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In this review, we summarize the research activities carried out by our research group at the University of Padova 

on the additive manufacturing of ceramics from liquid feedstocks. Particularly, we evaluate the use of preceramic 

polymers, geopolymers, and sol-gel solutions. We mainly focus on processing with liquid feedstocks because they 

have some advantages with respect to slurry-based feedstocks in which powders are present. Particularly, lower 

viscosity, enhanced transparency, and lack of scattering and sedimentation are advantageous features for vat 

photopolymerization processes, whereas the absence of particulates reduces clogging problems at the nozzle 

for extrusion-based processes. Simultaneously, preceramic polymers and geopolymers have some limitations in 

terms of the range of ceramic compositions that can be obtained; sol-gel solutions are intrinsically unstable, 

whereas printed objects suffer from drying issues. Nevertheless, we successfully produced high-quality parts 

using a variety of additive manufacturing techniques, some of which (e.g., volumetric additive manufacturing) 

have been proposed for the fabrication of ceramic components for the first time. 
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. Introduction 

Particle-based feedstocks, either in the form of powders or as a slurry

ith variable liquid content, have been the norm for the fabrication

f ceramic components by additive manufacturing (AM), followed by

e-binding and sintering steps [ 1 , 2 ]. Technology such as binder jet-

ing (BJ) relies on the layer-by-layer deposition of a powder bed, on

hich the shape of the desired component is inscribed by jetting a suit-

ble liquid binder. A similar approach was adopted by selective laser

elting/melting (SLS/SLM), in which the powder was selectively sin-

ered/fused together using a laser beam. Direct ink writing (DIW) ex-

rudes through a nozzle with a thick paste that should have a specific

heology to enable the fabrication of parts possessing overhangs and

nsupported features. Stereolithography (SLA) or digital light process-

ng (DLP) employs a slurry whose viscosity is controlled by the amount

f powders dispersed, and it must be adapted to the specific technol-

gy used (i.e., DLP printer with a bottom-up or top-down configura-

ion). Two-photon polymerization (TPP) enables the fabrication of parts

ith sub-micron resolution, thereby limiting its use to slurries contain-

ng nano-sized particles, which should also be highly diluted to provide

he required optical transparency. A similar situation occurs for inkjet

rinting (IP), where the small particle size and dilution serve the pur-
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ose of avoiding the clogging of the nozzle. The feedstocks used for fused

eposition modeling (FDM) and laminated object manufacturing (LOM)

re in a separate category because they rely on a continuous thermo-

lastic filament or tapes, respectively, and therefore, not on a material

ontaining loose particles. 

However, considering the fact that a high powder loading is gener-

lly desirable to reduce sintering shrinkage, particle-based feedstocks

ave many drawbacks. For example, concerning vat photopolymeriza-

ion technologies, the slurry is often too viscous to spontaneously form a

ew layer that should be irradiated and therefore requires special print-

rs with a built-in mechanism (rotating blade, doctor’s blade), forcing

ts fast spreading. These printers are considerably more expensive than

urrently available common DLPs. Another issue is the light scattering

aused by the particles, which often possess a different (higher) refrac-

ive index from the surrounding photopolymer. This interferes with the

hotopolymerization reaction, leading to reduced reactivity and print-

ng precision. Additionally, dark or radiation-absorbing particles, such

s SiC or Si 3 N 4 , require a high-intensity light source, and the maximum

ayer thickness is limited, leading to lengthy printing times. Moreover,

he stabilization of particles in the non-aqueous medium is difficult, es-

ecially if the particle density is high. Therefore, obtaining a suitable

iscosity at high particle loading is therefore not simple. Recent devel-
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Table 1 

Comparison of conventional ceramic slurries and preceramic polymer-based inks for vat photopolymerization technologies, with focus on their viscosity and 

cure sensitivity. 

Ceramic material Particle size ( 𝜇m) Surface area (m 

2 /g) Solid fraction (vol%) Viscosity(mPa • s) Cure sensitivity ( 𝜇m) Ref. No. 

Hydroxyapatite 1 2.1 52 2870 50.7 [4] 

BaTiO 3 0.5 2.3 40 230 32.9 [5] 

Alumina 0.4 4.1 40 200 52 [6] 

Alumina + 
Zirconia 3Y 3:1 wt 

0.4–0.2 ‒ 40 380 34.7 

Cordierite 0.35 ‒ 40 1490 113.2 [7] 

Zirconia 3Y 0.385 9 40 2900 49 [8] 

Ceramic material Preceramic polymer 

fraction (wt%) 

Preceramic polymer Cerami yield (wt%) Viscosity 

(mPa • s) 
Cure sensitivity 

( 𝜇m) 

Ref. No. 

SiOC 40 SILRES MK 33 446 250 [9] 

53 IC836 39 399 

53 604 42 395 

SiOC + metal NPs ∼ 70 (after solvent 

removal) 

SILRES MK + MEMO 

Zr- and T-alkoxides 

44 100 200 [10] 
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pments and perspectives on the photopolymerization AM of ceramics

ave been reported in a recent systematic review [3] . 

Concerning DIW, the dimensions of the powders control the dimen-

ions of the nozzle that can be successfully used for the extrusion of

he paste. Therefore, the dimension of the minimum feature achievable

n the part, its surface quality, the clogging of the nozzle, and drying

f the ink are common issues leading to macro-defects in the printed

omponents. 

The use of all-liquid feedstocks can solve some of the above issues,

roviding higher flexibility in terms of the processing and quality of

rints. All-liquid systems include preceramic polymers, sol-gel formula-

ions, and geopolymers. The latter starts as a slurry, comprising an alu-

inosilicate solid phase and an alkaline activating solution, but the solid

uickly disappears and is dissolved into the reactive high-pH medium. 

