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Abstract 

Ceramic fabrication from preceramic polymer by Direct ink writing, one of the 

Additive manufacturing techniques, has attracted a lot of attentions due to the 

combination of fast and facile processing without de-binding and its ability to fabricate 

sophisticated structures for meeting increasing requirements of advanced applications. 

This research focuses on the direct ink writing of SiOC ceramic components from 

different preceramic polymers with assistive techniques, aiming at addressing the 

limitations of direct ink writing on fabrication of complex ceramic structures (such as 

with large overhanging features). In this work, firstly origami was utilized for the 

secondary shaping on the printed 2D pattern for the structures with large spanning 

features in terms of high printability and flexibility of a commercially available silicone 

elastomer. Then, a robotic arm was employed for the printing of cylindrical lattices 

which is not possible for normal direct ink writing. Besides the controlling of macro 

ceramic structures achieved by direct ink writing, hierarchical porous structures with 

controllable pore size from several centimeters to hundreds of nanometers were 

fabricated with the assistance of sacrificial templates. In addition, to eliminate the 

influence of gravity on the suspended features, direct ink writing was performed by 

extruding an ink of preceramic polymer into a soft medium comprised of vegetable oil 

and fumed silica. Excellent printability was achieved by optimizing the content of 

fumed silica, printing speed and pressure. With this method, suspended coils and beams 

with large length-to-diameter ratio were fabricated without shape distortion both after 

printing and pyrolysis. We also explored the possibility of extending the method to other 

materials, including metal and ceramic powder, suggesting the high potential in the field 

of additive manufacturing of multi-materials components system. Finally, we 

investigated the mechanical properties and permeability of scaffolds with different 

structures fabricated by direct ink writing, showing the possibility of performance 

enhancement by structure designing without reducing the porosity. The structure-
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relationship from this work could also be extended to other ceramic systems or other 

materials. 

 

Keywords: Additive manufacturing, SiOC ceramic, direct ink writing, preceramic 

polymer, porosity 

  



5 

 

Acknowledgements 

I would like to express the deepest appreciations to my supervisor Prof. Paolo 

Colombo who gave me continuous supporting, creative ideas and quick responses 

during those rich and full three-year-life at the University of Padova. It’s my honor to 

work with him in the Advanced Ceramic and Glass (ACG) group and enjoy the freedom 

of putting my ideas into practice for which he would always offer me sincere helps 

whenever I need. This thesis would not be fulfilled without his help and 

encouragements. Thanks again to my knowledgeable, patient and gentle supervisor. 

I wish to give thanks to Prof. Enrico Bernardo for his wonderful courses like 

Fundamental Materials Selection and Eco-Informed Materials Choice which brought 

me a deep sense of materials science and engineering. 

A sincere thank goes to Dr. Hamada Elsayed and Dr. Giorgia Franchin who 

assisted me a lot during my Ph.D. They helped me adopt to the new experimental 

situation by teaching me how to use 3D printer and furnaces, bringing me to geoscience 

department for rheological test and chemical department for SEM, discussing about 

researches and inspiring new ideas, for which I couldn’t say more thanks to them. 

I would like to give thanks to all members of ACG group with whom I shared the 

great time both inside and outside laboratory. I express special thanks to all the friends 

that I met in Italy. It’s a great pleasure to spend the beautiful time with you all and gain 

the friendship that I treasure so much. 

Thanks for the chance and financial supporting provided by China Scholarship 

Council (CSC201804910741). 

Finally, I sincerely give my gratitude to my family for their selfless loves. My 

parents have always been open to my choice of life and given solid backing on the 

decision of studying abroad. The caring and encouragements from my sisters always 

raised my spirits as well as the joys my cute nephews brought to me. I couldn’t make it 

this far without their support, for which I owe them a lot. 



6 

 

 

  



7 

 

Table of Content 

Abstract .......................................................................................................................... 3 

Acknowledgements ........................................................................................................ 5 

Table of Content ............................................................................................................. 7 

1. Overview on polymer-derived ceramics ............................................................... 11 

1.1 Introduction ............................................................................................... 11 

1.1 Structure and Synthesis of preceramic polymers ...................................... 12 

1.2 Processing of preceramic polymers ........................................................... 15 

1.3 Structures and Properties of PDCs ............................................................ 18 

1.4 Applications of PDCs ................................................................................ 24 

1.5 Additive manufacturing of PDCs .............................................................. 29 

1.5.1 Direct ink writing............................................................................ 30 

1.5.2 Vat photopolymerization................................................................. 33 

1.5.3 Fused Deposition Modeling............................................................ 37 

1.6 Aim of research ......................................................................................... 39 

1.7 Summary .................................................................................................... 39 

1.8 References ................................................................................................. 40 

2. Production and properties of SiOC ceramic structures from a silicone elastomer 54 

2.1 Complex SiOC ceramic structures by direct ink writing and origami ...... 54 

2.1.1 Introduction .................................................................................... 54 

2.1.2 Experimental Section ...................................................................... 56 



8 

 

2.1.3 Results and Discussion ................................................................... 59 

2.1.4 Conclusions .................................................................................... 73 

2.1.5 References ...................................................................................... 74 

2.2 SiOC scaffolds with tunable structure-performance relationship .............. 78 

2.2.1 Introduction .................................................................................... 78 

2.2.2 Experimental ................................................................................... 79 

2.2.3 Results and discussion .................................................................... 81 

2.2.4 Conclusions .................................................................................... 95 

2.2.5 References ...................................................................................... 96 

2.3 Cylindrical SiOC lattices by Direct Ink Writing with a robotic arm ....... 102 

2.3.1 Introduction .................................................................................. 102 

2.3.2 Materials and Methods ................................................................. 104 

2.3.3 Results and Discussion ................................................................. 108 

2.3.4 Conclusions .................................................................................. 115 

2.3.5 References .................................................................................... 116 

3. Hierarchically porous polymer-derived SiOC scaffolds from a silicone resin and 

fillers .......................................................................................................................... 118 

3.1 Introduction ............................................................................................. 118 

3.2 Experimental ............................................................................................ 120 

3.2.1 Ink preparation for DIW ............................................................... 120 

3.2.2 Fabrication of porous scaffolds by DIW ...................................... 121 



9 

 

3.2.3 Characterization ............................................................................ 121 

3.3 Result and discussion............................................................................... 123 

3.3.1 Rheological properties of the inks ................................................ 123 

3.3.2 Pyrolysis and microstructure of printed scaffolds ........................ 125 

3.3.3 Mechanical properties of printed scaffolds................................... 138 

3.4 Conclusions ............................................................................................. 144 

3.5 References ............................................................................................... 146 

4. Embedded Direct Ink Writing of Freeform Ceramic Components ..................... 151 

4.1 Introduction ............................................................................................. 151 

4.2 Experimental ............................................................................................ 153 

4.2.1 Materials ....................................................................................... 153 

4.2.2 Preparation of the supporting medium ......................................... 154 

4.2.3 Preparation of the inks .................................................................. 154 

4.2.4 Heating treatments ........................................................................ 155 

4.2.5 Characterization ............................................................................ 155 

4.3 Result and discussion............................................................................... 155 

4.3.1 Rheological properties .................................................................. 155 

4.3.2 Ink printability and control of the filament diameter in different 

supporting media ........................................................................................ 162 

4.3.3 Embedded DIW ............................................................................ 166 

4.4 Conclusions ............................................................................................. 173 



10 

 

4.5 References ............................................................................................... 174 

5. Concluding remarks and future perspectives ...................................................... 176 

Curriculum Vitae ........................................................................................................ 178 

List of publications related to this thesis .................................................................... 179 

List of conference presentations related to this thesis ............................................... 180 

 

  



11 

 

1. Overview on polymer-derived ceramics 

1.1 Introduction 

Preceramic polymers are precursors for the fabrication of mainly silicon-based 

ceramics which have been denoted as polymer-derived ceramics (PDCs). It generally 

comprises inorganic/organometallic systems that provide a tailored chemical 

composition and a closely defined nanostructural organization by proper thermal 

treatment under a controlled atmosphere[1]. Even though the first production of non-

oxide ceramic from molecule precursors was reported by Ainger and Herbert[2], as well 

as Chantrell and Popper[3] in the early 1960s, the active research on preceramic 

polymer happened in early 1970s prompted by the demand of modern high technologies, 

especially high-temperature ceramic for replacing metal and metallic alloys in 

defense/aerospace industry[4]. In 1974, Verbeek and Winter[5,6] reported for the first 

time the transformation of polysilazanes from polymer to ceramic to obtain Si3N4/SiC 

ceramic fibers for high-temperature applications. Then, the fabrication of SiC ceramic 

fibers was reported by Yajima[7] through pyrolysis of polycarbosilanes. Ever since then, 

the field of preceramic polymers witnessed a rapid development into a large family 

consisting of polysilane, polycarbosilane, polysiloxane, polysilazane, polyborosilazane, 

polyborazine, etc. Meanwhile, the composition of PDCs extended from most classic 

binary systems (Si3N4, SiC) to ternary (SiOC, SiCN) and quaternary (SiBCN, SiAlCN), 

even pentanary systems (SiHfBCN, SiHfCNO)[8-20], which are difficult to fabricate 

by traditional ceramic fabrication methods. Consequently, during last 30 years, there 

has been a rapid increasing in the publications concerning PDCs, with total number up 

to 2989 (Fig. 1.1). In Particular, the number of publications clearly denoted as “PDCs” 

in the past 10 years (2010–2020) is around 2000, which is more than that of all the 

publications before 2010. 
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Fig. 1.1 Number of publications resulting from a search with the keyword ‘‘polymer 

derived ceramics’’ in “All databases” on “web of science”, from 1987 up to the end of 

April 2021. 

 

Differing from the conventional ceramic processing technology involving 

powder processing and sintering at high temperature, PDCs from preceramic polymer 

can be fabricated at relative lower temperature (e.g., 1100 – 1300 ℃) and the precursors 

are quite suitable for ceramic fiber[21,22], coating/films[23-25], and ceramic matrix 

composites[26-28], which is not easy for powder processing technology. Owing to the 

ability of designing molecule structures at the nanoscale level, the desired structural 

and functional properties could be achieved easily, such as high hardness and strength, 

wear resistance, excellent thermal stability and chemical stability, which have found the 

important interest in several fields including high temperature thermal barrier 

coating[29,30], energy storage[31-34], electromagnetic absorbing and shielding[35-37], 

biomedical and tissue engineering[38-43] and so on. 

1.1 Structure and Synthesis of preceramic polymers 

To fabricate PDCs, the synthesis of the preceramic polymer is a key step since the 

phase composition and microstructure of final produced ceramic would be greatly 

affected by the chemical composition and molecular structure of the preceramic 

polymer. Therefore, the structural and functional properties of PDCs vary as a function 
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of the different design of the preceramic polymers. In addition, in order to meet the 

requirement of thermal pyrolysis processing and practical applications, preceramic 

polymer should possess a suitable chain structure to avoid the volatilization and assure 

high ceramic yield, appropriate solubility for shaping, latent reactivity (presence of 

functional groups) for the curing and cross-linking step. 

Here, the preceramic polymers are mainly divided into polysilane, polycarbosilane, 

polysilazane, polysiloxane, polysilylcarbodiimide, representative synthetic routes of 

which have been summaries in Fig. 1.2. 

(1) Polysilane is a kind of polymer with a simple one-dimensional silicon 

backbone (-R1R2-Si-). Its properties and functions are mainly affected by the side chain 

groups attached to silicon and the molecular weight. Owing to promising optoelectronic 

and photochemical properties derived from the delocalization of σ electrons along 

silicon backbone (σ conjugation), Polysilane has found its applications in many fields 

involving photoresists, photoconductors, and semiconductors[44-46]. Besides the most 

common synthetic method in which chlorosilanes react with sodium or lithium 

dispersion (Wurtz-like coupling reaction) followed by reducing in boiling solvents[47], 

the catalytic dehydrogenation of silanes[48,49] and anionic polymerization of masked 

disilenes[50,51] have also been employed to form polysilane. 

(2) Polycarbosilane has a general backbone structure of -R1R2-Si-R-, in which R 

represents organic groups like methylene, vinylidene, phenylene, etc. Several methods 

have been reported concerning synthesis of polycarbosilane, including the most 

commonly used Kumada rearrangement of polysilanes[52], ring-opening 

polymerization[53], dehydrocoupling reaction of trimethylsilane and Grignard 

coupling reaction[54]. As the precursor of SiC, Polycarbosilane is a good candidate 

(such as PCS-[MeHSiCH2]n- and PMCS (PCS with metal M = Ti, Zr, Al)) for the 

fabrication SiC fibers because its high ceramic yield. The quality of produced SiC is 

related to carbon content, which would increase with the increasing of molecular 

weight[55]. 
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(3) Polysilazane is the preceramic polymer with a backbone structure containing 

silicon-carbon bonds, mainly used as the precursor of Si3N4 and SiCN ceramics[56-58]. 

Since the first fabrication of polysilazane was reported in 1885[59], there has been 

several synthesis method developed, among which ammonolysis reactions of 

chlorosilanes with ammonia or by aminolysis with different primary amines are two 

popular strategies. However, separating polymeric product from solid byproducts is 

difficult for both methods[60]. In addition, for the practical purpose of enhancing 

structural and functional properties, modification of silazane oligomers has been widely 

explored, such as using KH basic catalyst, transition-metal complexes and urea or 

isocyanate-containing compounds[61-63].  

(4) Polysiloxane, also denoted as silicone, is composed of basic silicon-oxygen 

bonds, and has been widely used in industries due to its excellent physical and chemical 

properties[64,65]. These properties result from the segmental chain mobility related to 

intrinsic chain flexibility and weak interaction between and within molecules[66]. The 

general formation of polysiloxane involves reaction between chlorosilanes with water, 

mainly including ring-opening polymerization of cyclic silaethers and the 

polycondensation of linear silanes terminated with active functional groups[67-69]. In 

order to achieve a high degree of cross-linking and then a high ceramic yield, 

modification of polysiloxane has been also extensively reported in recent years. 

Generally, this is achieved by grafting chain groups suitable for thermal or UV light 

curing[70]. Furthermore, sol-gel method involving co-hydrolysis and polycondensation 

was used for controlling and tuning composition of produced polysiloxane, for example, 

the content ratio of silicon to carbon and doping of metal within pyrolysis production 

of SiOC[71-73]. 

(5) Polysilylcarbodiimide is the second class of precursors of SiCN, with general 

formula of -[R1R2Si–X]n-, where X is N=C=N and R groups represent hydrogen, phenyl, 

methyl, ethyl, and others[74]. The synthesis of polysilylcarbodimmide was firstly 

reported by Pump and Rochow as well as Klebe and Murray with dichlorosilanes and 



15 

 

disilylcyanamide or chlorosilanes and bis(trimethylsiyl) carbodiimide as starting 

materials[75,76]. Then, Riedel for the first time explored the transformation of 

Polysilylcarbodiimide to SiCN ceramics, which greatly inspired the interest of 

researchers in this field[77-79]. The microstructures and thermal properties of its PDCs 

could vary depending on the structure of Polysilylcarbodiimide resulting from different 

starting materials, such as dichloro silanes generating cyclic or linear polymers and 

trichloro silanes generating highly branched ones[74,80-82]. It is worth noting that first 

ternary crystalline in Si-C-N system (SiC2N4 and Si2CN4) was fabricated from 

polymers synthesized by reaction of tetrachloro silane with 

bis(trimethylsilylcarbodiimide)[20]. 

 

 
Fig. 1.2 Synthetic routes for the most representative classes of Si-based polymers and 

corresponding ceramics from organo-chlorosilanes[83]. 

1.2 Processing of preceramic polymers 

In general, the processing of preceramic polymers to produce ceramics includes 
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shaping, cross-linking, pyrolysis and ceramization, as indicated in Fig. 1.3. 

 

 
Fig. 1.3 Polymer-to-ceramic transformation of preceramic polymers[84]. 

 

Compared with the ceramic powder technologies, the shaping of preceramic 

polymer is highly facile and flexible without requiring long processing involving 

powder preparation and drying since preceramic polymers usually are soluble in several 

organic solvent or meltable under low temperature (< 150 ℃). This allows for a variety 

of shaping methods available for preceramic polymers, including injection molding[85], 

impregnation/infiltration[86-88], blow molding[89,90], extrusion molding[91,92], 

coating[23,24,93], electrospinning[22,94,95], 3D printing[96-98], etc. 

The second step is cross-linking of preceramic polymers with assistance of 

catalysts, triggered by heating or radiation at low temperature. Cross-linking plays an 

important role in processing, not only for the capability of retaining its shape during 

subsequent pyrolysis but also for avoiding the evaporation of oligomers and increasing 

the ceramic yield[99-101]. It’s worth noting that the extent of cross-linking would affect 

the rheological properties of preceramic polymers, especially in extrusion-based 

processing like direct ink writing. Furthermore, several curing methods have been 

explored depending on the functional group grafted to backbone of preceramic 

polymers, such as oxidative curing[102], γ radiation[103,104], e-beam[105], UV 
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light[106,107], etc. it should be pointed out that cross-linking may be not necessary 

when fillers are added into the preceramic polymer due to their ability to offer sufficient 

support to the polymer matrix. In some typical cases, for instance where SiC or Si3N4 

was used as filler, additional advantages would be afforded, such as reducing the 

shrinkage and minimizing the presence of defects (pores or cracks)[108-110]. 

As shown in Fig. 1.4, depending on the X in the preceramic polymer -R1R2-Si-X-, 

several PDCs could be obtained from the thermal decomposition of silicon-based 

polymers with various ratio of Si to X, including SiC, SixCyO2, SixCyNz. In addition, 

the ratio of Si/C could be tuned by the composition of organic group of R1 and R2. 

Generally, the pyrolysis involves the decomposition and elimination of organic parts 

such as Si-H, Si-OH, Si-NHx, as well as methyl, phenyl, vinyl groups. Subsequently, 

the ceramization step at higher temperature could lead to amorphous or crystalline 

ceramics with volume shrinkage up to 50 vol%, sometimes which might introduce pores 

and cracks into produced PDCs, especially for bulk components. To complete the 

polymer-to-ceramic conversion, various methods were reported including thermal and 

non-thermal processing, specifically plasma spraying and laser pyrolysis for ceramic 

coating and nanoceramics[111-113], microwave pyrolysis for nanocomposites and 

ceramic joining[114-116], ion irradiation for ceramic film[117,118]. Parameters 

concerning pyrolysis and ceramization would determine the microstructures and 

composition of the produced ceramics, involving heating rate and temperature, 

atmosphere, pressure, dwelling time, etc., which have been widely evaluated by 

previous literature[119-122]. It deserves to be mentioned that the ceramization of 

preceramic polymer might be not necessary to complete in some cases, where micro- 

and meso-porous structures, net-shape processing and lower thermal resistance are 

desired[123,124].  
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Fig. 1.4 Thermal decomposition of silicon-based polymers (oversimplified 

representation of the molecular structure of the precursors)[125].  

1.3 Structures and Properties of PDCs 

(1) Binary silicon-based ceramics 

SiC and Si3N4, as the most common binary PDCs, are derived from polycarbosilane 

and carbon-free polysilazane. In general, the detection of free carbon in polycabosilane-

derived SiC is inevitable, especially at intermediate temperature. In order to understand 

the evolution of polymer-derived SiC, Want et al. fabricated SiC powder using 

polycarbosilane under different pyrolysis temperature from 1300-1900℃. As shown in 

Fig. 1.5, SiC nanocrystal, turbostratic and amorphous carbon were detected in all the 

samples. With the increasing of temperature, SiC nanocrystal size and turbostractic 

content increased, meanwhile, the residual carbon tended to transform from amorphous 

into turbostratic structure because of a phenomenon of regional enrichment, 

Consequently, leading to large impact on the performance of microwave absorbing 

materials[126]. Yao et al. fabricated continuous free standing SiC films from 

polycarbonsilane using two different curing method, oxidation and irradiation. SiC film 

from irradiation demonstrated larger size of nanocrystal β-SiC and higher volume ratio 

of free carbon phase than oxidation, resulting in higher electrical conductivity. In 

addition, the high modulus and surface hardness suggests a promising application in 

microelectromechanical systems[127].  
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Si3N4 has attracted lots of attention due to its excellent mechanical and thermal 

properties, widely used for high-temperature applications like turbine engine[128,129]. 

Perhydro-polysilazanes, containing only Si, N, O, were employed to prepare Si3N4 

composed of fine crystallites[130]. Yang et al. fabricated ultralong single-crystalline α-

Si3N4 nanowires from polyureasilazane with FeCl2 as catalyst without detected 

structural defects or amorphous layers[131]. However, compared with SiC, there are 

relatively less reports concerning single-phase Si3N4 from preceramic polymer due to 

the existence of free carbon, which leads to the formation of Si-C-N instead. To 

conclude, the polymer derived SiC and Si3N4 ceramic have been applied in several 

applications for their high strength, chemical stability, thermal-shock resistance, high 

hardness, etc. 

 

 
Fig. 1.5 The size of SiC nanocrystals pyrolyzed at different temperatures and 

schematic illustration of microstructural evolution of the PCS-derived SiC[126]. 

 

(2) Ternary silicon-based ceramics 

SiOC is a typical ternary PDCs which has high flexibility in tuning microstructures 

and phase composition depending on the pyrolysis temperature. At low pyrolysis 

temperature (< 1100 ℃), according to the analysis using TEM, NMR, XRD, SAXS, 
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etc.[132], it is assumed that the microstructure (as indicated in Fig. 1.6a) of SiOC 

consists of cluster of silica tetrahedra (Si-C and Si-O but no C-O) that form a 

nanodomain core, surrounded by a monolayer of mixed bonds of SiO4-nCn, and a 

graphene cage-like network that encases the domains. Another model[133] (Fig. 1.6b) 

was proposed in which O‐rich SiOxCy structural units forms a fractal backbone while 

carbon‐rich SiOxCy structural units are located as interface between the backbone and 

free carbon. Consequently, besides the carbon (sp3‐hybridized) incorporated inside the 

SiOC network, the second carbon was defined as free carbon (sp2‐hybridized) 

segregated from SiOC phase[134]. At higher temperature, SiOC evolves into more 

thermodynamical stable β-SiC, amorphous SiO2 nanodomain and free carbon[135,136]. 

Compared with silica or silicate ceramic, the presence of amorphous carbon within 

SiOC provides a network with a significantly higher connectivity. Some studies[137-

139] have reported that the nanodomain is the key factor of high performance of SiOC, 

such as high Young’s modulus and hardness, and thermal-mechanical durability. 

