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ABSTRACT 
 
PRODUCTION AND CHARACTERIZATION OF POROUS CERAMICS 

FOR HIGH TEMPERATURE APPLICATIONS 

 
This thesis focuses on the production and characterization of different porous 

polymer derived ceramic (PDC) components (foams, additively manufactured (AM) 

honeycombs, and aerogels) and demonstrates their potential for high temperature 

applications, including gas permeability (up to ~700 oC), molten metal filtration, and 

heat exchanger. 

The foams were produced via the replica technique and different pore sizes, 

ranging from 300 μm to 2 mm, silicon oxycarbide (SiOC) ceramic foams were able to 

be formed. The average total porosity of the foams was 96 vol% with a specific surface 

area (SSA) of ~80 m2/g. AM-made honeycomb-like cellular structures with different 

cell sizes (578 μm, 1040 μm) were obtained via fused filament fabrication. Finally, 

SiOC aerogels were synthesized using siloxane resin, then dried at ambient pressure and 

room temperature. The produced SiOC aerogels showed a total porosity of around 80 

vol% and an SSA reaching 250 m2/g. 

Regarding the high temperature applications of porous PDC components, 

initially, the gas permeability of SiOC foams was tested, and the results showed stability 

up to 700 °C in the air without any loss of functionality, offering reusability even in 

aggressive environments. In the subsequent studies, filtration of molten aluminum alloy 

was tested using various porous components. PDC foams demonstrated better 

performance in comparison to the AM-made cellular structures and commercial SiC 

foams. Finally, heat exchange analysis was performed to evaluate the heat transfer of 

SiOC foams, and an increase in pressure drop was found to be directly proportional to 

the rate of increase in air velocity.  
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ÖZET 
 
 

YÜKSEK SICAKLIK UYGULAMALARI İÇİN GÖZENEKLİ 

SERAMİKLERİN ÜRETİMİ VE KARAKTERİZASYONU  
 

 

Bu çalışma içerisinde, farklı gözenek yapısına sahip polimer türevli seramikler 

(polymer derived ceramic, PDC) üretilmiştir. Öncelikle polimerik yapıda köpükler, 

ardından eklemeli imalat (additive manufacturing, AM) ile üretilmiş petek benzeri 

yapılar ve son olarak da aerojellerin imalatı yapılmıştır. Ortaya çıkan gözenekli 

seramikler gaz geçirgenlik (~700 oC'ye kadar), eriyik metal filtrasyonu ve ısı eşanjörü 

gibi yüksek sıcaklık uygulamaları için testlere tabi tutulmuşlardır. 

Seramik köpükler replika tekniği ile üretilmiş ve 300 μm ile 2 mm arasında 

değişen farklı gözenek boyutlarına, hacimce ortalama %96 toplam gözenekliliğe ve 

yaklaşık 80 m2/g spesifik yüzey alanına (specific surface area, SSA) sahip silikon 

oksikarbür (SiOC) seramikleri elde edilmiştir. Eklemeli imalat ile petek benzeri 

hücresel yapılar farklı hücre boyutlarıyla (578 μm, 1040 μm) üretilmiştir. Son olarak, 

SiOC aerojelleri siloksan reçinesi kullanılarak jel haline getirilmiş ardından ortam 

basıncı ve oda sıcaklığında kurutularak polimerik aerojellerin sentezi yapılmıştır. 

Yüksek sıcaklık pirolizi sonucunda elde edilen SiOC aerojelleri, hacimce yaklaşık %80 

toplam gözeneklilik ve 250 m2/g SSA değeri vermiştir.  

Yüksek sıcaklık uygulamalarıyla ilgili, ilk olarak SiOC köpüklerinin gaz 

geçirgenlik testleri yapılmış ve sonuçlara göre test edilen köpükler herhangi bir 

işlevsellik kaybı olmadan havada 700 °C'ye kadar stabilite göstererek, agresif 

ortamlarda bile yeniden kullanılabilirlik imkânı sunabilmişlerdir. Takip eden 

çalışmalarda, eriyik alüminyum alaşım filtrasyonu, çeşitli gözenekli bileşenler 

kullanılarak test edilmiş ve PDC köpükleri hem AM ile üretilen hücresel gözenekli 

yapılara hem de ticari SiC köpüklerine kıyasla daha iyi performans göstermiştir. Son 

olarak, SiOC köpüklerin ısı transferini değerlendirmek için ısı eşanjörü testleri yapılmış 

ve sonuçlar basınç düşüşündeki artışın, hava hızındaki artış oranıyla doğru orantılı 

olduğunu göstermiştir. 
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CHAPTER 1 
  

 

INTRODUCTION AND MOTIVATION 
 

 

Ceramics have great potential to be used in high temperature technological 

processes that include furnace elements, thermal insulators, filtration (gas & liquid) 

devices, porous burners, heat exchangers, etc., due to their good thermal and chemical 

stability. As can be seen in Figure 1.1, the increase in the number of publications in the 

last two decades (note that the data is incomplete for 2022, as the year had not yet been 

concluded when the data was obtained) shows a genuine interest in the topic. 
Production of porous ceramics from preceramic polymers, i.e., polymer derived 

ceramics (PDCs), provides benefits compared to the conventional methods (e.g., 

traditional high temperature powder consolidation and sintering techniques) including a 

low processing temperature and simple production steps. PDCs are amorphous materials 

composed of nanodomains such as carbon, silicon carbide (SiC), or silicon nitride 

(Si3N4), depending on the processing conditions and preceramic polymer type.1 When 

polysiloxanes, i.e., the most economical type of preceramic polymers, are pyrolyzed in 

the temperature range of ≥800-1400°C, an amorphous silicon oxycarbide (SiOC) with 

the general formula SiOxC4-x (0<x<4) is obtained. SiOC is an anionic modification of 

silica-glass, in which some of the divalent oxygen atoms are replaced by tetravalent 

carbon atoms. This modification provides enhanced properties compared to silica glass.2 

For instance, compared to vitreous silica, PDC provides enhanced high temperature 

creep and oxidation resistance.1,3–6 The viscosity of amorphous PDCs is not only 2-3 

times higher than that of vitreous silica but also the highest of all glasses.7,8 These 

properties of PDCs have made them promising materials for high temperature 

applications. 
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Figure 1.1. Number of publications resulting from a google scholar search with the 

keywords “high temperature applications”, “hot gas filters”, “molten metal 

filters”, “porous burners”, “high temperature thermal insulators”, “heat 

exchangers”, and “ceramics”. Data were extracted and merged from 1 

January 2000 up to 1 July 2022, and the line represents an exponential 

growth function fit. (Source: Google Scholar, 2022) 

 

 

Despite numerous studies focused on the production of porous PDCs, there are 

only a few studies on the applications of these PDC structures, particularly for high 

temperatures. Accordingly, this thesis focuses on the production and characterization of 

porous PDC components such as foams, honeycomb-like cellular structures, and 

aerogels, and shows their potential for high temperature applications, such as gas 

permeability (up to ~700 oC), molten metal filtration, and heat exchanger. 
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CHAPTER 2 
 

 

LITERATURE REVIEW     
 

 

Published in part in: Vakifahmetoglu, C., Semerci, T., Gurlo, A., & Soraru, G. 

D. “Polymer derived ceramic aerogels”. Current Opinion in Solid State and Materials 

Science, 25(4), 100936, (2021). 

 

 

2.1. Polymer Derived Ceramics (PDCs) 
 

 

Preceramic polymers (PP) are organosilicon-based polymers that generally 

contain a Si chain backbone, as shown in Figure 2.1, and have been used to obtain Si-

based polymer-derived ceramics (PDCs) since the early 1960s.9 PDC route enables the 

production of Si-based binary (e.g., SiC),10–12 ternary (e.g., SiOC,10,13,14 and SiCN15–17), 

quaternary (e.g., SiBCN,15,18,19 SiCNO,20,21 and SiBCO22,23), and pentanary (e.g., 

HfSiCNO (Hf-O-doped SiCN),24 and SiHfBCN5) ceramics. 

PDCs having cellular and 3D complex structures have been produced using 

PPs.25–27 Ceramic production using PP has many advantages over the conventional 

method (sintering of ceramic powder).28 For instance, PPs require low processing 

temperatures compared to ceramic powders.29,30 Additionally, PDCs do not need 

sintering additives. It is possible to shape preceramic polymer with low-cost techniques 

including compression/injection molding, spinning, and extrusion.31–34 
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Figure 2.1. Main classes of silicon-based preceramic polymers. 

                                         (Source: Barroso, G et al., 2018)35 

 

 

The microstructural properties of the final PDCs can be altered by varying the 

amount of carbon in the structure. Previously,  it was shown that the carbon in the 

structure adversely affected the PDCs’ properties, but recently it has been discovered 

that carbon-rich PDCs show more enhanced properties than that of low-carbon PDCs 

under certain conditions.36–39 Free carbon contributes towards multifunctional properties 

of carbon-rich PDCs that include piezoresistivity,40 corrosion resistance,41 electrical 

conductivity,42,43 and creep resistance.3,44  

Production of PDCs consists of the following steps (see Figure 2.2): (i) synthesis 

of precursors (or using commercial preceramic polymers), (ii) shaping and crosslinking, 

and (iii) polymer to ceramic transformation (i.e., ceramization). 



  

    5 
 

It is possible to adjust the chemical and physical properties of the final PDC by 

synthesizing precursors. There are key points that affect this synthesizing process.8,45 

One important point is that the polymers should have enough high molecular weight and 

a cage-like structure to prevent volatilization. Another point is to adjust the solubility 

and viscosity properties of precursors. On the other hand, preceramic polymers, as 

presented in Figure 2.1, are widely used to produce high-efficiency PDC.  

Since production parameters such as solubility and viscosity of preceramic 

polymers can be adjusted, PDCs can be easily obtained with a variety of shaping 

methods including but not limited to coating,46,47 spinning,32,48 and 3D printing.14,49   

Crosslinking is the most important step in PDC production because it contributes 

toward maintaining the obtained shape and increasing the ceramic yield by producing 

non-fusible thermoset structures and avoiding the loss of organosilicon species.50 This 

process can be carried out in an oxidative or inert atmosphere (e.g., polysiloxane or 

polysilazane) by various kinds of exposures that include thermal, and ultraviolet 

(UV).51,52 The thermal crosslinking process takes place through reactions formed by the 

reactive groups of the preceramic polymers.8 In essence, some of these reactions can be 

listed as follows: hydrosilylation (Si-H/CH=CH2), dehydrocoupling (Si-H/Si-H and Si-

H/N-H, etc.), and vinyl polymerization (CH=CH2).53–55 Furthermore, the catalyst used 

during thermal crosslinking can also affect the curing process. The UV crosslinking 

process is achieved by using photosensitive functional groups to obtain the cured 

polymer even at room temperature.56,57 

PDCs are obtained by pyrolysis (organic-inorganic transition) of crosslinked 

preceramic polymers in an inert atmosphere between 600-1400 °C.8 During this 

transition, the release of organic functional groups including CH4 and C6H6 takes place 

and mass loss occurs which is generally between 10-30%.58 This mass loss is associated 

with the efficiency of the preceramic polymers and ceramic yield.47 At low pyrolysis 

temperatures (above 400 oC), the release of gaseous decomposition products causes 

transient microporosity with high specific surface area (SSA). This porosity disappears 

at high temperature pyrolysis (800-1000 oC) because of the densification 

mechanism.47,58 On the other hand, crystalline ceramic is obtained when the thermoset 

structure is pyrolyzed at high temperatures (above ~1200 oC) by starting to grow nano-

sized crystals.59 
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Figure 2.2. Production steps of PDCs at various temperature ranges. 

 

 

2.1.1. Silicon Oxycarbide (SiOC)  
 

 

Silicon oxycarbide is an amorphous material that consists of silicon atoms 

coordinated with oxygen and carbon atoms.1,37,60 The structure of SiOC contains a 

random network of Si-C and Si-O bonds with tetrahedral units of SiOxC4-x (0<x<4). 

This network shows a full range of mixed bonded with possible Si sites (SiC4, SiC3O, 

SiC2O2, and SiO4), that mostly depends on initial polymer composition and pyrolysis 

temperature.41 

Thermoset structures, i.e., cured preceramic polymers, turn into an amorphous 

material when the pyrolysis temperature is increased above ~500 °C. During this 

transformation, hydrocarbon gases, i.e., CH4 and C6H6, and the hydrogen gas leave the 

system and free carbon accumulates. Because of this carbon formation, SiOC is also 

called black glass. 

The presence of free carbon in PDCs, especially in SiOC, has been often 

reported in the literature.15,39,61,62 By heat treating at low temperatures free carbon is 

precipitated as carbon cluster [Basic Structural Units (BSU)], whereas high 

temperatures yield graphite carbon regions.63 The influence of saturated (methyl, 

propyl, etc.) and unsaturated (phenyl, allyl, etc.) hydrocarbons on free carbon are 

different. Saturated groups have a less free carbon effect on PDC, while unsaturated 

ones have a greater effect.1 In one particular study, it was shown that the amount of free 

carbon in the obtained SiOC increases with the increase of the phenyl groups in the 

preceramic precursor.63 Changes in the thermal treatment processes during PDC 

production also influence the free carbon.64,65  

Ceramer (CERAmic + polyMER) is a particular type of PDC that occurs when 

pyrolysis is carried out at 600 to 800 oC.66 SiOC glass is obtained by the cleavage and 
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volatilization of organic groups including hydrocarbon and hydrogen gases at T>1000 
oC.8,67 When heat treated at a higher temperature (T>1400 oC), SiC formation begins in 

certain areas.68 The size of the formed SiC nuclei also increases with phase separation. 

Figure 2.3 shows HRTEM images of SiOC glass obtained from sol-gel process when 

the material is pyrolyzed between 1000 and 1400 °C in Ar.60 While the sample treated 

at 1000 °C shows an amorphous network as well as a low phase contrast, a few lamellar 

structures (shown in the inset) are observed in turbostratic carbon, as depicted in Figure 

2.3 (a). Figure 2.3 (b) shows that, when heat treated at a higher temperature (T>1200 
oC), SiOC is completely amorphous with only a weak phase contrast. Few lamellar 

features are observed which refer to BSU. Darker regions and lattice fringes that belong 

to SiC precipitates are shown in Figure 2.3 (c) while Figure 2.3 (d) shows numerous 

nanosized SiC precipitates. 

