based heat exchangers or nuclear fuel elements
with tailored porosity for fission gas release. Advantag-
es over subtractive or hot-pressing routes include design
freedom for lightweight, hollow structures and scalability
for small-batch production without molds. Post-process-
ing (de-binding at low temperatures followed by pressure-
less or reactive sintering) achieves near-full density while
preserving intricate features, making EBAM ideal for
next-generation hypersonic vehicles, reusable spacecraft,
and high-temperature propulsion systems.

9.3. Electronics and sensor applications

EBAM’s ability to process dielectric, piezoelectric, and
low-temperature co-fired ceramics (LTCC) has unlocked
compact, three-dimensional electronic packaging with in-
tegrated functionalities for high-frequency, miniaturized
devices. Dielectric ceramics and LTCC feedstocks enable
multilayer substrates with embedded conductors, vias, and
cavities for RF/microwave components, offering thermal
stability up to 400 °C, low coefficient of thermal expan-
sion (~ 4-6 ppm/°C, silicon-matched), and high reliability
in aerospace/military electronics. Piezoelectric materi-
als such as barium titanate (BaTiO,), lead zirconate tita-
nate (PZT), or doped variants are extruded into complex
lattice or architected structures via filament (60—-80 wt.%
loading) or robocasting techniques, achieving enhanced
electromechanical coupling coefficients through increased

surface area, tailored stress distribution, and textured
microstructures. Sintered densities > 95%, piezoelectric
coefficients (d;; ~ 148 pC/N or higher), and dielectric
constants > 2000 have been reported, outperforming cast
counterparts in sensors, actuators, energy harvesters, and
transducers [148].

Multi-material EBAM integrates conductive, dielectric,
and piezoelectric phases in a single process—e.g., PZT-
PVDF/BNNTs (lead zirconate titanate-polyvinylidene flu-
oride/boron nitride nanotubes) composites or BaTiO; with
polymer binders—facilitating embedded systems, confor-
mal electronics, and 3D interconnects. Figure 16 shows
successful LCD-based UV 3D printing of the developed
polymer and BNNT-nanocomposite resins, confirming
excellent compatibility for high-resolution macro- and
micro-structures. The printed eagle symbol (Fig. 16a)
demonstrates outstanding shape fidelity and fine de-
tail (e.g., beak and claws). Initial surface roughness from
powder-based resin was easily resolved by quick DI water
rinse and air drying. SEM images of micro-scale lattice
scaffolds (200 pm struts, 1 mm thick, 50 um layers) re-
veal well-defined, tightly stacked layers in both materi-
als (Fig. 16b,c) [149].

Surface roughness was slightly higher for the na-
nocomposite (10.54 +0.68 um) than the neat poly-
mer (7.68 £ 0.60 um) due to BNNTs, which also in-
creased flexibility. These results validate the resins for
scalable, high-resolution UV additive manufacturing
of robust nanocomposite sensors [149]. Recent fila-
ment-based workflows confirm rheological optimization
for defect-free printing and reliable poling, enabling rapid
prototyping of functional electroceramics. These capabili-
ties address demands in 5G/6G communications, IoT sen-
sors, and wearable devices, where geometric complexity
enhances performance beyond planar LTCC laminates.

9.4. Energy and structural applications
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Fig. 16. Printability of developed resins at micro-scale levels: (a) eagle structure with zoomed-in images of beak and claws, lattice
structures with 200 pm width printed using (b) 35 wt.% PVDF polymer resin and (¢) PVDF/BNNTs nanocomposite resin, (d) zoomed-
in layer-by-layer printed nanocomposite structure, and (e) zoomed-in picture of BNNT nanofillers. Reproduced from Ref. [149] under

the terms of CC BY 4.0 license. © 2024 Govindarajan et al.

Fig. 17. (Left) A horizontal-axis tidal turbine AR1500® in north-east Scotland (manufactured using EBAM) [152]. (Right) Conceptual
3D design of tidal blade section mold for marine energy system where (a) is fully assembled, (b) is exploded to show the connections
between sections, and (c) includes the composite overlay [153]. Adapted from Refs. [152,153] under the terms of CC BY 4.0 license.

© 2021 Palmer et al., © 2021 Murdy et al.