Furthermore, the content of free carbon also greatly affects the mechanical properties 

of polymer derived SiOC. Sorarù et al. revealed that the Young's modulus and the 

hardness decrease with increasing of free carbon content[140]. Hyojun Lim et al. used 

phenyl group-containing additives to tune the free carbon content of SiOC as potential 

anode for lithium-ion secondary batteries, in which a remarkable electrochemical 

performance was achieved[141]. In addition, other functional properties have been 

explored for practical applications like thermal transport[142-144], piezoresistive 

behavior[145-147], optical properties[148-150]. 
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Fig. 1.6 Two models of nanodomain structures in polymer-derived SiOC[132,133]. 

 

 SiCN is another ternary PDC which remains amorphous up to 1400 – 1500 ℃ in 

inert atmosphere such as N2[56,151]. The microstructure of polymer derived SiCN 

varies from different precursors. As shown in Fig. 1.7[80,125], polysilazanes-derived 

SiCN has single amorphous SiCxNy phase in which Si is bonded to C and N without 

phase separation. While, in the case of polysilylcarbodiimides, three amorphous phases 

were found in derived SiCN without mixed bonds, namely Si3N4, SiC and C cluster, 

forming a particular structure that retards the crystallization and phase partitioning 

processes of the thermodynamically stable phases Si3N4 and SiC. Furthermore, the 

crystallization behavior of polymer-derived SiCN is related to the chemical 

composition, molecular structure, and chemical homogeneity of the amorphous Si-C-

N network. Research have found that high content of free carbon in SiCN works as a 

diffusion barrier, leading to higher resistance to crystallization[152,153]. Similarly to 

SiOC, the mechanical properties are strictly related to the carbon content, and a 

correlation was found between the amount of free carbon vs carbide carbon and the 

associated elastic modulus and hardness[154,155]. Liu et al. investigated the dielectric 

and microwave absorption properties of polymer-derived SiCN ceramic, where 

increasing the annealing temperature helps to improve the permittivity and then 

microwave absorbance[156,157]. Electrochemical properties of SiCN were studied for 
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its application in Li ion battery, revealing that the free carbon phase acts as an active 

site for the insertion of Li ions while the amorphous SiCN network provides a path for 

Li-ion transfer[158,159].  

 

 

Fig. 1.7 Microstructure of amorphous SiCN ceramics derived from polysilazanes and 

from polysilylcarbodiimides[80,125]. 

 

(3) Quaternary silicon-based ceramics 

 The most common quaternary PDCs are achieved based on the ternary PDCs by 

the introduction of boron. For example, SiBCN is very thermally stable with high 

crystallization temperature over 1800 ℃ because of the low atomic mobility in this 

system[160]. It was proposed that boron would react with nitrogen in SiBCN to produce 

turbostratic BN, which is located at the interface of nanocrystalline Si3N4 and SiC phase 

and prevents the further crystallization of these phases[161]. Wang et al.[162] reported 

that the main structural units of amorphous SiBCN fiber sintered at 1400℃ are Si−N, 

B−N, sp2-hybridized C−C, and Si−C bonds (as indicated in Fig. 1.8). Research has 

reported that lowering content of boron would result in decreasing of electrical 

resistivity and optical gap, allowing to tailor the properties of SiBCN toward high 

thermal stability and electrical conductivity[163]. In addition, the electromagnetic wave 

absorption of SiBCN was explored with respect to the temperature and dopant 
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type[164-166]. Considering the excellent thermal mechanical properties, SiBCN found 

extensive interest in high-temperature application. Besides the doping of boron, many 

studies have been performed on the doping of a variety of alloys and metal oxides into 

SiCN. For example, hafnium alkoxide-modified polysilazane was employed to 

fabricate SiHfCN(O) with Hf phase that was distributed throughout the SiCN(O) 

matrix[167]. It is worth noting that there was a phase separation without mixed bonds 

(such as SiN4 sites and segregated free carbon phase), which was different from the 

structural composition of polysilazane-derived SiCN in which only single-phase 

SiCxNy existed. It was assumed this happened as the consequence of the molecular 

structure of modified polysilazane, which greatly affected the rearrangement processes 

in the polymer-to-ceramic transformation. 

   

 

Fig. 1.8 Schematic of amorphous SiBCN fiber sintered at 1400℃[162]. 

 

Similar investigations were also carried on SiOC ceramics by incorporating metal 

oxides. The thermal stability of SiAlOC was highly enhanced by the introducing of 

aluminum due to its ability to hinder the carbothermal reduction[168]. The chemical 

shift of Si depended on both the number of bridging oxygens (m) per SiO4 unit and the 

number of aluminum ions (n) connected by oxygen with the SiO4 unit. Si-O-Al linkage 

was formed in the system with the increasing of temperature. Liviu et al.[169] 

introduced nano-sized aluminum into polymethylsilsesquioxane to decrease the 

crystallization temperature to 800℃, owing to the high reactivity between nano 
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aluminum and amorphous silica. Giant piezoresistivity of polymer-derived amorphous 

SiAlOC was reported, showing promising application in high-temperature sensors[170]. 

In addition, other elements, such as Ti, Hf, B etc., were introduced into SiOC for 

achieving high performances toward applications in photocatalytic, oxidative resistance, 

medical instruments, luminescence[171-173]. 

1.4 Applications of PDCs 

(1) Fiber and ceramic matrix composites 

Ceramic fiber from preceramic polymers has been widely investigated due to its 

ability of fabricating complex shape and controllable properties by manipulating the 

composition and properties of preceramic polymers, especially as reinforcement of 

ceramic matrix composites (CMCs) for high-tech applications, such as engine tail 

nozzle, supporter of satellite, brake disks for airplane[174]. Two typical methods were 

applied to fabricate ceramic fibers: melt-spinning and electrospinning[175-178]. As 

shown in Fig. 1.9, the melted polymer goes through the holes and solidifies before being 

collected to a take-up wheel. For electrospinning, when the voltage surpasses a 

threshold value to overcome the surface tension, a jet is emitted and moves towards the 

collector electrode. Both of them will allow the orientation of fibers by stretching 

extruded fiber using a rotating take-up wheel to create a stronger ceramic fiber with 

more ordered crystalline. Nippon Carbon in Japan developed the first commercially 

available SiC Nicalon® fiber from preceramic polymer, after which SiBCN, SiTiCO, 

SiOC, BN fibers have been developed as well[67,179-182].  

Generally, the preparation of fiber-reinforced CMCs involves infiltration of the 

inorganic polymer or silicon into porous woven fiber parts using one of those four 

technologies, which are polymer impregnation and pyrolysis (PIP), reactive melt 

infiltration (RMI), chemical vapor infiltration (CVI), slurry infiltration and hot pressing 

(SIHP)[183]. Each of those processing possesses advantages and disadvantages: 

suitability to sophisticated components but time-consuming for PIP; fast densification 
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processing but high tendency of causing damages to fiber for RMI; high purity and 

well-controlled composition and structures but lower production rate for CVI; difficulty 

in sintering ceramic powder (e.g. SiC) for SIHP[184]. Therefore, hybrid processing 

containing two or three processing above is sometimes employed to fabricate CMCs by 

fully taking advantages of their strongpoints in different phases of processing[185]. 

 

 

Fig. 1.9 illustration of melt-spinning and electrospinning[186]. 

 

(2) Coatings and membranes 

Ceramic coating is a promising approach to improve the chemical and physical 

properties of a substrate by a modification of its surface. Compared with well-

established methods including chemical vapor deposition (CVD), atmospheric plasma 

spraying (APS) and electron-beam physical vapor deposition (EBPVD)[187-189], 

inexpensive processing of preceramic polymer is an alternative candidate to achieve 

large-scale deposition of a ceramic coatings on different complex surfaces. Owing to 

the relatively low processing temperature of preceramic polymer, the damage to 

substrate materials could be reduce to a minimum. In addition, excellent control of 

properties of resulted ceramic coating, such as volumetric shrinkage control, 

enhancement of electrical and thermal properties, could result from the modification of 

preceramic polymer as well as fillers (as show in Fig. 1.10)[29]. What’s more, other 

advantages indicate the applicability of preceramic polymer in ceramic coating, 

including high ceramic yield, deposition in liquid phase (suspensions and solutions) 
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and high flexibility concerning the parameter of cross-linking and ceramization[190].  

Recently, microporous precursor-derived ceramic membranes have gained 

attentions due to their application in gas separation such as hydrogen purification, 

especially at high temperature and in hostile environment. Gurlo et al.[191] prepared 

hierarchical microporous SiBCN/γ-Al2O3/α-Al2O3 membranes (in Fig. 1.11) with 

higher H2/CO permselectivities, suggesting the potential in hydrogen separation due to 

their superior stability under high temperature and pressure. Hauser et al. employed 

dip-coating to fabricate SiBCN membrane on porous alumina as molecule sieve for 

high-temperature separation of gas molecule, showing high thermal stability up to 

1800 ℃[192]. 

 

 
Fig. 1.10 (a) pyrolyzed SiOC coating with cracks, (b) and (c) pyrolyzed SiOC coating 

with ZrO2 and Ag fillers, respectively[29]. 

 

 

Fig. 1.11 (a) SEM images of the cross-section and relationship between 

microstructure and porosity in multilayer amorphous SiBCN/γ-Al2O3/α-Al2O3 
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membranes[191]. 

 

(3) Porous components 

 Ceramic containing tailored porosity usually exhibits different properties 

compared with their dense counterparts, such as electrical resistivity, thermal 

conductivity, strength and modulus, etc. (Fig. 1.12)[193], resulting in their use in 

applications including electrode, insulators, heat exchange, biomedicine and catalyst 

supporters[194]. In term of the different applications, it’s not only the chemical 

composition of ceramic that matters but also the characteristics of pores, such as pore 

size, morphology, distribution and specific surface area. Generally, interconnected 

macropores confer high convective heat, improved mixing as well as high mass transfer 

rate, while the microporous framework provides the desired functionalities. For 

example, when employed into biomedicine, macro porosity will enable the penetration 

of cells and micro porosity enhance the attachment of cell due to its high specific 

surface area[195,196]. Therefore, PDCs components with hierarchical pore distribution 

could meet the increasing requirements of multi-functions. In addition, the alignment 

of pores (especially porous ceramic by freeze casting) is capable of greatly improving 

performances (e.g. thermal and electrical properties, permeability) in one 

direction[197,198]. So far, several approaches, such as sacrificial templating, etching, 

emulsion, and additive manufacturing techniques were applied to fabricate porous 

ceramics from different preceramic polymers[199]. 
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Fig. 1.12 The relationship between physical properties and the amount of 

porosity[193].  

 

(4) Microelectromechanical systems (MEMS) and semiconductors  

Considering the semiconducting features of PDCs of which electrical conductivity 

is tunable with the variation of annealing temperature[200], PDCs has been widely 

employed as high-temperature sensor with higher gauge factors (one magnitude higher 

than other commercial materials, such as Ge, Si, SiC or diamond), for monitoring the 

environment in jet engine turbines and energy generation turbines[201]. Compared with 

other materials based on powder route for MEMS, precursors for PDCs could be 

designed according to the desired functionalities and shaped into sophisticated 

architectures a liquid route. In addition, with this PDCs processing MEMS with high 

resolution (sub 100 nm) could be achieved which is several magnitude smaller than that 

by conventional powder methods[202,203]. Liew et al.[204] firstly investigated the 

fabrication of SiCN ceramic MEMS (as shown in Fig. 1.13) with high resolution from 

preceramic polymer as well as enhanced mechanical properties in comparison to the 

powder route. Grossenbacher et al. proposed a molding method with Teflon-like C4F8 

and carbon coatings for fabricating micrometer-scale PDCs MEMS with high aspect 

ratio, resulting in precise filling and easy de-molding[205]. Nowadays, PDCs MEMS 
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are fabricated in way not being possible before by the combination of advanced 

microfabrication techniques for highly precise controlling of the shape, including 

lithography, two-photon polymerization 3D printing and thermal scanning probe 

lithography[206-208]. 

 

 

Fig. 1.13 (a) Gear (200mm diameter and 45mm thick); (b) cantilever beam (137mm 

thick); (c) tensile test sample (142mmthick) [204]. 

1.5 Additive manufacturing of PDCs 

 Additive manufacturing (AM) techniques is the standard terms for processing of 

joining materials into objects from 3D model, as opposed to the traditional subtractive 

manufacturing technologies[209]. The long history of AM of polymer dates back to the 

several decades ago due to the properties of polymer materials that it could be easily 

transferred into liquid from solid by dissolving or melting, and the other way round by 

solvent evaporation or cooling down or cross-linking, suitable for using as feedstocks 

for various AM techniques[210]. Considering the difficulties of processing, particularly 

shaping ceramic into complex architectures in comparison with metal and polymer, 

combining AM techniques with preceramic polymers could be a promising strategy for 

the fabrication of complex ceramic components due to their polymeric characteristics 

and ability of conversion into a ceramic. Differing from powder-based AM in which 

time-consuming de-binder is required and residual porosity is typically unavoidable, 

AM of preceramic polymer needs no such processing and enables the fabrication of 

ceramic components with high density and therefore superior mechanical performances. 
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Nowadays, several AM techniques have been employed in fabricating ceramic from 

preceramic polymers. 

1.5.1 Direct ink writing 

Direct ink writing (DIW), also known as robocasting, is a quite common AM 

technique based on the robotic deposition of ink extruded from a nozzle, with ease of 

fabrication and few requirements on the materials except the rheological properties. To 

enable DIW, the viscosity should decrease with the increasing of shear rate, which is 

termed as shear thinning behavior that allows ink to be extruded from nozzle under high 

shear stress and recover to achieve the shape retention after extrusion. In addition, a 

high storage modulus is required to prevent the sagging or deformation when printing 

structures with overhangs and spanning features. To achieve this, high content solid 

fillers in preceramic polymer could help to fabricate ceramic components with large 

span features, especially cooperating with low-boiling point solvent that contributes to 

rapid solidification. Zocca et al.[211] reported the fabrication of bio-ceramic scaffolds 

using polymethylsilsesquioxane with ZnO and CaCO3 as fillers, which helped to 

improve the rheological properties of ink and also became part of final ceramic 

component. Franchin et al.[109] investigated DIW of ceramic matrix composites from 

poly(methyl-silsesquioxane) (Silres MK, Wacker Chemie AG, Nünchritz, Germany) 

reinforced by carbon fiber and SiC powder (see Fig. 1.14). Therefore, the filler not only 

help to enable the DIW but also enhanced the performances of printed ceramic 

components like mechanical properties, biocompatibility, etc. However, this approach 

may result in the limitation to the resolution which is defined by nozzle diameter, due 

to the possible clogging rendered by inhomogeneous dispersion or excessive drying. In 

addition, the ink with suitable rheological properties could also be formed by the 

assistance of additives like fumed silica, carboxymethyl cellulose and Pluronic 

F127[212-214], generally forming a reversible network which is sensitive to shear 

stress.  
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Fig. 1.14 Diagram of DIW of preceramic polymer reinforced by carbon fibers and 

SEM images of filament cross-section[109]. 

 

It’s worth noting that, aiming to meet requirements for fabrication of geometrically 

complex structures, other techniques have been employed to assist DIW for the 

fabrication of ceramic components from preceramic polymer, like origami/kirigami, 

UV light, supporting bath, etc. Liu et al.[215] made use of the flexibility of elastomeric 

poly(dimethylsiloxane) (the preceramic polymer used in their work) to achieve the 

secondary shaping to the printed green body with origami as well as programmable 

architectures spanning three orders of magnitude from 200 μm to 10 cm (see Fig. 1.15a). 

In addition, to minimize the influence of viscosity of ink, UV light was used for instant 

curing during the printing, which enables freeform 3D printing in the air without 

supporting. Maeng et al.[216] use the ceramic and photocurable polymer to achieve 

dual-scale porous and self-supporting structures with the assistance of UV light (see 

Fig. 1.15b), which is not possible without any supporting using conventional DIW 

technique. Wei et al.[217] reported the fabrication of SiOC from modified photocurable 

preceramic polymer via UV-assisted DIW, indicating this approach could be applied to 

other ceramic precursor by modifying at the molecular scale. Recently, embedded DIW 

was reported as alternative for fabricating complex and self-supporting ceramic 
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architectures free from influence of gravity. It has been widely used in bio-printing but 

it is still novel for the fabrication of ceramics. By printing inside a supporting bath, 

usually self-healing gel with shear-thinning behavior and being chemically inert with 

respect to the ink, overhanging or suspended structures could be realized without 

sagging, followed by solidification either through thermal or UV light curing. Differing 

from conventional AM technique (like Fused Deposition Manufacturing or 

Stereophotography) in which printed supporting parts need to be removed carefully, 

printed structures by embedded DIW could be easily exacted from the supporting bath 

without causing damages. Mahmoudi et al.[218] fabricated helical springs in 

transparent mineral oil and demonstrated potential application of the process to print 

structures for harsh environments (see Fig. 1.15c). Karyappa et al.[219] presented the 

fabrication of 2D microstructures within media (e.g., methanol, ethanol, isopropanol) 

by embedded ink writing of polysiloxane inks, enabling the printing of unyielded and 

non-photocurable resin. Those techniques above greatly extended the application of 

direct ink writing, finding new approaches for fabrication of PDCs.  
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Fig. 1.15 (a) Origami of printed elastomer green body and the pyrolyzed and 

fabrication processing of programmable architecture, (b) UV light assisted direct ink 

writing of biphasic calcium phosphate and photopolymer, (c) Embedded direct ink 

writing of silicone in mineral oil[215,216,218]. 

1.5.2 Vat photopolymerization 

Vat photopolymerization is an AM technique that liquid photopolymer in a vat is 

selectively cured by light-activated (usually UV light, sometimes visible light) 

polymerization layer by layer[220], which has been successfully used for the tooling 

and manufacturing of a number of consumer products due to its ability to create large 

parts with sb-millimeter details. So far, several vat photopolymerization techniques 

have been developed, including Stereo Lithography Apparatus (SLA), Digital light 
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processing (DLP), Two-photon polymerization (TPP). As shown in Fig. 1.16[221], the 

main differences between them are light source and imaging system. In SLA, a beam 

of laser scans over the surface of resin in vat solidifying the resin a point at once, 

varying from DLP in which digital micromirror devices (DMD) comprising large arrays 

of micromirrors can produce an image of patterned light and cure the entire surface at 

once, being much faster than SLA. However, SLA possesses higher resolution down to 

25 μm in Z direction, while DLP struggles to go below 50 μm. Somewhat similar to 

SLA, TPP enables resin cured at the point where two lasers (with larger wavelength 

than that used for SLA) intersect instead of using one laser. A resolution of 0.1μm could 

be realized for TPP by controlling the laser pulse energy and frequency, which is useful 

for micro-optoelectronic devices (photonic crystal at sub sub-micrometer scales). 

Although with greatly high resolution, the parts fabricated by TPP are usually smaller 

than 1 mm3, which is not practical for applications at macro level. 

 

 

Fig. 1.16 Schematics of several Vat photopolymerization: (a) SLA, (b) DLP, (c) 

TPP[221]. 

 

Initially ceramic components were fabricated by vat photopolymerization from 

mixer of ceramic powder and photopolymer, which requires high solid content to assure 

dense ceramic and avoid defects (like delamination, cracks, pores)[222]. However, high 
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sold loading may result in high viscosity hindering the flow of surrounding slurry to the 

printing region. Furthermore, ceramic particles that absorb or scatter light (e.g., SiC) is 

difficult to use. Therefore, the preceramic polymer becomes a promising alternative for 

ceramic fabrication using vat photopolymerization because either it’s liquid or can be 

dissolved into organic solvents to obtain relatively low viscosity without reducing 

ceramic yield, meanwhile there is no need to worry about scattering of light by particles. 

In general, either mixer of non-photocurable preceramic polymer and photopolymer or 

preceramic polymer containing photocured groups were used for vat 

photopolymerization. The former seems simply and could be applied to several 

preceramic polymers, but there are some issues to address, such as controlling phase 

separation and avoiding the softening and flowing of the uncured preceramic polymer. 

Schmidt et al.[223] investigated the possibility by physically blending a commercial 

photocurable polymer with several different preceramic polymer for DLP, 

demonstrating high tunability on ceramic yield, shrinkage, chemical position and 

resolution (see Fig. 1.17a). The latter requires that the preceramic polymer possesses 

photocurable groups and simultaneously high ceramic yield, which is difficult to be 

satisfied by commercially available preceramic polymers. Therefore, it was explored to 

chemically modify a commercially available, high ceramic yield preceramic polymer 

by grafting of photocurable moieties. Zanchetta et al.[224] obtained siloxane resin 

modified by 3-(trimethoxysilyl) propyl methacrylate using sol-gel, indicating for the 

first time that non-photo preceramic polymer could also be applied for vat 

photopolymerization by chemical modification and it is transferable to other PDCs 

system (see Fig. 1.17b). Though vat photopolymerization is quite suitable for 

fabricating complex ceramic components, there are still some challenges to cope with, 

such as the intrinsic stair stepping effect and the projection area for DLP restricting the 

size of ceramic parts, requiring only highly transparent resins and slow printing rate for 

TPP, etc.[225]. 
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Fig. 1.17 (a) Kelvin cell printed with mixer of preceramic and photocurable polymer, 

(d) cellular structures printed with chemically modified preceramic polymer 

containing a photocurable group[223,224]. 

 

Besides those AM techniques mentioned above, recently it was reported that 

another novel AM technique based on Vat photopolymerization called Volumetric 

Additive Manufacturing (VAM) was developed and attracted lots of attentions due to 

its high building rate and continuous CAD model eliminating the constrains on speed, 

geometry and surface quality (avoiding “stair stepping” effect). Inspired by the image 

reconstruction procedures of computed tomography (CT), Kelly et al.[226] designed a 

system in which a digital video projector deliver computed intensity-modulated 

projections to the liquid resin, of which the non-linear response incurred by oxygen 

inhibition process helps to set a critical dose threshold. They demonstrated a fast-

printing speed and the possibility of building components that encase other pre-existing 

solid objects. In addition, a linear VAM called xolography was developed by 

introducing local polymerization inside a confined monomer volume upon linear 

excitation by intersecting of two lights with different wavelengths[227]. High surface 

quality and enclosed system (like ball in cage without attachment) were realized by 

linearly moving of a cuvette that contains resin and continuous projection of sliced 
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images with high resolution (50 μm, with potential to go below 10 μm by further 

optimizing the optical system) and speed (55 mm3 s−1). This novel vat 

photopolymerization technique is greatly promising for the rapid fabrication of ceramic 

parts from micro to macro scale.  

 

 
Fig. 1.18 (a) Patterned illumination from many directions delivers a computed 3D 

exposure dose to a photoresponsive material, (b) Rendered illustration of the printing 

zone and associated photoinduced reaction pathway[226,227]. 