Table 1 presents the selection of conventional ceramic suspensions

nd preceramic polymer-based inks (as an example for liquid-based sys-

ems) employed for vat photopolymerization, where significant advan-

ages in the viscosity and curing behavior can be recognized. Cure sen-

itivity D p is reported as it is an intrinsic property of photocurable feed-

tock derived from the cure depth equation [11] 

 𝑑 = 𝐷 𝑝 ln 
𝐸 

𝐸 𝑐 

, 

here C d is the cure depth, E is the energy intensity provided by the

quipment, and E c is the critical energy intensity required for photopoly-

erization. 

Despite their advantages, one must first recognize that not all of the

otential liquid feedstocks can be used with every class of AM technol-

gy, and that the compositional range of the resulting ceramics is rather

imited for all but the sol-gel formulations, because preceramic polymers

re mainly based on Si-containing compounds [12] . 

This paper does not intend to review the entire work published on

he subject but rather to summarize and illustrate the research carried

ut by the authors, which, in many cases, paved the way for additional

nvestigation and development by other scientists. 

. Preceramic Polymer-based Feedstocks 

Preceramic polymers such as siloxanes, silazanes, and carbosilanes

ave been tested as feedstocks for most AM technology categories, in-

luding binder jetting, inkjet printing, laminated object manufacturing,

at photopolymerization (digital light processing and two-photon poly-

erization), and fused deposition modeling [ 12 , 13 ]. Binder jetting re-

uires a particle-based feedstock [ 1 , 2 , 14–16 ], whereas fused deposition

odeling uses a filament [ 17 , 18 ]; therefore, these technologies have not

een included in this review. 

In our research, we mainly employed commercially available silicone

esins because of their widespread availability, ease of processing, and
2 
ariable composition (in terms of the C content in the resulting SiOC

eramic), making them of interest for a wide range of potential appli-

ations. However, we also 3D printed silazane-based components using

oth the DLP and DIW technologies. 

It should be noted that in most cases, cross-linking the preceramic

olymer is necessary before pyrolysis to retain the shape of the printed

omponent upon heating. Furthermore, when fabricating a component

sing a preceramic polymer, a high ceramic yield ( > 60 wt%) is pre-

erred to reduce the shrinkage and potential cracking issues related to

he pyrolysis process. 

.1. Vat photopolymerization 

To generate a solid structure through the photopolymerization pro-

ess, a material containing photoreactive moieties is required, in ad-

ition to a photoinitiator and, if desired, a photoabsorber for control-

ing the penetration of the radiation in the z -direction. Five different

pproaches can be used to process preceramic polymers via vat pho-

opolymerization, maintaining a suitably high ceramic yield. 

• Using commercially available preceramic polymers containing re-

active groups (e.g., acrylic, vinyl, or epoxy groups). However, they

typically either have a low ceramic yield (e.g., < 10 wt% for siloxane

acrylates), because their molecular structure has not been designed

to provide a high amount of inorganic residue upon pyrolysis, or are

subject to sluggish reactions, making printing inconveniently slow

(e.g., vinyl siloxanes, see also 3). 

• Synthesis of preceramic polymers with high ceramic yields and suit-

able photocurable groups. This requires appropriate chemical knowl-

edge and is often limited to lab-based developments [19] ; 

• Building a preceramic polymeric structure starting from the photo-

induced reaction of two distinct (monomeric, oligomeric, polymeric)

precursors (thiol-ene click chemistry can be successfully used, but it

carries S and O contaminants) [ 20–23 ]; 

• Chemically modifying a commercially available, high-ceramic-yield

preceramic polymer by grafting photocurable moieties [ 24 , 25 ]; 

• Blending of a photocurable polymer with a non-photocurable, high-

ceramic yield, commercially available preceramic polymer. In this

case, no crosslinking reaction between the two polymers occur upon

light illumination, and the preceramic polymer does not need to have

specific functional moieties. 

From an engineering point of view, the most favorable approaches

re #4 and #5, which take advantage of existing, well-proven, and

vailable materials, and require limited chemical skills and equipment.

herefore, these were evaluated in our laboratory. 

The first example of a ceramic component printed using the vat

hotopolymerization technique (DLP) and a preceramic polymer was
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Fig. 1. An example of a highly porous structure ( ∼96 vol.% porosity) obtained 

using this approach: (a) Digital images of a cellular structure before and after 

pyrolysis printed by DLP using a chemically modified preceramic polymer; (b) 

images of the as-printed and (c) pyrolyzed SiOC component. 
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ublished online on November 6, 2015, by Zanchetta et al [26] , in

hich an acrylate silicon-containing precursor (trimethoxysilyl) propyl-

ethacrylate (TMSPM) was hydrolyzed and catalytically reacted with

he Si-OH moieties of a silicone resin (MK, Wacker Chemie, Germany)

o form a liquid photocurable precursor. A 20 wt% acrylate was suffi-

ient to obtain a solution with an appropriately low viscosity that was

apable of being printed using a limited exposure time ( < 2 s). The ce-

amic yield of the printed material was of the order of 70 wt% (when the

ow-volatility solvent was fully evaporated before pyrolysis), yielding

ully dense structures with ∼25% linear shrinkage. Remarkably, consid-

ring that the silicone resin has a glass transition temperature (Tg) of

50°C, no softening of the printed structure occurred during pyrolysis.

vidently, the organic moieties bridging the siloxane chains contributed

o avoiding viscous (and viscoelastic) deformation caused by the grav-

tational forces acting on the softened material above its Tg because

heir decomposition occurs at a temperature higher than that triggering

he thermal cross-linking of the residual Si-OH moieties of the silicone

esin ( ∼150 ‒180°C). An example of a highly porous structure ( ∼96 vol.%

orosity) obtained using this approach is shown in Fig. 1 . 