In the energy sector, EBAM fabricates key components for
solid oxide fuel cells (SOFCs) and electrolyzes, particular-
ly yttria-stabilized zirconia (YSZ, 3YSZ or 8YSZ) electro-
lytes. FFF/extrusion or robocasting yields thin, high-den-
sity (> 95-99%) self-supported or electrolyte-supported
structures with micro-patterned or porous surfaces that
dramatically increase triple-phase boundary area, boosting
ionic conductivity (~ 0.05-0.1 S/cm at 1000 °C—compa-
rable to conventional) and electrochemical performance.
Precise layer-thickness control and graded microstructures
optimize efficiency while enabling monolithic or revers-
ible solid oxide cells (SOCs) with complex geometries for
higher volumetric power density [150].

Beyond electrochemistry, EBAM produces high-per-
formance ceramic heat exchangers using MAX phases—a

class of nano-laminated ternary carbides and nitrides with
the general formula M, |
tion metal, A is a group 13—16 element, and X is carbon or
nitrogen)—such as Ti,SiC, and Cr,AlC, or alumina-based
feedstocks. Complex channel geometries—TPMS lattices,
lung-inspired topologies, or multi-flow designs—achieve
superior surface-to-volume ratios, heat-transfer coeffi-
cients, and thermal shock resistance compared to conven-
tionally machined or cast counterparts. These structures
withstand harsh environments (high-temperature corro-
sion, molten salts in concentrated solar power thermal
energy storage, or industrial processes), offering leak-
free operation and efficiencies unattainable by tradition-
al methods. Recent demonstrations (2022-2025) include
UHTC-based exchangers for concentrated solar power

AX, (where M is an early transi-
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and heating, ventilation, and air conditioning system, with
densities (> 92%) and minimal distortion post-sintering.
Structurally, EBAM enables lightweight, high-strength ce-
ramic components (e.g., impellers, nozzles, or load-bear-
ing lattices) with tailored porosity for filtration, catalysis,
or insulation, combining mechanical reliability with ther-
mal/chemical stability [151]. A compelling demonstration
of EBAM’s capability in large-scale structural marine
energy components is illustrated in Figure 17. It shows
carbon fiber tidal turbine rotors manufactured via EBAM
for SIMEC© Atlantis Energy’s AR1500® floating tidal
energy system in Scotland, alongside the conceptual 3D
design of a tidal blade section mold, highlighting the tech-
nique’s potential for producing durable, high-performance
parts in demanding marine environments [152,153].

9.5. Summary perspective

The application landscape of EBAM for polymer-ceramic
composites and monolithic ceramics continues to expand
rapidly, driven by its unparalleled ability to marry materi-
al functionality (biocompatibility, ultra-high-temperature
stability, piezoelectric response, ionic conductivity) with
geometric complexity (graded structures, internal chan-
nels, multi-material integration). Convergence of tailored
microstructures, scalable feedstock development, and hy-
brid post-processing has overcome historical limitations
in density, anisotropy, and resolution, delivering compo-
nents with performance metrics rivaling or exceeding con-
ventional routes. As feedstock versatility and printer ca-
pabilities advance—encompassing higher loadings, faster
de-binding, and Al-optimized designs—EBAM is poised
to revolutionize high-performance engineering across
biomedical personalization, aerospace extreme environ-
ments, smart electronics, sustainable energy systems, and
beyond. Future directions include fully integrated mul-
ti-functional devices, in-situ monitoring, and sustainable
(recycled or bio-derived) feedstocks, solidifying EBAM’s
role as a cornerstone of advanced manufacturing.

10.CONCLUSION

Extrusion-based additive manufacturing (EBAM) has
emerged as a versatile and cost-effective platform for the
fabrication of highly filled polymer-ceramic composites
and, following appropriate post-processing, dense ceram-
ic components. By enabling the extrusion of either highly
loaded suspensions or thermoplastic filaments contain-
ing significant ceramic fractions, EBAM facilitates the
layer-by-layer construction of complex geometries that
are often unattainable using conventional manufacturing
techniques.