1.5.3 Fused Deposition Modeling 

Fused Deposition Modeling (FDM), also known as Fused Filament Fabrication 

(FFF), is a widely popular AM technique for polymer materials, based on which 

consumer-grade 3D printers were developed for professionals and amateurs. In FDM 

processing, a thermoplastic polymer filament (e.g., Acrylonitrile Butadiene 

StyreneAcrylonitrile Butadiene Styrene (ABS) and PolyLactic Acid (PLA)) is fed into 

heated printing head through filament pulling system and melts, followed by extrusion 

from nozzle and solidification upon cooling while nozzle moving according to designed 

pathway (Fig. 1.19a). Unlike the other AM techniques mentioned above, few research 

works about FDM of preceramic polymer have been reported, though. It is probably 

due to the fact that most preceramic polymers with high ceramic yield have a glass 

transition temperature well over room temperature (> 50 ℃), making the filament from 

preceramic polymers rigid and difficult to feed into printing head[210]. Early FDM was 

involved into fabrication of PDCs in the way that thermoplastic materials were printed 
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by FDM as templates, which were impregnated with preceramic polymer and 

pyrolyzed[228-231]. For example, Baux et al. reported that elastomer green body was 

fabricated by FDM using composite polyvinyl alcohol/elastomer wire and impregnated 

with allylhydridopolycarbosilane. Then porous SiC ceramic was obtained by pyrolysis 

and reinforcement by CVD with CH3SiCl3/H2 (see Fig. 1.19b). However, time-

consuming impregnation and usually inevitable defects after pyrolysis due to the 

removal of polymer templates giving restriction to this method.  

Recently, to overcome the problem of rigid filament, Gorjan et al.[232] mixed 

polymethylsiloxane ceramic precursor with plastifying agent and Alumina to fabricate 

flexible filament with good quality of surface and shaping, successfully used for mullite 

structure by FDM (see Fig. 1.19c). In addition, Zhao et al.[233] fabricated SiOC 

ceramic from a mix of polycarbosilane and a small amount of polypropylene (≤5 wt.%) 

by FDM, demonstrating high ceramic yield over 80 wt% and making debinding 

unnecessary (see Fig. 1.19d). Much more efforts are required to expand the number of 

additives that makes preceramic polymer stable FDM feedstocks or dev elop 

commercially available preceramic polymer with high ceramic yield which can be 

directly used in FDM. 

 

 

Fig. 1.19 (a) schematic of FDM, (b) Porous geopolymer components through negative 

replica, (c) filaments fabricated from preceramic polymer and alumina, (d) FDM of 
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feedstocks comprising preceramic polymer and thermoplastic polymer[231-233]. 

1.6 Aim of research 

The aim of this thesis was to focus on the direct ink writing of PDCs, due to the 

facts that DIW is a facile processing and has less requirements, with no need for 

expensive tooling, dies, or litho-graphic masks. We explored the limitation of DIW with 

respect to printability of complex structure and resolution. SiOC was selected because 

it’s a pretty representative PDCs system with excellent properties and lots of 

applications, usually generated from polysiloxanes which are insensitive to air and 

moisture, inexpensive and widely commercially available. In addition, we tried to 

investigate the structure-dependence relationship for 3D printed SiOC components, 

aiming at greatly enhance their performance and extend the applications. The results 

could be also extended to ceramic components obtained from other preceramic 

precursors, or other materials. 

1.7 Summary 

Research about the fabrication of ceramic components, in particular complex 

ceramic structures, have been widely shifted to AM techniques, which shows features 

of high flexibility, rapidity, and limited cost. With the development of preceramic 

polymers, great potential can be expected from its combination with AM techniques, 

especially based on vat photopolymerization. The absence of a sintering step enables 

lower processing temperatures without the need for pressure, as compared with 

classical ceramic powder methods, and the absence of sintering additives results in 

improved thermomechanical properties.  
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2. Production and properties of SiOC ceramic structures from a 

silicone elastomer 

2.1 Complex SiOC ceramic structures by direct ink writing and origami 

2.1.1 Introduction 

Origami, the ancient art of paper folding developed in Japan several centuries ago, 

has demonstrated the possibility of creating complex three-dimensional structures 

starting from two-dimensional patterns that are cut or folded into desired geometries 

through bending along predefined lines [1,2].  

With the use of elastomeric or foldable materials, several researchers have 

exploited this approach to fabricate topological meta-materials [3-5], reconfigurable 

structures [6-8] or adaptive architectures [9,10], which have broad applications such as 

solar arrays [11,12] and components for tissue engineering [13], energy storage [14], 

soft robotics [15-17] and so on. The application of the origami technique is not just 

limited to macro-size parts, but can be exploited also in the micro-scale: from mesoscale 

biomedical devices [18,19] to nano-scale protein and DNA-based objects [20-25]. 

Recently, the rapid development of additive manufacturing technologies has enabled 

the precise 3D fabrication of components with resolution from the hundreds of nano-

meters to tens of centimeters without restriction on the spatial arrangement of the 

constituting material. Several works report that much more complicated and functional 

3D structures could be achieved by combining origami technique and 3D printing, with 

benefits both in term of manufacturing speed and low-cost fabrication. For example, 

Hester et al. [26] obtained flexible microwave electronics by origami-assisted inkjet 

printing. Zhao et al. [27] suggested a mechanochemical regulation strategy to create 3D 

origami structures by a transfer printing method based on stiffness mismatch. Lewis et 

al. [28] combined direct ink writing with wet-folding origami technique to create simple 

polyhedrons and intricate 3D origami forms. Therefore, making use of the advantages 
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of 3D printing and origami opens new possibilities for advanced fabrication of very 

complex regular shapes. 

Additive manufacturing of preceramic polymers to fabricate 3D polymer derived 

ceramics (PDCs) has recently attracted a lot of interest, with researchers employing a 

wide range of technologies for the production of ceramic components [29-34]. However, 

the inherent brittleness and high hardness of ceramics after pyrolysis, resulting from 

their ionic or covalent bond, limit their further reconfiguration toward more intricate 

shapes [35]. A potential alternative is performing the reconfiguration towards the 

selected architecture using a flexible polymeric green body before pyrolysis. To this 

end, Liu et al. printed flexible preceramic parts enhanced by nano-particles, and 

obtained high-resolution complex and mechanically robust ceramics with the use of 

origami technique [36]. However, their use of an iron wire as aid to the manufacturing 

process (to keep the folded part in shape during pyrolysis) may cause local stress 

concentrations due to mismatch in the coefficient of expansion and contamination 

during subsequent firing. Zhan et al. [37] reported 3D printing of flexible green parts 

with yttria-stabilized zirconia powder by self-assembly-assisted shaping and mold-

assisted shaping. This approach, however, is limited by the complicated procedure 

involving the addition of a significant number of polymeric additives and UV-

crosslinking.  

In this work, we provide very simple approaches for the fabrication the complex 

SiOC ceramics derived from a commercially available, two-part silicone elastomer by 

Direct Ink Writing (DIW) printing assisted by the origami technique, with no need to 

add nanoparticles for reinforcement or use a metal wire for shaping. As shown in Fig. 

1, the ink was prepared by homogenously mixing the silicone with its curing agent at a 

10:1 weight ratio, as indicated by the manufacturer. The prepared ink was then 

transferred into syringes for printing using Direct Ink Writing. After printing, we 

followed two approaches to fabricate components possessing complex architectures:  

(I) Filament-assisted origami: reconfiguration of printed sheets was carried out 
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with the assistance of silicone filaments to keep the folded part in shape during 

pyrolysis. Such filaments were extruded from a 400 μm nozzle using the same silicone 

material employed for the fabrication of the sheets. Before folding, the sheets were 

thermally cross-linked at 75°C for 30 min. Using this filament, having the same 

shrinkage as the sheet upon pyrolysis, prevented local stress concentrations during the 

ceramization of the origami structures and could, for some geometries, be removed after 

pyrolysis without damaging the folded patterns. 

 (Ⅱ) Self-adhesive origami: instead of thermally cross-linking the sheets, they 

were simply dried at room temperature (RT) for two days. After that, the sheets 

displayed a degree of self-adhesion achievable by manually applying a light pressure, 

which enabled the folded structures to maintain their shape without using a filament. 

The folded samples were then heated at 75℃ for 30 min to complete the cross-linking. 

Obviously, not having to use a wire to bind the sides of the sheets nor having to 

eliminate it after pyrolysis greatly simplifies the fabrication of complex architectures. 

Furthermore, additional experiments were carried out by assembling separate 

sheets (without folding them), either by using a filament to bind them or by exploiting 

the self-adhesion between sheets. This approach cannot be considered to be based on 

the origami technique, but it further expands the post-printing fabrication possibilities.  

2.1.2 Experimental Section 

2.1.2.1 3D printing of 2D sheets 

A two-part silicone adhesive (DOWSIL™ SE 1700, Dow, USA; data sheet is 

reported in Tab. 2.1) was used as the polymer precursor for SiOC ceramics. As shown 

in Fig. 2.1, the ink was prepared by mixing the silicone base (part A) with its proprietary 

curing agent (part B) at a 10:1 weight ratio, as suggested by the manufacturer, in a 

planetary mixer (ARE 250, Thinky, Japan) for 15 mins (2000 rpm/min). The ink was 

then transferred into syringes equipped with conical plastic nozzle (Nordson, USA), 

followed by degassing in the mixer before printing. DIW was performed at the room 
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temperature by using a delta printer (2040 Turbo, Wasproject, Italy). The ink was 

extruded from the nozzle to form the 2D patterns layer by layer with well-defined inter-

layer spacing (80 % of the nozzle diameter), with a pressure of 0.3-0.6 MPa and X-Y 

motion speeds of 5-10 mm/s. For generating the 2D patterns with different inter-

filament spacing, ranging from 0.2 to 2 mm, the selected nozzle diameter was 400 μm. 

The samples were all printed within 1h of mixing the two-part silicone precursor. The 

designing of 2D patterns and folded 3D models in this paper was performed using the 

open-source 3D modeling software Blender 2.79 (Blender Foundation, Amsterdam, the 

Netherlands).  

 

Tab. 2.1 Details for DOWSIL™ SE 1700, according to the manufacturer’s data sheet 

Property Unit Data 

Viscosity (after mixing) cP 54200 

Working Time @25°C (pot life) hours 8 

Heat Cure Time @150° minutes 30 

Specific Gravity (Cured) g/cm3 1.13 

Tensile Strength MPa 6.8 

Elongation % 355 

Durometer Shore A  48 

Unprimed Adhesion – Lap Shear to Aluminum MPa 2.7 

 

2.1.2.2 Filament-assisted origami folding of printed structures 

To demonstrate folding using the origami technique, firstly the 2D printed sheets 

were put into muffle furnace at 75°C for 30 min to achieve cross-linking. Then, a low 

stress was manually applied to single sheets, causing simple deformations such as 

bending, stretching, twisting, followed by binding with thin elastomeric filaments, 

obtained by extruding through a 400 µm nozzle the same silicone ink and cured at 75°C 
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for 30 min, to retain the given shape. 3D structures based on regular polyhedrons, 

including tetrahedron, hexahedron, octahedron, dodecahedron, as well as spirals or 

other shapes were manufactured by this approach. Alternatively, separate flat 2D parts 

were assembled and bound together with a filament. 

2.1.2.3 Self-adhesive origami of printed structures 

Firstly, the 2D printed sheets were dried at room temperature (RT) for 2 days (the 

same effect could be achieved by placing into a muffle at 75 ℃ for only 5 min). The 

edges of bent sheets were lightly pressed together to achieve adhesion, and the folded 

3D structures were then cross-linked at 75°C for 30 min in a muffle furnace. No 

filaments were used in this approach to assist retaining of the obtained shape. 

2.1.2.4 Ceramization 

The samples were pyrolyzed in a tube furnace under inert atmosphere (99.99 % N2), 

with a heating rate of 1°C/min from room temperature to 300 ℃, with a hold time of 

3h, followed by heating to 1000 ℃ at the same rate, with a hold time of 2h. Cooling 

was carried out in the furnace, without controlling the rate. 

2.1.2.5 Characterization 

The rheological properties of the inks were investigated using a rheometer 

(Discovery HR-1 hybrid rheometer, TA Instruments, UK). All the analyses were 

conducted using a cone/plate set-up with a gap of 0.5 mm. Termo-gravimetric (TG) 

analysis (STA409, Netzsch, Germany) was carried out to investigate the polymer to 

ceramic conversion of this silicone precursor. Fourier-transform infrared spectrometry 

(FTIR, Is10, Nicolet, Thermo Scientific, USA) was used to characterize the printed 

samples before and after sintering. The crystalline phase assemblage was investigated 

by X-ray diffraction (XRD, AXS D8 Advance, Bruker, Germany) on powders obtained 

by grinding pyrolyzed samples. The morphology and microstructure of the samples 
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were observed by scanning electron microscopy (SEM, Quanta 200 ESEM, FEI, The 

Netherlands), equipped with energy dispersive X-ray Spectroscopy. 

 

 
Fig. 2.1 Schematic of the fabrication of SiOC samples with complex architecture from 

3D printing and origami technique. 

 

2.1.3 Results and Discussion 

2.1.3.1 Rheological Properties 

For extrusion-based additive manufacturing (DIW) of 3D components, the 

rheological properties of the ink play a crucial role in the processing and characteristics 

of the printed samples. On the one hand, a shear-thinning, low viscosity under high 

shear rate is required for easy extrusion through narrow nozzles when pressure is 

applied on the reservoir containing the material. On the other hand, the ink should 

quickly recover a high viscosity to enable the precise retention of the desired 

architecture after extrusion, without sagging of unsupported or spanning features. 

Finally, the ink should possess a suitably high yield stress, in order to generate 

components comprised of several layers that do not collapse under the weight of the 

printed structure itself. 

Fig. 2.2a reports the viscosity of the elastomeric silicone ink as the function of 
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shear rate, and the influence of storage time. Taking the sample with storage time of 0h, 

for example, the viscosity of the ink decreased from 3.6×105 Pa∙s to 102 Pa∙s in the 

range of shear rate 10-3-10 s-1, which indicates that the prepared ink is a typical non-

Newtonian fluid with shear-thinning behavior under increasing shear rate [38]. The 

shear-thinning behavior could still be detected after storage for 24h, but the material 

was barely printable with the pressures that could be applied in our equipment, and 

more suitable processing conditions were retained up to 8h of storage, demonstrating 

that the ink possessed a favorably long storage time. To determine the viscosity 

recovery after extrusion, a different shear rate test was performed (Fig. 2.2b). The ink 

was first stressed at the shear rate of 0.04 s-1 for 60 sec, during which it displayed a 

viscosity of 104~105 Pa∙s, and subsequently the shear rate was decreased to nearly 0 s-

1; in these conditions, the ink almost immediately recovered a high viscosity value 

(106~107 Pa∙s), showing that it possessed a rapid recovery enabling the fabrication of 

self-supported features without significant deformation in the green state (before curing 

and pyrolysis). Fig. 2.2c shows the storage modulus (G′) and loss modulus (G′′) as a 

function of shear strain, and also their variation with storage time. Similarly to the 

viscosity behavior, few changes were observed even after 24h of storage, further 

confirming the high stability of the ink. Taking the sample with storage time of 0h for 

example, both storage and loss modulus showed suitably high plateau values at the 

beginning of the test, 2×105 and 4×104 Pa, respectively, suggesting that complex 3D 

lattice architectures could be obtained. The storage modulus was independent on the 

applied stress and nearly one order of magnitude higher than the loss modulus, 

indicating a solid-like behavior of the ink below the yield stress; therefore, the material 

resided within the linear viscoelastic region [39]. When the shear strain increased over 

0.68 % (shear yield stress τy = 840 Pa), both moduli decreased rapidly, and the loss 

modulus became higher than the storage modulus. This indicates the predominance of 

viscous deformation in the viscoelastic ink properties, and the material behaved as a 

liquid, proving the possibility of achieving a smooth and continuous flow under limited 
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pressure. Frequency sweep tests (Fig. 2.2d) showed that both moduli were stable when 

the frequency increased. 

 

 

Fig. 2.2 Rheological properties of the silicone ink: (a) apparent viscosity as a function 

of shear rate with storage time = 0, 1, 8, 24h; (b) apparent viscosity and shear rate 

changes with time and shear stress value; (c) storage (G′) and loss modulus (G′′) as a 

function of shear strain with storage time = 0, 1, 8, 24h; (d) small amplitude 

oscillatory shear modulus measurements as a function of frequency. 

 

2.1.3.2 Material’s Characterization 

Since this specific silicone elastomer was, so far, never employed as a precursor 

for SiOC ceramics, its evolution with firing temperature was investigated using TG and 

FTIR. Thermogravimetric analysis (see Fig. 2.3a) shows a weight decrease starting 

only from about 200°C, indicating that a high degree of cross-linking was achieved in 
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the material after curing at 75°C for 30 min. The polymer-to-ceramic transformation 

occurred in the usual 400-to-800°C range, after which no further significant weight loss 

was observed, demonstrating the reaching of a fully ceramic phase. The total weight 

loss at 1000°C was ~27.5 wt%, thereby giving a high ceramic yield of 72.5 wt%, which 

is within the range of values typically observed for other precursors (see Tab. 2.2).  

 

Tab. 2.2 Ceramic yield of various precursors (pyrolysis in inert atmosphere) 

Pre-ceramic precursor 
Yield 

(wt%) 
Reference 

RC711 (silicone acrylate) 7.4 

[40] H44 (silicone resin) 76.5 

Silres 601 (silicone resin) 66.8 

MK (silicone resin) 83.0 [41] 

Polymethylhydrosiloxane 59.5 [42] 

Perhydropolysilazane 63.0 [43] 

Polycarbosilane 61.5 [44] 

Polyvinylsilazane 70 [45] 

(Mercaptopropyl)methylsiloxane/vinylmethoxysiloxane 59 [46] 

Liquid-phase polysilazane 32 [47] 

 

The crystalline phase assemblage of pyrolyzed SiOC is shown in Fig. 2.3b; the 

broad peak indicates the formation of an amorphous material, without the formation of 

any SiC, SiO2, Si, or C crystallites. The FTIR patterns (Fig. 2.4a) show the 

characteristic absorption bands of the silicone (part A), cross-linker (part B), printed 

materials after drying at room temperature for 2 days and after cross-linking at 75°C 

for 30 min, with peaks located at around 475 cm-1 (Si-O-Si rocking vibration), 802, 

1261 and 2963 cm-1 (-CH3 rocking, -CH3 deformation and asymmetric -CH3 stretching 

in Si-CH3), 1023 and 1096 cm-1 (Si-O-Si stretching vibration), 2160 cm-1 (Si-CH=CH2 
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stretching vibration) and 1412 cm-1 (Si-H stretching vibration) [48-51]. In particular, 

the Si-H band (part B, Fig. 2.4b) decreases in intensity with the progression of cross-

linking. For the SiOC material, the peaks are located at around 460 cm-1 (Si–O–Si 

rocking vibration), 800 cm-1 (Si–C stretching vibration), 1630 cm-1 and 1700 cm-1 (C=C 

and C=O stretching vibration) [52-55]. In addition, the broad peak visible in the 900 to 

1300 cm−1 range was composed of overlapping vibrational modes from various bond 

structures. According to literature, it was possible to deconvolute it into five peaks 

located at ~1175, 1101, 1023, 1216 and 957 cm−1 (Fig. 2.4c), attributable to Si-O-C 

cage link and open link structures, Si-O-Si and Si-C stretching vibration, respectively 

[56-58]. 

 

 

Fig. 2.3 (a) thermal gravimetric analysis (TG) of the silicone elastomer (after 30 min 

at 75°C); (b) XRD pattern of a sample pyrolyzed at 1000°C. 
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Fig. 2.4 (a) FTIR spectra of as printed silicone and pyrolyzed SiOC, (b) magnified 

regions for pure silicone constituents, after drying at room temperature (RT) and after 

cross-linking at 75°C (2090-2230 cm-1), (c) magnified region for SiOC (900-1300  

cm-1), with peak deconvolution. 

 

2.1.3.3 Printing of 2D Patterns and Filament-assisted Origami Folding 

For the complex architectures obtained using the origami technique, 2D patterns 

comprising only 3 layers separated by less than the thickness of one strut (320 µm), to 

ensure good adhesion between layers during printing, were manufactured by DIW. 

Obviously, 2D sheets made of a single layer could be used as well, but we chose to 

employ multilayer 2D structures to add another degree of freedom and complexity to 

the overall final design. In fact, even thicker sheets could be folded, generating 

structures with a smaller internal void encased in a multilayer thick shell. In separate 

experiments (not reported here for the sake of brevity) we folded multilayer sheets with 

a thickness in the 2-10 mm range. In addition, foldability does not only depend on the 

thickness of a sheet, but also on its width; theoretically, a sheet could be folded as long 

as its width is much larger than its thickness. 
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Due to the high flexibility and stretchability of the silicone elastomer (355 % 

elongation, according to the manufacturer’s specifications in Tab. 2.1), the printed 

patterns could go through reversible shaping under deformation, such as stretching, 

twisting and folding at very large angles, without generating any damage in the struts 

(see Fig. 2.5a-d). Two different geometries for the sheets were used as the base for 

shaping complex architectures: 1) a 100x10 mm rectangle with a 0.4 mm spacing 

between filaments in the x-y plane, used for rolling and twisting into a cylinder and a 

spiral; 2) a 35×35 mm2 with different spacing between filaments in the x-y plane (1 and 

2.1 mm), used for folding along diagonal lines. After printing, the 2D patterns were 

folded, and were enabled to retain their shape by binding them, at selected locations, 

using an extruded 400 µm filament made from the same silicone material. It should be 

noted that during printing the wet filaments comprising the 2D sheets join well together, 

because each layer is printed at a height slightly lower than the spacing in z-direction 

between adjacent layers, thereby forcing the contact between the two layers. Thermal 

cross-linking (either applied before or after folding of the sheets) further stabilizes the 

material. When a filament is then used to bind the sheets together, this does not stick 

permanently to the polymeric silicone structure because the latter one is already well 

crosslinked and fully dry, and no pressure is added to force the contact. Therefore, the 

removal of this filament after pyrolysis does not cause any damage to the folded sheets. 

The folded structures retain their shape also when heated at lower temperatures than 

1000°C, for instance when heating at 300°C, evidently because the silicone loses its 

elastomeric properties due to the starting of the polymer-to-ceramic conversion. 

However, the structures heat treated at such temperature are quite fragile, and therefore 

the removal of the filament used for binding at this stage can cause some unwanted 

damage. 