The idea of merely blending a non-photocurable, high-ceramic-yield

receramic polymer with a photocurable polymer is simple but not

traightforward. In addition to issues such as finding a common solvent

necessary for dissolving the preceramic polymer, if solid, or control-

ing the viscosity of the system) and controlling the phase separation

etween the two polymers, the possibility of trapping the liquid prece-

amic polymer within the polymer crosslinked by photocuring without

oss of material after cleaning the printed part is not presented. Further-

ore, during pyrolysis, the un-crosslinked preceramic polymer starts

o soften and flow; therefore, it must be appropriately supported by the

hotocured polymer to retain its shape and avoid bloating. Although the

rocess can be extended to all different classes of preceramic polymers,

e tested different siloxane materials and found that silicone resins con-
3 
aining phenyl groups were the most compatible with the photocurable

olymers employed (e.g., silicone resins Silres 601 and H44, Wacker

hemie, Germany) [27] . The amount of photocurable polymer in the

lend controls the printing time as well as the ceramic yield and shrink-

ge upon pyrolysis; the first two parameters decrease while the latter in-

reases with increasing content. It should be stressed that, in most cases,

t is better to achieve a high ceramic yield. Having a large amount of low-

o-zero ceramic yield photocurable polymer in the formulation could be

 highly useful strategy for the realization of ceramic components with

 resolution that is not achievable using certain additive manufacturing

echnology. For instance, if a DLP printer usually has a resolution limit

n the x - y plane of 50 μm, with 25% linear shrinkage upon heating, the

inimum feature size achievable after pyrolysis is ∼37.5 μm. If the lin-

ar shrinkage of the printed part is much higher (e.g., 70%) because of

he presence of a large amount of a low-to-zero ceramic yield polymer

n the system, then the printing resolution is significantly increased. 

SiOC parts several centimeters in size and possessing very complex

rchitectures controlling their mechanical behavior, could also be pro-

uced using this approach [28] . Moreover, we demonstrated that this

lending approach can be carried out using either a low-ceramic-yield (7

t%) photocurable silicone (TEGO RC 711, Evonik Industries, Germany)

 26 , 27 ] or a fully organic photocurable polymer (examples include In-

ustrial Blend, Fun to do, The Netherlands), with ∼0 wt% ceramic

ield [29] . 

Remarkably, amounts as high as ∼80 wt% of the high-loss photocur-

ble polymer can be present in the blends and still facilitate the for-

ation of a solid ceramic part after pyrolysis, indicating that the phase

eparation between the organic polymer and silicone resin must gen-

rate two continuous interconnected phases. Moreover, after pyrolysis,

he parts were fully dense, suggesting that the decomposition of the or-

anic resin occurs in a suitable range of temperatures ( ∼350–500 °C) for,

n one hand, avoiding the collapse of the structure due to the soften-

ng of the preceramic polymer and, on the other hand, enabling the full

limination of the decomposition gases upon pyrolysis. Interestingly, the

urface quality of the parts after cleaning away the residual feedstock so-

ution with isopropanol was very good. The lack of macro-defects, such

s pinholes, indicates that the solvent was not capable of extracting the

n-crosslinked preceramic polymer from the structure. 3D printed, high

arbon-containing SiOC ceramics were produced using this approach,

hich can be employed in electromagnetic microwave absorption ap-

lications [29] . An example of the fabricated SiOC structure is shown

n Fig. 2 . 

Finally, it should also be stressed that using blends of preceramic

olymers and low-to-zero ceramic yield photopolymers enables the fab-

ication of defect-free ceramic components, in which the maximum fea-

ure size exceeds that achievable using a pure preceramic polymer. Typ-

cally, the maximum size that can be obtained when pyrolyzing a pre-

eramic polymer without any fillers is of the order of a maximum of a

ew hundred microns. Using this approach, parts as thick as a few mil-

imeters could be produced without cracks or voids, suggesting that the

elease of the decomposition gases from the preceramic polymer was

avored by the presence of a residual network of interconnected pores

erived from the elimination of the photopolymer. 

We also evaluated the additive manufacturing of ceramic compo-

ents using the two-photon polymerization technique and a commercial

olvent-free acrylate siloxane (TEGO RC 711, Evonik Industries, Ger-

any), with a suitable photopolymerization initiator [30] . The micron-

cale parts with submicron resolution were printed on a fused silica slide

fter developing a nonstandard printing configuration and optimizing

he processing conditions. To eliminate the shape distortions that occur

uring pyrolysis owing to the constrained shrinkage of the printed parts

ttached to a solid substrate, they were printed on supports made of

he same preceramic polymer. By adjusting the dimensions of the sup-

orting pillar with respect to those of the printed component, it was

ossible to fabricate undistorted SiOC structures (see Fig. 3 (a)). Fur-

hermore, to overcome the limitation of TPP, which requires a part to
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Fig. 2. An example of the fabricated SiOC 

structure: (a) Digital images of a SiOC py- 

rolyzed Kelvin structure printed by DLP us- 

ing a preceramic and photocurable polymer 

blend; SEM images of (b) a SiOC pyrolyzed 

diamond and (c) a SiOC cellular structure. 