One of the proposed models on the SiOC structure is shown in Figure 2.3 (e).69 

This model shows nanodomains of SiOC ceramic produced by pyrolysis under Ar at 

1200 °C. The presence of amorphous silica regions and graphene cage-like networks are 

observed and the width of silica nanodomains is measured using SAXS as 1-5 nm. The 

structure shown in this model explains the properties of SiOC, notably an outstanding 

creep resistance and unique viscoelastic behavior.  
Preceramic polymers have been successfully used to produce both open and 

closed porosity ceramic components since using them provides advantages over the 

conventional method. For this reason, recently porous components have been widely 

produced and used in different applications. These porous ceramics, especially porous 

PDC, production methods, applications including filtration (gases & liquids), as well as 

thermal and sound insulation will be described in the following sections. 
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Figure 2.3. HRTEM images of SiOC glass annealed at (a) 1000 °C, (b&c) 1200 °C, (d) 

1400 °C in Ar, and (e) a proposed model for the nanodomains in low-

medium carbon containing SiOC. (Sources: Kleebe, H-J et al., 2001; Saha, 

A et al., 2006)60,69 

 

 

2.2. Porous Ceramics 
 

  

Porous ceramics have a unique combination of properties including high 

mechanical strength in addition to thermal and chemical stability at low relative density. 

In the last 30 years, considerable effort has been devoted to the production of both open 

and closed porosity ceramics to benefit from these desirable properties.70 Hence, porous 

materials are of great interest for a wide range of technological processes that include 

insulation (thermal & sound), catalyst support, and absorption.71,72 The applications of 

porous ceramics can be diversified according to their porosity properties. For instance, 

high surface area improves the functionality of the material while macroporosity 

improves heat and mass transfer.73 

Cellular ceramics are highly porous (total porosity >60 vol%) materials with 

polyhedral cells and can be described mostly as a typical honeycomb or foam depending 

on their morphology. Honeycombs consist of regularly uniaxial channels, while foams 
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have reticulated structures with a 3D interconnected porosity. Figure 2.4 (a&b) shows 

the AM-made ceramic honeycomb with hexagonal cells obtained by direct foam writing 

of particle-stabilized foams.74 The term porosity in foams is measured in pores per inch 

(ppi) and refers to the number of pores in one linear inch. Alumina foams having a 

porosity value of 10 and 27 ppi prepared by the replica method are shown in Figure 2.4 

(c&d).75 

 

 

 
 

Figure 2.4. (a&b) Representative AM-made hexagonal ceramic honeycomb. The inset 

shows the SEM image of the closed porosity microstructure of the node; 

and photographic images of alumina foams with porosity of (c) 10 ppi, and 

(d) 27 ppi. (Sources: Muth, J et al., 2017; Hadi, A et al., 2015)74,75 

 

 

There are different possibilities for categorizing porous components. One of the 

most used is based on pore size according to the IUPAC definition.76 In this 

terminology, the pores are defined based on macroporous polymeric materials with pore 

sizes between 50 nm and 1 μm. According to this definition, pores are classified as 

microporous when the pore size is < 2 nm, mesoporous when the pore size is in the 2-50 

nm range, and macroporous when the pore size is > 50 nm. A variable definition based 

on "cell" has been adapted from the plastics industry to distinguish between micrometer 
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to millimeter-sized pores. Therefore, pores between 1 and 100 μm are called 

microcellular, while pores larger than 100 μm are called macrocellular. It is important to 

note here that cell and pore sizes refer to the different structures of ceramics. A cell has 

a small opening on the cell face/wall, which is generally called a cell window (pore). 

Figure 2.5 shows the difference between the cell and cell window sizes. Apart from the 

pore size, pore structure/shape is also used for classification, where different material 

classes are represented by open (permeable, interconnected), blind (dead-end), closed 

(isolated), and mixed porosities. Depending on the pore structure, e.g., open/closed cell, 

cellular ceramics have various application areas including filtration (gases & liquids), 

lightweight sandwich structures, and heat exchange.77,78 

 

 

 
 

Figure 2.5. SEM image of open cell PU foam with 80 ppi showing cell and cell window 

sizes. 

 

 

2.2.1. Porous PDCs   
 

 

Production of porous ceramics using PP has advantages compared to the 

conventional method including a low processing temperature, simple production steps, 

and easy formability with low-cost techniques. Different fabrication methods have been 

developed to produce porous PDCs. Since porous PDC production methods, properties 
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and applications are adequately explained in comprehensive reviews,66,79 only the most 

common production methods are mentioned in this thesis. 

 

 

I) Sacrificial Templating 

 

 

Sacrificial templating method comprises polymer precursors and pore formers 

(sacrificial), the latter of which creates porosity after they are burnt out/decomposed.80 

This method is categorized as a negative replica since pore formers leave pores behind, 

contrary to the replica technique, which acts as a positive replication method. During 

the burn-out/decomposition process, gases might be released, resulting in a crack 

formation that affects the features of the obtained ceramic.81 However, dense struts are 

generally obtained with this method, yielding improved ceramic properties. 

Additionally, sacrificial templating provides an opportunity to obtain a porous PDC in 

the desired pore size and porosity via selecting the appropriate sacrificial template 

(according to the intended pore structure/size). In this regard, Table 2.1 lists properties 

of the porous PDCs obtained by sacrificial templating. 

SiOC foams were obtained by a mixture of precursor and poly(methyl 

methacrylate) (PMMA) microbeads (with sizes of 10, 25, 50, 100, and 185 μm), as 

shown in Figure 2.6.82,83 Gas permeability tests were carried out for the microcellular 

SiOC foam (10-150 μm cell size and 83-89 vol% total porosity) and k1 ~ 0.29 x 10-12 - 

92.00 x 10-12 m2 & k2 ~ 0.02 x 10-5 - 17.11 x 10-5 m were found. It was shown that gas 

permeability increases as the cell size increases.82 SiOC foams with total porosity >70 

vol% were also prepared with iron silicide micro powders as fillers to achieve a soft-

ferromagnetic property. The compressive strength of the foam decreased with the 

increase in the amount of iron silicate.83  
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Figure 2.6. SEM image of SiOC foam obtained with PMMA microbeads having the size 

of 25 μm. (Source: Biasetto, L et al., 2007)82 
 

 

Si(O)CN foams with cell size up to 15 μm, total porosity of ~61 vol%, and 

compressive strength of ~11.6 MPa were produced using PMMA microbeads.84 Apart 

from the PMMA beads, polystyrene (PS) [as depicted in Figure 2.7 (a)] and 

polyethylene (PE) are also used as sacrificial templates to obtain a porous structure.85,86 

SEM image of closed porosity SiCN foam obtained with PS beads is shown in Figure 

2.7 (b). SiOC foams having a total porosity of up to 70 vol% and 90 vol% were 

obtained by using epoxy powder and corn starch.87,88 In another study, polyurethane 

(PU) foam was synthesized using a blowing agent and then SiOC and SiOC+SiC foams 

were produced using PU foam as a sacrificial template.30,89,90 

 
 

   
 

Figure 2.7. SEM images of (a) PS beads, and (b) SiCN foam having closed porosity. 

(Source: Yan, J et al., 2007)85 
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Table 2.1. Properties of porous PDCs produced by sacrificial templating. 
 

Formed PDCs / 
Pore-forming 

agent 

Pore  
properties 

Other  
properties 

Possible  
applications Ref. 

SiOC foam / 
PMMA microbead 

ϕT ~ 70-89% 
Ø = 10-150 μm & 

10-50 μm 

σc ~ 1.3-9 MPa 
k1 ~ 0.29 x 10-12-92.00 

x 10-12 m2 

k2 ~ 0.02 x 10-5-17.11 
x 10-5 m 

Bs = 9.5-17 emu/g 

Aerosol filtration, 
ferromagnet in 

devices 
82,83 

SiOC foam / 
PMMA microbead 

& PE 

ϕT ~ 40-94% 
Ø ~ 9-100 μm σc ~ 12-16 MPa N.A. 86 

SiOC foam / 
Epoxy powder 

ϕT ~ 35-69% 
ρb ~ 0.62-1.31 g/cm3 

σc ~ 15-38 MPa 
E = 10 GPa (@ 56% 

ϕT) 
N.A. 87 

SiOC foam / 
Corn starch ϕT = 78-90% σc ~ 2-9 MPa N.A. 88 

SiOC & SiOC+SiC 
foams / 

PU 

ϕT ~ 80-90% 
ρb ~ 0.10-0.56 g/cm3 

Ø ~ 200-1100 μm 

σc ~0.7-14 MPa 
E ~ 15-450 MPa 
αl = 1.1 x 10-6 K-1 

N.A. 30,89,90 

SiOC / 
LDH 

SSA ~ 501-1311 
m2/g N.A. 

Catalysis, gas 
adsorption/separation 

under harsh 
conditions 

91,92 

Si(O)CN foam / 
PMMA microbead 

ρb ~ 0.520-0.885 
g/cm3 

ϕT ~ 61-77% 
σc ~ 5.6-11.6 MPa High temperature 

application 
84 

SiCN foam / 
PS sphere 

SSA ~ 71-184.5 
m2/g 

Ø ~ 500-1000 μm 
N.A. N.A. 85 

N.A. = not available, Ø = pore diameter, ϕT = total porosity, SSA = specific surface 

area, k1 = Darcian permeability, k2 = non-Darcian permeability, ρb = bulk/apparent 

density, σc = compressive strength, E = Young’s modulus, Bs = magnetic induction, αl = 

thermal expansion coefficient. 

 

 

II) Foaming 

 

 

In direct foaming, pores are formed by introducing gas bubbles into the liquid 

form through (i) self-foaming, (ii) blowing agents, and (ii) gas blowing. Gas bubbles 

first nucleate and then with the increase in bubble size, pore formation begins. Table 2.2 

gives the properties of the porous PDCs obtained by direct foaming. The setting of gas 

bubbles inside the liquid form is the most crucial subject in this method since the liquid 

form is thermodynamically unstable and gas bubbles tend to coarsen. This causes gas 
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bubbles to grow or shrink/disappear, which unintentionally affects the pore size/total 

porosity of porous ceramics.71 

Si/SiC filled SiOC foams were obtained with the foaming via i.e., water and 

ethanol, during the condensation reaction of the phenyl methyl poly (silsesquioxane) 

(PMPS) precursor. It was shown that pore distribution varied according to crosslinking 

temperature and time.93  

The melt viscosity of the preceramic polymer is the most crucial parameter for 

controlling the foaming process. Foaming is related to the viscosity of the liquid form at 

the foaming temperature, and the growth of gas bubbles is resisted by viscosity. The 

lower viscosity of the liquid form provides higher gas bubbles growth rates than those 

having a higher viscosity. Therefore, larger pore sizes are obtained in liquid form with 

lower viscosity.94 It was stated that the viscosity of the PMS/isopropanol solution 

showed a minor effect on the density and total porosity of the SiOC foam, but a major 

effect on the pore size distribution.94 Due to the change in the viscosity behavior of the 

preceramic polymer, SiOC foams with gradient structure started to be obtained at 220 

°C while a homogeneous structure was obtained at 270 °C.93 Porous SiOC and SiOC-

SiC were produced from another commercially available silicone resin by a self-

blowing process.95–97  

Two chemical reactions took place during the preparation of SiOC, namely: (i) 

hydrosilylation (for crosslinking) and (ii) dehydrogenation (for blowing). Ethanol as a 

chemical blowing agent reacted with silicone oil [polymethylhydrosiloxane (PHMS)] 

and created hydrogen for the foaming process.98 SiCN macro-cellular foams (cell size 

~700 μm) were obtained by using commercially available poly(methylvinyl)silazane 

and a physical blowing agent azodicarbonamide (ADA) (1wt%) in a one-step process, 

as depicted in Figure 2.8.84  

Ni-containing porous SiOC foams were prepared by using the same blowing 

agent, i.e., ADA, and as a result, 71-78 vol% of total porosities were obtained. Gas 

permeability tests were carried out and k1 =  4.10 x 10-10 m2 and k2 = 3.17 x 10-6 m were 

found for foams having 74.2 vol% total porosity (open porosity of 69.2 vol%).99 

Gaseous, liquid, or supercritical CO2 were shown to be viable as a pore-forming agent 

in porous structures that were obtained by gas blowing.33,100,101 Mixture of 

polycarbosilane and polysiloxane were saturated with gaseous CO2 and microcellular 

SiOC foams having mostly closed cells (cell size < 10 μm) were obtained.101  
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Figure 2.8. SEM images of (a) obtained SiCN foam using 1 wt% ADA, and (b) dense 

strut showing with a white rectangle. (Source: Vakifahmetoglu, C et al., 

2009)84 

 

 

Table 2.2. Properties of porous PDCs produced by direct foaming. 
 

Formed PDCs / 
Pore-forming 

agent 

Pore  
properties 

Other 
 properties 

Possible  
applications Ref. 

i) Self-foaming 
SiOC foam / 
Silicone resin N.A. σc ~ 1-9 MPa N.A. 93 

SiOC & SiOC-SiC 
/  

Silicone resin 
ϕT ~ 52-88% σc ~ 1-27 MPa N.A. 95–97 

ii) Physical/chemical blowing agents 
SiOC foam / 

Ethanol 
ρb ~ 0.20-1.20 g/cm3 

Ø ~ 150-500 μm N.A. N.A. 98 

Ni-containing 
SiOC /  
ADA 

ϕT ~ 71-78% 
k1 ~ 4.10 x 10-10 m2  
k2 ~ 3.17 x 10-6 m 

(@ ~74% ϕT) 
Catalysis 99 

SiC foam /  
ADA 

ϕT ~ 59-85% 
Ø = 416-1455 μm N.A. N.A. 102 

SiCN foam /  
ADA 

ρb ~ 0.687-0.830 
g/cm3 

ϕT ~ 64-71% 
σc ~ 1.08-3.31 MPa High temperature 

application 
84 

iii) Gas Blowing 
SiOC foam /  

CO2 
ϕT ~ 45% 

Ø < 10 μm N.A. N.A. 101 

SiOC /  
CO2 

ϕT ~ 64-89% 
Ø ~ 10-400 μm N.A. High temperature 

application 
33,100 

N.A. = not available, Ø = pore diameter, ϕT = total porosity, k1 = Darcian permeability, 

k2 = non-Darcian permeability, ρb = bulk/apparent density, σc = compressive strength. 
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III) Freeze Casting 

 

 

Freeze casting is a method in which a frozen liquid acts as a sacrificial template 

for the pores.103,104 Table 2.3 gives the properties of the porous PDCs obtained by freeze 

casting. Commercially available siloxane resin (PMPS) was dissolved in heated solvents 

[cyclohexane, camphene, and tert-butyl alcohol (TBA)] to allow for the formation of a 

homogenous form. After the dissolved siloxane resin was cured by a crosslinking agent 

[Dibutyltin dilaurate (DBTDL)], the solution was frozen, causing a phase separation 

between the dissolved siloxane resin and the solvent. The solidified solvent was 

sublimated to obtain the porous structure by freeze-drying. The use of cyclohexane and 

camphene caused dendrite pores while the use of TBA caused cellular pores,103 as 

shown in Figure 2.9.  
 