Fig. 2.5e-g show the morphology of printed, single sheets, before and after folding, 

as-printed (after cross-linking) or after pyrolysis. Fig. 2.5e shows the well-defined 

printed wood-pile structures, with continuous filaments and no sagging in the spanning 
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regions (with length of 1 and 2.1 mm), indicating the high ability for shape retention 

after printing of the silicone elastomer. After pyrolysis (Fig. 2.5f), no cracks or pores 

can be observed on the surface and cross-section of the filaments. From the SEM 

images of a curved sample, reported in Fig. 2.5g, we can infer that no damage was 

generated in the whole structure because of the folding. The good bonding between 

adjacent layers provided an excellent structural integrity even when undergoing a 

shrinkage upon pyrolysis (diameter of pyrolyzed filament was ~300 μm).  

 

 
Fig. 2.5 Printed single 2D sheet: (a) no deformation; (b) stretched; (c) twisted; (d) 

highly folded. Microstructure of a single 2D sheet, as printed (after cross-linking at 

75°C) or after pyrolysis: (e) flat sheet (cross-linked); (f) flat sheet (pyrolyzed); (g) 

curved sheet (pyrolyzed). 
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Representative images of the whole process are shown in Fig. 2.6, including the 

designed patterns, printed patterns, and folded 3D structures before and after pyrolysis. 

All samples obtained using the two different 2D patterns led to SiOC ceramic parts that 

fully retained their given shape. The linear shrinkage after pyrolysis, measured using a 

digital caliper, was isotropic and ~25 %, which is rather typical for high ceramic yield 

preceramic polymers. Again, no cracks were visible both in the material before and 

after pyrolysis, indicating that folding did not cause detrimental residual stresses and 

that this approach for the easy fabrication of components with highly complex 

architectures is viable.  

 

 
Fig. 2.6 Complex 3D architectures generated by means of the origami technique 

starting from 2D printed sheets with different patterns, using a silicone filament to 

maintain the desired shape after folding. 
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The parts that were fabricated starting from the 2D pattern designed with different 

spacings, using a very high folding angle (Fig. 2.6b), further confirmed the ability of 

the material to retain its integrity under deformation and its shape after pyrolysis, as 

high curvatures (folding angle close to 180°) were applied with no sign of damage 

anywhere in the resulting ceramic structure. Furthermore, with this silicone material it 

was possible to print large unsupported overhangs (spans of 2.1 mm, up to five times 

more than the filament’s diameter) confirming its highly suitable rheological behavior 

for DIW processing.  

In addition to the above procedure using binding with a silicone filament of bent 

structures based on a multi-part sheet, it should be noted that, when assembling printed 

structures starting from 2D sheets, several further possibilities could be explored (see 

Fig. 2.7). For instance, a tetrahedron structure could be obtained by folding a single 

sheet, followed by binding with a filament (Fig. 2.7a). In this case, however, some 

deformation of the structure (rounding of the surfaces and edges) can be observed, due 

to the deformation of the green layer before pyrolysis. Furthermore, the same structure 

can be fabricated either using a single sheet containing different structures that are 

linked at the edges (Fig. 2.7b) or by assembling separate parts (Fig. 2.7c). Using a 

single 2D sheet, containing different structures linked at the edges, requires a lower 

amount of stitching with an additional filament, when assembling the final structure. 

Note that, strictly speaking, the simple assembling of separate flat parts cannot be 

considered to be an origami technique. Finally, the 2D sheets themselves could have 

additional hollow patterns, besides the one provided by the presence of the struts, 

further increasing the degree of freedom and complexity that can be achieved in the 

developed structures (Fig. 2.7d). 
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Fig. 2.7 Illustration of different processing possibilities to fabricate a tetrahedron 

structure: (a) folding and binding of a single sheet; (b) folding and binding of a single 

sheet containing different structures, linked at the edges; (c) assembling and binding 

of separate parts; (d) folding and binding of a single sheet containing different 

structures with additional porosity, linked at the edges. A silicone filament was used 

to bind the different parts, in all examples. 

 

Other regular polyhedra, flower-like, knot and bow tie structures derived from 

designed 2D patterns, comprised again of 3 layers, were also obtained by binding the 

whole structure together with a silicone filament (Fig. 2.8). Similarly to the tetrahedron, 

the other regular shapes were also well retained after pyrolysis, without deformation or 

defects. However, when generating these structures, the edges had to be bound with 

long lengths of filament in order to obtain a stable assemblage, and therefore it was not 

possible to remove it after pyrolysis. The edges of these folded structures did not join 

during pyrolysis. Furthermore, when assembling the type of structures shown in Fig. 
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2.7 and Fig. 2.8, an additional degree of complexity can be added by embedding one 

structure inside another one, before forming the latter by origami and before pyrolysis. 

An example is shown in Fig. 2.8g,h, where a small cube was embedded inside a larger 

cube. It should be noted that, after pyrolysis, the two cubes remained separate, with no 

adhesion among the two structures, due to the good degree of crosslinking obtained 

during curing. These geometrically complex architectures, which are quite difficult to 

obtain without supporting materials or conventional ceramic fabrication approaches, 

could be fabricated easily, quickly and effectively using 3D printing coupled with the 

origami technique. 

 
Fig. 2.8 Illustration of the whole process, from the designing of 2D patterns to folded 

3D polyhedra and structures, before and after pyrolysis: (a) hexahedron; (b) 
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octahedron; (c) dodecahedron; (d) flower-like; (e) knot; (f) bow tie; (g) and (h) 

smaller cube inside a hollow cube. A silicone filament was used to bind the different 

parts, in all examples. 

 

2.1.3.4 Self-adhesive Origami Folding 

Besides origami assisted by filaments, we followed another strategy for obtaining 

ceramic components with complex architectures. Taking into account the fact that 

sheets that were not subjected to thermal cross-linking could adhere to each other by 

the simple manual application of a light pressure, we fabricated some parts using this 

approach. The subsequent cross-linking at 75°C for 30 min was sufficient to establish 

a strong bond between the juxtaposed parts, due to the presence of R-CH=CH2 and H-

Si-R available moieties in the material (see FTIR patterns in Fig. 2.4c-e). Indeed, when 

a circular band obtained by joining the two ends of a single sheet was cut, the two 

resulting segments could be similarly stretched, without debonding (Fig. 2.9a). 

Therefore, different structures were fabricated using this approach, demonstrating again 

good shape retention before and after pyrolysis (Fig. 2.9b-e). No defects could be 

observed in the highly twisted part of the “Möbius” band (Fig. 2.10). SEM images of 

the areas where the adhesion between the parts was realized, reported in Fig. 2.9f,g, 

show that the region is without defects and a continuous bond was achieved, providing 

integrity to the whole structure. In this way, the possibility of fabricating ceramics with 

complex architectures is further enhanced, using a simple and efficient secondary-

shaping approach following the 3D printing of 2D sheets. 
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Fig. 2.9 (a) two parts cut from a band undergoing similar stretching (with no 

debonding); (c) tetrahedron; (d) octahedron; (e) circular band; (f) “Möbius” band, 

before and after pyrolysis. (g-h) SEM images of joined parts (after pyrolysis), 

demonstrating the good bonding. 

 

 
Fig. 2.10 SEM images of the highly twisted part on“Möbius” band. High retention of 

shape and no cracks could be observed. 
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2.1.4 Conclusions 

 In summary, we demonstrated a facile and effective approach for fabricating 

complex SiOC ceramic 3D architectures by additive manufacturing assisted by the 

origami technique or by the assembling of separate parts. The use of a highly stretchable 

silicone elastomer enabled folding at very high angles, without damaging the resulting 

structures either before or after pyrolysis. The parts could retain their shape after folding 

and during the pyrolysis process, either because they were kept in place using a filament 

made of the same silicone material, that could be removed (from samples of selected 

geometries) after pyrolysis, or exploiting the adhesion between sheets before cross-

linking. The synergistic strategy of 3D printing and origami reported here further 

widens the possibility of fabricating ceramic components with complex structures, 

using a simplified approach that could be automated and integrated into continuous 

processes.  

Furthermore, the introduction of suitable additives to the elastomeric preceramic 

polymer, in the form of particulate or chemical precursors, could enable the 

manufacture of components with additional functionalities (photo-catalytic, electro-

magnetic, biological, etc.). 
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2.2 SiOC scaffolds with tunable structure-performance relationship 

2.2.1 Introduction 

Additive Manufacturing (AM) enables the production of parts with complex 3D 

architectures not easily achievable with traditional manufacturing processes [1-5]. The 

demands for products with increasing higher structural complexity and resolution, have 

led to the development of a number of AM technologies, such as Direct Ink Writing 

(DIW) for colloidal inks [6,7], Fused Deposition Modelling (FDM) usually for polymer 

filaments [8,9], Digital Light Processing (DLP) for photo-sensitive resins (sometimes 

also containing ceramic particles) [10,11], Selective Laser Melting (SLM) for metals 

[12], and so on. In particular, DIW, also known as Robocasting, is the most common-

used AM approach which was first developed in 1996 as a method for producing 

geometrically complex ceramic green bodies [13]. During the DIW process, inks are 

extruded under pressure from a nozzle moving along a continuous in-plane path to 

fabricate 3D structures layer by layer according to the designed STL file. This 

technology and the associated equipment have less requirements in comparison with 

competing fabrication approaches, which need for instance heating/melting (often in 

inert atmosphere) or ultraviolet light curing, and therefore can be employed with a wide 

range of different raw materials for different applications. They include, for instance, 

hydrogel/polyelectrolyte for photonic crystals [14,15], geopolymers for biodiesel 

production [16], ceramic powders and silk fibroin for tissue engineering [17,18], 

electrolytes for energy storage [19,20], etc.  

 DIW of preceramic polymers is a suitable approach for the fabrication of ceramic 

components with complex architectures, and therefore can be employed to explore the 

relationship between structure and selected properties of log-pile scaffolds, enabling 

the design of components with optimized performance as a function of the selected 

application. Several works have discussed the relationship between structure and 

mechanical properties of polymer components produced by FDM, in which the 
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influences of process parameters, such as building orientation, layer thickness and feed 

rate, etc., was discussed [8,21-24]. Few studies, however, have so far focused on the 

structure-performance relationship of ceramic components fabricated by DIW.  

In our work, the effect of the architecture on the mechanical properties and gas 

permeability of SiOC ceramic manufactured by DIW was investigated, as a function of 

the filament size, the spacing between filaments and the angle of deflection between 

adjacent layers. For the purpose of comparison, the structures were designed with a 

similar value of their total porosity. SiOC was selected for this investigation because it 

can be obtained from easily sourced precursors (polysiloxanes), which are insensitive 

to air and moisture, inexpensive, and commercially available in a variety of physical 

and chemical structures [10,25]. In addition, the precursor used in this work possesses 

appropriate rheological properties with shear-thinning behavior and high storage 

modulus, ensuring successful printing by DIW [26]. Due to their excellent properties 

including high elastic modulus, chemical stability at high temperature, biocompatibility, 

and superior thermal and electrical conductivity in comparison to silicate ceramics, 

SiOC materials have been applied in many fields, such as waste water/gas filtration, 

noise absorption, bone tissue engineering, energy storage, etc. [27]. The results from 

this investigation on the structure-dependence relationship could be also applied to 

ceramic materials produced from other precursors or to other ceramic materials. 

2.2.2 Experimental 

The fabrication of 3D SiOC scaffolds using the same precursor has already been 

presented in a previous paper [26]. Briefly, a commercially available elastomeric 

silicone adhesive (SE 1700 Clear, Dow Corning Co., USA) was used as the preceramic 

polymer precursor. As shown in Fig. 2.11a, the homogenous ink was obtained by 

mixing the silicone with its curing agent (10:1 wt ratio) in a centrifugal mixer. Then the 

ink was transferred into a syringe followed by degassing. The 3D printing was 

performed at the room temperature using a delta printer (Delta Wasp 2040 Turbo, WASP, 



80 

 

Massa Lombarda, Italy). Scaffolds with a dimension of 13.6 ×13.6 ×4.6 mm3 were 

fabricated by extruding the ink from 200 and 400 μm conical nozzles, layer by layer, 

under a pressure of 0.3-0.6 MPa and a X-Y motion speed of 5-10 mm/s. Different 

structures were designed (as shown in Fig. 2.11b, c) for investigating the influence of 

the scaffolds’ architecture on their mechanical properties, varying parameters such as 

filament diameter, spacing between filaments and angle of deflection between layers. 

The shifted architecture corresponds to that of a 90° scaffold in which each layer is 

translated by a value corresponding to the filament size with respect to the previous one. 

The printed scaffolds were kept in a dryer under 75℃ for 30 mins to complete the 

cross-linking. The cross-linked scaffolds were put into a tube furnace under 99.99% N2 

for pyrolysis according to this schedule: from room temperature to 300°C (dwelling for 

3h), then to 1000°C (dwelling for 2h) with a heating rate of 1°C/min.  

 

 

Fig. 2.11 (a) Flow diagram of the preparation of 3D SiOC scaffolds by direct ink 

writing; (b) Top views of regular scaffolds (90° angle of deflection) with different 

filament diameters (400 and 200 μm) and spacings; (c) Top and side views of 



81 

 

designed scaffolds with different angles of deflection between adjacent layers: 15°, 

30°, 45°, 60° and shifted. 

 

Morphology and microstructure were observed by SEM (FEI Quanta 200 ESEM, 

Eindhoven, The Netherlands) equipped with energy dispersive X-ray Spectroscopy. 

Mechanical tests were carried out using a universal testing machine (Instron 1121 UTM, 

Instron Danvers, MA, USA) with a displacement rate of 0.5 mm/min, on samples with 

a size of 10 × 10 × 3 mm3.  

The size of samples before and after sintering was measured with a digital caliper. 

The geometric density (ρg) was determined by calculating mass/volume ratios, and the 

apparent density (ρa) and true density (ρt) were measured on scaffolds and powder 

obtained from grinding the scaffolds using a helium pycnometer (Micromeritics 

AccuPyc 1330, Norcross, GA, USA). Open porosity (𝑝𝑝𝑜𝑜 ) was determined by 𝑝𝑝𝑜𝑜 =

�1 − 𝜌𝜌𝑔𝑔
𝜌𝜌𝑎𝑎
� ∗ 100%; total porosity (𝑝𝑝𝑡𝑡) was determined by 𝑝𝑝𝑡𝑡 = �1 − 𝜌𝜌𝑔𝑔

𝜌𝜌𝑡𝑡
� ∗ 100%.  

The gas permeability of scaffolds with different architectures was measured at room 

temperature on disc-shaped samples with a diameter of 14 mm and a thickness of 4 mm, 

using the equipment reported in previous literature [28]. The data were fitted according 

to Forchheimer’s equation [29-31], expressed as: 

𝑃𝑃𝑖𝑖
2−𝑃𝑃𝑜𝑜2

2𝑃𝑃𝑜𝑜𝐿𝐿
= 𝜇𝜇

𝑘𝑘1
𝑣𝑣𝑠𝑠 + 𝜌𝜌

𝑘𝑘2
𝑣𝑣𝑠𝑠2     Eq. 1 

where 𝑃𝑃𝑖𝑖 and 𝑃𝑃𝑜𝑜 are the fluid pressure at the entrance and exit of the samples, 𝑣𝑣𝑠𝑠 is 

the fluid velocity, 𝐿𝐿  is the thickness of sample, 𝜇𝜇  the fluid viscosity, 𝜌𝜌  the fluid 

density. 𝑘𝑘1 and 𝑘𝑘2 are the Darcian and non-Darcian permeability, respectively.  

2.2.3 Results and discussion 

2.2.3.1 Morphology and mechanical properties of 3D scaffolds with a 90° angle of 

deflection 

Fig. 2.12 shows the morphology of scaffolds with a 90° angle of deflection 
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fabricated by varying the diameter and spacing of the filaments. Scaffolds extruded 

with a 400 μm nozzle were designed with spacings of 800, 400, 200 μm (images before 

and after pyrolysis are shown in Fig. 2.12a-c, respectively). The surface morphology 

of pyrolyzed scaffolds shows a well-defined log-pile structure with filaments 

possessing a regular and well controlled shape; the filament spacing appears narrower 

than the designed one because of the linear shrinkage occurring during pyrolysis (note: 

the uneven spacing between some filaments is due to an artifact deriving from hardware 

limitations of the specific printer used, and is particularly evident when the distance 

between adjacent filaments is narrower). Usually, the main problem occurring when 

using preceramic polymers is the formation of cracks upon heat treatment, due to the 

large gas release and shrinkage occurring during the polymer-to-ceramic conversion. In 

this case, no macroscopic cracks were observed in the pyrolyzed filaments, indicating 

that the shrinkage did not lead to significant stresses in the material.  
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Fig. 2.12 Digital images and microstructures of scaffolds manufactured with different 

filament spacing: (a-c) 800 μm, 400 μm, 200 μm, respectively. 

 

From the cross-sections in Fig. 2.13a-c, it is clear that nearly no deformation due 

to sagging can be detected both in the as printed and pyrolyzed state in the spanning 

portion of the filaments, which is 2 times larger than their diameter, demonstrating the 

good suitability of the rheological properties of the preceramic ink for the DIW process, 

and the homogeneous shrinkage occurring during pyrolysis. Nearly circular cross-

sections (Fig. 2.13d-f) throughout the samples furthermore indicate a high degree of 

shape retention and ability to support the upper layers during printing, due to the fast 

recovery of the viscosity of the ink upon exiting from the nozzle [26]. A very good 

bonding between perpendicular filaments belonging to adjacent layers can be observed 

(inset in Fig. 2.13d), leading to the very good integrity of the whole structure, 
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promoting mechanical stability and performance [32,33]. High magnification (inset in 

Fig. 2.13f) shows that inside a filament no macro-pores or macro-cracks are visible, 

indicating that no significant defects are present after pyrolysis. Likewise, filaments 

without macro-cracks and macro-pores and a well-retained shape can be observed at 

the surface and in the cross-section of the scaffolds printed using a 200 μm nozzle (Fig. 

2.14).  

 

Fig. 2.13 Morphology of the cross-section of scaffolds manufactured with different 

filament spacing: (a), (d) 800 μm (The inset is bonding region between two 

perpendicular filaments from to adjacent layers); (b), (e) 400 μm; (c), (f) 200 μm (The 

inset is high-magnification image of the center of a filament cross-section). 
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Fig. 2.14 Morphology of the cross-section of scaffolds with filaments with a diameter 

of 200 μm and different spacing ((a) 400 μm; (b) 200 μm; (c) 100 μm). 

 

Tab. 2.3 reports the physical properties of the SiOC scaffolds. Measurements for 

samples before and after pyrolysis indicate that a homogenous shrinkage occurred in 

the x/y/z directions for both kind of scaffolds fabricated using 200 and 400 μm nozzles. 

The linear shrinkage of the filaments after pyrolysis was about 20%, giving a filament 

size after pyrolysis of ~163 and ~313 μm, respectively. Even though the volume 

shrinkage was as high as ~50 vol%, leading to a total porosity value in the range of 51-

83 vol%, the scaffolds retained a very good structural integrity after pyrolysis, and were 

able to accommodate the large volume change without the creation of any visible 

defects such as macro-cracks or delamination among the filaments from different layers. 

Indeed, the porosity in the pyrolyzed struts was negligible, and the difference between 

the designed porosity and the open porosity could be simply due to the effect of the 

pyrolysis on the evolution of the samples’ volume.
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Tab. 2.3 Summary of some physical properties of the printed scaffolds after pyrolysis. 

Diameter× 

Spacing 

Shrinkage 

x 

(%) 
 

Shrinkage 

y 

(%) 

Shrinkage 

z 

(%) 

Volume 

Shrinkage 

(%) 

Apparent 

density 

(g·cm-3) 

True 

density 

(g·cm-3) 

Open 

porosity 

(vol %) 

Total 

porosity 

(vol %) 

Designed 

porosity 

(vol %) 

𝜎𝜎/[𝜎𝜎𝑓𝑓𝑓𝑓] 

(MPa) 

200×100 19.5 ± 0.9 19.8 ± 1.1 21.1 ± 0.6 49.0 ± 1.5 
2.117 ± 

0.005 

2.130 ± 

0.003 

49.8 ± 1.1 50.1 ± 1.1 37.5 154.7 ± 0.3/[790.1] 

200×200 19.1 ± 0.6 18.6 ± 0.8 20.1 ± 1.1 47.4 ± 0.9 65.4 ± 1.2 68.7 ± 1.1 52.2 64.5 ± 5.4/[574.4] 

200×400 19.3 ± 0.8 18.7 ± 1.0 19.3 ± 2.6 47.1 ± 2.1 74.5 ± 0.4 74.6 ± 0.4 67.5 16.7 ± 2.6/[435.4] 

400×200 22.4 ± 1.4 22.7 ± 1.2 21.9 ± 0.9 53.1 ± 1.1 
2.115 ± 

0.003 

2.128 ± 

0.003 

52.5 ± 1.1 52.8 ± 1.1 37.4 56.7 ± 13.8/[309.2] 

400×400 21.8 ± 1.2 21.9 ± 0.7 21.9 ± 0.6 52.3 ± 0.8 62.2 ± 0.1 62.4 ± 0.1 51.6 33.8 ± 4.1/[242.0] 

400×800 22.6 ± 1.1 22.7 ± 0.6 17.2 ± 1.5 50.4 ± 1.5 74.0 ± 1.0 74.1 ± 1.0 66.1 5.6 ± 0.6/[142.0] 
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Representative stress-strain curves of scaffolds fabricated with different filament 

sizes and spacings are shown in Fig. 2.15a. The mechanical behavior is similar to that 

reported for other 3D scaffolds. Specifically, the stress-strain curves can be divided into 

three regions during compression (see Fig. 2.15b): (Ⅰ) an initial linear region where 

filament joints bear the applied load, followed by (Ⅱ) a yield plateau due to the sliding 

of filament layers and, finally, (Ⅲ) a stiffer region where the scaffolds compact and the 

stress increases quickly until failure [34-36]. It should be noted that, differently from 

cellular structures such as foams [37-40], these log-pile scaffolds did not display any 

load bearing capability after reaching the maximum stress and were subjected to 

catastrophic failure.  

Despite their substantial amount of total porosity, the SiOC scaffolds exhibited a 

very good compression strength, exceeding 150 MPa at 51.49 vol% porosity. This is 

related to the specific morphology of the 90° scaffolds with well aligned and regularly 

spaced load bearing elements, providing continuous vertical solid regions to support 

the applied stress (see also later). For both scaffolds with different filament diameters, 

the strength increased with the decreasing of filament spacing as well as porosity. This 

could be explained considering that a smaller spacing between filaments leads to a 

higher number of columns bearing the compressing stress within a given volume 

[21,41]. 