Fig. 3. SEM images of (a) a pyrolyzed SiOC Kelvin 

structure printed by TPP, and (b) a SiOC pyrolyzed log- 

pile structure produced using a hybrid vat polymeriza- 

tion technology (DLP + TPP). 
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Fig. 4. Optical images of a 3D printed structure obtained by xolography: (a) 

after printing; (b) after pyrolysis. 
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e fabricated on a support from which it cannot be easily removed, we

eveloped a hybrid additive manufacturing process combining in-series

LP and TPP. Particularly, DLP enables the fabrication of macro-sized

a few centimeters), free-standing components but with a limited size

esolution of a few tens of microns, whereas TPP has a sub-micron reso-

ution but can only produce parts with dimensions of a few millimeters

hat are connected to a substrate. By combining the two technologies,

ultiscale, free-standing ceramic components that can be easily handled

nd possess a feature size resolution that is not achievable by solely us-

ng DLP were fabricated [31] . As a demonstration of this concept, we

rst printed a mm-sized log-pile scaffold using DLP and then printed the

ame structure on top of it using TPP. The use of the same preceramic

olymer in both technologies enabled the avoidance of any distortion

erived from differential shrinkage (see Fig. 3 (b)). We envision those

seful structures, such as nozzles or needles with a uniquely small and

recise tip shape, can be fabricated using this approach. 

Provided that special equipment is used, vat photopolymerization

echnologies can enable volumetric printing, that is, the growth of a

ross-linked solid object within a liquid vat instead of on its surface.

his results in several advantages over conventional layer-based print-

ng methods, namely, a higher processing speed and the ability to print

nto highly viscous fluids, eliminating the need for support structures

 32 , 33 ]. For the first time, we tested the use of a photocurable pre-

eramic polymer solution with a novel linear volumetric 3D printing

rocess referred to as xolography, in which complex objects are manu-

actured using two intersecting light beams of different wavelengths to

olidify localized regions that are stabilized by the surrounding viscous

uid matrix. Specifically, the process employs dual-color photopolymer-

zation, in which curing is mediated by a two-color photoinitiator added

o the resin, which is activated by the first radiation with a wavelength

n the UV region, whereas the absorption of the second radiation (with

 wavelength in the visible range) initiates photopolymerization via the

ormation of radicals. No support structures for overhanging features

re required, and printing rates of up to ∼1 cm 

3 /s with a resolution of

0–50 μm, are possible [33] . 
4 
To fulfil the specific technology requirements, we had to tailor the

iscosity, transparency, and reactivity of the feedstock, which contained

ilicone resin (H44, Wacker Chemie, Germany). Despite these being only

he first attempts, we successfully fabricated a gyroid structure (see

ig. 4 ), demonstrating that this approach is very promising for the rapid

olumetric production of ceramic parts at microscopic to macroscopic

ength scales. 

.2. Direct ink writing 

The first example of a ceramic component printed using direct ink

riting and a preceramic polymer was published by Pierin et al. in 2016

34] , where we demonstrated that a silicone resin solution could possess

 suitable Herschel-Bulkley rheology, enabling the fabrication of SiOC

caffolds (for that specific preceramic polymer (MK, Wacker Chemie,

ermany). The rheology could be further improved by the addition of

ross-linked particles of the same material). Additional work was car-

ied out to fabricate SiOC components with tunable porosity by adding

acrificial fillers (PMMA microbeads) to a preceramic polymer ink (MK,
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Fig. 5. SEM images of: (a) SiOC pyrolyzed 

porous scaffolds printed by DIW, derived 

from the removal of different amounts of 

PMMA particles (50 vol.%, 60 vol.%, 80 

vol.%, respectively); (b) a SiOC scaffold 

with a hierarchical pore structure obtained 

by combining PMMA particles with differ- 

ent nominal size (25 μm and 0.46 μm). 

Fig. 6. Pyrolyzed SiOC scaffolds with different angles of deflec- 

tion: (a)15°, (b) 30°, (c) 45°, (d) 60°, (e)90°) and (f) a SiOC scaffold 

with a shifted architecture, printed by DIW. 
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v  
acker Chemie, Germany). By varying the filler dimensions in the range

f 0.46 − 50 μm nominal size and the filler content from 50 to 80 vol.%, it

as possible to obtain scaffolds possessing hierarchical porosity consti-

uted by a) the designed mm-sized macro-porosity, which is controlled

y the size and arrangement of the filaments in space, and b) the μm-

ized porosity within the struts, provided by the elimination of the sacri-

cial fillers upon pyrolysis. When a suitable amount of fillers is present,

hich depends on the filler size, a fully interconnected porosity can be

chieved within the strut cross-section as well as their surface, signifi-

antly increasing the geometric surface available for the interaction be-

ween the solid scaffold and surrounding environment. Furthermore, by

ixing fillers of different sizes within the same preceramic ink, hierar-

hical porosity within the struts was produced [35] . Such morphological

eatures (see Fig. 5 ) are of great relevance for several applications such

s filtration or catalyst supports. 

The following study was conducted using a different preceramic

olymer, which is a solventless, two-part silicone adhesive (DOWSIL TM 

E 1700, Dow, USA). The rheology of this precursor proved suitable for

he fabrication of scaffolds with very complex geometries based on a

og-pile structure in which every layer was rotated by a certain angle

15°, 30°, 45°, 60°, and 90°) with respect to the previous one or was

hifted by a distance equal to the strut size (see Fig. 6 ). Mechanical

ests and permeability measurements enabled the connection between

he morphology of the scaffolds and their performance, demonstrating
5 
hat it was possible to print ceramic components with an architecture

hat maximized the desired properties for a specific application. Com-

ression strength values as high as ∼130 MPa were obtained for the

caffolds produced using a 200 μm nozzle, 100 μm filament spacing,

nd ∼52 vol.% porosity, and the gas permeability was in the range of

hat of the ceramic foams produced by the replica technique for samples

ith a total porosity of ∼65 vol.% [36] . 