 

 
 

Figure 2.9. SEM images showing different pore structures obtained from (a) 

cyclohexane, (b) camphene, and (c) TBA, with 20 wt% siloxane resin. 

(Source: Naviroj, M et al., 2015)103 

 

 

Table 2.3. Properties of porous PDCs produced by freeze casting. 
 

Formed PDCs / 
Pore-forming 

agent 

Pore  
properties 

Other  
properties 

Possible  
applications Ref. 

SiOC / 
Cyclohexane & 

camphene & TBA 

ϕT ~ 61-95% 
Ø ~ 10-60 μm N.A. N.A. 103 

SiC /  
Camphene Ø = 2.7-23 μm N.A. N.A. 104 

N.A. = not available, Ø = pore diameter, ϕT = total porosity. 
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IV) Thermal Processing 

 
 

 Ceramer (CERAmic + polyMER) is a particular type of PDC material that is 

obtained from the decomposition of precursors during mineralization (400-800 oC).66 

Micro and meso pores, i.e., transient porosity, are generated through the gas released 

due to the decomposition of CH3 and C6H5 groups in PP. These materials are neither 

proper polymers nor can be defined as ceramics but have a much higher SSA. Hence, 

they are suitable for applications that include adsorption and filtration.105–107 Table 2.4. 

summarizes properties of the porous PDCs obtained by preceramic polymer 

decomposition. SiOC foams were obtained with micro/mesopores in the struts/cell walls 

with an SSA up to 436 m2/g when pyrolyzed at 600 oC. When SiOC foams were 

pyrolyzed at 1200 oC, and an SSA of 13 m2/g was obtained. Activated carbon was 

added to the foams, and then an SSA up to 130 m2/g was obtained.105 In other studies, 

SiOC ceramers were produced as a pellet and bead with an SSA up to ~430 and 370 

m2/g.106,107  

 

 

Table 2.4. Properties of porous PDCs produced by preceramic polymer decomposition. 
 

Formed PDCs / 
Pore-forming 

agent 

Pore  
properties 

Other  
properties 

Possible  
applications Ref. 

SiOC foam /  
N.A. 

SSA ~ 13-436 m2/g 
Ø ~ 2.92-4.51 nm N.A. Adsorption 105 

SiOC /  
N.A. SSA = 432 m2/g N.A. Adsorption 106 

SiOC nanobead / 
N.A. SSA = 370.9  m2/g qm = 0.6 mg/g Adsorption 107 

N.A. = not available, Ø = pore diameter, SSA = specific surface area, qm = adsorption 

capacity. 

 

 

2.2.1.1. PDC Cellular Structures       
 

 

In this thesis, PDC foams and cellular structures were produced using replica 

and additive manufacturing among the porous PDC production methods mentioned 

above. These methods will be explained in the following subsections. 
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2.2.1.1.1. Replica Technique 
 

 

The replica is a preferred method among the porous PDC production techniques 

to obtain reticulated ceramic foams. In this technique, a porous ceramic with a similar 

structure to the original template is obtained by impregnating/coating with a hard/soft 

template (wood, polymeric foam, silica, etc.)108 in polymeric suspension. This technique 

was patented in 1963 by Schwartzwalder and Somers who worked using a PU sponge as 

a template along with conventional ceramic slurries.109 Table 2.5 shows properties of 

the porous PDCs obtained by the replica technique. 

Reticulated SiOC foams (having mostly open or partially closed cells) with 

thermal conductivity of 0.03-0.16 W·m-1·K-1 at R.T. and having total porosity of 79-98 

vol% were obtained by using the PU template (as shown in Figure 2.10).110 SiOC foams 

having mesoporous structure and total porosity up to 98 vol% were obtained by 

hydrogen fluoride (HF) etching. While a 43 m2/g SSA was obtained with 1 h of etching, 

a high SSA of up to 147 m2/g  was obtained with 24 h of etching.111 Additionally, a 

hierarchical SiOC structure was created by infiltration of green matrix foam with a 

second slurry to obtain results with 2.5 mm and 0.29 mm for matrix and infiltrated 

foams.112 In another study,113 SiC nanowires decorated in the SiOC foams were 

obtained as increments in the total porosity ~77-85 vol% and SSA of 0.5-45 m2/g with 

the increase of the pyrolysis temperature (from 1000 oC to 1400 oC) due to the SiC 

nanowires. 

A disadvantage of the replica technique is the formation of hollow struts that 

affect the mechanical properties of materials due to the decomposition of the template. 

However, porous PDC foams with not only hollow but also dense struts have been 

produced by the replica technique.108,111,114–116 The processing conditions to obtain 

reticulated SiOC foams with dense and hollow struts were studied.13 Crosslinking 

conditions (temperature and time) of the preceramic polymer blend were changed 

deliberately, which resulted in the SiOC foam having hollow and dense struts. At a 

higher temperature (220 °C), curing was faster than it had been at a relatively lower 

temperature (80 °C + R.T.), and the PU did not swell the preceramic solution. During 

pyrolysis, the PU struts that were just coated with the preceramic solution decomposed 

and left hollow struts. When curing was done at a lower temperature (80 °C + R.T.), the 
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impregnation process happened slowly, providing the preceramic solution enough time 

to swell by PU and create dense struts.     

 

 

 
 

Figure 2.10. SEM images of (a) PU template including partially closed cells, and (b) 

SiOC foam with (c) inset showing the cross-section of the strut. (Source: 

Santhosh, B et al., 2020)110  

 
 

SiOC foams having a total porosity of 75-79 vol% were produced utilizing 

pinewood as a template.117 When the pyrolysis temperature was increased from 900 °C 

to 1100 °C, the compressive strength increased from 0.5 MPa (total porosity of ~75 

vol%) to 4.5 MPa (total porosity of ~79 vol%). Enhanced mechanical properties of 

foams pyrolyzed at higher temperatures were explained by the densification of the 

struts. In other studies, SiOC and SiBCO foams were obtained by using mesoporous 

CMK-3 and poly(melamine-formaldehyde).118,119 

 
Table 2.5. Properties of porous PDCs produced by replica technique. 

 
Formed PDCs / 

Template Pore properties Other properties Possible 
applications Ref. 

SiOC foam / 
PU sponge 

ϕT = 91-98% 
SSA ~ 0.39-79.21 

m2/g 
Ø ~ 656-779 μm 

σc = 0.2-0.9 MPa 
k1 = 0.28 x 10-9-11.48 x 

10-9 m2 

k2 = 0.34 x 10-5- 54.17 x 
10-5 m 

High temperature 
filtration, catalytic 

support 
13 

SiOC foam / 
PU sponge 

ϕT = 95-98% 
SSA ~ 4-147 m2/g 

Ø ~ 3-4 nm 
σc = 0.07-0.25 MPa N.A. 111 

(cont. on next page) 
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Table 2.5 (cont.) 
SiOC foam / 
PU sponge Ø ~ 353-381 μm σc ~ 0.44-0.94 MPa 

E ~ 52-134 MPa N.A. 108 

SiOC foam / 
PU sponge Ø ~ 290-2500 μm N.A. N.A. 112 

SiOC & SiCN(O) 
foams / 

PU sponge 

ϕT = 75-98% 
 

αl ~ 1.72 x 10-6 - 1.93 x 
10-6 K-1 

 ~ 0.03-0.20 W·m-1·K-1 
(@R.T.) 

D ~ 1.6 x 10-2-2.1 x 10-2 

cm2/s 
(@1000 oC) 

N.A. 110 

SiOC+SiC 
nanowire foam / 

PU sponge 

ϕT ~ 76-85% 
SSA ~ 0.5-45 m2/g N.A. N.A. 113 

SiOC foam / 
Pinewood 

ϕT ~ 75-79% 
SSA ~ 25-99 m2/g σc = 0.5-4.5 MPa 

Adsorption, 
filtration, catalytic 

support 
117 

SiOC / 
mesoporous carbon 

CMK-3 

Ø = 2.74-3.30 nm 
SSA = 602-616 m2/g σc = 15.84-24.30 MPa Catalysis 118 

SiC foam / 
PU sponge 

ϕT ~ 87-98% 
SSA ~ 0.13-0.31 

m2/g 

σc = 0.17-0.75 MPa 
E = 2.7-11.7 GPa 

 = 0.05-0.12 W·m-1·K-1 
(@R.T.) 

qm = 192-2317 ng/g 

Adsorption for 
drugs 

114,116 

SiBOC foam / 
PMF foam 

ϕT ~ 82-92% 
ρb = 0.18-0.39 g/cm3 

Ø = 1-5 μm & 100-
400 μm 

 
σc = 0.3-0.87 MPa 

E = 4-12 MPa 
 = 0.08-0.13 W·m-1·K-1 

(@R.T.) 

Thermal protection 
system 

119 

N.A. = not available, Ø = pore diameter, ϕT = total porosity, SSA = specific surface 

area, ρb = bulk/apparent density, k1 = Darcian permeability, k2 = non-Darcian 

permeability, σc = compressive strength, E = Young’s modulus,  = thermal 

conductivity, qm = adsorption capacity, αl = thermal expansion coefficient, D = thermal 

diffusivity, E = Young’s modulus. 

 

 

2.2.1.1.2. Additive Manufacturing        
 

 

Additive manufacturing (AM) is a novel technology that allows the production 

of porous materials in demanded properties (porosity, cell, and strut sizes, etc.). Design 

freedom makes sophisticated shapes possible and yields fewer imperfect structures, 

resulting in increased strength. To date, numerous types of AM have been developed to 

produce cellular PDCs including stereolithography (SLA),49,120 selective laser sintering 

(SLS),121 binder jetting,122 direct ink writing (DIW),123 and digital light processing 
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(DLP).124,125 Table 2.6 summarizes properties of the porous PDCs produced by additive 

manufacturing. 

Among AM techniques, DIW is one of the most widely used due to its 

simplicity in terms of processing conditions. Pure SiOC cellular structures having a total 

porosity of 64 vol% with compressive strength of 2.5 MPa were produced by using 

DIW. The addition of graphene oxide (0.025-0.1 wt% GO) allowed for reduced 

shrinkage of the preceramic polymer, resulting in SiOC with thicker struts and higher 

compressive strength of 3.1 MPa (with 0.1 wt% GO, as depicted in Figure 2.11) 

compared to GO-free samples.126 In addition, Figure 2.12 shows that SiOC scaffolds 

with hierarchical porosity were fabricated using different amounts (50-80 vol%) and 

particle sizes of PMMA microbeads (0.46, 5, 10, 25, and 50 μm). The amount and size 

of PMMA microbeads affected the main properties of the structure, and compressive 

strength was obtained up to ~8.19 MPa when 0.46 μm microbeads were used.127 The 

same research group showed that SiOC components with different patterns (filament 

size, pore size, and angle of deflection between layers) affect the properties such as 

mechanical strength and gas permeability.128 Ceramic matrix composites with complex 

shapes were produced using carbon fibers as reinforcement by DIW. Since fiber 

addition caused cracks perpendicular to the filament axis, the formation of cracks was 

mostly prevented by adding SiC powder to the ink as a passive filler.123 

 

 

 
 

Figure 2.11. Optical images of SiOC cellular structures using 0.1 wt% GO: (a) as 

printed, (b) after crosslinking, and (c) after pyrolysis. (Source: Pierin, G et 

al., 2016)126 
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SiOC components with different designs having a total porosity of 82-91 vol% 

and ~93 vol% were produced by DLP and SLA.124,129 Additionally, SiOC ceramics 

based on Kagome lattice were successfully produced with a total porosity of up to 80 

vol% using commercial preceramic polymer and different printing solvents.130 

SiOC cellular structures with hollow struts were produced by a two-step process 

including printing commercial filaments with fused filament fabrication (FFF) and 

impregnation of printed structure with preceramic polymer blend.131 The same research 

group developed SiOC(N) scaffolds having cell sizes of 1.2 mm and compressive 

strength up to 24 MPa with dense struts.132 The scaffolds are expected to enhance the 

mechanical strength to be used in bone regeneration applications. Hence, obtained 

SiOC(N) scaffolds were tested for biocompatibility in the bone tissue regeneration 

process.132,133 

 

 

 

Figure 2.12. SEM images of obtained SiOC components with 80 vol% PMMA 

microbeads sizes of (a) 5 μm, and (b) 50 μm. The insets show the pore 

size distributions. (Source: Huang, K et al., 2020)127 

 

 

Table 2.6. Properties of porous PDCs produced by additive manufacturing. 
 

Formed PDCs  Pore properties Other properties Possible 
applications Ref. 

SiOC ϕT ~ 80% N.A. N.A. 130 
SiOC ϕT ~ 93% σc ~ 0.69 MPa N.A. 129 

SiOC ϕT ~ 82-91% σc ~ 3.8-10 MPa 
E ~ 0.9-3.1 GPa N.A. 124 

(cont. on next page) 
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Table 2.6 (cont.) 

SiOC ϕT ~ 70-88% 
Ø ~ 0.29-38.13 μm σc ~ 0.94-8.19 MPa 

Catalyst support, 
biomedical 

component, energy 
device 

127 

SiOC ϕT ~ 50-75% 

σc ~ 4.8-154.6 MPa 
k1 ~ 1.41 x 10-9-  3.42 x 

10-9 m2 

k2 ~ 1.87 x 10-4-  4.60 x 
10-4 m 

Gas filtration, 
catalysis 

128 

SiOC ϕT ~ 64% σc ~ 2.51 MPa N.A. 126 

SiOC Ø ~ 250 μm N.A. Heat exchange, 
chemical/gas filter 

131 

SiOC ρb ~ 0.06-0.80 g/cm3 σc ~163.3 MPa (@0.80 
g/cm3) 

High temperature 
applications 

49 

SiOC ϕT ~ 75% σc ~3.80 MPa N.A. 123 

SiOC ϕT ~ 3-11% σc ~ 1.54-19.08 MPa 
E ~ 1.8-94.8 GPa N.A. 14 

SiOC(N) Ø ~ 300-500 μm & 
1.2 mm σc ~ 22-24 MPa Bone regeneration 132,133 

SiCN ϕT ~ 7-13% 
ρb ~ 1.98-2.17 g/cm3 E ~ 12.5-32.5 GPa Microwave 

absorbent 
134 

SiCN ϕT ~ 4-5% 
ρb ~ 2.04-2.12 g/cm3 E ~ 10-55 GPa Electromagnetic 

wave absorbent 
135 

SiCN ϕT ~ 93% 
Ø ~ 2200 μm 

σc ~ 0.18 MPa 
E ~ 5.8 MPa N.A. 136 

SiC ϕT ~ 10-70% σc ~ 5-24 MPa N.A. 121 

N.A. = not available, Ø = pore diameter, ϕT = total porosity,  ρb = bulk/apparent density, 

σc = compressive strength, E = Young’s modulus, k1 = Darcian permeability, k2 = non-

Darcian permeability. 
  