When comparing the results of two scaffolds with different filament size (200×200 

vs 400×200, 200×400 vs 400×400), no significant relationship between strength and 

filament size could be observed, while the strength-porosity dependence was still 

evident, suggesting the dominant influence of porosity over filament size. The 

compression strength of highly porous materials over a large porosity range (> 0.7) can 

be described using a power law relationship, as proposed by Gibson and Ashby [42,43]: 

 𝜎𝜎
𝜎𝜎𝑓𝑓𝑓𝑓

≈ 0.3 (1 − 𝑝𝑝)3/2   Eq. 2 

where σ is the compression strength of the porous body, 𝜎𝜎𝑓𝑓𝑓𝑓 is the filament bending 
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strength of a nonporous body of the same material, p is the total porosity of the sample. 

Considering the fact that the porosity of scaffolds in our work is in the range of 0.5-

0.75, another equation was applied that is suitable for a porosity range of 0.2-0.7, with 

corrections made to above one as follows [42,43]: 
𝜎𝜎
𝜎𝜎𝑓𝑓𝑓𝑓

≈ 0.23 (1 − 𝑝𝑝)3/2(1 + (1 − 𝑝𝑝)1/2)   Eq. 3 

The filament bending strength 𝜎𝜎𝑓𝑓𝑓𝑓  was calculated from the experimental data 

according to Eq. 2 and Eq. 3, and listed in Tab. 2.3. The calculated bending strength 

for 400 μm filament is in the range of 141-309 MPa, which is smaller than that of 200 

μm filaments. The values are close to the results reported in previous literature 

concerning the bending strength of polymer-derived SiOC rods (which was of the order 

of ~102 MPa) [44-53]. Fig. 2.15c shows the compression stress and density of the 3D 

printed SiOC scaffolds produced in our work compared with that of porous SiOC 

samples obtained using other approaches, or ceramic/metal foams and carbon/graphene 

aerogels reported in the literature [10,54-71]. We can conclude that 3D printed SiOC 

scaffolds with this log-pile architecture (angle of deflection = 90°) possessed excellent 

strength and a high strength to density ratio, higher than most SiOC porous materials, 

including mesoporous and hierarchical SiOCs obtained by freeze casting, direct 

foaming and stereolithography. Furthermore, the value of strength in the range of 

0.35~1.01 g/cm3 is comparable to that of other materials from the literature. 
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Fig. 2.15 (a) Representative stress-strain curves of scaffolds with different filament 

sizes and spacings; (b) enlarged part at 0-8% strain; (c) compression strength–density 

Ashby chart. Data in the chart were obtained either from literature (where specified) 

or from the CES Edupack 2019 (Granta Design) software database. 

2.2.3.2 Comparison of scaffolds printed with different angles of deflection 

To investigate the influence of the angle of deflection between adjacent layers on 

the mechanical properties, scaffolds with a filament size of 400 μm and a spacing of 

400 μm (400×400 μm) were printed. The measured physical properties for these 

scaffolds are reported in Tab. 2.4. The total porosity was virtually independent on the 

angle of deflection, in accordance with the design and considering that a fixed spacing 

between filament was maintained, and was around 65-67 vol%, with the only exception 

of the 90° sample which had a slightly smaller total porosity (~62 vol%).  
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Tab. 2.4 Summary of the physical properties of scaffolds with different angles of 

deflection between adjacent layers (filament size 400 µm, spacing 400 µm). 

Deflection  

angle 

Geometrical 

density  

(g·cm-3) 

Open 

porosity  

(vol %) 

Total 

porosity  

(vol %) 

Compression 

strength 

(MPa) 

15° 0.69 ± 0.03 67.2 ± 1.3 67.4 ± 1.3 7.6 ± 0.3 

30° 0.73 ± 0.05 65.3 ± 2.2 65.5 ± 2.2 11.5 ± 0.7 

45° 0.69 ± 0.02 67.0 ± 1.0 67.2 ± 1.0 7.4 ± 1.6 

60° 0.74 ± 0.04 65.1 ± 1.8 65.3 ± 1.8 23.5 ± 0.6 

90° 0.59 ± 0.01 62.2 ± 0.1 62.4 ± 0.1 33.8 ± 4.7 

Shifted 0.72 ± 0.06 66.1 ± 2.8 66.3 ± 2.8 27.4 ± 6.0 

 

The morphology of the samples after pyrolysis (see Fig. 2.16) demonstrates that 

the shape of the scaffolds was well retained with respect to the designed architecture 

(see Fig. 2.11c), again indicating the suitability of the ink material for printing these 

structures by DIW. The top view clearly visualizes the effect of implementing an angle 

of deflection on each subsequent layer on the architecture of the scaffold. The cross-

sections of the samples from the side view show no sagging of the spanning parts, 

demonstrating that it was possible to retain the same high quality in the printed parts as 

that of the more regular scaffold (90°), and that the volumetric shrinkage occurring 

during pyrolysis did not lead to any macroscopic deformation.  
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Fig. 2.16 Morphology (top view and side view) of SiOC scaffolds with different 

angles of deflection: 15°, 30°, 45°, 60° and shifted. 

 

The compression strength (see Fig. 2.17) varies from 7.6 ± 0.3 to 33.8 ± 4.7 MPa 

when varying the angle of deflection from 15° to 90°, in dependence on the contact area 

between the filaments belonging to adjacent layers, which modified the stress profiles 

generated in the samples and the mechanism of failure (i.e. buckling vs bending). 

Strength increased with increasing angle of deflection, although the 45° sample did not 

follow the trend. The 90° sample had the highest strength, as expected in accordance 

with its architecture. In fact, according to previous literature [72,73], scaffolds with a 

smaller angle of deflection experience lower local stresses in the joint areas and the 

filaments tend to easily slide with respect to each other. Compared with the shifted 

structure in which the filaments never directly lay underneath one another, the regular 

scaffold (90°) possesses continuous solid columns in the vertical direction, forming 

pillars better resisting the applied compression pressure [74,75].  
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Fig. 2.17 Compression strength of scaffolds 3D printed with different angles of 

deflection and with a shifted architecture. 

 

Besides affecting the size of the contact areas between filaments belonging to 

adjacent layers, varying the angle of deflection also modifies the pore geometry, 

generating more complex polygonal pores but without significantly changing the 

amount of total porosity of the scaffolds. Therefore, similarly to the mechanical strength, 

the permeability of the structures can also be tuned.  

The gas permeability data and the corresponding fitting lines according to 

Forchheimer’s equation are shown in Fig. 2.18. The value for 𝑘𝑘1 and 𝑘𝑘2 constants 

(see Eq. 1) are given in Tab. 2.5. The coefficients of determination R2 for the fitting are 

over 0.99, indicating the influence of both viscous and inertial effects on the pressure 

drop. 
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Fig. 2.18 Gas permeability of scaffolds printed with different angles of deflection and 

a shifted architecture; fitting lines are according to Forchheimer’s equation. 

 

Tab. 2.5 Summary of permeability coefficients according to Forchheimer’s equation. 

Permeability 

coefficients 
15° 30° 45° 60° 90° Shifted 

𝑘𝑘1(m2) ×10-9 1.78±0.03 3.26±0.09 2.66±0.10 3.05±0.12 3.42±0.04 1.41±0.01 

𝑘𝑘2(m) ×10-4 2.07±0.09 2.79±0.29 4.60±0.26 2.44±0.06 3.68±0.04 1.87±0.11 

 

We can conclude that the scaffold with a 90° angle of deflection shows the highest 

permeability due to its straight pore channel in the vertical direction, while the shifted 

scaffold has the lowest permeability because its structure contains highly tortuous 

internal channel offering a stronger resistance to the perpendicular gas flow, as 

indicated from the pressure drop curves as well as 𝑘𝑘1 and 𝑘𝑘2 values, which are the 

parameters related to the contraction or enlargement of the pore section and tortuosity 

along the flow path [76]. We can also observe that the samples printed with a 30, 45 

and 60° deflection angle possessed a rather similar pressure drop curves, indicating that 

no significant trend exist between the permeability and the deflection angle in this range 
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of values, while scaffolds with a 15° deflection angle possessed a lower permeability, 

generally following the expectation that smaller deflection angles with more tortuous 

channels lead to low fluid permeability. The map in Fig. 2.19, proposed by Innocentini 

et al. [77-79], classifies a variety of porous media according to their permeability level 

(k1 and k2) and applications. It confirms that the high permeability of SiOC scaffolds in 

this work is comparable to that of highly porous open cell ceramic foams obtained by 

the replica technique, making them well suited for filtering and catalysis applications.  

 

 
Fig. 2.19 Position of the permeability data for the SiOC scaffolds with different 

architectures produced in this work on a line fitting a large volume of experimental 

data for porous structures of different nature available in the literature (adapted from 

Innocentini et al. [77-79]). 

 

We can therefore conclude that by modifying the architecture of the scaffolds it is 

possible to control both the mechanical strength and permeability to fluids, which are 

very important parameters for their application in fields such as filtration or catalysis. 

Of particular significance is the possibility of varying the gas permeability without 

affecting the total porosity of a sample, modifying the tortuosity of the flow paths and 

therefore the contact time between the fluid and the solid skeleton. 

Moreover, since the investigated properties are structure-dependent, the findings 
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can be extended to other systems, such as scaffolds made from geopolymers, which 

show promise for the above applications, due to the intrinsic mesoporosity of their solid 

phase [80,81]. 

2.2.4 Conclusions 

SiOC scaffolds were fabricated from a preceramic polymer by Direct Ink Writing, 

and the influence of their architecture on the compression strength and gas permeability 

was investigated. Decreasing the spacing between filaments led to a higher strength due 

to the decreasing of porosity, while the influence of filament size on mechanical 

properties was not significant and was outweighed by the effect of the amount of 

porosity. Changing the angle of deflection between adjacent layers affected both 

mechanical properties and gas permeability. The compression strength increased with 

the increasing of the angle of deflection from 15 to 90°, due to the variation of the 

contact area between filaments belonging to adjacent layers, while the permeability 

decreased though not with a constant trend, owing to a change in the pore architecture 

without modifying the total porosity. It is therefore possible to print scaffolds with an 

architecture which maximizes the desired properties for a specific application.  
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2.3 Cylindrical SiOC lattices by Direct Ink Writing with a robotic arm 

2.3.1 Introduction 

Among additive manufacturing technologies, Direct Ink Writing (DIW) is one of 

the most versatile techniques, since it allows printing many classes of materials such as 

polymers, ceramics, metals and composites. The technique consists in extruding an ink 

with suitable rheological properties onto a support. The rheology characteristics that an 

ink must possess for successful DIW printing are: shear thinning (pseudoplastic) 

behavior with a yield stress, fast recovery times and overall viscosity values compatible 

with the extrusion equipment and the need to generate structures that do not 

spontaneously deform under gravity. The pseudoplasticity allows for the ink to flow 

through the nozzle at low shear stresses, meaning low pressures (P <1 MPa) and/or slow 

extruder rotation speeds and power (depending on the extrusion equipment used); fast 

recovery times allow for the printed ink to rapidly transition to a solid-like state before 

collapsing under its own weight (this is more critical for high density inks, such as 

metal-based ones) or due to the weight of successive layers.  

Usually, a three-axis printer is used, with the printing head in motion whilst the flat 

support is fixed on the plane. Depending on the ink composition, the printed structure 

may require different post treatments, such as thermal curing and/or photocuring 

(elastomers, polymer matrix composites), de-binding and sintering (ceramics and 

metals). Recently, the use of self-curable polymer binders, such as modified epoxy resin, 

was explored in order to allow for fast recovery times and higher degree of freedom in 

shaping [1]. 

Among polymers, besides the production of biocompatible hydrogels [2], DIW was 

also used to print highly stretchable elastomers for wearable thermotherapy [3]. Various 

ceramic compositions have been printed so far, starting form highly loaded polymeric 

inks where the ceramic phase can be loaded as is or synthesized in-situ during pyrolysis 
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of silicon-based polymers [4], for applications as biomaterials (bone substitutes in non-

load bearing applications), filters and catalyst supports. DIW was also tested for 

printing metallic powders (mainly Ti and Ti-based alloys and composites) in the shape 

of metallic scaffolds [5-8] or more complex structures and various compositions [9-11]. 

Metallic scaffolds of the above compositions were proposed as bone substitutes for load 

bearing applications. 

Very recently, Fused Deposition Modeling printing units have been put on the market 

(i.e., Markforged Metal X), providing an alternative route for printing metals to the 

more popular Selective Laser Melting (SLM) or Electron Beam Melting (EBM) 

technologies. 

However, some limitations are associated to the simplicity of the technology and low 

investment cost of the DIW printing unit, when printing ceramics and metals:  

(1) The ink formulation must be strictly controlled in order to achieve the proper 

rheological properties. For this reason, not all materials can be printed, and a proper ink 

must be formulated for each material/composition. 

(2) The binder burn-out may leave behind C, N, O residues that negatively affect the 

mechanical properties of the metallic structures. 

(3) The binder burn-out is, for both metals and ceramics, a critical step that can result 

in cracking and uncomplete densification of the parts.  

(4) Only three-axis printers have been developed so far for printing metal and 

ceramic-based DIW inks, thus limiting the range of possible printable geometries. 

Furthermore, if metal oxides are used as precursors for metal structures [10], the final 

component undergoes high volumetric shrinkage (up to 80%). 

DIW of elastomers using double curved inflatable surfaces [12,13] or cylindrical 

mandrels [14] was demonstrated for the production of biomedical devices and dielectric 

actuators, pneumatic artificial muscles and soft robotics. 

In this work, we used elastomeric based inks [15], containing both ceramic and 
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metallic fillers (such as CaSiO3 precursors and Ti6Al4V powders), and we extruded the 

produced inks onto a rotating and translating cylindrical support (mandrel), using a 5-

axes robot. The mandrel could be easily removed, without any thermal or chemical 

process.  

The proposed route shows how complex shapes (cylindrical reticulated structures) of 

different compositions (SiOC, CaSiO3 and Ti6Al4V-based composites) can be 

produced by DIW, thus widening the range of printable geometries and applications. 

The movement of the substrate potentially allows for printing in a continuous process; 

moreover, various extruders could be simultaneously implemented in the same setup, 

in order to print multi-material components with curved surfaces. 

In addition, the use of elastomeric based inks enables an easy removal of the printed 

structure from the support, and it allows for additional re-shaping of the printed 

structure before pyrolysis and/or sintering. 

 

2.3.2 Materials and Methods 

2.3.2.1 Starting materials and ink formulations 

A two-component silicone elastomer (PDMS, DOWSIL™ SE 1700, Dow, USA), gas-

atomized Ti-6Al-4V powders with size ≤10 𝜇𝜇m (d50) and purity ~99.7% (TLS Technik 

Spezialpulver, Bitterfeld, Germany), and calcium carbonate powders (CaCO3, ~10 µm, 

Industrie Bitossi, Vinci, Italy), as calcium oxide precursor for the generation of a 

CaSiO3 bioceramic, were used as starting materials in different combinations. 

Different inks were developed for printing 3D porous lattices based on SiOC, titanium 

alloy (TiV4Al6) and wollastonite (CaSiO3), as follows: 

(a) The silicone adhesive was used as the preceramic polymer precursor generating 

a SiOC amorphous ceramic after pyrolysis. The ink was prepared by mixing the silicone 

base (part A) with its proprietary curing agent (part B) at a 10:1 wt ratio, as suggested 
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by the manufacturer [15]. 

(b) For the material based on the titanium alloy (TiV4Al6), the titanium powder was 

mixed at a ratio of 80:20 wt% into the DOWSIL™ SE 1700 (two-component silicone; 

Part A and Part B), which was used as a main binder controlling the viscosity of the ink. 

(c) Calcium carbonate powder was added as an active filler in the DOWSIL™ SE 

1700 silicone, to produce wollastonite (CaSiO3) ceramic lattices after the heat 

treatment [16]. 

All inks were mixed in a planetary mixer (ARE 250, Thinky, Japan) for 15 min 

(2000 rpm/min), in order to obtain homogenous pastes without aggregates ensuring a 

continuous extrusion during the Direct Ink Writing. The inks were then placed into 

syringes, followed by degassing in the planetary mixer before printing. Then, DIW of 

all inks was performed at room temperature through conical plastic nozzles (410 µm, 

Nordson, USA).  

 

2.3.2.2 Experimental setup used for the printing process 

In Fig. 2.20, a schematic overview of the printing setup implemented for this work 

is reported. An Adept Viper Articulated Robotic arm was used in order to move the 

mandrel both with a translational motion along the x axis and a rotational one about the 

same axis. The mandrel was a commercially available PVC tube with 38 mm outer 

diameter. The PVC tube was connected to the printing arm by means of a 3D printed 

customized plastic support. During the printing operations, the tube was covered by a 

silicone coated Teflon foil. The syringe was filled with the ink and the piston, and it 

was connected to the compressed air supply. The positioning of the syringe over the 

tube was adjusted manually.  

The ink was extruded from the nozzle forming 3D patterns layer by layer with well-

defined inter-layer spacing (80 % of the nozzle diameter), using a gas pressure of 0.3-

https://www.sciencedirect.com/topics/materials-science/coating-process
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0.6 MPa. The cylindrical support was moved in the x direction with a speed of 10 mm/s 

and rotated with a speed of 9 rpm.  

 

 

Fig. 2.20 Schematic representation of the setup used in this work. a) system setup; b) 

image of a sample during printing 

 

In order to achieve the grid pattern shown in Fig. 2.20a, a proper robotic task was 

defined and written in the robotic language (Adept V+) suitable for the manipulator 

employed. 

The grid pattern was designed with the purpose of printing empty cylinders with 

meshed walls with a total height of 60 mm, an internal diameter of 38 mm and a 

thickness corresponding to 6 layers; each layer was composed of parallel struts with d 

~410 μm crossing the previous one at 45°. Each ink filament of the grid was obtained 

by imposing a rotation of 45° to the mandrel for each translational movement of 60 mm. 

Then, a rotation of 5° without translation was used to separate the next filament from 

the already printed one. At this point, the two movements were repeated until the robot 

generated a full cylindric structure by performing a 360° rotation. Then, the robot 

lowered the mandrel with a movement of 0.32 mm (~0.8d) in the negative y axis 

direction. The next layer was obtained by repeating the same translation movement, 

imposing a rotation to the mandrel in the opposite direction with respect to the previous 

one. 
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It is important to observe that the accuracy of the robot within the work-area used 

in this experiment (~1 mm) does not allow to achieve the proposed task with the needed 

precision. For this reason, a proper calibration step was introduced. Moreover, the 

trajectory planner was set to move the robot with a constant speed and with proper 

connection arcs between the paths. This approach enabled the syringe to depose the ink 

filament on the PVC tube with the required precision. 

2.3.2.3 Heating and characterization of the printed parts  

After the printing process, the lattices were left on the PVC tube and kept at 75°C 

for 60 min to solidify through cross-linking of the DOWSIL™ SE 1700 silicone. To 

produce SiOC lattices, the samples were pyrolyzed at 1000°C for 2h with a heating rate 

of 1°C/min and an intermediate dwelling step at 300°C, with a hold time of 3h. The 

heat-treatment was carried out in a tube furnace under inert atmosphere (99.99 % N2), 

and the preceramic cylinders were placed vertically in the ceramic tube without any 

additional support. The titanium-based lattices were sintered under high vacuum (10-5 

mbar), using a heating rate of 0.5 up to 500°C with 3h holding time, and then heating 

to 1450°C, for 2h, under Ar with a heating rate of 2°C/min. The Ti6Al4V elastomeric 

lattice was kept on a graphite rod in order to enable shape retention when positioning it 

horizontally during pyrolysis. This configuration was necessary due to the small size of 

the tube diameter and crucible, that didn’t allow for vertical positioning. The 

wollastonite lattices were ceramized both in static air and N2 flow using a heating rate 

of 0.5°C up to 1000°C and a dwelling time of 2h at the maximum temperature. Again, 

the preceramic cylinders were placed vertically in the ceramic tube without any support. 

The printed parts before and after pyrolysis were visually analysed by field emission 

gun-scanning electron microscopy (FEG-SEM; Quanta 250 Fei, Eindhoven, The 

Netherlands) using 20 kV voltage, 5 µm spot size and 10 mm working distance. 

Ceramic and metallic raw powders, as well as fabricated specimens after the thermal 
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treatments, were analysed by X-ray diffractometry (XRD, Bruker D8 Advance, Milano, 

Italy) using Cu-K𝛼𝛼 radiation at 40 mV and 40 mA, with a resolution of 0.05° for 2 s. 

The shrinkage before and after the thermal treatments was measured by Image Analysis 

software (Image J) on 2D scanned surfaces. At least 5 measurements both for cell size 

(area) and strut size (diameter) for each composition were performed. The weight loss 

of the printed parts during the heat treatments was also measured.  

 

Results and Discussion 

In Fig. 2.21, the three lattices (SiOC, Ti6Al4V-based composite and CaSiO3, 

respectively) are shown after printing and crosslinking (Fig. 2.21a-c) and after 

pyrolysis (Fig. 2.21d-f). After printing and crosslinking very well-defined structures 

were obtained, showing defect-free geometries. During pyrolysis, some distortions 

occurred, in particular for the SiOC (Fig. 2.21d) and the Ti6Al4V composite (Fig. 2.21e) 

samples. In the case of the SiOC sample, the distortion from the original shape may be 

derived from the positioning of the sample inside the oven, being the printed lattice 

highly stretchable even after crosslinking, due to the absence of fillers. In the case of 

the Ti6Al4V composite sample, the use of the graphite rod during pyrolysis induced 

stresses in the lattice structure, inhibiting its shrinkage and leading the structure to 

partial failure. The presence of the reactive CaCO3 fillers in the ink reduced the 

criticalities upon pyrolysis for the CaSiO3 sample (at least at the macroscopic level), 

which are mainly due to the volume variation occurring during heating. 
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Fig. 2.21 As printed and cross-linked lattice structures (a) PDMS, b) PDMS plus 

Ti6Al4V, c) PDMS plus CaCO3); the same structures after pyrolysis (d) SiOC, e) 

Ti6Al4V composite, f) CaSiO3, sintered in air). 

 

Fig. 2.22 shows SEM images of the PDMS sample after printing and crosslinking 

(Fig. 2.22a, c) and pyrolysis (Fig. 2.22b, d). The as printed structure showed an optimal 

shape retention that was confirmed at the microscopic level after pyrolysis, when a 

crack-free structure and smooth surface were obtained. A good adhesion between 

different filaments can be observed, both before and after pyrolysis. 
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Fig. 2.22 SEM images of the printed PDMS lattices after crosslinking (a,c) and 

pyrolysis (b,d). 