Because this specific two-part silicone adhesive (DOWSIL TM SE

700) is an elastomer, we successfully exploited its flexibility for the

anufacturing of SiOC components with very complex architectures,

tarting from 2D sheets of various geometries assembled (before pyroly-

is) into 3D structures using the origami technique (see Fig. 7 ). This ap-

roach is very versatile because folding at very sharp angles did not lead

o any damage to the silicone material, even after pyrolysis. The folded

tructures could retain the shape given by folding either using a filament

ased on the same preceramic polymer or, more advantageously, by self-

dhesion in the unpyrolyzed state, which was controlled by the degree

f crosslinking achieved within the material [37] . Therefore, no metal-

ic filaments were used to avoid the unfolding of the structures during

yrolysis, as in a previous study [38] . Moreover, using this approach,

t is also possible to fabricate a component that contains moving parts,

omething that would not be possible to obtain with DIW technology. 

Direct ink writing is a very versatile technology possessing some ad-

antages with respect to digital light processing because concentrated
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Fig. 7. Complex 3D SiOC structures, after pyrolysis, fabricated by direct ink 

writing and origami using a silicone elastomer. 

Fig. 8. (a) Digital image of the E-DIW process and (b) printed and pyrolyzed 

SiOC structures with suspended features. 
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Fig. 9. Preceramic coil being printed using the DIW + UV process. 
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olutions/slurries can be used and the printing envelope is generally

uch larger. However, it also has disadvantages such as the larger min-

mum feature size achievable, the lower the surface quality of the parts,

nd more significantly, a limitation in terms of the shapes that can be

chieved because of the requirement for the printing nozzle to follow a

ontinuous path (unless a very efficient control of the gas pressure in the

rinting head is implemented). Therefore, inspired by the hydrogel AM

iterature, we developed, concurrently and independently from another

esearch group [39] , an embedded direct ink writing (E-DIW) approach

hat overcomes some of the intrinsic limitations of the technology, en-

bling the use of a larger range of ink formulations without requiring

he strict control of their rheology. Using an ink based on a dissolved

ilicone resin (MK, Wacker Chemie, Germany) and a vat containing veg-

table oil and colloidal silica, we successfully printed structures at very

teep angles and with great shape freedom (free-forming) without sac-

ificial supports (see Fig. 8 ) [40] . 

Pursuing the same aim of enabling free-form printing, we also im-

lemented a UV-assisted direct ink writing (UV-DIW) process that em-

loys a photocurable, transparent preceramic ink that enables fast and

omplete curing of the extruded filament upon exit from the nozzle. In

ontrast with the published literature where the only existing example is

hat of a structure that could have been fabricated by conventional DIW

41] , we successfully printed print free-standing structures without any

dditional support (see Fig. 9 ). Furthermore, by carefully controlling the

iscosity and reactivity of the ink, we manufactured structures with very
6 
ne details that could not be obtained using conventional preceramic

nk because of the necessary and strict requirements for its rheology in

erms of the yield stress and pseudoplastic behavior. 

Finally, using appropriate preceramic feedstocks, such as a silicone

lastomer (DOWSIL TM SE 1700, Dow, USA), it was possible to fabricate

tructures by DIW or UV-DIW using a six-axis robotic arm, providing

n additional degree of shaping freedom with respect to conventional

rinters based on a delta or Cartesian configuration [42] . 

A summary of all the preceramic polymer-based feedstocks and AM

echnologies tested so far is presented in Table 2 [ 26-31 , 34-37 , 42 ]. It

hould be noted that the minimum strut thickness reported may be an

ndication of technology resolution but also depends on the chosen ge-

metry and application. 

. Geopolymer-based Feedstocks 

A geopolymer is an amorphous aluminosilicate network synthesized

ia the dissolution of an aluminosilicate source (such as calcined kaolin,

y ash, waste glass, or red mud) in a highly alkaline (or rarely highly

cidic) environment, followed by condensation into an amorphous 3D-

etwork. Because the dissolution of the initial aluminosilicate powder

n the first stage of the reaction is usually quite fast, the resulting slurry

an be considered an all-liquid system during the additive process. Upon

issolution, alumina and silica tetrahedra are present as free monomers;

heir accumulation induces them to rearrange in a gel of secondary tetra-

edral rings, which then develop into polymer-like chains, and finally

nto a solid, interconnected 3D-network. The reaction can take a few

inutes to a few hours and occurs at room temperature, although it can

e accelerated by mild heating ( < 120°C) [43] . 

.1. Direct ink writing 

Owing to their chemical nature, geopolymer slurries are ideal can-

idates for material extrusion AM processes, namely, DIW. In fact, the

ondensation reaction produces a physical gel of molecules with an in-

rease in size over time, which provides intrinsic shear-thinning behav-

or, which is a key factor for allowing the extrusion of the slurry and

etention of the shape of the printed component. Room-temperature

onsolidation and fast setting allow for the fabrication of net-shaped

omponents without post-processing or thermal treatment. 

We were the first to exploit geopolymer network formation for

he fabrication of porous lattices using DIW [ 45 ]. We demonstrated

he shear-thinning nature of the Na-based geopolymer slurries (molar

omposition: SiO 2 /Al 2 O 3 = 3.8, Na 2 O/Al 2 O 3 = 1, H 2 O/Na 2 O = 13, and

3.78); however, the formation of a geopolymer network in the initial

tages was too weak to provide sufficient shape retention upon extru-

ion. A suitable ink for DIW was achieved with the addition of 5 wt%
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Table 2 

Preceramic polymer and AM technology combinations presented, with details on resulting resolution and behavior upon pyrolysis. 