 

2.2.1.2. PDC Aerogels 
 

 

Aerogels are highly porous and thus extremely light components that consist of 

mostly air in their 3D solid networks. Since aerogels were first discovered by Kistler in 

1931,137 considerable research has been devoted to exploring novel compositions and 

unique properties of aerogels that include very low density (< 0.5 g/cm3), high porosity 

(usually > 90%), high surface area (usually ~ 100-1000 m2/g) and low thermal 

conductivity (< 0.05 W·m-1·K-1 @R.T.). These properties ensure aerogels hold 

widespread attention in applications such as thermal insulation,138,139 wastewater 

treatment,140,141 energy storage,142 and sensor applications143–146 among many others.  

Besides the widely investigated silica and carbon-based aerogels, there are 

various other aerogel compositions including but not limited to polymers 
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[polyvinylchloride,147 polyimide,148–150 polyvinylidene fluoride,151 composites 

(polyvinylidene fluoride/silica,152 polymethyl methacrylate/silica)153], and ceramics 

(Si3N4,154,155 SiC,156 yttria-stabilized zirconia157). Recent research indicates that, due to 

the inherent difficulty to process ceramics as aerogels by conventional ceramic process, 

compositional variety is still not widely available.158 On the other hand, it is possible to 

produce various PDC aerogels by sol-gel or using commercial preceramic polymers 

because the PDC route has distinct advantages. One such advantage is that preceramic 

precursors have low processing temperatures; therefore, they can be formed easily by 

cost-effective techniques (compression/injection molding, spinning, extrusion, etc.). 

Additionally, sintering additives are not required, and they demonstrate improved creep 

resistance with high thermal stability up to 1200 °C.66,79 
Generally speaking, aerogels are synthesized by the sol-gel technique which is 

defined by IUPAC as “Process through which a network is formed from solution by a 

progressive change of liquid precursor(s) into a sol, to a gel, and in most cases finally, 

to a dry network”.159 The main steps of this process consist of sol-gel preparation, 

aging, and drying. Gel formation starts with the precursor hydrolysis/condensation 

reactions, resulting in dispersion of the colloidal particles in the solution, called sol. 

Condensation reactions continue and a network of colloidal particles occurs, called gel. 

In the aging step, the silica network is reinforced by aggregating particles. The last and 

most significant step is drying. The purpose of the drying process is to remove the 

solvent from the gel and depending on the drying path chosen, xerogels, cryogels, or 

aerogels can be produced by ambient pressure drying, freeze drying, or supercritical 

drying, respectively. In ambient pressure drying, the solvent is removed by evaporation 

under atmospheric pressure and at low temperatures. The solid structure is exposed to 

unconstrained shrinkage during the drying stage because of the high surface tension of 

the solvent and capillary forces. Therefore, drying time/conditions should be controlled 

to minimize the defects caused by the collapse. In freeze drying, the solvent is first 

frozen and then removed by sublimation to obtain a cryogel. The most widely used 

method among drying methods is supercritical drying. In this method, the solvent is 

removed under supercritical conditions (i.e., higher than critical temperature and the 

pressure of the solvent used) without collapse of the pores to obtain aerogel. This drying 

technique aims to minimize the shrinkage which is caused by the capillary force. For 

this purpose, a solvent with low surface tension is selected in the structure to reduce the 

liquid/vapor interface energy. CO2 is the most widely used solvent because of its cost-
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effectiveness, non-toxicity, and simple requirements to bring to supercritical 

conditions.160 In this drying method, the wet gel is placed in a pressure vessel and filled 

with liquid CO2, and then the solvent in the wet gel is periodically exchanged with 

liquid CO2. The CO2 reaches the supercritical state by bringing the pressure vessel to 

the critical temperature (31 oC) and pressure (7.35 MPa). Then the  CO2 is removed 

from the structure with low pressure (<1 bar/min). The CO2 liquid-gas transition in this 

process is presented in Figure 2.13 (a). In the supercritical region, liquid/vapor 

interfacial tension is minimized since the surface tension reaches zero. Thus, the pore 

network is not exposed to any collapse or shrinkage without the presence of capillary 

forces. As seen in Figure 2.13 (b), freeze drying has the fastest drying time among all 

aforementioned drying methods while ambient pressure drying has the longest. 

PDC aerogels are obtained by two methods: (i) sol-gel and (ii) preceramic 

polymer processing. These methods will be explained separately in the following 

subsections. 

 

 

  
 

Figure 2.13. (a) Unary phase diagram of pressure (MPa) vs. temperature (°C) for CO2 

(Source: Werner, B G et al., 2006),161 and (b) Effect of drying methods on 

PDC aerogel’s pore size extracted from published studies. (Source: 

Vakifahmetoglu, C et al., 2021)162 
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2.2.1.2.1. Sol-gel Processing of PDC Aerogels 
 

 

 The first step in the sol-gel route for PDC aerogels is the synthesis of the 

required preceramic polymer using hybrid silicon alkoxides (tetraethylorthosilicate,163–

165 methyldimethoxysilane,164 methyl-, ethyl-, propyl- and phenyl-

trimethoxysilane,163,164,166 etc.). After that, hydrolysis/condensation reactions take place, 

followed by crosslinking and drying steps.  

There are both advantages and disadvantages to the production of PDC aerogels 

using sol-gel processing. The use of silicon alkoxide allows a wider composition range 

for the PDC aerogels. However, there are drawbacks due to their toxic properties and 

high cost. In addition, aerogels obtained via sol-gel processing usually have an SSA 

range of several hundred m2/g and poor mechanical properties (brittleness) unless 

further processed. This creates difficulties for the post-processing of the aerogels and 

limits their widespread use.  

Tables 2.7 and 2.8 summarize properties of the sol-gel synthesized PDC 

aerogels. For the sol-gel synthesized SiOC-based aerogels, pore sizes in the range of 2 

to a few thousand nanometers and an SSA reaching 800 m2/g were observed, as shown 

in Table 2.7. Ambient dried aerogels, called ambigels,  were synthesized using silicon 

alkoxides [bis(triethoxysilyl)methane (BTEM), bis(triethoxysilyl)ethane (BTEE), and 
methyltriethoxysilane (MTES)] in a two-step sol-gel process (acid/base), followed by 

pyrolysis at 800-1400 oC.167–169 SiOC ambigel (hereafter called aerogel, as seen in 

Figure 2.14) synthesized from BTEE was pyrolyzed at 800 oC in hydrogen and obtained 

an SSA up to 615 m2/g.169  In another study,170 different precursors were tried with the 

two-step acid-base sol-gel to obtain monolithic SiOC aerogel, and the crack-free 

structure was obtained from triethoxyvinylsilane /tetraethoxysilane (VTES/TEOS).  

SiOC aerogel synthesized from silicon alkoxide was obtained using CO2 

supercritical drying with an SSA reaching around 250 m2/g.171 In other interesting 

research,172 drying of SiOC aerogel synthesized from TEOS was obtained by ethanol 

supercritical drying and obtained an SSA of up to ~200 m2/g with thermal conductivity 

of  0.027 W·m-1·K-1 at R.T. The formation of several other PDC aerogels was also 

achieved by the sol-gel process.173–175 

 



  

    27 
 

 
 

Figure 2.14. Optical microscope images of (a) gel, and SiOC aerogels pyrolyzed at (b) 

800 oC, and (c) 1100 oC. (Source: Dire, S et al., 2015)169 

 

 

Table 2.7. Properties of sol-gel synthesized SiOC-based aerogels. 

                                      (Source: Vakifahmetoglu, C et al., 2021)162 

 

PDC  
aerogel 

Processing  
parameters Pore  

properties 
Other  

properties 
Possible 

applications Ref. 
Solvent  Drying 

method Pyrolysis 

SiOC IPA 

Ambient 
pressure 
(21 days/ 

50 oC) 

1000oC 
3h 
Ar 

Ø   3-24 nm 
SSA = 132-

452 m2/g 
Vpore = 0.33-
0.89 cm3/g 

N.A. N.A. 167 

SiOC IPA 

Ambient 
pressure 
(21 days/ 

50 oC) 

1400oC 
3h 
Ar 

Ø = 2-20 nm 
SSA = 150 

m2/g 
Vpore = 0.19 

cm3/g 

τresp = 4 
min 

(@5ppm 
NO2) 
5 min. 

(@5000 
ppm H2) 
τrec = 2 
min. 

(@5ppm 
NO2) 
1 min. 

(@5000 
ppm H2) 

Gas sensor 
(NO2, H2, 
detection) 

168 

SiOC IPA 

Ambient 
pressure 
(21 days/ 

50 oC) 

800 - 
1100oC 

1h 
H2 

Ø  2-6 nm 
SSA = 171-

615 m2/g 
Vpore = 0.18-
0.58 cm3/g 

ρb  0.90-1.30 
g/cm3 

R = 55-78 
% 

(@ > 600 
nm) 

R = 20-67 
% 

(@ 400 
nm) 

Optical 
sensor 

169 

(cont. on next page) 
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Table 2.7 (cont.) 

SiOC IPA 

Ambient 
pressure 
(2 days/ 
60 oC) 

1000 oC 
1h 
Ar 

Ø = 2 nm & 
95-350 nm 
SSA = 354-

488 m2/g 
ρb = 0.27-0.34 

g/cm3 

c = 1.45-
3.17 MPa N.A. 170 

SiOC EtOH 

Supercritical 
drying [CO2] 

(4 h/ 
35oC/ 

80 bar) 

1000 - 
1600 oC 

1h 
Ar 

Ø = 10-1000 
nm 

SSA = 10-247 
m2/g 

N.A. N.A. 171 

SiOC 

EtOH 
& 

HCl 
acid 

Supercritical 
drying 
[CO2] 

1000 oC 
2h 
Ar 

Ø  9 nm 
SSA =531 

m2/g 
Vpore = 0.97 

cm3/g 
ρb = 0.4 g/cm3 

E = 1.42 
GPa 

G = 0.54 
GPa 

N.A. 176 

SiOC IPA 
Supercritical 

drying 
[EtOH] 

1200 oC 
1h 
Ar 

Ø = 56 nm 
SSA = 198 

m2/g 
Vpore = 0.65 

cm3/g 
ρb = 0.3 g/cm3 

λ = 0.027 
W·m-1·K-1 

@R.T. 

Thermal 
insulation 

172 

SiOC/ 
BN Nhex 

Ambient 
pressure 
(3 days/ 
60 oC) 

900 - 1300 
oC 
2h 
N2 

Ø = 10-20 nm 
& 

< 69 nm 
SSA = 27-566 

m2/g 
Vpore = 0.26-
1.12 cm3/g 

ρb = 0.36-0.89 
g/cm3 

λ  0.040-
0.200 

W·m-1·K-1 
@R.T. 

λ  0.150-
0.750 

W·m-1·K-1 
@1300 oC 

c = 2.2-
20.3 MPa 

Thermal 
insulation 

173 

SiBOC EtOH 
Supercritical 

drying 
(N.A.) 

1200 oC 

Ø = 10-150 
nm 

SSA = 293 
m2/g 

λ = 0.138 
W·m-1·K-1 
(in vacuum 
@1500oC) 

c  1.849 
MPa, ε  

20% 

Thermal 
insulation 

174 

SiOCN EtOH 

Freeze 
drying & 
Vacuum 
drying 
(80 oC) 

450 - 
900 oC 

2h 
N2 

Ø  3-12 nm 
SSA  25-827 

m2/g 

η = -8-75.9 
% 

Volatile 
carbonyl 

compound 
adsorbent & 

cigarette 
smoke filter 

175 

N.A. = not available, Ø = pore diameter, SSA = specific surface area, Vpore = Pore 

volume, ρb = bulk/apparent density, c = compressive strength, ε = strain, λ = thermal 

conductivity, E = Young’s modulus, G = shear modulus, τresp = response time, τrec = 

recovery time, R = reflectance, EtOH = ethanol, HCl acid = hydrochloric acid, IPA = 

isopropanol, Nhex = n-hexane. 
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Table 2.8 summarizes properties of sol-gel synthesized SiC-based aerogels. 

After the gels obtained from resorcinol-formaldehyde/silica composite (RF/SiO2) using 

the sol-gel process were dried with CO2 supercritical drying, RF/SiO2 aerogels 

produced were converted to SiC & SiC/C aerogels after subsequent processes 

(carbonization, magnesiothermic reaction, and carbothermal reduction, etc.).177–179 In 

other studies, SiC & SiC/C based composite aerogels were obtained from the 

carbothermal reduction of phenyl-bridged polysilsesquioxane (with/without nanoclay 

mineral) having an SSA around 2000 m2/g.180–182  

SiC/mullite composite aerogel having an SSA of ~70 m2/g [heat treatment at 

1400 oC, mullite formation temperature, as seen in Figure 2.15 (b)] produced from 

catechol formaldehyde/silica/alumina hybrid aerogel [CF/SiO2/AlOOH, as seen in 

Figure 2.15 (a)] via the sol-gel method and CO2 supercritical drying. After heat 

treatment at 1450 oC, an SSA reached 300 m2/g due to the composition of mullite.183 

SiC/C/SiO2 composite aerogels having an SSA up to 500 m2/g were produced with a 

sol-gel polymerization process and ambient pressure drying.184,185 

 

 

 
 

Figure 2.15. TEM images of (a) as dried, and (b) SiC/mullite composite aerogel 

(pyrolyzed at 1400 oC). (Source: Xie, M et al., 2017)183 
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Table 2.8. Properties of sol-gel synthesized SiC-based aerogels. 

                                       (Source: Vakifahmetoglu, C et al., 2021)162 

 

PDC  
aerogel 

Processing  
parameters Pore  

properties 
Other  

properties 
Possible  

applications Ref. 
Solvent  Drying 

method Pyrolysis 

SiC ACE 
Supercritical 

drying 
[CO2] 

700 oC 
12h 
Ar 

Ø  9 nm 
SSA = 232 

m2/g 
ρb  0.157 

g/cm3 

Eg = 3.2 
eV 

Catalytic, 
electronic, 
photonic, 

and 
thermal 

applications 

177 

SiC 
& 

SiC/C 
EtOH 

Supercritical 
drying 
[CO2] 

1500 oC 
5h 
Ar 

T  91-95 
% 

Ø = 1-27 
nm 

SSA = 251-
892 m2/g 
Vpore = 

0.97-2.6 
cm3/g 

N.A. Various 178,179 

SiC 

& 

SiC/C 

DMF 

& 

DMA 

Ambient 

pressure 

(1 day/60oC) 

1200 - 

1500 oC 

4h 

Ar 

T = 91 % 

SSA = 796-

1050 m2/g 

Vpore = 
0.64-0.80 

cm3/g 

N.A. Various 180,181 

SiC/C IPA 
Supercritical 

drying 
[CO2] 

1500 oC 
4h 
Ar 

T   95-97 
% 

SSA  
1155-2258 

m2/g 
Vpore = 

3.57-6.14 

cm3/g 

N.A. 
Helium 

storage and 
catalysis 

182 

SiC/ 
mullite EtOH 

Supercritical 
drying 
[CO2] 

1250 - 
1450 oC 

5h 
Ar 

Ø  6-11 
nm 

SSA = 67-
301 m2/g 
Vpore = 

0.17-0.90 
cm3/g 

N.A. N.A. 183 

SiC/C/ 
SiO2 

EtOH 
Supercritical 

drying 
[CO2] 

1300 - 
1500 oC 

5h 
Ar 

T  83-89 
% 

Ø  5-9 nm 
SSA = 144-

746 m2/g 
Vpore = 

0.34-1.02 
cm3/g 

λ = 0.035-
0.053 

W·m-1·K-1 
@R.T. 
c  0.52-

1.86 MPa 

Thermal 
insulation 

186 

(cont. on next page) 
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Table 2.8 (cont.) 