 

In Fig. 2.23, the PDMS-Ti6Al4V sample after printing and crosslinking is shown 

(a,c). In this case, the struts show a slight collapse on the adjacent layer (Fig. 2.23c), 

probably due to the high density of the metallic powders in the ink. However, after 

pyrolysis these defects appear to have been compensated by the thermally induced 

stresses and associated volume shrinkage (Fig. 2.23b, d). In the final structure, the 

presence of the Ti6Al4V sintered powders is clearly visible, generating a rough surface. 

No cracks were visible in the Ti6Al4V composite samples. 
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Fig. 2.23 SEM images of PDMS plus Ti6Al4V lattices after crosslinking (a,c) and of 

the Ti6Al4V composite lattices after pyrolysis (b,d). 

 

The PDMS-CaSiO3 lattice is shown after printing and crosslinking (Fig. 2.24a, d) 

and after heating in air (Fig. 2.24b, e) and nitrogen (Fig. 2.24c, f). After firing, some 

cracks were visible on the struts’ surface of the CaSiO3 lattice heated in air, whilst a 

completely crack-free structure was obtained upon pyrolysis under nitrogen flow. This 

can be attributed to a reduced shrinkage when pyrolyzing under nitrogen, as reported 

in Table 1 (8.7% vs 15.7% in air). Firing PDMS in air causes the oxidation of all carbon 

atoms present in the polymeric chain through an exothermic reaction that can lead to 

the formation of local cracks, generating highly reactive SiO2 that can then form CaSiO3 

together with the CaO deriving from the thermal decomposition of the CaCO3 

powders.[16] When using nitrogen as the pyrolysis atmosphere, carbon atoms are 
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retained in the structure either bonded to Si or as a separate phase, generating a SiOC 

material with reduced local thermal stresses [16,17].  

 
Fig. 2.24 SEM images of PDMS plus CaCO3 lattices after crosslinking (a,c) and of 

CaSiO3 lattices after firing in air (b, d) or pyrolysis in N2 (e, f). 

 

This is confirmed by the data reported in Table 1. The struts’ diameter shrinkage, as 

well as the cells’ area shrinkage, show different trends: the pure PDMS ink showed a 

high shrinkage both for struts and cells’ area (30.5% and 37.1 %, respectively), as 

expected. The inks containing filler powders showed a limited struts’ and cells’ area 

shrinkage (ranging from 8.7% to 15.7% and from -3.6% to 22.7%, respectively). In the 

case of the PDMS plus CaCO3 ink, a higher strut shrinkage was measured for samples 

heat treated in air, as discussed above. In the case of the PDMS plus Ti6Al4V ink, the 

high struts’ shrinkage and the negative shrinkage (expansion) can be attributed to the 

stress induced by the use of the graphite rod upon pyrolysis. The measured weight loss 

(Tab. 2.6) for pure PDMS samples upon pyrolysis is compatible with the organic 

moieties’ elimination and the full conversion of PDMS to a SiOC ceramic. For PDMS 

plus Ti6Al4V the reduced weight loss during thermal treatment is due to the reaction of 
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Si and C atoms with Ti and V as discussed in the following. The higher weight loss for 

PDMS plus CaCO3 is compatible with CaCO3 thermal decomposition (with CO2 

emission) that starts occurring at T > 550°C and depends on heating rate and CO2 

concentration in the atmosphere [18]. 

 

Tab. 2.6 Measured linear shrinkage and weight loss of the printed lattice structures 

after pyrolysis in N2 or vacuum-Ar, or firing in air. 

Sample ∆d% (strut diameter) ∆A% (cell area) ∆wt% 

PDMS (N2) 30.5 ± 0.1 37.1 ± 1.0 27.5 

PDMS+Ti6Al4V  

(vacuum-Ar) 
19.7 ± 2.0 -3.6 ± 0.1 9.5 

PDMS+CaCO3 (Air) 15.7 ± 0.4 21.9 ± 0.1 39.0 

PDMS+CaCO3 (N2) 8.7 ± 0.5 22.7 ± 0.1 36.0 

 

SEM investigations on the cross-section of the struts of the lattice structures, not 

reported here for the sake of brevity, showed that dense microstructures were achieved 

in all cases, indicating that the mixing and degassing procedure for the production of 

the inks did not introduce unwanted porosity. 

The crystalline phase assemblage of the printed lattice structures after the heat 

treatment was investigated (Fig. 2.25). The XRD pattern for the pyrolyzed SiOC is 

shown in Fig. 2.25a, where the broad peak is typical of an amorphous material that 

doesn’t contain any crystalline phases. The XRD pattern of the Ti6Al4V-based 

composite shows, besides the main peaks of titanium metal (PDF#89-3725), the 

formation of titanium silicide (PDF#78-1429) along with traces of vanadium carbide 

(PDF#65-3772), see Fig. 2.25b. The reactivity of Ti6Al4V towards Si and C atoms 

present in the silicone binder was already observed in our previous work [19]. The 

presence of calcium silicate crystals is shown in Figure 6c and 6d, testifying the reaction 
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between the silicone binder and the calcium carbonate particles in the ink. The only 

crystal phase that formed after the treatment in air was Wollastonite-2M (PDF#27-

0088), along with Pseudowollastonite (PDF#89-6463) for the samples heat treated in 

nitrogen, as already reported in [4].  

 

 

 

Fig. 2.25 XRD patterns of the cellular lattices after the heat treatments: a) PDMS after 

pyrolysis at 1000°C; b) PDMS plus Ti6Al4V after pyrolysis at 1400°C; PDMS plus 

CaCO3 after heating at 1000°C c) in air, d) in nitrogen. 
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2.3.3 Conclusions 

In this work, we produced cylindrical lattice structures made of SiOC glass, 

Ti6Al4V-based composite and CaSiO3 bioceramic, by means of Direct Ink Writing 

combined with a rotating cylindrical mandrel operated by a robotic arm. The use of 

elastomer-based inks allowed printing a highly stretchable structure that could be easily 

removed from the mandrel without the need of any mechanical or chemical procedures. 

The printed structures showed sufficient shape retention after curing. Upon heating, the 

PDMS converted to an amorphous SiOC ceramic, while the PDMS plus Ti6Al4V and 

PDMS plus CaCO3 inks were converted to a Ti6Al4V-based composite and a CaSiO3 

bioceramic, respectively. For the three compositions tested so far, a satisfactory shape 

retention after heating was demonstrated, thus showing the high potential of this 

technology to produce curved lattice components made of glass, ceramic or metal. For 

metal-based inks, the use of silicon free elastomers is necessary in order to avoid the 

formation of brittle compounds. The structures here proposed represent a proof of 

concept of the feasibility of the method and open the way for the production of further 

curved lattice structures, which are of crucial interest for applications such as highly 

personalized medicine devices (bone grafts, stents, …) and multi-material components. 
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3 Hierarchically porous polymer-derived SiOC scaffolds from a 

silicone resin and fillers 

3.2 Introduction 

Highly porous and lightweight ceramic components are of interest in a number of 

applications such as filtration [1-3], biomedicine [4,5], catalysis [6-8], energy storage 

[9,10] and chemical sensing [11,12] due to their tunable thermal, electrical and 

mechanical properties provided by the presence of pores. Considering that nowadays it 

is often expected that a device possesses some degree of multifunctionality, in order to 

satisfy ever increasing demands from complex applications, it has been demonstrated 

that hierarchical porous structures with pore size over multiple length scales greatly 

outperform components with non-hierarchical porosity [13]. Generally, interconnected 

macropores confer high convective heat, improved mixing as well as high mass transfer 

rate, while the microporous framework provides the desired functionality. For example, 

in scaffolds for biomedical applications the macropores enable the penetration and 

growth of cells and blood vessels, while micropores are beneficial for cell attachment 

and in situ drug delivery [14-16]. In catalytic applications, the macropores deliver low 

pressure drop and fluid turbulence, while the micropores provide selective gas 

adsorption and filtration [17,18]. 

 Several studies have proposed numerous synthesis methods for the fabrication of 

ceramic components with interconnected macropores, including direct foaming, replica 

technique, emulsion templating, phase separation and additive manufacturing [19-25]. 

Among those methods, direct foaming and emulsion templating are widely used for 

their facility in creating a large range of pore sizes, and several cellular ceramic systems 

(TiO2, SiO2, SiOC, Al2O3, Si3N4, SiC, ZrO2, …) with pores from ~5 to ~500 μm have 

been fabricated [26-29]. However, closed pores tend to be generated due to the 

thermodynamically unstable nature of liquid foams and emulsions, leading to 



119 

 

challenges in accurately controlling the pore size distribution. This limits their 

application in some fields (e.g. catalysis, where the broad pore size distribution of the 

fabricated cellular ceramics leads to a non-uniform behavior in operation) [30].  

Recently, the rising of additive manufacturing technologies has enabled the 

fabrication of highly porous ceramics with a non-stochastic architecture, and more 

specifically some research has demonstrated the possibility of obtaining ceramics with 

hierarchical porosity in multiple shapes and length scales. Studart et al. [25,31] 

fabricated porous ceramic structures with tunable micropore structure by combining 

direct ink writing (DIW) and a modified emulsion/foam templating. Lewis et al. [32] 

obtained architected cellular ceramics with tailored stiffness using a foamed ink 

stabilized by colloidal particles for direct foam writing. Yang et al. [33] exploited the 

characteristics of boehmite gel foams to manufacture complex-shape hierarchically 

porous structures using DIW, by controlling the pH. Porous Al2O3 and TiO2 ceramic 

with multi-scaled porosity were also fabricated from oil/bubble-in-water emulsions 

[34,35]. All these works demonstrated that it is possible to obtain components with 

cellular struts, but the range of pore sizes achievable and the precise combination of 

different pore sizes within a single strut remains a challenge, due to the intrinsic 

randomness of the cellular network generated by these approaches. 

In our work, an alternative and tailorable fabrication method is proposed for the 

production of ceramic components with hierarchical and tunable porosity by Direct Ink 

Writing of an ink comprised of a preceramic polymer and Polymethyl methacrylate 

(PMMA) sacrificial microbeads. The use of preceramic polymer precursors enables the 

fabrication at relatively low temperature (e.g., 1000 to 1200°C) of ceramics with 

compositions not obtainable from non-molecular processing routes, and the presence 

of carbon nano-sized clusters affords functional properties, such as electrical 

conductivity, piezoresistivity, luminescence) to the material [36]. Furthermore, 

ceramics derived from silicone precursors have been proposed as electrodes for 
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electrochemical storage devices [37] or as bioceramic scaffolds for biomedical 

applications [38-40], and these applications would benefit from the presence of 

additional porosity within the struts of the scaffolds, providing increase geometric 

surface area to the components.  

In our work, precise and tunable control over the pore sizes and hierarchical 

structures is provided by the size of the sacrificial templates, and the mixing of particles 

with different dimensions provides a further degree of liberty in the design of the overall 

pore architecture. 

The combination of additive manufacturing and sacrificial PMMA beads enabled 

the fabrication of highly porous and strong SiOC ceramic components with pore sizes 

ranging from hundreds of nanometers to millimeters.  

3.3 Experimental 

3.3.1 Ink preparation for DIW 

A commercial polymethylsiloxane, SILRES® MK (Wacker-Chemie GmbH, 

München, Germany) was used as the preceramic precursor for SiOC. Polymethyl 

methacrylate (PMMA), with a range of diameters (A 910W, A 210, A 500, Cray Valley 

Waterborne Polymers Department, Atofina Italia, Milan, Italy; MP-1000, MX-500, 

Esprix Technologies, Sarasota, FL), were used as sacrificial templates for the generation 

of pores. As shown in Fig. 3.1, the ink was prepared by dissolving MK into isopropanol 

(weight ratio = 5.37:1) followed by homogeneously mixing for 15 mins at 2000 rpm in 

planetary mixer (ARE 250, Thinky, Japan) at room temperature. Then, PMMA 

microbeads were added to the prepared solution followed by mixing for 5 mins at 2000 

rpm. Finally, a cross-linking agent (GF91, Wacker-Chemie GmbH, München, Germany) 

was added to the above solution at 2 wt% with respect to MK, mixing for 2 mins at 

2000 rpm. For investigating the influence of the content and size of the PMMA particles, 

inks were prepared with microbeads of 0.46, 5, 10, 25 and 50 μm nominal size, and in 
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an amount of 50, 60, 70, 80 vol%. Moreover, inks containing PMMA particles with 

different sizes were also produced, for fabricating hierarchically porous structures with 

a wider range of pore sizes. 

3.3.2 Fabrication of porous scaffolds by DIW 

A delta printer (2040 Turbo, Wasproject, Italy) was used to fabricate scaffolds 

according to a CAD file. Scaffolds were designed with dimension of 13.6 × 13.6 × 4.62 

mm3, and a designed macro-porosity of 40 vol%. Inks were extruded in ambient 

conditions on a plastic sheet, to provide appropriate adhesion, from a 0.4 mm nozzle 

(Nordson Italia, Milano, Italy) to form 0-90° scaffolds with inter-spacing of 0.33 mm 

between adjacent layers (z axis) and an in plane spacing (x-y axis) between filaments 

of 0.4 mm. The moving speed of nozzle along x-y plane was 5-10 mm/s and an air 

pressure of 0.3-0.6 MPa was used. Uncontrolled evaporation of isopropanol from the 

ink occurred during printing, and it assisted the quick recovery of high viscosity of the 

ink after exiting from the nozzle, contributing to the possibility of fabricating structures 

with undeformed suspended struts. After printing, the scaffolds were placed into a tube 

furnace for crosslinking and pyrolysis under inert atmosphere (99.99% N2). The heating 

went from room temperature to 300°C at a rate of 1°C/min with 3h dwelling time for 

PMMA removal, followed by heating to 1000°C at the same rate with 2h dwelling time. 

Cooling was carried out in the furnace without controlling the rate. 

3.3.3 Characterization 

A rotational rheometer (Discovery HR-1 hybrid rheometer, TA Instruments, UK) 

equipped with a 50 mm diameter plate-plate geometry was used, with a set temperature 

of 20°C and a gap of 0.5 mm. The shear rate interval was 0.01 ~ 200 s-1, and the 

frequency was 1 Hz. The shear strain interval for amplitude sweep was 0.001 ~ 200%. 

Thermogravimetric analysis (TGA/DSC 3+, Mettler Toledo, Switzerland) was carried 
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out heating rate of 10°C/min up to 1000°C in N2.  

The morphology and microstructure of the samples were observed by scanning 

electron microscopy (SEM, Quanta 200 ESEM, FEI, The Netherlands). The distribution 

of pore sizes was assessed by image analysis from SEM micrographs (measuring at 

least 100 pore sizes per sample) using ImageJ 1.52a, and the data were converted to 

three-dimensional values using the stereological equation Dsphere = Dcircle / 0.785, in 

which Dcircle is the diameter of the pore derived from the two dimensional SEM images 

and Dsphere is the effective diameter of pore in the three dimensional volume [41-43]. 

The size of samples before and after sintering were measured by a digital caliper. The 

geometric density (Dg) was determined by calculating mass/volume ratios. The 

apparent density (Da) and true density (Dt) were measured on scaffolds and powder 

obtained from grinding the scaffolds using helium pycnometry (Micromeritics AccuPyc 

1330, Norcross, GA, USA). The open porosity Po was calculated from: Po = (1- Dg / Da) 

× 100 %, the total porosity from: Pt = (1- Dg / Dt) × 100 %, and the closed porosity from: 

Pc = Pt - Po. 

Compression tests were performed using a universal testing machine (Instron 1121 

UTM, Instron Danvers, MA, USA) with a cross head displacement rate of 0.5 mm/min, 

applying the load perpendicularly to the printing direction of the scaffolds. The samples 

size for test was 10 × 10 × 3 mm3. The data reported are the average for at least five 

measurements per type of sample. 
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Fig. 3.1 Fabrication procedure of hierarchically porous SiOC scaffolds. 

 

3.4 Result and discussion 

3.4.1 Rheological properties of the inks 

The main rheological properties of an ink, including viscosity and modulus, 

always play an important role in DIW processing. Shear-thinning behavior and high 

modulus are required for achieving a smooth extrusion under pressure and enable 

precise shape retention after printing. The rheology test results are reported in Fig. 3.2. 

As shown in Fig. 3.2a for inks containing 25 µm PMMA particles, all inks possessed a 

shear thinning behavior, with viscosity values decreasing from 103 to 20 Pa⋅s with shear 

rate increasing from 0.05 to 100 s-1, with a more pronounced slope for the sample 

containing 80 vol% of particles. The particle content affected also the viscosity, with 

increasing values observed for increasing solid particles content, as expected. Fig. 3.2b 

shows the storage (G′) and loss modulus (G′′) of those inks. All the inks had sufficiently 

high G′ plateau values, thereby enabling adequate shape retention after extrusion, and 

increasing the solid particle content led to a higher storage modulus, because a higher 

particle amount can contribute to the formation of a stronger particle-assembled 

network. Only the ink containing 80 vol% of particles possessed a high G′ value of 5.6 
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× 103 Pa, and displayed a reversal of the values between G′ and G′′ before and after a 

yield point (occurring at a yield stress = 24.45 Pa), demonstrating that during printing 

the ink behaved as a liquid while it had a solid-like behavior after extrusion from the 

nozzle [44,45]. When the particle content was 70 vol% or lower, however, the G′′ 

modulus was higher than G′ over the entire testing range of shear stresses, indicating 

that the inks behaved as a viscoelastic liquid. We can therefore attribute the good shape 

retention of the scaffolds produced using these inks to the rapid evaporation of 

isopropanol after printing, which compensates for their liquid-like behavior at low 

concentrations of the preceramic polymer precursor. Inks containing 80 vol% of 

PMMA particles with different sizes were also characterized (Fig. 3.2c,d). The 

rheological curves indicate that the viscosity of inks with particles of different size were 

in the range of 104 to 106 Pa⋅s and no significant effect of particle size on the shear-

thinning behavior was observed, apart from when the smallest particles were used, 

while all the curves related to G′ and G′′ modulus show the presence of yield stress 

values of 10~103 Pa and suitably high G′ modulus from 104 to 2 × 106 Pa, guaranteeing 

their printability. 
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Fig. 3.2 (a) Viscosity as a function of shear rate, and (b) storage (G′) and loss (G′′) 

modulus vs shear stress of inks with different content of 25 μm PMMA particles (50, 

60, 70, 80 vol%). (c) Viscosity and (d) modulus of inks with 80 vol% of PMMA 

particles of different size (0.46, 5, 10, 50 μm). 

3.4.2 Pyrolysis and microstructure of printed scaffolds 

To evaluate the appropriate heating program to employ for the pyrolysis of the 

printed scaffolds, TGA was conducted on as-printed scaffolds as well as on pure MK 

and 25 µm PMMA microbeads. Fig. 3.3 indicates that the ceramic yield of MK is 80.32 

wt% at 1000°C, which is sufficiently high to lead to a limited shrinkage and prevent 

crack formation during pyrolysis. The decomposition of PMMA starts at 220℃ and 

ends at nearly 400°C, with no residual char even when pyrolyzing in inert atmosphere. 

Obviously, the weight loss of the scaffolds increases with increasing their PMMA 

particles content. 
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Fig. 3.3 TGA curves of as-printed scaffolds fabricated using inks with different 

amounts of 25 µm PMMA particles, as well as of pure 25 µm PMMA microbeads and 

MK silicone resin. 

 

Digital images (Fig. 3.4) show the macro morphology of scaffolds with different 

volume fraction and size of PMMA particles, before and after ceramization. The 

scaffolds fully retained the shape after both printing and the heat treatment. Fig. 3.5 

shows the microstructure of the surface of the pyrolyzed scaffolds produced using inks 

containing different amounts of 25 µm PMMA particles. We can observe that, for this 

size of the sacrificial template particles, a scaffold containing 50 vol% of microbeads 

(Fig. 3.5a, b) possesses only a few open pores at the surface. With the increasing of 

solid content, more and more pores are present at the surface, with size in the range of 

1~20 μm (Fig. 3.5c-h). Shrinkage deriving from the decomposition of PMMA and the 

polymer-to-ceramic conversion of the silicone preceramic polymer left no visible 

defects (such as cracks or residual porosity within the SiOC solid skeleton) or distortion 

of the printed filaments.  
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Fig. 3.4 Digital images of scaffolds before and after pyrolysis. Scaffolds fabricated 

using inks containing: (a) different volume fractions of 25 µm PMMA particles; (b) 

PMMA particles of different size (70 vol% for 0.46 µm; 80 vol% for 5 and 10 µm). 
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Fig. 3.5 Surface of pyrolyzed scaffolds fabricated using inks with different amounts 

of 25 µm PMMA particles. (a-d) 50, 60, 70, 80 vol%, (e-h) corresponding magnified 

images, respectively. 

 

Cross-sections of pyrolyzed scaffolds (Fig. 3.6) fabricated from inks containing 
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different amounts of 25 µm PMMA particles further confirm that all the wood-pile 

structures were well retained after pyrolysis, without deformation or sagging observed 

in the spanning region of the filaments. Notably, most pores inside the 50 vol% filament 

were closed (isolated) without interconnection with neighboring ones (Fig. 3.6a), 

evidently because the percolation threshold for particles of this size was not achieved. 

In fact, cell windows (interconnecting pores) are generated in the areas where direct 

contact between PMMA particles occurs [46]. By contrast, well defined cellular 

structure with a random distribution of interconnecting pores was achieved by 

increasing the content of microbeads from 60 to 80 vol% (Fig. 3.6b-d). The cell 

window size ranged from ~1.5 to ~8 µm in all samples (see Fig. 3.7), and the amount 

of pore interconnections, as observed from the SEM images, appeared to increase with 

increasing microbeads content. The shape of the pores reflected the shape of the 

sacrificial templating particles, and the nearly spherical and symmetric shape of most 

pores showcases the precise morphology control that can be obtained with this approach 

and demonstrates that a homogeneous shrinkage in all directions occurred during 

pyrolysis and PMMA decomposition. 
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Fig. 3.6 Cross-section and pore size distribution of scaffolds fabricated using inks 

with different content of 25 µm PMMA particles: (a-d) 50, 60, 70, 80 vol%, 

respectively. 
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Fig. 3.7 Cell window analysis of scaffolds fabricated using inks containing 60, 70 and 

80 vol% of 25 µm PMMA particles, according to the SEM images. 

 

Cutaway views of filaments in Fig. 3.8 confirm that a very well defined 

interconnected porous structure was also present along the entire axial direction of the 

filaments. The pores were homogeneously distributed within the SiOC structure, 

indicating that the mixing between the dissolved silicone resin and the microbeads was 

carried out efficiently and appropriately, and that no solid-liquid phase separation 

occurred during printing.  