Preceramic polymer- 

based feedstock Supplier AM family Technology 

Min. strut thickness 

(after pyrolysis) 

( 𝜇m) 

Pyrolysis linear 

Shrinkage (%) 

Ceramic 

yield (wt%) Reference 

Silicone resin 

(MK) + silane 

acrylate (TMPSM) 

Wacker Chemie 

Sigma 

Vat 

photopolymerization 

DLP ∼200 ∼25 ∼70 [26] 

Silicone resins (H44 

and Silres 

601) + silicone 

acrylate 

(TEGO RC 711) 

Wacker Chemie 

Evonik Industries 

DLP ∼30 (RC 711) 58 (RC 

711/601 = 1/1) 49 

(RC 711/H44 = 1/1) 

70.1 ± 0.5 (pure RC 

711) 42.4 ± 3.8 (RC 

711/601 = 1/1) 51.4 

± 3.3 (RC 

711/H44 = 1/1) 

7.4 (pure RC 

711) 47.6 

(RC 

711/601 = 3/7) 

60.2 (RC 

711/H44 = 3/7) 

[27,28] 

Silicone resin 

(H44) + organic 

photocurable resin 

Wacker Chemie Fun 

To Do 

DLP ∼1500 ∼30 ∼27 [29] 

Silicone acrylate 

(TEGO RC 711) 

Evonik Industries 

TPP 0.45 51 - 56, depending 

on the geometry 

7.4 [30] 

[31] 

DLP + TPP 70.4 

Silicone resin 

(H44) + organic 

photocurable resin 

Evonik Industries 

Xolo GmbH 

Xolography 150 40 - 60 10 - 40 unpublished 

work 

Silicone resin (MK) Wacker Chemie Material extrusion DIW E-DIW 119 ± 1 ∼20 up to ∼67, 

depending 

on the 

amount of 

solvent 

(16-40 wt%) 

[34–36] 

Silicone elastomer 

(DOWSIL SE 1700) 

Dow DIW R-DIW ∼300 25 - 37, depending 

on the geometry 

72.5 [37,42] 

Silicone resin 

(H44) + organic 

photocurable resin 

Wacker Chemie Fun 

To Do 

Hybrid UV-DIW 150 ∼25 ∼50 unpublished 

work 
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f polyethyleneglycole (PEG), which provided a higher initial viscosity,

igher elastic modulus, wider working window, and faster viscosity re-

overy after extrusion. Using the optimized ink, we fabricated lattices

ith more than 70 vol.% porosity and suspended struts with very lim-

ted sagging (7% of the deposited filament diameter). 

The condensation of the alternating silica and alumina tetrahedra

nto a 3D-network also results in an intrinsically mesoporous structure.

t is worth noting that the composition of a geopolymer is similar to

hat of a zeolite; particularly, it can be considered as its amorphous

ounterpart. The combination of geopolymers and DIW allows for the

abrication of components with hierarchical porosity, with channels and

acropores provided by the process, and mesopores provided by the ma-

erial. This feature, together with the room-temperature consolidation

nd the possibility of employing waste materials as the aluminosilicate

ource, makes geopolymers an affordable and sustainable alternative for

pplication as sorbents and catalysts. 

We tested lattice structures with the same composition as that de-

cribed previously [ 45 ] for the removal of ammonium ions from wastew-

ter [ 46 ]. Geopolymers have a high affinity for cations such as NH 

4 + ,

hich can be effectively exchanged with charge-balancing Na + cations

n the aluminosilicate network. Accessibility to the charge-bearing sites

s guaranteed by the material mesoporosity as well as the chosen design,

 log-pile structure with 45° stacking possessing continuous yet tortuous

hannels, and non-stochastic open porosity of approximately 49 %vol.

he resulting components showed higher permeability and lower resis-

ance to flow compared to state-of-the-art granular and powdered acti-

ated carbon with the same porosity, as well as a high removal efficiency

 ≥ 80% after multiple cycles) with no visible damage. 

The modification of geopolymer materials with metals can also be

erformed to add antimicrobial functionality to the sorbents [47] . In

his work, we evaluated different alternatives for the incorporation of

g and Cu into the lattices: the addition of metal salts or nanoparticles

o the fresh paste, dipping into a colloidal solution, and ion-exchange

substitution of Na + in the network with Ag + /Cu 2 + ions). Using the first

wo manufacturing methods, we detected minimal leaching and met the
7 
rinking water guidelines. The most promising filters will be tested in

isinfection and advanced oxidation processes (AOPs) for water treat-

ent. 

Unmodified geopolymers can also be directly used as catalysts. Alkali

etal cations (Na + , K 

+ , Cs + , and others) are often involved in catalytic

eactions, and a good example of a well-established industrial process is

he transesterification of triglycerides into biodiesel, typically catalyzed

y a strong alkali alcoholic solution. The catalyst is in the liquid phase

i.e., homogeneous catalysis) and becomes soluble in the final reaction

ixture; therefore, it is very difficult to separate it from biodiesel and

euse it. 

We demonstrated that sodium- and potassium-based geopolymers

an act as heterogeneous catalysts because of their charge-bearing

ations [48] , and evaluated the efficiency of 3D printed lattice struc-

ures [ 49 , 50 ]. After 6 h of reactions, the biodiesel conversion yield was

etween 70% and 85% for all compositions, lower than that of conven-

ional homogeneous catalysts ( > 95%) but similar to that reported for

any powders and resins (80% ‒95%) [51] . 

Lattice geopolymer catalysts require very mild reaction conditions

temperature and methanol:oil ratio); because of their mechanical prop-

rties and permeability, they can be used directly in bench-top fixed-bed

eactors and do not require any separation step, thus saving cost and op-

rating time. 