SiC/C/ 
SiO2 

IPA 

Ambient 
pressure 

( 3-4 days/ 
R.T.-140 oC) 

1500 oC 
5h 

Ar&N2 

T 86 % 
SSA = 366-

490 m2/g 

λ  0.121 
W·m-1·K-1 

@R.T. 
c  1.5 
MPa 

E = 76 
MPa 

N.A. 184,185 

Si3N4 EtOH 

Supercritical 
drying [CO2] 

(4 h/ 
50oC/ 

100 bar) 

1400 -1550 
oC 
5h 
N2 

Ø < 5 nm & 
>200 nm 

SSA = 189-
638 m2/g 
Vpore = 

0.84-1.74 
cm3/g 

ρb = 0.121-
0.312 g/cm3 

λ = 0.045-
0.061 

W·m-1·K-1 
@R.T. 

Thermal 
insulation 

155 

N.A. = not available, Ø = pore diameter, T = total porosity, SSA = specific surface 

area, Vpore = Pore volume, ρb = bulk/apparent density, c = compressive strength, λ = 

thermal conductivity, E = Young’s modulus, Eg = direct band gap, ACE = acetone, 

EtOH = ethanol, IPA = isopropanol, DMF = N,N-dimethylformamide, DMA = N,N-

dimethylacetamide. 

 

 

        2.2.1.2.2. Preceramic Polymer Processing of PDC Aerogels 
 

 

PDC aerogels have also been produced using commercial preceramic polymers 

rather than sol-gel synthesized precursors.187–189 In terms of production time, starting 

from the silicon alkoxides, roughly three weeks are required to obtain aerogel from the 

sol-gel process including drying at ambient pressure conditions and several washing 

steps.167–169 On the other hand, PDC aerogels are obtained via preceramic polymer 

processing in about a week. The production time is remarkably shorter as commercially 

available preceramic polymers (polysiloxane, polysilazane, polycarbosilane, etc.) are 

used without the need to synthesize the starting precursor. The crosslinking process of 

preceramic polymers is carried out in an autoclave or a closed system to maintain the 

solvent in the system. After obtaining the wet gel, the yielding material is periodically 

washed with fresh solvent to remove the unreacted precursors or catalyst, etc. 

Subsequently, the drying process (ambient pressure, supercritical, or freeze) was 

applied, followed by pyrolysis.  
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The microstructure of the PDC aerogels varies depending on the type of solvent 

used and the amount of dilution. Polymeric aerogels (PMHS/DVB) with different 

solvents (cyclohexane, tetrahydrofuran, n-hexane, and acetone) were produced using 

CO2 supercritical drying.190 In the same study, it was claimed that swelling and 

solubility of the crosslinked preceramic polymer in different solvents affect the pore 

properties of the PDC. The highest SSA was obtained as 392 m2/g of polymeric aerogel 

using acetone with an average pore size of 18.8 nm. Acetone was followed by n-hexane, 

tetrahydrofuran, and cyclohexane. 

Tables 2.9 through 2.11 summarize properties of the PDC aerogels obtained 

from commercial preceramic polymer. For SiOC-based aerogels obtained from 

commercial preceramic polymers, an SSA reaching 500 m2/g was observed, as shown in 

Table 2.9. Commercial polysiloxane, i.e., PHMS, was crosslinked with a crosslinking 

agent [tetravinylcyclotetrasiloxane (TMTV) or divinylbenzene (DVB)] via 

hydrosilylation reaction in the presence of a catalyst to produce SiOC aerogel with 

supercritical drying.187,191–193 In another study,187 crosslinking of the precursor was 

carried out at 150 oC in an autoclave and obtained wet gel was dried using CO2 

supercritical drying. Polymeric aerogel was pyrolyzed at 1000 oC to produce SiOC 

aerogel (carbon-rich). While the SSA of the polymeric aerogel was 227 m2/g, the SSA 

of the SiOC aerogel decreased to 180 m2/g during the polymer to ceramic transition. In 

another study,191 SiOC aerogel having an SSA of 64 m2/g and mesopores of 10-50 nm 

(no micropore) was obtained by the pyrolysis of polymeric aerogel at 1300 °C [as 

shown in Figure 2.16 (a)]. It was shown that micro and small mesopores (< 10 nm) were 

created with an SSA up to 530 m2/g after SiOC aerogel was etched with HF (by the 

dissolution of the SiO2-based phase), as shown in Figure 2.16 (b).  
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Figure 2.16. (a) SEM image of SiOC aerogel (pyrolyzed at 1300 °C), and (b) 

Cumulative pore volume vs. pore size of the SiOC aerogel before and 

after HF etching. (Source: Assefa, D et al., 2016)191 

 

 

Table 2.9. Properties of SiOC-based aerogels obtained from commercial preceramic 

polymers. (Source: Vakifahmetoglu, C et al., 2021)162 

 

PDC  
aerogel 

Processing  
parameters Pore  

properties 
Other  

properties 
Possible  

applications Ref. 
Solvent  Drying 

method Pyrolysis 

SiOC ACE 

Supercritical 
drying [CO2] 

(8 days/ 
41oC/ 

95 bar) 

1200 -
1300oC 

5h 
Ar 

Ø  <10 nm 
&10-50 nm 
SSA = 33-
530 m2/g 

Vpore = 0.14-
0.65 cm3/g 

N.A. N.A. 191 

SiOC ACE 
Supercritical 

drying 
(N.A.) 

800 - 
1600oC 

2h 
N2 

SSA = 48-
227 m2/g 

Vpore = 0.18-
0.29 cm3/g 
ρb  0.51-
1.14 g/cm3 

N.A. N.A. 193 

SiOC ACE & 
Cy 

Supercritical 
drying [CO2] 

(4 days/ 
45oC) 

900oC 
1-7h 
Ar & 
H2/Ar 

Ø < 10 nm & 
20-30 nm 
SSA = 87-
215 m2/g 

Vpore = 0.15-
0.87 cm3/g 
ρb  0.65-
0.98 g/cm3 

Qreversible  
900 mAhg-1 
(@C(360m

Ag-1)) 
η = 35-52 

% 

Anode for 
Li-ion 

batteries 
192 

(cont. on next page) 
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Table 2.9 (cont.) 

SiOC ACE 
Supercritical 

drying 
[CO2] 

1000oC 
1h 
Ar 

Ø = 24 nm 
SSA = 180 

m2/g 
Vpore = 1.09 

cm3/g 

Qinsertion = 
1280 mAhg-1 

Qextraction = 600 
mAhg-1 

Qirreversible = 
680 mAhg-1  

(@C(360mAg
-1) 

η = 47-99 % 

Anode for 
Li-ion 

batteries 
187 

SiOC 
& 

SiC 

ACE 
& 
Cy 

Supercritical 
drying 
[CO2] 

900oC 
1h 
Ar 

T = 72-86 % 
Ø = 10-90 nm 
SSA = 102-

163 m2/g 
Vpore = 0.39-
0.72 cm3/g 

Rads = 100 % 
@Co = 1 mg/L 
(SiOC & SiC) 

qm = 44.2 
mg/g 

(SiOC) 

Water 
purification 

194 

SiOC 
& 

SiCN 

ACE 
& 
Cy 

Supercritical 
drying [CO2] 

(5 days/ 
45oC/ 

100 bar) 
& 

Ambient 
pressure 
(3 days) 

900-
1300oC 

N2 
CO2 
NH3 

Ø = 5-200 nm 
SSA = 30-
388 m2/g 

Vpore = 0.21-
0.84 cm3/g 
ρb  0.45-
0.70 g/cm3 

qm ~ 10 mg/g 
(Cr(III)) 

qm ~ 20-30 
mg/g (Cr(VI)) 

Water 
purification 

195 

N.A. = not available, Ø = pore diameter, T = total porosity, SSA = specific surface 

area, Vpore = pore volume, ρb = bulk/apparent density, Q = specific capacity, η = 

efficiency, Rads = % adsorbent, Co = initial concentration, qm = max. adsorption 

capacity, ACE = acetone, Cy = cyclohexane. 

 

 

SiOC and SiCN aerogels were produced using CO2 supercritical and ambient 

pressure drying under different atmospheres (N2, CO2, and NH3), respectively.195 The 

highest SSA of 388 m2/g was obtained with SiCN aerogel pyrolyzed under an NH3 

atmosphere. 

Table 2.10 summarizes properties of the SiCN-based aerogels obtained from 

commercial preceramic polymers. Polysilazane aerogels were obtained with the 

hydrosilylation reaction between polysilazane and DVB, followed by CO2 supercritical 

drying, and were finally pyrolyzed at 1000-1500 oC to produce monolith SiCN 

aerogels.188 In the mentioned study, polysilazane aerogel with an SSA of 489 m2/g 

decreased to 165 m2/g and 153 m2/g, by pyrolysis at 1000 and 1500 °C. N2 adsorption-

desorption isotherms with pore size distributions were given for polysilazane and SiCN 

aerogels in Figure 2.17. All aerogel samples showed mesoporous structure as shown in 

Figure 2.17 (a). While the polysilazane aerogel showed micropores (≤ 2 nm), 
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micropores collapsed during the polymer to ceramic transition, as shown in Figure 2.17 

(b). However, the SiCN aerogel had mesopores around 30 nm which did not collapse 

during the transition. 

 

 

 
 

Figure 2.17. (a) N2 sorption isotherms with BJH pore size distribution, and (b) QSDFT 

pore size distribution of polysilazane and SiCN aerogels pyrolyzed at 1000 
oC and 1500 oC.  (Source: Zera, E et al., 2015)188 

 

 

It was shown that the change in solvent concentration in the aerogel caused 

differences in the pore properties. According to this research,196 SiOCN aerogel was 

produced with different solvent amounts (85-95 vol%) using freeze drying. It was 

shown in Figure 2.18 that when the solvent amount was increased from 85 vol% to 95 

vol%, the pore size increased (from 5-80 nm to 10-100 nm), and the bulk density 

decreased (from 0.25 g/cm3 to 0.11 g/cm3).  

N-doped carbide-derived carbon (N-doped CDC) aerogel was produced using 

SiCN aerogel to be etched by chlorine. Such an aerogel sample with an SSA of up to 

1890 m2/g was tested for both CO2 adsorption, and electric double-layer capacitor 

application.197 SiBCN/graphene composite aerogel having an SSA reaching around 100 

m2/g was obtained through the crosslinking of polyborosilane with DVB using CO2 

supercritical drying, followed by pyrolysis at 1200 oC.198 In addition to that, SiBCN-

ZrO2 hybrid ceramic aerogels were produced by the same method.199 
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Figure 2.18. Field‐emission scanning electron microscope (FE‐SEM) images of SiOCN 

aerogels obtained with different solvent amounts: (a) 85 vol%, (b) 90 

vol%, and (c) 95 vol%. (Source: Zhao, W et al., 2019)196 

 

 

Table 2.10. Properties of SiCN-based aerogels obtained from commercial preceramic 

polymers. (Source: Vakifahmetoglu, C et al., 2021)162 

 

PDC  
aerogel 

Processing  
parameters Pore  

properties 
Other  

properties 
Possible  

applications Ref. 
Solvent  Drying 

method Pyrolysis 

SiCN Cy 

Supercritical 
drying [CO2] 

(4 days/ 
50oC/ 

100 bar) 

1000 -
1500oC 

1h 
N2 

T = 95-96 % 
Ø  30-40 nm 
SSA  153-

165 m2/g 
Vpore = 0.56-
0.58 cm3/g 

N.A. N.A. 188 

SiCN Cy 

Supercritical 
drying [CO2] 

(5 days/ 
45oC/ 

100 bar) 

450 -  
1000oC 

1h 
Ar 

Ø = 3-100 nm 
SSA = 75-725 

m2/g 
Vpore = 0.24-
0.83 cm3/g 

N.A. N.A. 200 

SiCN Cy 
Freeze 
drying 

(-78oC/24h) 

1000-
1400oC 

2h 
N2 

Ø  18-22 nm 
SSA  106-

235 m2/g 
Vpore = 0.49-
0.56 cm3/g 
ρb  0.19 

g/cm3 

RL = -43.37 
/ -31. 69 dB  

d = 2-4.5 
mm 

Effective 
bandwidth = 
3.8-6.6 GHz 

Electromag- 
netic wave 
absorbent 

201 

SiCN/
Co Cy 

Freeze 
drying 
(N.A.) 

800oC 
2h 
N2 

Ø = 21-31 nm 
SSA = 54-109 

m2/g 
Vpore = 0.28-
0.42 cm3/g 

RL =  -
38.29/-24.31 

dB 
d = 0.9-1.6 

mm 
Effective 

bandwidth = 
5.5-10.9 

GHz 

Microwave 
absorbent 

202 

(cont. on next page) 
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Table 2.10 (cont.) 