The principal advantages of EBAM include rela-
tively low equipment and processing costs, high flex-

ibility in feedstock formulation, and the capability to
achieve elevated ceramic loadings—frequently exceeding
50 vol.%—which is essential for attaining high-perfor-
mance composites and near-fully dense ceramic structures.
Depending on the application, printed parts may function
directly as polymer-ceramic composites or undergo sub-
sequent post-processing steps, such as photopolymeriza-
tion (e.g., UV/IR curing in polymer-derived ceramics),
thermal de-binding, and high-temperature sintering, to
obtain monolithic ceramic components with reduced po-
rosity and enhanced mechanical integrity. However, sev-
eral challenges still limit the widespread industrial adop-
tion of EBAM. These include the need for precise control
of rheological properties—particularly viscosity, yield
stress, and shear-thinning behavior—along with ensuring
homogeneous particle dispersion and mitigating defect
formation such as cracking, warping, and interlayer de-
lamination during drying and sintering. Furthermore, the
optimization of processing parameters, including nozzle
geometry, extrusion pressure, deposition rate, and layer
height, remains essential for achieving consistent shape
fidelity and robust interfacial bonding.

From a broader perspective, the performance of
EBAM-fabricated materials is governed by a tightly cou-
pled process—structure—property relationship, where rhe-
ological characteristics dictate printability, which in turn
influences microstructural evolution and ultimately deter-
mines functional properties. Addressing this multi-scale
interdependence requires integrated optimization strate-
gies and the development of predictive models capable of
linking material formulation to final performance. Look-
ing forward, EBAM holds significant potential as a key
enabling technology in advanced manufacturing sectors,
including biomedical engineering, aerospace systems,
thermal management, and structural ceramics. Future pro-
gress is expected to be driven by advances in feedstock
engineering, real-time process monitoring, multi-material
and multi-scale printing strategies, and the development
of sustainable and high-performance binder systems.
Such developments will be critical for bridging the gap
between laboratory-scale demonstrations and reliable in-
dustrial applications.
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AHHOTanMsA. AIJUTUBHOE IPOU3BOJCTBO HA OCHOBE HKCTPY3UH CTAJI0 MOLIIHOM TEXHOIOT UeH JUI H3rOTOBICHUS 10JIMMEP-KEPaMUUCCKUX
KOMITO3HUTOB CO CIIOXKHOU reomerpueil. brarogapst HociioifHOMy HaHECEHHUIO MaTepHana 6e3 HeoOXOOUMOCTH B ()OpMax 3TOT IPOIECC
3HAQYUTEIHHO CHIDKACT OTXOABI MAaTepHalIOB M IIPOM3BOACTBEHHBIC 3aTpPaThl, OCOOCHHO IIPH MEIKOCEPHUHHOM U HHAUBHIYaIbHOM
npon3BozacTBe. Cpeay pa3InyHbIX TEXHOIOTHH aJINTUBHOTO IIPOM3BOICTBA METO/IBI HA OCHOBE IKCTPY3HH (9KCTpy3HoHHas 3D-nevars)
MOy UMM IIUPOKOE pacpoCTpaHeHHe Oiarogapsti CBOSH YKOHOMHIHOCTH, THOKOCTH IIPOSKTUPOBAHUS U COBMECTHMOCTH C HINPOKUM
CIEKTPOM MaTepHaIoB. DTU MPOLECCH OOBIYHO UCIIOIB3YIOT MOJIUMEPHI B KA9€CTBE CBA3YIOIIMX MIIM MaTPUIl B COYETAaHUH C BEICOKOI
3arpy3Koil KepaMHIeCKUX MOPOIIKOB M (DYyHKIMOHATIBHBIX JJOOABOK, IIPU ITOM KepaMmuueckas (paza Urpaet JOMUHHPYIOLIYIO POJIb B
(OpPMHPOBAHNH KOHEYHBIX MEXAaHWYECKHUX, TEPMUUCCKUX M (DYHKIHOHAIBHBIX CBOMCTB m3menus. Hacrosimmit 0630p mpexncrasiser
c000#f BCECTOPOHHMII aHANMN3 AQTUTHBHOTO IPOU3BOJICTBA Ha OCHOBE JKCTPY3HH ITOJIMMEP-KepaMHUSCKHX KOMIO3UTOB. B HEM
CUCTEMAaTUYECKU PACCMAaTPUBAIOTCS KIFOUEBbIC CUCTEMbI MATEPUAIIOB, COCTABBI CBA3YIOIIUX, TEXHOJIOTHYECKUE MAPIIPYThL, CTPATErUU
ocTOOpabOTKH, a TaKKe KPUTHYSCKHE IMapaMeTphl, ONpENeIIIONINe Pa3BUTHE MHKPOCTPYKTYPHI M OOIIMe JKCILTyaTallHOHHBIC
XapaKTePUCTUKH.
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