The combination of the process-induced macroporosity, intrinsic

esoporosity, and ion exchange capabilities of geopolymers processed

y DIW also suggests their use as a carrier structure for biocatalysts.

articularly, the cation exchange to NH 

4 + allows for surface functional-

zation with NH 2 groups, facilitating the immobilization process by the

ovalent bonding of enzymes such as Candida rugosa lipase. We used

a-based geopolymer lattices functionalized with lipase for enzymatic

ydrolysis to process biodiesel from waste cooking oil [52] , resulting in

 biodiesel yield of 75%. Owing to the strong interaction between the

nzyme and geopolymer, its activity remained higher than 91% after the

rst reuse. This is a promising result in terms of reusability and stability

n low-cost reagents, such as waste cooking oil. 



G. Franchin, H. Elsayed, R. Botti et al. Chinese Journal of Mechanical Engineering: Additive Manufacturing Frontiers 1 (2022) 100012 

Fig. 10. Schematic of the production process of geopolymer components: mixing, direct ink writing, curing (up to 120°C). The fabrication process provides for the 

macro-porosity of the components, the material itself for its meso-porosity. Different functionalization options are available before and after fabrication. 
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A schematic of the AM process for geopolymer components is shown

n Fig. 10 , highlighting the different functionalization options presented

n this paragraph. Optical microscopy and SEM images provide typical

xamples of the macro- and meso-porosity of the as-produced compo-

ents. 

. Sol-gel-based Feedstocks 

Among the all-liquid ceramic AM approaches, sol-gel-based feed-

tocks provide the highest versatility in terms of the final ceramic com-

osition, with typical precursors being metal alkoxides or metal salts

hat undergo hydrolysis and condensation to form a colloid of either

iscrete particles or polymer chain networks. It is possible to tailor

he chemical and physical properties influencing the printing processes,

uch as the rheology and reaction rates, by controlling several parame-

ers, such as the temperature, pH, catalyst system, and precursor:solvent

atio. Homogeneity in multicomponent systems can be reached at the

olecular scale owing to the absence of suspended powders, and is re-

ained in the final objects, which also require lower firing temperatures

ompared to traditional production routes. However, the removal of a

arge amount of solvent usually present in sol-gel-derived wet gels is

 critical step, and monolithic components are easily fractured during

rying; the development of stronger, more concentrated gels could help

vercome this issue. 

.1. Vat photopolymerization 

To the best of our knowledge, only two examples of digital light pro-

essing of sol-gel-based inks have been reported in literature. First, a

ydroxyl-group-containing methacrylate was added to the sol-gel pre-

ursor solution to functionalize the forming network, enabling pho-

opolymerization reactions [53] . Second, the photocurable moiety was

rovided by a hybrid organic-inorganic polymer participating in the net-

ork as a glass source [54] . 

In this work, we propose the physical blending of a photocurable

olymer with a sol-gel precursor solution, similar to what has already

een validated with preceramic polymer solutions. In this approach, no
8 
ondensation reaction occurs between the two different systems, and

wo competing networks are formed. The choice of acrylates with high

eactivity is much broader than that of the hydroxyl group-containing

r hybrid organic-inorganic precursors. 

As a proof-of-concept we present in Fig. 11 , oxide and non-oxide

omponents fabricated using this route. 

First, we fabricated zirconia components using a photocurable sol-

el ink based on zirconium butoxide and polyethylene glycol diacrylate
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PEGDA). In this case, the organic fraction was completely removed by

ubsequent debinding and sintering treatments. However, the hybrid

rganic-inorganic nature of the feedstock can also be exploited for the

ynthesis of carbides through carbothermal reduction. The second exam-

le involves the development of a photocurable sol-gel system contain-

ng titanium isopropoxide and sucrose for the fabrication of microporous

iC components with a high specific surface area. 

.2. UV-DIW 

Our recent experiments demonstrated that sol-gel photocurable inks

an be adapted for the UV-DIW approach by adding a thickener to reg-

late the initial viscosity of the feedstock in the initial stages of the

eaction. 

. Additional Possibilities 

Despite the advantages of using a completely liquid feedstock, in

ome cases, it is necessary to add particles to the system to obtain ce-

amic parts with compositions outside those easily achievable with liq-

id precursors or with the aim of introducing additional functionalities,

uch as the possibility of achieving graceful failure upon fracture, as af-

orded by the presence of (chopped) fibers. Nevertheless, in these cases,

he presence of a reactive or unreactive non-sacrificial liquid is benefi-

ial, as it reduces the number of particles that it would be necessary to

ave in the feedstocks, leading to lower viscosity values or higher fiber

oadings with respect to all-particle systems. 

For example, we used powder-containing preceramic feedstocks for

he fabrication of bioceramic scaffolds using the DIW technique [ 16 , 55 ]

r mullite structures using the DLP technique [56] . 

In this study, for the first time, feedstocks containing chopped car-

on fibers and a preceramic polymer (MK, Wacker Chemie, Germany)

ere used for the additive manufacturing of ceramic matrix composite

CMC) structures by direct ink writing [ 44 , 57 ]. This approach enabled

he fabrication of composites with a fiber content of ∼20 vol.%, with

he fibers in the struts aligned along the printing direction owing to the

hear stress generated in the nozzle. 

Finally, we established an approach that does not directly rely on

he additive manufacturing of liquid feedstocks but employs a prece-

amic solution for the replica of (conventional) polymer components.

y controlling the type of polymer used, preceramic polymer formula-

ion, soaking time, and pyrolysis process, we fabricated SiCN cellular

eramic parts that accurately reproduced the original polymeric 3D ge-

metry [58] . Additional work was then carried out to expand the range

f polymeric filaments suitable for the approach, and to obtain dense

ross-sections after pyrolysis [59] . 