SiCN 
/ 

N-
doped 
CDC 

aerogel 

Cy 

Supercritical 
drying [CO2] 

(5 days/ 
45oC/ 

100 bar) 

450 - 
1200oC 

1h 
Ar 

SSA = 706-
1887 m2/g 

Vpore = 0.21-
0.97 cm3/g 

CO2 
adsorption  
3.96 - 4.67 
mmol g-1 

@1bar, 0oC 

Specific 
capacity 

~140 F g-1 

@10 A g-1 

for 5000 
cycles 

Adsorbent 
for CO2 and 

EDLC 
197 

SiCN 
(O) 

Cy 
& 

DBE 

Supercritical 
drying [CO2] 

(43oC/ 
100 bar) 

1000 - 
1600oC 

1h 
N2 

 

Ø = 1-48 nm 
SSA ~  9-129 

m2/g 
Vpore = 0.04-
1.05 cm3/g 

N.A. N.A. 203 

SiOCN Cy 
Freeze 
drying 

(-75oC/16h) 

1000oC 
2h 
N2 

Ø = 2-100 nm 
SSA = 114-

134 m2/g 
Vpore = 0.43-
0.49 cm3/g 

ρb  0.11-0.25 
g/cm3 

N.A. 
Catalysis, 
separation, 

and sorption 
196 

SiBCN
/ 

graphe
ne 

THF 
Supercritical 

drying 
[CO2] 

800 - 
1200oC 

1h 
N2 

Ø  5 nm 
SSA  102 

m2/g 
Vpore = 1.43 

cm3/g 

c  0.2 MPa N.A. 198 

SiBCN
/ 

ZrO2 
THF 

Supercritical 
drying 
[CO2] 

750 - 
1550oC 

1h 
N2 

Ø = 10-70 nm 
SSA  108-

211 m2/g 
Vpore = 0.49-
1.57 cm3/g 

N.A. N.A. 199 

N.A. = not available, Ø = pore diameter, T = total porosity, SSA = specific surface area, 

Vpore = pore volume, ρb = bulk/apparent density, RL = reflection loss, d = absorbent 

thickness, c = compressive strength, Cy = cyclohexane, DBE = Dibutyl ether, THF = 

tetrahydrofuran.  

 

 

Table 2.11 summarizes properties of the SiC-based aerogels obtained from 

commercial preceramic polymer. Carbon-enriched SiC/C aerogels [as depicted in 

Figure 2.19 (a)] were produced through the crosslinking of polycarbosilane with DVB 

(via the hydrosilylation reaction) using CO2 supercritical drying, followed by pyrolysis 

at 1000-1500 oC under Ar flow.189 The pore size distributions of polycarbosilane and 

SiC/C aerogels are given with N2 adsorption/desorption isotherms in Figure 2.19 (b). 

All aerogels showed type IV isotherms with pore sizes between 50-1000 Å (around 500 

Å).  
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Figure 2.19. (a) SEM image of SiC/C aerogel (pyrolyzed at 1500 °C), and (b) N2 

sorption isotherms with the pore size distribution of polycarbosilane and 

SiC/C aerogels (1000 oC and 1500 oC). (Source: Zera, E et al., 2014)189 

  

 

Table 2.11. Properties of SiC-based aerogels obtained from commercial preceramic 

polymers. (Source: Vakifahmetoglu, C et al., 2021)162 

 

PDC  
aerogel 

Processing  
parameters Pore  

properties 
Other  

properties 
Possible  

applications Ref. 
Solvent  Drying 

method Pyrolysis 

SiC & 
BN N.A. 

Freeze 
drying 
(N.A.) 

1400 -
1500oC 

1-3h 
Ar 

ρb  0.0001 
g/cm3 

λ  0.020 W·m-

1·K-1 (air @R.T.) 
 = -0.25 

E = 25 kPa 

Thermal 
insulation 

204 

SiC/ 
C Cy 

Supercritic
al drying 

[CO2] 
(4 days/ 
50oC/ 

100 bar) 

1000 -
1500oC 

1h 
Ar 

Ø  7-500 
nm 

T = 90-93 
% 

SSA = 96-
444 m2/g 
Vpore = 

0.31-0.79 
cm3/g 

c  1.6 MPa 

High 
temperature 
sorption and 

catalysis 

189 

SiC/ 
TiO2 

THF 

 
Supercritic
al drying 

[CO2] 
(8h/ 

45oC/ 
80 bar) 

600 - 
1200oC 

1h 
N2 

Ø  23 nm 
SSA = 58 

m2/g 
Vpore = 0.22 

cm3/g 

N.A. 
Catalysis, 
separation, 

and sorption 
205 

N.A. = not available, Ø = pore diameter, T = total porosity, SSA = specific surface 

area, Vpore = pore volume, ρb = bulk/apparent density, c = compressive strength, λ = 
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thermal conductivity,  = Poisson’s ratio, E = Young’s modulus, Cy = cyclohexane, 

THF = tetrahydrofuran. 

 

 

The effect of supercritical drying temperature was examined for SiC-TiO2 

hybrid aerogels.205 When the polymeric structure was supercritically dried at 40-45-50 
oC (at 8.0 MPa), the obtained SSA values were 614.09, 614.47, and 603.91 m2/g, 

respectively. In the mentioned study, the CO2 supercritical drying temperature did not 

present a clear trend in the polymeric aerogel microstructure. 

 

 

2.3. Applications of Porous PDCs 
 

  

PDCs have a broad range of applications including gas sensors, catalysts, 

membranes, insulation, drug delivery, and scaffolds for biomaterials.13,82,110,206–209 One 

of the earliest applications of porous ceramics and glasses could be found in the 

refractory industry where pores were used to dominate thermal conductivity and 

therefore improve energy efficiency. However, the literature, unfortunately, does not 

provide sufficient data on the thermal properties of the porous inorganic solids.70 The 

same is also true for PDCs. Mechanical properties, chemical stability, oxidation 

resistance, and high-temperature creep behavior of PDCs have already been well-

documented.4,41,210–212 On the other hand, thermal properties at high temperatures are 

one of the least researched properties of PDCs.  

Due to PDCs’ high temperature stability as well as their chemical and oxidation 

resistance, PDCs can also be used as high temperature applications for thermal barriers, 

hot gas filtration, and catalyst supports.59,68,110,213–218 For instance, PDCs are used as 

ceramic heating elements, namely, as glow plug applications in diesel engines. In fact, 

the PDC glow plug, which consists of polysiloxanes and other fillers, is the first 

industrial application of the material.67,219 SiOC was developed to be used as a heating 

element in glow plugs for diesel engines due to its resistance to high temperatures.219 

The ceramic micro-igniter is another example of a high temperature application in 

which SiCON-based ceramic provides high heating rates, short response times, and a 

high number of heating cycles.67  
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Preceramic polymers are used to produce ceramic matrix composites (CMC). 

Brake components used in motorcycles, cars, and trains are some potential application 

areas of these composites. Carbon-ceramic brake discs [STARBlades®CMC (Starfire 

Systems Inc., USA)] were made of polycarbosilane, SiC (as filler), and carbon fibers (as 

reinforcement). When compared to metal brake discs, carbon-ceramic brake systems 

provide exceptional thermal handling, a longer lifetime due to less wear, and better 

moisture resistance.8,67  

Porous PDCs are widely used in applications such as filtration (gas & molten 

metal), membrane, and insulation. Reticulated SiC foams were produced via the PDC 

route, and the thermal conductivity at R.T. was obtained as low as 0.05 W·m-1·K-1.116 

Slightly lower values were seen with reticulated SiOC foams (total porosity of 79-98 

vol%) having a thermal conductivity of 0.03-0.16 W·m-1·K-1 at R.T.110 At high 

temperatures, the thermal conductivity of dense hot-pressed SiOC was seen as 0.75 

W·m-1·K-1 up to 1000 °C220 which is lower than the thermal conductivity of SiC (35 

W·m-1·K-1 at 1000 °C)221 or Si3N4 (~16 W·m-1·K-1 at 1000 °C).222 Moreover, it was 

found that an increase in the amount of precipitated carbon caused an increase in the 

thermal conductivity of SiOC.223 

Apart from the aforementioned applications of PDCs, they are also used as gas 

or molten metal filters. These applications will be explained in detail in the subsections 

below. 

 

 

2.3.1. Gas Filters 
 

 

Refractory porous ceramics are widely used in fluid flow and separation 

applications where active components must withstand aggressive operational 

conditions, including chemical attacks and high temperatures or pressures. Well-

established examples include the removal of slag and inclusions from molten metals, 

particulate filtration of hot gas streams, and the thermo-catalytic conversion of 

chemicals.80,207,209,214,224–230 In these applications, a major operational cost is related to 

the power consumption of pumps, compressors, and blowers to force the permeation of 

liquids and gases through the porous ceramic matrix. Power consumption is directly 

proportional to the pressure drop resulting from the fluid flow, which in turn is 
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influenced by the operational conditions and by the permeability of the porous structure. 

By the correct manipulation of pore characteristics such as morphology, size, fraction, 

and pore topology, the permeability coefficients of the medium can be optimized during 

the processing step to help minimize the cost of operation. However, since the porous 

structure also affects other important properties, such as mechanical strength and 

thermal conductivity, a balance is required to provide the best overall performance for 

the porous component.231 This balance can be achieved through the suitable 

combination of ceramic formulation and the processing methodology used to fabricate 

the porous matrix.70,232 Materials selection for filtration at high temperatures must have 

specific properties, including enhanced mechanical strength.  

It is known that 3D interconnected foams enable improved catalytic activity via 

diffusion path reduction and a higher degree of reactant mixing.233 It was previously 

shown that foams deliver more efficient heat transfer compared to particle beds and 

honeycombs. In other words, foams offer better mass transfer/pressure drop tradeoff 

with the advantage of radial mixing; thus, they are highly suitable for applications such 

as gas filtration.234,235 

 

 

2.3.2. Molten Metal Filters 
 

 

In the foundry industry, the presence of impurities/residues in molten metals has 

been considered a critical harmful factor affecting many features of the metal including 

castability, mechanical strength, and machinability.236–239Accordingly, molten metal is 

filtered to enhance casting quality. Besides the removal of impurities (e.g., oxides, 

carbides, and other residues), filtration promotes turbulence reduction, i.e., ensuring 

laminar flow, to provide conditions for lessened cavity formation. For molten metal 

filtration, although different material types have been proposed for diverse filter 

shapes/forms in recent years, ceramics (e.g., SiC, Al2O3, and ZrO2) have been widely 

accepted as the most promising due to their notable features such as high thermal shock 

resistance, mechanical strength, and chemical durability.77,80,240,241 Generally, molten 

metal filters are designed and used either as cellular structures (extruded and pressed 

form) or foams.242 Among those, foams have a high filtration capacity due to their 

reticulated (i.e., 3D interconnected porosity) structure. 
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2.3.3. Heat Exchangers 
 

 

Having a tortuous flow path structure enables the open-cell materials to be used 

in high temperature heat transfer applications such as heat exchangers, industrial 

burners, and solar energy plants.243,244 Heat exchange is a system to transfer heat energy 

from one medium to another. Different materials including polymers, metals, and 

ceramics are used as heat exchangers.243 The most common among these are ceramics 

(e.g., SiC, Si3N4, and Al2O3) due to their high operating temperatures and resistance to 

corrosion.245 Pelanconi et al. produced alumina lattices with different designs via the 

SLA technique and found that the lattices integrated into the tube improved the heat 

transfer with respect to the empty tube.246 Microstructure heat exchangers provide a 

much larger specific heat transfer surface than conventional systems.247 Micro alumina 

heat exchangers were produced with the help of the SLA technique and low-pressure 

injection molding (LPIM) process and obtained system provided heat exchange 

coefficients up to 15 W·m2·K.247 In another study, counterflow, and crossflow micro 

alumina heat exchangers were fabricated with the same technology and showed heat 

exchange coefficients reaching 22 W·m2·K.248 Some key parameters including thermal 

conductivity and mechanical strength are also required for producing a suitable heat 

exchanger.249  

To the best of our knowledge, limited studies are focusing on the application, 

especially high temperature, of PDC components. Therefore, in this thesis, high 

temperature applications including gas permeability (at R.T. and up to ~700 oC), molten 

metal filtration, and heat exchanger were tested for produced PDC components.  

 

 

2.4. Applications of PDC Aerogels 
 

 

Aerogels are widely used in scientific and industrial research. As an example, 

graphene and carbon-based aerogels exist both as anodes and cathodes for lithium-

ion,250–252 lithium-sulfur,253–255 and sodium-ion256,257 batteries. Although PDC aerogels 

are a new class of materials, they have widespread applications due to their properties. 

For instance, SiOC structures have disordered free carbons and that makes them 
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potential candidates for electrochemical applications.258,259 As a result, SiOC aerogel 

was studied first as an anode material for Li-ion batteries. In the mentioned study,187 it 

was shown that SiOC aerogel, pyrolyzed at 1000 oC under an Ar atmosphere, 

demonstrated a reversible capacity as high as 650 mAh/g at a charging rate of C (360 

mA/g). In another study,192 the effect of a solvent (acetone vs. cyclohexane) and inert 

atmosphere (Ar vs. Ar/H2) on electrochemical properties of SiOC aerogel was 

investigated. It was found that SiOC aerogel obtained from cyclohexane provided 

improved cycling stability with low capacity. Additionally, pyrolyzing in Ar/H2 

atmosphere provided a high reversible capacity of 200 mAh/g at a high 

charging/discharging rate of 20C (7200 mA/g).   

PDC aerogels are used for the adsorption of organic dyes [e.g., Methylene Blue 

(MB)/Rhodamine B (RB)], metal ions [Cr(III)/(VI)], and gases (e.g., CO, H2, NO2, and 

CO2), among other application.168,175,194,195,197 In a particular study,194 adsorbent 

behavior of MB and RB between aerogels and foams were compared. It was 

demonstrated that SiC&SiOC aerogels provided a higher adsorption capacity than that 

of SiC foam since aerogels showed an SSA reaching around 163 m2/g while foam 

provided an SSA of ~0.3 m2/g. Zera et. al195 studied SiOC and SiCN aerogels which 

were produced by supercritical/atmosphere drying with pyrolysis in an inert 

(N2)/reactive (NH3/CO2) atmosphere. The authors showed the effect of the drying 

process with the pyrolyzed atmosphere on the adsorption capacities of metal ions 

(Cr(III)/(VI)). SiOC aerogel pyrolyzed under the N2 and SiCN pyrolyzed under the NH3 

atmosphere both provided adsorption capacities as high as 30 and 20 mg/g after 1h for 

Cr(VI). SiCN did not provide any adsorption capacity, while SiOC aerogel showed low 

adsorption for Cr (III). In a recent and interesting study,175 adsorption capacities of 

harmful compounds in cigarette smoke for micro/mesopores SiOCN aerogel having an 

SSA of up to 827 m2/g were studied. The lowest and highest removal efficiencies were 

found as -8 % and 75.9 % for phenol and crotonaldehyde. 