 

 
Fig. 3.8 Cutaway view of filaments of scaffolds fabricated using inks containing 60 

and 70 vol% of 25 µm PMMA particles. 
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The characterization of the pore size distribution, carried out by image analysis, 

shows that the pore size inside the filaments was in the range of 1~35 μm, with an 

average at about 15 μm. The smaller average pore size with respect to the original 

PMMA particles size (see Fig. 3.9) derives, of course, from the shrinkage occurring 

during pyrolysis of the preceramic polymer after the removal of PMMA. 

 

 

Fig. 3.9 Cross-section microstructures and pore size distributions of filaments from 

scaffolds fabricated using inks containing different amounts of 25 μm PMMA 

particles before pyrolysis: (a-d) 50 (24.81 ± 7.66 μm), 60 (24.74 ± 6.88 μm), 70 

(23.57 ± 6.98 μm), 80 vol% (23.82 ± 7.79 μm) (left image: cross-section of the 

scaffolds). 

 

It is evident that, in terms of pore architecture, the 3D printed scaffolds had pores 
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with two length scales, namely mm-scale macropores between filaments as per the 

CAD design, and µm-scale pores deriving from the decomposition of the sacrificial 

PMMA particles. Moreover, interconnecting pores were generated when a sufficient 

amount of microbeads was present in the ink. Both mm-scale pores and µm-scale pores 

are highly tailorable, making this approach very suitable for precisely controlling the 

cellular architecture and therefore the performance of the ceramic components. 

To further demonstrate the tunability of the pore morphology, samples containing 

80 vol% of PMMA particles with different size were also printed. Fig. 3.10 shows the 

microstructure and distribution of pore size of these scaffolds, after pyrolysis. 

Considering the scaffold manufactured using an ink containing 5 μm PMMA particles 

(Fig. 3.10b), we can clearly observe a very homogeneous porous microstructure, with 

several cell windows interconnecting adjacent cells. Their presence in the cell walls and 

particularly at the surface of the filaments (see Fig. 3.11) certainly would increase the 

overall permeability of the structure. With increasing PMMA particle size, the pore size 

obviously increased (Fig. 3.10c,d), while the number of cell windows tended to 

decrease, due to stereological factors. Image analysis showed that the average pore sizes 

were 0.29 ± 0.04 (0.46 μm), 4.26 ± 1.43 (5 μm), 7.27 ± 2.48 (10 μm), 38.12 ± 11.63 μm 

(50 μm), respectively, with the wider distribution for the 50 μm sample due to the lower 

degree of uniformity in size of the starting sacrificial microbeads. The filament diameter 

after pyrolysis was similar for most inks, independently on the PMMA particle size (see 

Fig. 3.12); some differences might be due to a possible different expansion coefficient 

for the different particles, linked for instance to the molecular weight of the PMMA and 

its cross-linking degree. 



134 

 

 
Fig. 3.10 Microstructure and pore size distribution of scaffolds fabricated using inks 

with PMMA particles of different size: (a) 0.46 (70 vol%); (b-c) 5, 10, 50 μm (80 

vol%), respectively. 
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Fig. 3.11 Surface of filaments from scaffolds fabricated using inks containing 80 

vol% of particles of different size: 5, 10, 50 μm (left image: cross-section of the 

scaffolds). 
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Fig. 3.12 Average diameter of filaments (after pyrolysis) from scaffolds fabricated 

using inks containing different amounts of PMMA microbeads of different size. 

 

To diversify even further the hierarchical porous structures that can be obtained 

with this approach, we also manufactured samples with inks simultaneously containing 

PMMA particles of different size. Images of scaffolds produced using an ink containing 

particles of two different sizes (50/5 μm, 25/0.46 μm; 40 vol% small particles, 40 vol% 

large particles; total particles = 80 vol%) show that the smaller particles located 

themselves within the struts and walls of cells generated by the larger particles (see Fig. 

3.13), increasing the interconnectivity among them, as qualitatively observe from the 

SEM images (presence of cell windows between adjacent pores).  
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Fig. 3.13 Microstructure of scaffolds fabricated using inks containing multi-scale 

PMMA particles (40 vol% small particles, 40 vol% large particles; total particles = 80 

vol%). 

 

In Fig. 3.14 we report additional images showing the microstructure of a scaffold 

manufactured using an ink containing particles of 4 different sizes (25/10/5/0.46 μm; 

20 vol% each; total particles = 80 vol%), which contains three length scales of pore 

sizes.  

With the inks developed in this work, the designed macropores between filaments 

can be fabricated in the range of 0.1 to 1 mm, without sagging of the suspended struts. 

Then, filaments with a cellular structure with variable pore size can be obtained by the 

introduction of sacrificial PMMA microbeads in the inks. Moreover, the addition of 

microbeads of different diameter within the same ink introduces further (mainly 

interconnected) pores in the cell walls and struts. 
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Fig. 3.14 Microstructure of a scaffold fabricated using inks containing multi-scale 

PMMA particles (25/10/5/0.46 μm; total particles = 80 vol%). 

 

3.4.3 Mechanical properties of printed scaffolds 

The mechanical properties of porous ceramics also play an important role in several 

application fields, especially when structural support is also one of the requirements. 

Tab. 3.1 reports the physical properties of scaffolds with different porosity values, 

manufactured using inks containing PMMA particles of different size after pyrolysis. 

All the samples displayed a similar isotropic linear shrinkage of ~20% along the x-y-z 

axis directions, indicating that pyrolysis enabled the fabrication of ceramic scaffold 

without deformation. No significant effect on the shrinkage of the scaffolds was 

observed with varying content of PMMA particles in the ink, since the solid part of the 

skeleton was always comprised of the same silicone resin. The higher shrinkage for the 

sample produced using an ink containing 0.46 µm microbeads might be attributed to 

some pore closure due to viscous flow during pyrolysis (see also the lower total porosity 

value for this sample). No formation of (macro-)defects, such as cracks or undesired 

voids, was observed even for the highest volume shrinkage values.  

The total porosity of the scaffolds increased from 70.2 to 87.8 vol% with increasing 

content of sacrificial PMMA microbeads from 50 to 80 vol%, as expected, 

demonstrating the effectiveness of the proposed approach to generate pores in a wide 

range of both sizes and volume. The measured closed porosity was large at low volumes 
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of PMMA particles (up to 24 vol% for the sample fabricated using only 50 vol% of 25 

µm microbeads), decreasing with increasing their amount (down to 2 vol% for the 

sample fabricated using 80 vol% of 25 µm microbeads), in agreement with the SEM 

observations. We should point out that, when investigating the effect of particle size, 

the solid content of the ink with 0.46 μm particles was only 70 vol%, since the ink with 

80 vol% microbeads was too viscous to print. 
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Tab. 3.1 Physical properties of scaffolds fabricated using inks with different PMMA particles content and size after pyrolysis 

Particle size 

(μm) 

Volume 

fraction 

(vol%) 

Volume 

shrinkage 

(%) 

x 

(%) 

y 

(%) 

z 

(%) 

Apparent 

density 

(g/cm3) 

Open 

porosity 

(vol%) 

Total 

porosity 

(vol%) 

25 50 52.3±1.1 21.9±0.5 21.5±0.7 22.2±1.6 1.27±0.06 46.2±2.2 70.2±1.0 

25 60 50.1±1.4 20.9±0.6 20.7±0.7 20.3±2.0 1.78±0.24 66.8±4.9 75.8±0.8 

25 70 50.3±1.4 21.1±0.3 20.7±0.4 20.4±2.0 1.88±0.08 77.1±3.2 80.7±2.0 

25 80 48.8±0.6 20.2±0.2 20.0±0.7 19.8±0.9 1.92±0.01 85.8±0.3 87.8±0.3 

0.46 70 56.9±0.7 25.4±1.2 25.0±0.7 23.0±1.2 1.83±0.07 69.5±3.1 74.9±3.2 

5 80 46.7±1.9 19.7±0.5 19.6±0.6 17.4±2.6 1.97±0.05 84.7±0.5 86.5±0.9 

10 80 45.4±1.2 19.2±0.7 18.6±0.9 17.0±1.7 2.0±0.04 85.8±0.8 87.0±0.7 
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Mechanical tests (Fig. 3.15a) showed that increasing content of PMMA particles 

reduced significantly the compression strength, from 7.5 ± 1.9 to 0.9 ± 0.1 MPa, due to 

the higher porosity and in accordance with the general equation proposed by Ashby 

[47]. In addition to the total amount of porosity, the mechanical properties of porous 

ceramics are also related to the pore size, with samples possessing micro-cellular struts 

performing better than those with macro-cellular struts, in Fig. 3.15b. The data shown 

in Table 1 in fact confirm that, at the same volume of porosity, samples produced with 

inks containing smaller particles had higher strength, in agreement with the literature 

[46,48]. In particular, scaffolds manufactured using an ink containing 70 vol% of 0.46 

μm PMMA particles had a very remarkable strength of 8.2 ± 3.1 MPa, an almost double 

value with respect to scaffolds manufactured with 25 μm microbeads. In Fig. 3.16 we 

report a summary of the data concerning some porous ceramic structures fabricated 

either by additive manufacturing or by other techniques (e.g., direct foaming or the 

replica method) [25,49-64]. The comparison indicates that the compressive strength of 

our samples is among the highest reported so far both for 3D printed and non 3D printed 

(e.g., foams) highly porous components with the same amount of total porosity. 

 

 
Fig. 3.15 Compression strength of scaffolds fabricated using inks (a) with different 

contents of 25 µm PMMA particles, and (b) with different particle size (total particles: 

80 vol% for 5, 10, 25 μm; 70 vol% for 0.46 μm). 
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Fig. 3.16 Comparison between the compressive strength of samples produced in this 

work and results reported in the literature for 3D printed and non 3D printed porous 

ceramics. 

 

It is interesting to observe that, evidently, it was the porosity (average pore size and 

total volume) in the filaments the controlling parameter for the mechanical strength of 

the scaffolds, considering that the macro-porosity amount and the filament size was the 

same, by design, for each of them (40 vol% and 400 µm, respectively). We can posit 

that brittle porous ceramic structures are subjected to a size effect because of greater 

probability of finding critical surface defects (flaws), and previous studies indicated a 

higher probability of finding critical defects in thicker struts of porous ceramics with 

bigger pores [48,65]. In this work, the strut size inside the filaments decreased with 

decreasing pore size at the same microbeads volume, due to their decreasing diameter, 

leading to an enhancement of the strength because of decreasing strut surface area [66]. 

Therefore, the scaffolds with filaments with smaller pores tend to outperform those with 

filaments containing larger pores. It should be noted that it was difficult, using a 0.4 

mm nozzle and an ink containing 80 vol% of 50 μm microbeads, to fabricate scaffolds 

possessing enough layers for carrying out the mechanical test. Therefore, only SEM 
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images of these samples were reported in this paper. 

Gibson and Ashby [47,67] have described the general relationships for the 

compressive strength of a cellular material as: 
𝜎𝜎
𝜎𝜎𝑠𝑠

=  𝐶𝐶 �
𝜌𝜌
𝜌𝜌𝑠𝑠
�
𝑛𝑛

 

where 𝜎𝜎 and 𝜎𝜎𝑠𝑠 are the compressive strength of the porous and solid material, and 

𝜌𝜌/𝜌𝜌𝑠𝑠 is the relative density defined as the density of the component (𝜌𝜌) divided by the 

density of the solid material constituting the struts (𝜌𝜌𝑠𝑠). Here, the 𝜌𝜌𝑠𝑠 of solid SiOC 

was taken as 2.23 g/cm3, as measured by pycnometry on a finely ground specimen. C 

is a dimensionless constant related to the geometric configuration of the porous material 

and the exponent n is 3/2 or 2 depending on if the pore morphology is open or closed, 

respectively. A linear-regression fit according to the above relationship (see Fig. 3.17) 

demonstrates an exponent of 2.36 for the compressive strength (correlation coefficients 

of R2 = 0.98). The less rigorous fitting may come from the different pore morphology 

when comparing our samples with Ashby’s model [68]. The morphology of foams in 

Ashby’s model consists of non-spherical either totally open pores or closed pores of the 

same size, while the printed scaffolds in this work contain both the macro pores between 

the printed filaments as well as the open and closed pores inside the filaments (closed 

porosity in the filaments was present especially in scaffolds fabricated using inks with 

lower PMMA content, see Fig. 3.5 and Fig. 3.6). What’s more, the strength of scaffolds 

that were obtained using the same amount of PMMA particles with different size 

deviated from the fitting line, further suggesting the influence of the pore size inside 

the filaments on the mechanical properties. 
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Fig. 3.17 Compressive strength of scaffolds fabricated using inks containing PMMA 

particles of different size as the function of relative density (the linear fitting is for 

data for samples fabricated using 25 μm particles). 

 

3.5 Conclusions 

The fabrication of SiOC ceramics with hierarchical porosity was investigated with 

the aim of achieving tunable and controllable multi-scale pore structures using additive 

manufacturing and sacrificial templates. Scaffolds based on filaments containing 

spherical and interconnected pores were fabricated without defects, such as cracks or 

deformations after printing and pyrolysis. The amount and size of PMMA particles 

contained in the inks affected the main characteristics of the scaffolds (i.e. density, 

porosity), and the mechanical strength. A high content of PMMA microbeads helped to 

improve the interconnectivity between adjacent pores inside the filaments. High 

compressive strength of 8.2 ± 3.1 MPa was obtained when using 0.46 μm microbeads. 

Combination of microbeads with various particle sizes contributed to the generation of 

hierarchical pores at different length scales, from ~100 nm to mm. The possibility of 
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manufacturing scaffolds possessing filaments with interconnected porosity and greatly 

increased geometric surface as well as enhanced compressive strength will prove 

beneficial for applications such as catalyst support, biomedical components, energy 

devices, etc. 
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4 Embedded Direct Ink Writing of Freeform Ceramic Components 

4.2 Introduction 

Additive Manufacturing (AM) has drawn much attention for the design and 

development of advanced ceramic components for high‐performance applications 

including biomedicine, tissue engineering, wearable electronics, energy storage etc. [1-

4], due to its advantages such as fast speed, increasingly large printing envelope, near-

net-shape, low cost and so on [5-8]. During recent years, several AM techniques have 

been developed, including selective laser sintering (SLS), binder jetting (BJ), vat 

photopolymerization (digital light processing - DLP, stereolithography appearance - 

SLA), extrusion-based printing (direct ink writing - DIW, fused deposition modeling - 

FDM) [9,10]. Among them, DIW has been an established fabrication method for 

ceramic components due to the combination of high resolution and the ability to form 

complex ceramics directly from colloidal building blocks [11,12]. Specifically, DIW 

processing involves extruding an ink from nozzles and assembling into 3D structures 

layer by layer followed by solidification resulting from gelation, evaporation of a 

solvent or cross-linking [13-15], without requiring a strict control on the chemical 

structure of the precursors and irradiation conditions, as in the case of photolithography, 

or the need to provide high laser absorption, as for SLS, or the ability to provide fast 

binding, as for binder jetting [16]. However, these days much more sophisticated and 

complex architectures are desired for the increasing requirements of advanced 

applications, such as geometries possessing large overhangs and filigree structures, 

which are difficult to fabricate without supports, since a very strict control on the 

rheology of the ink is necessary [17]. 

Embedded DIW (EDIW) is an emerging AM technique derived from DIW, 

constituting an alternative for printing suspended and complex architectures without 

individual supports which require post printing removal, involving the extrusion of inks 
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into a soft supporting medium while the nozzle moves along the designed printing 

paths[18,19]. Generally, the two sources of instability related to the retention or loss of 

shape of printed structures are the surface tension and gravity, leading to undesirable 

sagging and buckling of suspended features [20]. These instabilities could be eliminated 

by printing the structures inside a supporting medium possessing optimized rheological 

properties. To enable the processing, the supporting medium should exhibit an 

appropriately low yield stress τy, to allow for the easy movement of the printing nozzle, 

and a sufficiently high storage modulus G' for preventing the printed filament from 

sagging [18,21,22]. However, the printed filament features could be lost due to the 

stress generated by the nozzle movement, if the yield stress is too low. In addition, shear 

thinning behavior and rapid recovery of elasticity are required for eliminating the 

crevices created behind the moving nozzle. Furthermore, it’s also important to take 

account of the chemical stability of interface between the ink and the supporting 

medium. Previous literature has reported several investigations concerning printing 

inks inside a soft supporting medium. Lewis et al. [22,23] fabricated microvascular 

networks and a stretchable strain sensor using multicomponent material systems 

containing a gel as supporting medium and a second fluid filler to fill the generated 

crevices. Tsao et al. [24] developed a self-healing emulsion glass as the supporting 

medium for DIW with the assistance of UV or thermal curing. Angelini et al. [20] 

created finely detailed multidimensional structures (e.g., vascular networks) composed 

of living cells using a gel containing microscale particles. Although all those 

investigations show the potential possibility to fabricate fine detailed structures inside 

soft supporting medium, strict requirements like UV light or the presence of secondary 

fillers complicate the processing and introduce uncontrollable factors. Meanwhile, only 

a recent investigation of EDIW of ceramic components can be found in the literature, 

in which the authors also used a preceramic polymer as the material constituting the ink 

but an additional thermal cross-linking step was required [16].  
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In our work, we propose an alternative method for the fabrication of complex and 

suspended ceramic structures using a supporting medium based on a gel comprised of 

vegetable oil and fumed silica. The prepared self-healing supporting medium and the 

preceramic polymer ink used as the ceramic source facilitate the easy fabrication of 

ceramic components without requiring UV (or thermal) solidification, or a second fluid 

filler. The rheological properties of the supporting medium were controlled and 

optimized by varying the content of fumed silica, aiming at retaining the structure 

features during printing and following pyrolysis. Moreover, the influence of printing 

speed and air pressure on the filament characteristics was investigated. To illustrate the 

ease and flexibility of this method, several complex structures with detailed features 

were fabricated, such as coils and a hollow cylinder. Besides using the preceramic as 

raw materials, we also demonstrated that ceramic and metal powder-based inks can be 

used with this supporting medium, therefore showcasing the great versatility of this 

approach for printing a variety of different materials. 

 

4.3 Experimental 

4.3.1 Materials 

The supporting medium was composed of sunflower oil (Panorama, Pam, Italy) 

and hydrophobic fumed silica (Aerosil® 106, Evonik Industries AG, Germany) as 

thickening agent for adjusting the rheology of the supporting medium. A commercial 

polymethylsiloxane, SILRES® MK (Wacker-Chemie GmbH, München, Germany) was 

used as the starting material to obtain a SiOC ceramic. Geniosil GF91 (Wacker-Chemie 

GmbH, München, Germany) was used as the cross-linking agent for the preceramic 

polymer. Ti2AlC (particle size ~ 12 μm, Beijing Tian Ma Zhi Hui Technology Co., Ltd., 

China), Al2O3 (particle size < 5 μm, Sigma -Aldrich, Merck KGaA, Darmstadt, 

Germany) and Ti (particle size <10 μm, TLS Technik GmbH & Co. Spezialpulver KG, 
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Germany) were selected for demonstrating the universality of this supporting medium. 

Polyvinyl butyral (PVB, 80%, 9.000–10.000 g/mol, Sigma-Aldrich, St. Louis, MO, 

USA) and Polyethylene glycol (PEG, 950–1.050 g/mol, Sigma-Aldrich, St. Louis, MO, 

USA) were used as binder agents for all powder-based inks. 

4.3.2 Preparation of the supporting medium 

The supporting medium was obtained by adding fumed silica into sunflower oil in 

different amounts (10, 13, 16, 19 wt%) followed by mixing for 10 minutes at 2000 rpm 

using a planetary mixer (ARE 250, Thinky, Japan) at room temperature.  

4.3.3 Preparation of the inks 

The preceramic ink was prepared by dissolving MK into isopropanol at a designed 

weight ratio in the range of 75 ~ 90 wt% followed by mixing for 15 mins at 2000 rpm 

using a planetary mixer (ARE-250, Thinky, Japan). Then, 2 wt% of Geniosil GF91, 

with respect to the weight of MK, was added into the solution mixing for 2 min at 2000 

rpm. 0.1 wt % red dye (Squires Kitchen, England) was added for providing visibility to 

the printed structures. An ink containing Ti2AlC was produced based on previous 

literature [25]. In brief, PVB and PEG were added into deionized water (water ratio 

PVB: PEG: deionized water = 3:2:4) followed by magnetic stirring at 60°C for 60 mins. 

Then, 81 wt% Ti2AlC was added into the prepared binder solution followed by mixing 

for 15 minutes at 2000 rpm in a planetary mixer. Preparation of inks with Al2O3 and Ti 

powders shared the same procedure, except for the powder content which was 77 and 

90 wt%, respectively. After transferring the ink into a syringe, the syringe was put in 

the mixer and defoamed by mixing at 600 rpm for 5 mins. 

2.3. Printing inks into the supporting medium 

A delta printer (2040 Turbo, Wasproject, Italy) was used to fabricate parts 

according to a CAD file. The printed coils were designed with a diameter of 8 mm and 
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different pitches (2, 2.5, 3, 4 mm). The ink was extruded into the supporting medium 

using a 400 μm nozzle (Nordson Italia, Milano, Italy), the nozzle movement speed was 

varied in the 0.5-20 mm/s range, and an air pressure of 0.05-0.6 MPa was applied. After 

cross-linking or solidification, the printed structures were extracted from the supporting 

medium and rinsed under running tap water. 

4.3.4 Heating treatments 

For printed coils produced from MK, pyrolysis was carried out in a tube furnace 

under nitrogen (99.99%) atmosphere at 1000°C for 2h, with a heating rate of 1°C/min. 

Cooling was carried out in the furnace, without controlling the rate. For Ti2AlC and Ti 

spirals, sintering was carried out in flowing argon atmosphere for 4 h at 1400°C (with 

a heating rate of 2°C /min up to 600°C and of 3°C /min up to at 1400°C). For Al2O3, 

sintering was carried out in muffle furnace in air, with heating rate of 4 h at 1400°C 

(with a heating rate of 2°C /min up to 600°C and of 3°C /min up to at 1400°C). 

4.3.5 Characterization 

A rotational rheometer (Discovery HR-1 hybrid rheometer, TA Instruments, UK) 

equipped with a 50 mm diameter plate-plate geometry, with a gap of 0.5 mm, was used. 

The shear rate interval was 0.01 ~ 200 s-1, and the frequency was 1 Hz. The shear strain 

interval for the amplitude sweep test was 0.001 ~ 200%. The morphology of the printed 

structures, including the filament diameter, was characterized by optical 

stereomicroscopy (Stemi 2000-C, Carl Zeiss, Oberkochen, Germany) and scanning 

electron microscopy (FEI Quanta 200 ESEM, Eindhoven, The Netherlands). 