Considering the intrinsic nature of geopolymers that enable room-

o low-temperature consolidation without requiring any firing, various

ypes of fillers can be introduced without issues related to thermal de-

omposition, provided that they can withstand the alkaline environment

f the matrix. The addition of fillers can be structural, that is, they can

rovide improved rheological properties to the ink, as well as lower

hrinkage upon drying and eventual thermal treatments, thereby lower-

ng the risk of cracks and breakage. We demonstrated this particularly

ith the addition of ground geopolymer powders of the same chemical

omposition as the matrix [60] ; the use of the ground geopolymer is

articularly beneficial for sorption and catalysis applications because it

llows the increase of the amount of water in the matrix (and therefore

ts SSA) while preserving the workability of the ink. 

Remarkably, fillers can provide additional functionality. We are cur-

ently focusing on the addition of microporous fillers, such as zeolites

nd activated carbons, to add one more level of porosity and specific ad-

orption capabilities to the printed components. The SSA of these com-

osite components can be effectively increased, even with a low amount

f filler ( < 40 wt %), indicating that the filler itself remains accessible

wing to the mesoporous nature of the matrix and is not damaged by the
9 
lkaline environment. Experiments on water treatment (Oliveira et al.,

npublished data) and functionalization via Cu 2 + exchange [61] have

hown promising results. Other researchers have evaluated printing by

IW of parts containing graphene oxide as a filler, providing electrical

onductivity after annealing [62] . 

. Conclusions and Perspectives 

The additive manufacturing of ceramics from liquid feedstocks is a

ast-growing field attracting the interest of several researchers across

he globe, certainly because of the advantages discussed in this paper. 

Particularly, the application of preceramic polymers with different

M technologies has significantly expanded, demonstrating the viability

f this approach for the fabrication of Si-based ceramic components with

ncreasingly complex architectures [ 3 , 63 ]. Besides our research group,

everal other scientists have probed and expanded the field of the ad-

itive manufacturing of preceramic polymers, working mainly on DLP

 9 , 21 , 64-76 ], DIW [ 10 , 77 , 78 ], TPP and micro-stereolithography [ 79–

2 ], using a variety of precursors. Additional attempts at the fabrication

f CMCs [ 83–87 ], as well as employing FDM [88] or further exploring

he replica technique to obtain fully dense cross-sections [89] have also

een carried out (note: the above list of publications does not intend to

e exhaustive but aims to highlight some of the more significant or ear-

ier contributions to the literature on additive manufacturing using pre-

eramic polymer-based feedstocks). In addition to their involvement in

he fabrication of CMCs, preceramic polymers are gaining particular in-

erest in the development of energy storage devices. Polymer-derived ce-

amics possess favorable electrochemical properties resulting from their

nique nanodomain structure [90] . Hierarchal 3D porous components

roduced by AM methods may facilitate ion transport and yield higher

ower and energy densities owing to an increased surface area and im-

roved electrolyte penetration, allowing easy integration of the devices

ith commercial products [91] . 

The use of geopolymer feedstocks in extrusion-based processes has

lso attracted significant interest because of their potential use in

he building industry [ 92–97 ]. As discussed, their reactive nature can

resent challenges in terms of the continuous adjustment of the pro-

ess parameters and a limited working window; therefore, a transition

owards a continuous mixing and feeding system is foreseen. Simulta-

eously, more work should be conducted to find additives suitable for

urther controlling the rheology of the ink to enable the fabrication of

arts with highly controlled geometries without sacrificing their intrin-

ic mesoporosity [98] . Particularly, the addition of functional fillers to

eopolymer-based inks appears to be a promising route for the fabrica-

ion of components with advanced functionalities and bespoke charac-

eristics, such as sorbents, catalyst carriers, and energy storage com-

onents. Their room-temperature consolidation also suggests the ex-

loration of multi-material AM in combination with polymers for the

abrication of composites; they are also biocompatible if not bioactive

 99 , 100 ], and could even be coupled with hydrogels and living organ-

sms (i.e., cells, bacteria) for applications in bioengineering. 

The use of sol-gel feedstocks promises to be the most versatile all-

iquid AM fabrication approach because it can overcome particle sedi-

entation, aggregation, viscosity constraints, and light scattering with

o limitations on the final composition. However, their reactivity and

ost-treatment requirements (particularly those related to drying), as

ell as the strength of the printed part, pose additional challenges com-

ared to conventional AM. Therefore, devising specific strategies for the

reparation of concentrated solutions and the use of low-volatility sol-

ents are necessary. Moreover, their generally aqueous nature demands

urther exploration of hydrophilic photocurable moieties and water-

oluble photoinitiators, a development that would also facilitate the use

f commercial ceramic particle dispersions already employed in conven-

ional forming processes, such as slip casting. 

It is possible that the field of AM of ceramics from liquid feedstocks

as now reached a sufficient degree of maturity for moving beyond the
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ere fabrication of complex ceramic structures to testing their appli-

ation in a wide range of advanced engineering applications, as high-

ighted. Furthermore, considering the ever-expanding range of available

quipment and AM technologies, volumetric techniques, which can ex-

loit and benefit from the transparency of all-liquid systems, appear to

e very promising for the rapid and efficient fabrication of ceramic parts.

imultaneously, innovative hybrid manufacturing approaches, such as

V-DIW, appear to be particularly amenable for fabricating ceramic

omponents from preceramic polymers and sol-gel systems, extending

he range of geometries achievable. The use of a robotic arm for DIW

r UV-DIW printing will further expand both the printing envelope and

hape flexibility of the parts, ultimately allowing the fabrication of com-

lex truss architectures with enhanced mechanical properties resulting

rom overcoming layer interfaces. A major focus in the coming years,

hared with conventional feedstocks, is also expected to be on the refin-

ng of AM technologies towards a higher reliability and the reduction

f defects and waste materials, implementing process control and man-

gement systems according to Industry 4.0 principles. 
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