Sol-gel synthesized SiOC aerogels having an SSA of 198 m2/g showed thermal 

conductivity of 0.027 W·m-1·K-1 (at R.T.).172 Obtained SiOC provided thermal stability 

at 1200 oC in the air with a weight loss of 1.65 wt%. In other research,173 sol-gel 

synthesized BN/SiOC (boron nitride/silicon oxycarbide) aerogels having an SSA of 

142-566 m2/g demonstrated thermal conductivity of 0.04-0.20 W·m-1·K-1 (at R.T.) 

depending on the BN contents from 0 to 15 vol%. Figure 2.20 (a) shows the increase in 

thermal conductivity as the temperature increases from R.T. up to 1300 °C. High 
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temperature thermal conductivity of sol-gel synthesized SiBCO aerogel was measured 

as 0.1380 W·m-1·K-1 under vacuum at 1500 oC.174 Similarly, the thermal conductivity of 

polymer derived SiC nanowire aerogels were reported as 0.03-0.23 W·m-1·K-1 under He 

at R.T. to 900 oC.260 

PDC aerogels have also been evaluated as gas and optic sensors. For instance, 

sol-gel synthesized SiOC aerogels were studied for CO, H2, and NO2 sensing behavior at 

different temperatures (300-550 oC).168 It was shown that the SiOC aerogel having an 

SSA of 150 m2/g showed the highest response to 5 ppm NO2 at 300 oC, as shown in 

Figure 2.20 (b). The first transparent sol-gel synthesized SiOC aerogels (SSA of 171-

615 m2/g) pyrolyzed under a pure H2 atmosphere at 800-1100 oC are possible candidates 

to be used as optical sensors for different gases.169 

 

 

 
 

Figure 2.20. (a) Thermal conductivity vs. temperature of BN/SiOC aerogel with 

different BN contents from 0 to 15 vol%. (Source: Yang, H et al., 2020),173 

and (b) gas sensing behavior of SiOC aerogels from 300 to 550 °C. 

(Source: Karakuscu, A et al., 2013)168 
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CHAPTER 3 

 

EXPERIMENTAL PROCEDURE 
 

 

Published in part in: Semerci, T., de Mello Innocentini, M. D., Marsola, G. A., 

Lasso, P. R. O., Soraru, G. D., Vakifahmetoglu, C. “Hot air permeable preceramic 

polymer derived reticulated ceramic foams”. ACS Applied Polymer Materials, 2(9), 

4118-4126, (2020). 

 

Published in part in: Semerci, T., Dizdar K.C., Kulkarni A., Dispinar D., Soraru 

G.D., Vakifahmetoglu C. “Polymer-derived ceramic molten metal filters”. Journal of 

Materials Science, in press, (2022). 

 

 

3.1. Materials  
 

 

Polymer derived SiOC foams were produced using a mixture of commercially 

available polysiloxanes and four types of PU foams. Linear polyhydridomethylsiloxane 

(PHMS, MW 2100−2400, 30-45 cSt, CAS: 63148-57-2, Gelest Inc., Morrisville, PA, 

USA) bearing Si-H moieties, a cyclic 2,4,6,8-tetramethyl-2,4,6,8-

tetravinylcyclotetrasiloxane (TMTVS 97%, CAS: 2554-06-5, Alfa Aesar, Ward Hill, 

MA, USA) with Si-C=C reactive groups, and vinyl-terminated polydimethylsiloxane 

(PDMS, MW 62,700, 10,000 cSt, CAS: 68083-19-2, Gelest Inc., Morrisville, PA, 

USA) were used as a precursor and crosslinking agents. As a catalyst, platinum-

divinyltetramethyldisiloxane complex in xylene (2.1-2.4%Pt) (CAS: 68478-92-2, abcr 

GmbH, Kalsruhe, Germany) was diluted to 0.05% of Pt in the xylene and used for the 

hydrosilylation reaction between Si-H and C=C moieties of the crosslinker.53 

Additionally, acetone (CAS: 67-64-1, 99.5% extra pure), as impregnating solvent, was 

used to ease the process and it was shown that no structural change was observed in the 

PU bonds’.13 As templates, four different types of PU foams were used (see Table 3.1): 
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three with open cells (10 ppi with bulk density 0.027 ± 0.002 g/cm3, 65 ppi with bulk 

density 0.029 ± 0.001 g/cm3, and 80 ppi with bulk density 0.030 ± 0.002 g/cm3) and one 

with partially closed cells (59 ppi, bulk density 0.057 ± 0.002 g/cm3, ARE S.r.l., Milan, 

Italy). The term porosity in foams is measured in ppi and refers to the number of pores 

in one linear inch.  

SiOC(N) cellular structures and foams were obtained using a polysilazane 

(Durazane 1800, CAS: 503590-70-3, Merck, Darmstadt, Germany), Pt 

divinyltetramethyldisiloxane complex ~Pt 2% in xylene (CAS: 68478-92-2, Sigma-

Aldrich, St. Louis, MO, USA) which was diluted to 0.1% as a catalyst and acetone 

(CAS: 67-64-1, >99% pure, Sigma-Aldrich). Commercially available thermoplastic 

polyurethane (TPU, 85A filament Ninjaflex, NinjaTech, PA, USA) and 10 ppi PU foam 

(bulk density 0.027 ± 0.002 g/cm3, ARE S.r.l., Milan, Italy) were used for SiOC(N) 

cellular structures and foams. 

 

 

Table 3.1. Porosities and bulk densities of PU templates. 
 

Cell Structure Porosity Bulk Density (g/cm3) 

Open cell 

10 ppi 0.027 ± 0.002 

65 ppi 0.029 ± 0.001 

80 ppi 0.030 ± 0.002 

Partially closed cell 59 ppi 0.057 ± 0.002 

 
 

SiOC aerogels were produced by using commercially available siloxane resin 

(Polymethylsilsesquioxane, PMS, Silres MK, Wacker-Chemie GmbH, Germany), acetone 

(CAS: 67-64-1, 99.5% extra pure), and tin(II) 2-ethylhexanoate (Tin, Sigma-Aldrich, 

CAS: 301-10-0, USA) was diluted to 15 vol% of Tin in the xylene as a catalyst. 

 

 

3.2. Equipments and Characterization Techniques 
 

 

The equipment used during the sample production is as follows: a magnetic 

stirrer (Weightlab, WN-H550) was used for the mixing of a preceramic polymer 
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solution. A convection oven (Memmert, UN55, France) was used for the crosslinking 

process. Alumina tube furnaces (Protherm PTF 16/75/450, Ankara, Turkey & 

Lindberg/Blue, USA) were used for heat treatment. An Lulzbot TAZ 6 open-source 3D 

printer (Fargo Additive Manufacturing Equipment 3D, LLC, USA) with 0.15 mm 

nozzles was used to print TPU filament. The solvothermal process was carried out in a 

stainless-steel static autoclave (Parr Instruments, Model 4748 acid digestion vessel, 

USA) with a PTFE Teflon cup.  

Characterization techniques are explained in detail in the following subsections. 

 

 

3.2.1. Structural Characterizations 
 

 

The structural features of PU, TPU, and PDC components were analyzed by 

Fourier Transform Infrared Spectroscopy with attenuated total reflectance (FTIR-ATR, 

Spectrum Two with UATR fitted, Perkin Elmer, USA), wavenumber from 450 cm-1 to 

4000 cm-1, and 20 scans for each sample with 4 cm-1 resolution.  

X-ray diffraction (XRD, Philips X’Pert Pro) with CuKα radiation, a step 

counting time of 3 s, and a scan of 0.05°, between 20° and 80° (2Ɵ) was carried out to 

analyze the structural nature of foams and cellular structures. FTIR and XRD data were 

plotted after normalization.  

The thermal behavior of PU templates (10-80 ppi foam) and as-received 

preceramic polymers (PHMS, TMTVS, and PDMS) was studied by thermal gravimetric 

analysis (TGA) using equipment (Perkin Elmer Diamond TG/DTA, USA) with a 

heating rate of 5 oC/min, in the flow of N2 up to 1000 oC. The pyrolytic process of 

PHMS/TMTVS crosslinked for 24 h at 60 °C was determined with a heating rate of 10 
oC/min, in the flow of Ar up to 1000 oC. The thermal behavior of TPU was measured 

with equipment (Netzsch STA 409, Netzsch Gmbh, Selb, Germany) at 10 °C/min up to 

1200 °C in air. 
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3.2.2. Morphological Characterizations 
 

 
The microstructural features of the foam and cellular structures (fracture 

surfaces), tensile samples produced by using a filter or no filter, and aerogels were 

analyzed by a scanning electron microscope (SEM, FEI Quanta 250 FEG, Hillsboro, 

OR, USA) after surface coating with 10 nm Au (Emitech K550X sputter coater, 

Quorum Technologies, UK). SEM images were subsequently analyzed using the ImageJ 

software (ImageJ 1.52a, National Institutes of Health, USA) to determine the effective 

cell, pore, and strut sizes of the samples. At least 100 measurements of each sample 

were analyzed and converted to 3D data by using the stereological equation: Dsphere = 

Dcircle/0.785.261 

A High-resolution X-ray micro-Computed Tomography (CT) system (SkyScan, 

model 1172, Aartselaar, Belgium) was used to determine the morphological parameters 

of SiOC foams. For each cylindrical sample, about 320 radial slice images (pixel size of 

13.5 μm) were reconstructed to 8-bit BMP files (2000 × 2000 pixels) and analyzed as 

3D images using the Brucker SkyScan software package (CTVOX, CTAN, CTVOL, 

and Dataviewer). 

N2 sorption tests were done by Gemini V (Micromeritics, Norcross, GA, USA). 

The ceramic samples were degassed at 200 oC for 12 h before analysis. SSA was 

obtained using the BET (Brunauer-Emmett-Teller) equation.262 The pore size 

distribution was determined using the Barrett-Joyner-Halenda (BJH) method.263 

The bulk densities of the SiOC aerogels and cast samples were measured 

according to Archimedes’ principle by using DI water as a buoyant medium. The 

skeletal density (ρs) of powdered ceramic samples was determined by a helium 

pycnometer (AccuPyc 1330, Micromeritics, Norcross, GA, USA). The bulk density and 

total porosity (vol%) of the ceramic components were determined by relating their size 

and mass measurements, and total porosity (ε) was then calculated using both density 

values.  
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3.2.3. Mechanical Characterizations 
 

 

The compression tests of PDC foams and AM cellular structures were acquired 

using a TA.XT plus Texture Analyzer (Stable Micro System Ltd., Godalming, Surrey, 

UK) and Instron 5969 testing machine, respectively. Each data set was obtained from 10 

samples. SiOC(N) and SiOC foams having 10 ppi and AM-made SiOC(N) cellular 

structures were measured with a cubic shape ( 10 x 10 x 10 mm3) and a crosshead 

speed of 1 mm/min. Moreover,  59, 65, and 80 ppi SiOC foams were analyzed with a 

cubic shape ( 5 x 5 x 5 mm3) and a crosshead speed of 0.5 mm/s, and the 

measurements were continued until the occurrence of the first collapse. Following the 

casting, solidified alloys were prepared for tensile tests, carried out in Zwick Roell 

8596. 

 

 

3.3. Production of Porous PDC Components 
 

 

In the following subsections, the production methods of porous PDC 

components will be explained separately. 

 

 

3.3.1. Production of PDC Foams by Using Replica Technique 
 
 

SiOC foams were produced by using the replica technique. Three different 

preceramic polymer blends were prepared from PU/PHMS/PDMS/TMTVS (in weight 

ratio): (i) 1/2/0/0.08, (ii) 1/1.7/0.3/0.08, and (iii) 1/1/1/0.08. The samples with PDMS 

were formed since it is known that such a polymer can be used to enhance the SSA of 

the components by creating hierarchical porosity.264 First, preceramic polymers (PHMS, 

PDMS, and TMTVS) were dissolved in acetone while stirring at 250 rpm R.T. for 3 

min. After homogenization, the Pt catalyst was added dropwise, and the mixture was 

stirred for 1 min at 200 rpm at R.T. Considering the ~22% linear shrinkage that 

occurred during the pyrolysis, the PU foams were cut to the desired sizes. The prepared 



  

    50 
 

blends were then transferred into separate Petri dishes where PU foams were soaked and 

squeezed several times to remove the excess mixtures. This process was followed until 

all of the preceramic solutions were impregnated. The curing procedure was conducted 

under two different conditions to alter the final strut structure: (i) to yield dense struts: 

80 °C for 7 h followed by R.T. curing for 23 h, and (ii) to yield hollow struts: 220 °C 

for 2 h. All the cured foams were pyrolyzed under Argon (Ar) flow (200 mL/min) with 

a heating rate of 2 °C/min to 1000 °C and 2 h (dwell time) in an alumina tube furnace. 

Produced SiOC foams were categorized according to the cell density of the PU 

foam type (10, 59, 65, 80 ppi), strut structure (dense/hollow struts), and PDMS weight 

ratio. The experimental parameters for the production of SiOC foams are given in Table 

3.2. 

 

 

Table 3.2. Experimental parameters for SiOC foams production. 
 

Sample 

Code* 

PU Foam  

Type 

PU/PHMS/ 

PDMS/TMTVS 

(in weight ratio) 

Curing 

Condition 

Pyrolysis 

Temperature (oC) 

/ Atmosphere / 

Time (h) 

C1-D 
10 ppi 

(open porosity) 
1/2/0/0.08 80°C/7h + R.T./23h 

1000 / Ar / 2 

C2-D 

59 ppi 

(partial closed 

porosity) 

1/2/0/0.08 
80°C/7h + R.T./23h 

C2-H 220°C/2h 

C2-D-15 
1/1.7/0.3/0.08 

80°C/7h + R.T./23h 

C2-H-15 220°C/2h 

C2-D-50 
1/1/1/0.08 

80°C/7h + R.T./23h 

C2-H-50 220°C/2h 

C3-D 

65 ppi 

(open porosity) 

1/2/0/0.08 
80°C/7h + R.T./23h 

C3-H 220°C/2h 

C3-D-15 
1/1.7/0.3/0.08 

80°C/7h + R.T./23h 

C3-H-15 220°C/2h 

C3-D-50 
1/1/1/0.08 

80°C/7h + R.T./23h 

C3-H-50 220°C/2h 

(cont. on next page) 
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Table 3.2 (cont.) 
C4-D 

80 ppi 

(open porosity) 

1/2/0/0.08 
80°C/7h + R.T./23h 

1000 / Ar / 2 

C4-H 220°C/2h 

C4-D-15 
1/1.7/0.3/0.08 

80°C/7h + R.T./23h 

C4-H-15 220°C/2h 

C4-D-50 
1/1/1/0.08 

80°C/7h + R.T./23h 

C4-H-50 220°C/2h 

*The representative sample code will be as follows; C: Ceramic, D: Dense strut. 