4.4 Result and discussion 

4.4.1 Rheological properties 

The supporting medium was fabricated using fumed silica as the thickening agent, 
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due to its ability to form network structures based on intertwined chain-like assemblies 

of colloidal particles and oil when the percolation threshold is reached, generating a 

gel[26]. Conversion between breaking and rebuilding of the network structure occurs 

under the dynamic shear stress caused by the moving nozzle, allowing for the 

embedding and shape retention of the extruded ink filaments (see Fig. 4.1a). Using this 

developed supporting medium, we employed a preceramic polymer ink to build a 

suspended coil with a height of 2 cm in only a few seconds, a printing speed which is 

much faster than that of photolithography or binder jetting technologies (Fig. 4.1b, c).  

 

 
Fig. 4.1 (a) Schematic of embedded direct ink writing, (b) printing a coil into the 

supporting medium, (c) coil printed using a preceramic ink. 
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Rheological tests were carried on the supporting medium containing different 

contents of fumed silica (10, 13, 16, 19 wt%). Fig. 4.2a shows that all the supporting 

medium compositions displayed a shear thinning behavior, with viscosity decreasing at 

least two orders of magnitude when the shear rate increased from 0.01 to 102 s-1 (~ 400 

to 1 Pa·s, when considering the medium with 19 wt% of fumed silica). More viscous 

supporting media result from the higher content of fumed silica, as expected, due to the 

more interaction between the colloidal particles within the oil. Storage/loss modulus 

(G' / G'') curves as a function of the shear strain (Fig. 4.2b) displayed a linear 

viscoelastic region at lower shear strain, where G' was independent on the shear strain 

and higher than G'', indicating that the system had a solid-like behavior [13,27]. 

Furthermore, the simple standard tube inversion test showed that no apparent flow 

occurred after inversely standing the vials for 1h, confirming the solid-like behavior of 

the supporting medium in the absence of shear stresses higher than the force of gravity 

itself (see Fig. 4.3)[24,28]. After the crossing point where G' is equal to G'' (where the 

shear stress is called yield stress τy), G' became lower than G'' and decreased rapidly 

because of the breaking of the gel network, indicating a that the system had liquid-like 

behavior. The transformation from solid to liquid confirmed that the supporting medium 

had the desired properties for performing EDIW. Furthermore, G' increased from 385.1 

to 2131.4 Pa with the increasing content of fumed silica, providing a sufficiently high 

modulus to support the printed structures inside the medium. An appropriately low τy 

value, in the range of 8.1 ~ 33.7 Pa, assured the possibility of freely moving the printing 

nozzle and prevented the breaking up of the printed filament (details about G' and τy are 

summarized in Tab. 4.1). According to previous literature [29], a crevice forms only 

when the yield stress is larger than the hydrostatic pressure at a given depth h, described 

by τy ≥ ρgh, where 𝜌𝜌 is density of the supporting medium and g is the acceleration of 

gravity. Considering the rheological properties of the four supporting media developed 
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in this work, the minimum depth for achieving the formation of a crevice was 0.86, 

1.36, 2.09 and 3.44 mm (ρ was 0.966, 0.983, 0.996, 1.001 g/cm3), respectively, which 

is quite easy to achieve. 

 

 

Fig. 4.2 Rheological tests for the supporting media with different contents of fumed 

silica: (a) viscosity vs shear rate, (b) storage/loss modulus (G' / G'') vs shear strain, (c) 

storage modulus vs frequency at 0.5% shear strain, (d) shear stress vs shear rate 

(dashed lines are the fitting curves from the Herschel−Bulkley model). 
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Fig. 4.3 Tube inversion test. 

 

Tab. 4.1 Experimental and fitting rheological parameters for the four different 

supporting media 

Content 

(wt%) 

Experimental Fitting 

G' (Pa) 𝝉𝝉𝒚𝒚 (Pa) 𝝉𝝉𝒚𝒚′  (Pa) K n 

10 385.1 8.1 11.9 5.2 0.69 

13 590.9 13.1 21.4 37.6 0.55 

16 879.8 20.4 24.0 76.1 0.50 

19 2131.4 33.7 30.7 265.5 0.38 

 

Fig. 4.2c shows that in the frequency sweep test at 0.5% shear strain, G' displayed 

few changes when the frequency increased from 0.01 to 100 Hz, indicating that the 

supporting medium would remain stable during the printing procedure. For 

investigating the recovery time related to the supporting medium, a three intervals 

thixotropic test was performed (see Fig. 4.4). During the test, 0.1% (𝜏𝜏 < 𝜏𝜏𝑦𝑦) and 100% 

(𝜏𝜏 > 𝜏𝜏𝑦𝑦) shear strain was applied for 1 minute in the 1st and 2nd interval, then a 0.1% 

shear strain was applied for 3 minutes in the 3rd interval. The results show that G' 

increased immediately at the beginning of the 3rd interval, and became 5 ~ 10 times 

higher than G'' within 20 seconds, indicating the quick modulus recovery required for 
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holding in place the printed structures, enabling the retention of their shape. 

 

 

Fig. 4.4 Three intervals thixotropic test for supporting media with different contents 

of fumed silica. At a frequency of 1 Hz. 0.1%, shear strain (𝜏𝜏 < 𝜏𝜏𝑦𝑦) was applied for 1 

minute in the first phase and 100% shear strain (𝜏𝜏 > 𝜏𝜏𝑦𝑦) for 1 minute in the second 

phase. Then 0.1% shear strain was applied for 3 minutes in the third phase. 

 

To describe the shear thinning behavior of the ink flowing from the printing 

nozzle under pressure, the Herschel−Bulkley model was adopted [27]: 

𝜏𝜏 = 𝜏𝜏𝑦𝑦 + 𝐾𝐾𝛾̇𝛾𝑛𝑛 

where 𝜏𝜏  is the shear stress, 𝜏𝜏𝑦𝑦  is yield stress, 𝛾̇𝛾  is shear rate, 𝐾𝐾  is a viscosity 

parameter and 𝑛𝑛 (𝑛𝑛 < 1) is the shear thinning exponent. The shear stress-shear rate 

curves and the corresponding fitting curves according to the above equation are reported 

in Fig. 4.2d. All the fitting parameters from fitting are listed in Tab. 4.1., and the R2 

correlation coefficient was 0.998, 0.995, 0.994 and 0.974 for the supporting media 
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containing either 10, 13, 16 or 19 wt% of fumed silica, respectively. We can observe 

that the experimental results were fitted quite well by the chosen theoretical model, with 

𝜏𝜏𝑦𝑦′   values from the fitting quite close to the experimental ones 𝜏𝜏𝑦𝑦  except for the 

deviation at low 𝛾̇𝛾 values in the 10-2 ~ 10-1 s-1 range, where near Newtonian behavior 

dominates [30]. The value for 𝑛𝑛  was smaller than 1 for all the supporting media, 

confirming that they possessed a shear thinning behavior. Increasing 𝐾𝐾 values with 

increasing content of fumed silica indicates an increase of the viscosity of the 

supporting media, in agreement with the results shown in Fig. 4.2a. Concerning the 

flow of a fluid caused by the traveling of a nozzle within it, the Oldroyd number (Od) 

and Reynolds number (Re) were calculated (see ) (see Tab. 4.2) according to previous 

literature[18,31,32], in order to further assess the effect of the fluid on the retention of 

the main features of the printed structures. Od is defined as the ratio of the yield stress 

to viscous stresses, providing the dimension of the yield region around the nozzle and 

Re is the ratio of inertial to viscous forces. The Od number increased with the decreasing 

of content of fumed silica, leading to a smaller yield region around the nozzle (which 

is limited to 3~4 times the nozzle diameter under a similar Od number) and increasing 

the geometrical precision of the printed features.[18] The Re number likewise decreased 

with increasing the content of fumed silica, but it was quite small for all the media 

indicating stable flow conditions with few disturbances affecting the printed structures. 

 

Tab. 4.2 Summary of Od and Re numbers for the four supporting media. 

 

SiO2 content/ wt % 10 13 16 19 

Od 1.48 0.40 0.23 0.09 

Re 6.72 × 10-2 1.05 × 10-2 5.37 × 10-3 1.6 × 10-3 
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4.4.2 Ink printability and control of the filament diameter in different 

supporting media 

When investigating the printability of an ink, we need to consider two key factors 

concerning the embedded DIW process, that is: a) facile extrusion of the paste from the 

nozzle and b) stable retention of the printed material within the supporting medium. 

Therefore, we report the results concerning the relationship between the amount of MK 

in the preceramic ink and the content of fumed silica in the supporting medium (see Fig. 

4.5). When the amount of fumed silica was too low (< 8 wt%), the medium was not 

able to provide enough support to the extruded material, leading to the sinking and loss 

of shape of the printed structure (Fig. 4.6a). When the fumed silica content was too 

high (≥21 wt%), the nozzle had difficulties in moving inside the supporting medium. 

When using a 400 μm nozzle and a maximum air pressure of 0.6 MPa, an amount of 

MK in the ink higher than 90 wt% resulted in clogging. Inks with a MK content lower 

than 75 wt% were too liquid to be printed into a continuous filament. Furthermore, 

unstable printing tended to occur when there was a large difference between the amount 

of MK in the ink and the amount of fumed silica in the supporting medium (region 1 

and 3 in Fig. 4.5, see later). In region 1, where ink with higher MK content and 

supporting medium with low fumed silica amount were used, the printed filament 

would be dragged by the moving nozzle, due to the relatively low yield stress of the 

supporting medium, leading to a much smaller coil (Fig. 4.6b) than the one fabricated 

using a combination of MK and fumed silica content within the region 2, corresponding 

to the conditions of good printability (Fig. 4.6c). In region 3, the printed filament 

assumed a distorted, ribbon-like shape (Fig. 4.6d) instead of maintaining the desired 

cylindric cross-section, due to the relatively high storage modulus of the supporting 

medium containing a large amount of fumed silica, generating additional stresses within 

the printed material.  
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Fig. 4.5 Printability as the function of the content of MK in the of the preceramic ink 

and of fumed silica in the supporting medium. 

 

 

Fig. 4.6 Example of printability/not printability for different ink/supporting medium 

combinations: (a) unsupporting medium, (b) filament dragging, (c) stable printing, (d) 

distorted filament shape. 

 

When performing EDIW, the diameter of the printed filament could be affected by 

the pressure and the nozzle movement speed, as well as the rheological characteristics 

of the supporting medium and of the ink. Therefore, for a given preceramic ink with a 

MK content of 85 wt%, we performed tests varying the dynamic pressure and the nozzle 
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movement speed when carrying out printing into supporting media with four different 

amounts of fumed silica. Considering the shape distortion when printing in a supporting 

medium with higher content of fumed silica, the diameter values here reported are 

representative only of the lateral dimension of the filament. In Fig. 4.7 the data are 

reported according to 2D contour plots, in which color represents the filament diameter. 

The selected an ink with the MK content specified above because it was printable in all 

the tested supporting media. Considering the results for the samples manufactured in 

the supporting medium containing 10 wt% of fumed silica (Fig. 4.7a), the filaments 

tend to be larger than the nozzle diameter when printed at high pressure and lower speed, 

and a similar situation occurs also when processing in the other supporting media (Fig. 

4.7b-d). We can observe that the filament diameter is less dependent on the nozzle 

movement speed at lower pressure in the 10 wt% silica supporting medium. However, 

that dependence becomes much more significant when increasing the content of fumed 

silica from 13 to 19 wt%, which can be attributed to the larger drag produced by the 

more viscous surrounding media. In the region of higher pressure (> 0.25 MPa) and 

speed (> 12 mm/s), the filament diameter shows few changes with respect to the nozzle 

diameter when printing in all supporting media. To conclude, the content of fumed silica 

shows a significant effect on the filament diameter: at higher contents it leads to the 

shifting of the suitable printing region, where the filament diameter is equal to the target 

diameter 400 μm (light blue region), towards higher gas pressure and lower printing 

speed. Therefore, controlling the filament diameter when printing in different 

supporting media is possible by optimizing the gas pressure and the nozzle movement 

speed. 
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Fig. 4.7 Influence of pressure and nozzle movement speed on the diameter of 

filaments (before pyrolysis) printed in supporting media with different content of 

fumed silica: (a-d) 10, 13, 16, 19 wt%, respectively. A 400 μm nozzle was used in the 

test. 

 

In addition, we can observe that the aspect ratio of the cross-section of a filament 

was stable and close to 1 (i.e., circular cross-section) when printing was carried out in 

the 10 wt% supporting medium, while it tended to increase with increasing fumed silica 

content (Fig. 4.8), indicating that the filament would become distorted if printed in a 

much more viscous supporting medium, since the medium applies a higher resistance 

to the filament during printing. Therefore, according to our findings, it is better to select 

a supporting medium containing relatively less fumed silica in order to maintain the 

target cylindrical shape of the printed filament. 
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Fig. 4.8 (a) filament aspect ratio definition; (b) representative images of filament 

cross-section in four supporting media (pressure: 0.15 MPa, moving speed: 7 mm/s; 

(c) 2D contour plots of aspect ratio of filament cross-section under different pressure 

and moving speed. 

 

4.4.3 Embedded DIW 

When using the supporting medium with 10 wt% of fumed silica, suspended coils 

were fabricated in an efficient and facile way, as shown in Fig. 4.9. Several coils were 

printed within the same supporting medium (Fig. 4.9a, b), stably standing separate 

without sinking or sagging. Fig. 4.9c shows that an Archimedes screw with the base of 

coil (with diameter of 4 mm and length of 2 cm) printed in vertical direction could 

maintain the shape very well after extraction from the supporting medium. Coils with 

different pitches (2, 2,5, 3, 4 mm) (Fig. 4.9d) were fabricated, to further explore the 

stability of printed structures inside the supporting medium. Measurement of the coil 

pitches after printing (Fig. 4.10) indicates a high degree of retention (95~99%) with 

respect to the designed ones, confirming the high stability and accuracy achievable with 

this DIW method. The coils displayed a linear shrinkage of ~25% in the vertical 

direction, after pyrolysis, preserving the original shape without observing the presence 
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of any cracks. However, Fig. 4.9e shows some distortions due to inhomogeneous 

shrinkage deriving from the irregular suspended shape; the use of supports during 

pyrolysis might enable improving the shape retention during heating. Fig. 6 shows the 

microstructure of the surface and cross-section of a pyrolyzed coil. We can point out 

that, differently from the layered surface structures typically observed in parts printed 

by DLP/SLS (stair stepping effect), the surface of samples fabricated by embedded 

DIW is smoother, potentially leading to higher strength for the components due to a 

reduction of the surface flaws (Fig. 4.11a) [33]. A dense, pore and crack-free filament 

cross-section can be seen in Fig. 4.11b, demonstrating that no macro-defects were 

introduced into the filament during the printing procedure. 
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Fig. 4.9 Digital images of supporting medium (10 wt% fumed silica) with printed 

coils: (a) front view, (b) top view; (c) printed Archimedes screw and (d) coils with 

different pitches (2, 2.5, 3, 4 mm, respectively); (e, f) pyrolyzed samples. 
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Fig. 4.10 Retention (before pyrolysis) and shrinkage (after pyrolysis) of coil pitches. 

 

 
Fig. 4.11 Microstructure of the surface (a) and cross-section (b) of a coil (after 

pyrolysis). 

 

To further characterize the ability of the supporting medium to sustain filaments 

printed in very different directions, a sagging test was carried out by printing 2 cm long 

individual filaments at different angles inside the medium containing 10 wt% of fumed 

silica (Fig. 4.12). We can observe that no sagging can be detected and all the filaments 
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remained suspended at the correct designed angles, even with the large length-to-

diameter ratio of 50, demonstrating the possibility of fabricating structures with very 

long spanning features (note: the lines that can be seen in Fig. 4.12 protruding from the 

end of the printed filaments - where the blue arrows end – are due to fact that the 

adopted printing system does not allow for an immediate stop of flow, and therefore 

some material was further extruded from the nozzle after ending the individual filament 

print job). 

 

 

Fig. 4.12 Sagging test for filaments (with a length of 2 cm) printed at different angles: 

0, 20, 40, 60, 80, 90°. Images from different views. 

 

To further demonstrate the flexibility of this method, other complex structures were 

fabricated, possessing such suspended structures that would be very difficult to print 

using the normal DIW approach, without a very strict and complex control of the ink 

rheology (in particular, the recovery time of the initial high viscosity after extrusion 

from the nozzle should be extremely small). 3D letters reading “UNIPD” were printed 

by designing a continuous path along different direction (Fig. 4.13a), proving the 
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possibility of omnidirectional freeform printing using this approach. A little distortion 

in the fabricated structures occurred due to the dragging of the ink during traveling of 

the nozzle from one position to the next. This is caused by the use of a manually 

operated on-off gas pressurized system, and can be improved by using a precision 

automatic valve. A hollow cylinder composed of circles and wave-like curves was 

printed as well (Fig. 4.13b), showing no deformation and a very good degree of shape 

retention in comparison to the design after both printing and pyrolysis. 

 
Fig. 4.13 3D model and printed parts: (a) “UNIPD” letters; (b) hollow cylinder with 

structured walls (Φ 12 × 10 mm) before and after pyrolysis. 
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Fig. 4.14 Printing with inks composed of metal or ceramic powders (before sintering): 

(a) Ti, (b) Ti2AlC, (c) Al2O3. 

 

Besides basing most of our experiments on the printing of a preceramic ink, we 

wanted to demonstrate that the EDIW approach could be successfully applied to the 

fabrication of complex structures made of other materials. Therefore, we printed inks 

based on three different powders, namely Ti, Ti2AlC and Al2O3, using a supporting 

medium containing 10 wt% of fumed silica. Similarly to when printing the pure 

preceramic ink, coils with different pitches were able to stand freely in the supporting 

medium, showing no sagging nor deformation after extraction (see Fig. 4.14a-c; 

sample). The possibility of free-forming different materials, such as preceramic 

polymers, metal and ceramic powders, into components with complex and suspended 

architectures greatly extends the applicability of DIW for the fabrication of structures 
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with advanced geometrical features, previously precluded to this printing technology, 

suitable for a wide range of specialty applications.  

4.5 Conclusions 

In summary, the fabrication of preceramic polymers into components with complex 

and suspended structures was achieved by embedded DIW using a supporting medium 

composed of vegetable oil and fumed silica. Printability was investigated as a function 

of the content of the preceramic polymer in the ink and of the fumed silica in the 

supporting medium, and the rheological tests enabled to assess the range of yield stress 

and modulus values for system that were suitable for printing the chosen ink. The 

investigation of the printing parameters indicated that gas pressure and nozzle 

movement speed have a great impact on the diameter of the printed filaments, which is 

much more significant when increasing the content of fumed silica in the supporting 

medium. Complex freeform structures, such as coils, 3D letters and hollow cylinders 

with structured walls, not printable using only DIW, were fabricated without sagging or 

other deformations, possessing high quality surfaces and dense, defect-free cross-

sections, after pyrolysis. Last but not least, successful printing of inks based on metal 

and ceramic powders into suspended structures was achieved, demonstrating that 

embedded DIW is a highly versatile method that can be used with materials possessing 

different characteristics, such as density. This work may offer a promising opportunity 

for fabricating sophisticated structures in fields such as tissue engineering, biomedicine, 

electronic device and so on, significantly extending the range of applicability of the 

DIW additive manufacturing approach to the fabrication of components with complex 

architectures.   
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5 Concluding remarks and future perspectives 

This work was performed focusing on three aspects of the fabrication of PDC-based 

components with DIW: (Ⅰ) inks based on different preceramic polymers, (Ⅱ) DIW 

assisted by other techniques, (Ⅲ) investigation of structure-dependent relationships. 

For the first aspect, in this work we used two different preceramic polymers: MK 

and PDMS, both of which show high ceramic yield (MK: 80.32 wt%, PDMS: 72.5 

wt%). The difference between them is that the crosslinked green body of MK is rigid 

while that of PDMS is flexible. Therefore, MK were applied in embedded DIW for 

suspended structure while the flexibility of PDMS enabled the secondary shaping 

processes after printing toward further sophisticated ceramic architectures.  

For the second aspect, to address the limitation of DIW towards the fabrication of 

complex ceramic structures (including macro and micro structures), other techniques 

(origami, robotic arm, supporting bath and sacrificial template) were used for 

fabricating SiOC structures, such as sharply curved and twisted ones, cylindrical lattices, 

suspended and highly spanning structures, hierarchically porous architectures.  

For the third aspect, after the study on how to enable printing of a wide range of 

shapes, we investigated the dependence of selected properties on the printed structure, 

including mechanical properties and air permeability and demonstrating the possibility 

of performance enhancement by optimization of the architecture of the component 

without reducing its porosity. 

An interesting future possibility is studying multi-materials component system by 

Embedded Ink Writing. With the evolution of technology, it’s often desirable to develop 

multi-functional components and devices comprised of multi-materials to meet the 

increasing requirements. Additive manufacturing of multi-materials would be a great 

candidate to integrate various properties (such as mechanical, electrical and chemical 

properties, etc.) into individual components, with a wide range of applications. As 

mentioned in the section “Embedded Direct Ink Writing of Freeform Ceramic 
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Components”, we successfully printed suspended structures not only from a preceramic 

polymer but also using inks based on metal and ceramic powders. As long as coupled 

with multi-nozzle system, it would be feasible to achieve sophisticated multi-materials 

component (e.g. composites of ceramic and metal) in a fast and cost-efficient way. It’s 

a promising strategy for the fabrication of multi-material systems, though there are 

some issues that will need to be addressed, such as the interfacial bonding and post 

heating treatment. 

Another interesting study could be DIW of a sacrificial material (e.g., water or oil) 

into a solution of preceramic polymer to achieve the design of an internal structure 

within a ceramic component, with potential application in porous ceramic and 

microfluidics. Being opposite to the embedded DIW approach mentioned in the part 

“Summary of results”, where printing is performed by extruding a preceramic polymer 

into a soft supporting medium, printing inside a preceramic polymer solution would 

allow for the drawing of internal continuous pore structures, especially for ordered 

hierarchical porous ceramic parts (although we fabricated hierarchical porous structures 

with assistance of sacrificial template PMMA, the arrangement of pores is still 

stochastic). In addition, PDCs have a high potential in microfluids, due to their superior 

chemical and thermal stability, and the flexibility and free-form design of an internal 

channel structure provided by “carving inside preceramic polymer” would be worth 

exploring. By modification of the sacrificial template or of the preceramic polymer 

solution and additives, it should be possible to retain the hollow structures inside a 

solution of preceramic polymer after printing and solidification.  
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