 

 

SiOC(N) foams were produced by using a replica technique following a 

previously published method.110 The preceramic polymer solution was prepared by 

mixing Durazane, acetone, and the Pt catalyst (100 μL of 0.1% Pt solution per 1 g of 

polymer precursor) while using a Durazane/PU ratio of 2. The volume of acetone was 

set equal to 1/5 of the volume of the PU foam. Considering the ~25% linear shrinkage 

that occurred during the pyrolysis, the PU foams were cut in the desired sizes. The 

impregnated PU foams were dried at R.T. for 24 h and pyrolyzed under N2 flow (300 

mL/min) with a heating rate of 5 °C/min to 1200 °C and 2 h (dwell time) followed by 

free cooling to R.T. in a tubular alumina furnace. The furnace was purged for 5 h with 

N2 before pyrolysis to remove traces of oxygen and moisture. Pyrolysis temperatures 

and atmospheres (N2 or Ar) affect the final ceramic composition derived from 

polysilazane. Nitrogen can be retained in the final ceramic structure by pyrolysis under 

an N2 atmosphere. It was shown that pyrolysis under an N2 atmosphere increases 

thermal stability with the formation of the Si3N4 crystalline phase, while an Ar 

atmosphere provides the final ceramic containing the SiC phase.265 The production 

parameters of SiOC(N) foams are given in Table 3.3. 

Commercial silicon carbide (SiC) foams with hollow struts were supplied by 

Foseco International Ltd.  
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Table 3.3. Experimental parameters for SiOC(N) foams production. 
 

Sample 

Code* 

PU Foam 

Type 

PU/Durazane 

(in weight ratio) 

Curing 

Condition 

Pyrolysis  

Temperature (oC) / 

Atmosphere / Time (h) 

C5-D 

10 ppi 

(open 

porosity) 

1/2 R.T. / 24h 1200 / N2 / 2 

*The representative sample codes will be as follows; C: Ceramic, D: Dense. 

 

 

3.3.2 Production of PDC Cellular Structures by Using AM  
 

 

 AM-made SiOC(N) cellular structures were produced according to a previous 

study.132 The structures were 3D printed with TPU filament using Fused Filament 

Fabrication (FFF). The TPU samples were 3D printed as cylindrical shapes with the 

dimensions of 67 mm in diameter and 13.5 mm in thickness to get the final dimensions 

of 50 mm in diameter and 10 mm in thickness, considering 25% linear shrinkage. 

Printed TPU samples were then impregnated with a Durazane solution of 5 g acetone 

and 500 μL of catalyst. After 15 min, 5 g of the preceramic polymer was added and kept 

for 4 h, changing the sides of the sample after 2 h. Drying was performed at R.T. in the 

air for 24 h. Crosslinking of the impregnated TPU samples was carried out at 160 °C for 

3 h in airflow (400 cc/min) in a tubular furnace and then free cooling to R.T. The 

furnace was purged for 2 h with N2 flow (400 cc/min) and following pyrolysis to 1200 
oC with 1 h dwelling at the maximum temperature. The samples were then cooled to 

R.T. at 10 oC/min.  

AM-made SiOC(N) cellular structures were made with two different cell sizes: 

the smaller cell size of 578.1 ± 14.7 μm (referred to as C6-D), and the larger cell size of 

1040.8 ± 66.9 μm (referred to as C7-D).   
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3.4. Production of SiOC Aerogels  
 

 

SiOC aerogels were obtained as follows: PMS was dissolved in acetone while 

stirring at 500 rpm at R.T. for 20 min. Subsequently, Tin catalyst (500 μl for 1 g of 

PMS) was added dropwise, and the mixture was stirred for 500 rpm at R.T. 10 min. The 

prepared mixture was transferred into a PTFE-lined autoclave and curing was carried 

out at 200 oC for 6 h. After the completion of the curing process, the autoclave was 

cooled down to R.T. The wet gels were removed from the autoclave and transferred into 

separate beakers either with fresh solvent (acetone, ethanol, n-hexane) or without 

solvent followed by drying at ambient pressure and temperature. After drying (~15 

days), obtained polymeric aerogels were pyrolyzed under Ar flow (200 mL/min) with a 

heating rate of 2 °C/min to 1000 °C and 2 h (dwell time) in an alumina tube furnace to 

obtain SiOC aerogel. 

Synthesis parameters were adjusted to have 60 and 80 vol% of the solvent 

(acetone) amount in the mixture and 35 and 65 vol% of autoclave filling. Exceeding 

reaction vessel pressure presents a risk of explosion in the autoclave; therefore, great 

caution was taken when determining autoclave filling volume. The details of 

experimental parameters for SiOC aerogels production are given in Table 3.4.  

 

 

Table 3.4. Production parameters of SiOC aerogels. 
 

Sample 

Code* 

Solvent 

Amount  

(vol%) 

Autoclave  

Filling 

 (vol%) 

Curing 

Condition 

Pyrolysis  

Temperature (oC) / 

Atmosphere / Time (h) 

A1-SF 

60 35 

200 °C / 6h 1000 / Ar / 2 

A1-Ace 

A1-EtOH 

A1-Nhex 

A2-SF 

60 65 
A2-Ace 

A2-EtOH 

A2-Nhex 

(cont. on next page) 
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Table 3.4 (cont.) 
A3-SF 

80 35 

200 °C / 6h 1000 / Ar / 2 

A3-Ace 

A3-EtOH 

A3-Nhex 

A4-SF 

80 65 
A4-Ace 

A4-EtOH 

A4-Nhex 

*The representative sample codes will be as follows; A: Aerogel, SF: Solvent-free, Ace: 

Acetone, EtOH: Ethanol, Nhex: n-hexane. 

 

 

 3.5. Permeability Measurements 
 

 

Permeability parameters of produced ceramic foams were received from 

experimental data and fitting of Forchheimer’s equation (see Eqn. 3.1):266–268 

 
 
 
                                                                                                        (3.1)                        
 

 

 

where: 

∆P is the pressure drop, 

υs is the superficial/face velocity of a fluid through the medium, 
L is the medium length/thickness along the flow direction, 

μ is the viscosity of the fluid, 

ρ is the density of the fluid, 

k1 is the Darcian permeability coefficient, 

k2 is the non-Darcian permeability coefficient. 

(Coefficients are according to Darcy’s law) 
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 Both permeability coefficients are considered based on the cell properties 

including cell morphology, size, and interconnectivity. These coefficients are used to 

estimate the  ∆P x vs part for other fluids or flow conditions; provided that the actual 

viscosity and density of the fluid are corrected in Eqn. 3.1. k1 and k2 can be altered with 

temperature because of the reversible and irreversible changes in the porous 

microstructure.266,268–270 For the compressible flow of gases or vapors, P is calculated 

as (see Eqn. 3.2): 

 

 

                                                                                                                  (3.2)                        

 

 

where: 

Pi is the absolute fluid pressure at the entrance of the medium, 

Po is the absolute fluid pressures at the exit of the medium, 

P is the pressure for which vs, μ, and ρ are measured or calculated. (P = Po = Patm = 94.9 

kPa) 

 

To evaluate the representativeness of the resulting k1 and k2, Forchheimer’s 

number (Fo) is used (see Eqn. 3.3):267,268 

                                                        

 

                                                                                                                (3.3) 

 

 

 While Forchheimer’s number is about the linearity in the pressure drop, 

Reynolds number (Re) is about the laminarity of flow in channels.268 Combining Eqns. 

3.1 and 3.3 yields: 

                  

 

                                                                                                       (3.4) 
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 Comparing Eqns. 3.1 and 3.4 show that when Forchheimer’s number << 1,  

is related to estimate the  as specified in Darcy's law. When Forchheimer’s number 

>> 1,  is estimated via . On the other hand, the whole Forchheimer’s equation 

must be used to reliably use  at any intermediate flow condition. The contributions 

of the terms viscous and inertia to the total pressure drop can be stated as (see Eqns. 3.5 

and 3.6):268 

 

 

                                                                                         (3.5) 

 

                                                                                         (3.6) 

 

   

The air permeability test of SiOC foams (two samples of each composition) was 

carried out in a steady-state regime with dry airflow at R.T. (To = 25-29 °C, Po = Patm ~ 

94.9 kPa) using a laboratory-made apparatus. The samples were produced cylindrical in 

shape with a diameter of 48.1±2.0 mm and a thickness of 4.6±0.2 mm for the 

permeability test. The obtained disk samples were placed sidewards in a cylindrical 

chamber providing a 5.36 cm2 circular flow area for a 2.61 cm flow diameter. The 

pressure drop across the sample (Pi-Po) is measured with a digital micromanometer (0-

1000 Pa, Dwyer Mark III, series 475, Michigan, USA). The volumetric air flow rate (Q) 

is controlled by a needle valve and measured with rotameters (0-400 and 300-3000 L/h, 

Conaut, São Paulo, Brazil). The flow rate (Q) is obtained from , where Qo 

denotes the flow rate at the sample exit. Pi, Po, and vs values are obtained from at least 

10 sets in a stationary gas flow regime. The obtained data were fitted using a least-

square regression method with respect to the parabolic model of the type: y = ax + bx². 

In this model, x and y symbolize the fluid velocity (vs) and the left side of Eqn. 3.1. 

Furthermore, Darcian and non-Darcian permeability coefficients are calculated by the 

fitted constants as  and . 
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The average fluid dynamic pore size (dpore) for each sample was determined by 

the Ergun-related formula which is given in Eqn. 3.7:268,269 

 

 

                                                                                                       (3.7) 

 

 

where: 

 is the open porosity, 

k1 is the Darcian permeability coefficient. 

    

SiOC foams were measured at three different temperatures: ~25 °C, ~350 °C, 

and ~700 °C by using a laboratory-made hot gas permeameter (see Figure 3.1) for hot 

air permeability evaluation. The disk samples were tightly placed in a 310 stainless steel 

cylindrical sample holder with a diameter of 14 mm (circular flow area Aflow = 154 

mm2). Moreover, special heat-resistant O-rings were used to prevent leakage. The 

sample holder was placed in an electric furnace (7500 W) which was controlled via a 

proportional-integral-derivative (PID) control scheme to perform different temperature-

time programs. Dry air supplied by an air compressor was preheated in a 2 m long 316 

stainless-steel (SS-316) serpentine within the furnace chamber before reaching the 

sample. K-type thermocouples placed perpendicularly to the sample at the entrance and 

exit chambers were used to measure the temperature. Additionally, these were used near 

the pressure transducers to monitor the gas temperature before it entered the rotameter. 

The temperature was managed by the PID controller, and air flow was supplied upwards 

from the sample with a constant pressure of Pi. 

 Evaluation of the permeability coefficients was calculated by changing the air 

properties with temperature. The density ( ) and viscosity ( ) of air were calculated 

following Eqns. 3.8 and 3.9:268 

 

 

                                                                                                                 (3.8) 
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                                                                                (3.9) 

  

 

where: 

Po is the pressure at the exit stream, 

To is the temperature at the exit stream, 

air is the average molar mass of dry air (28.965×10-3 kg·mol-1), 

R is the ideal gas constant (8.314 Pa·m3·mol-1·K-1).  

 

 

 
 

Figure 3.1. Schematic representation of the hot gas permeameter for the room and 

high-temperature tests. (Source: Semerci, T. et al., 2020)13 

 

 

 3.6. Casting Tests 
 

 

Casting trials were done using a sand mold, with the details given in Figure 3.2. 

Ten cylindrical bars were produced with 8.5 mm diameters and 150 mm lengths. For 
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casting, A357 alloy was used, with the chemical composition given in Table 3.5. The 

thickness of all filters was specified between ~1 mm and ~1.5 mm. 

  

 

 
 

Figure 3.2. SolidWorks drawing of casting system with photographic images of real test 

place of ceramic filter (bottom right) and aluminum alloy bar after casting 

for the mechanical test (top right). (Source: Semerci, T. et al., 2022)271 
 

 

Table 3.5. Chemical composition (wt%) of the A357 alloy. 
 

Si Fe Cu Mn Mg Ti Al 

7.485 0.173 0.021 0.018 0.529 0.126 91.45 

 

 

The process steps for obtaining molten metal are given in Figure 3.3. Preheating 

was applied to the ICS induction furnace by increasing the power by 5 kW every 10 min 

period. After completing preheating, the furnace was operated at full power (~35 kW) to 

reduce the melting time. The temperature was controlled from the outside with a 

thermocouple (placed over the induction furnace depicted in Figure 3.3) during the 

process. 18 kg of A357 alloy was melted in an A50 SiC crucible at 750 ºC. No 

degassing or melt treatment was performed to compare the yield of the filter. After the 
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castings were completed, the samples were heat-treated with the solutionizing at 540 ºC 

for 6 h. Subsequently, the obtained samples were quenched in water at R.T. followed by 

aging at 160 °C for 4 h and machined (see Figure 3.4) according to the ASTM E8/E8M 

standard.  
 

 

 
 

Figure 3.3. Photographic images of the melting of A357 alloy in an ICS induction 

furnace. 

 
 

Weibull analysis was carried out and survivability tests were used to statistically 

compare the repeatability and reliability of the casting trials. 

 

 
 

Figure 3.4. Schematic of the prepared aluminum alloy bar after casting for the 

mechanical test. 
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 3.7. Heat Exchange Tests 
 

 

Heat exchange between the furnace walls (TypeXTube, XERION Advanced 

Heating Ofentechnik GmbH, Freiberg, Germany) and air passing through the ceramic 

tube was conducted in a high temperature pressure drop (HTPD) apparatus (see, Figure 

3.5). The alumina tube (Alumina C799, SCERAM Ceramics, Champagne au Mont d'Or, 

France) that was placed in the furnace was 500 mm in length and 20 mm in internal 

diameter (27 mm external diameter). The insulation part surrounding the ceramic tube, 

shown in green in Figure 3.5, consists of alumina. The heated distance area inside the 

tube is 100 mm and the tests were performed by placing 10 pieces of SiOC foams 

(approximately 100 mm) in a row. The experiments were conducted at furnace 

temperatures of 900 oC with three different airflow velocities (in terms of Reynolds 

numbers): 0.6 m/s (745), 1.2 m/s (1′ 490), and 1.8 m/s (2′235). 

 

 
 

Figure 3.5. Schematic representation of the high temperature pressure drop (HTPD) 

apparatus developed at SUPSI. (Source: Pelanconi, M. et al., 2019)246 
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CHAPTER 4  

 

RESULTS AND DISCUSSION 
 

 

Published in part in: Semerci, T., de Mello Innocentini, M. D., Marsola, G. A., 

Lasso, P. R. O., Soraru, G. D., Vakifahmetoglu, C. “Hot air permeable preceramic 

polymer derived reticulated ceramic foams”. ACS Applied Polymer Materials, 2(9), 

4118-4126, (2020). 
 

Published in part in: Semerci, T., Dizdar K.C., Kulkarni A., Dispinar D., Soraru 

G.D., Vakifahmetoglu C. “Polymer-derived ceramic molten metal filters”. Journal of 

Materials Science, in press, (2022). 
 
 

4.1. PDC Foams and Cellular Structures 
 

 

In brief, the structural properties of PU templates, preceramic polymers, and 

produced PDC components, followed by morphological and mechanical properties of 

PDC components, and finally, details regarding applications including gas permeability 

(at R.T. and up to ~700 oC), molten metal filtration and heat exchanger will be provided 

in the following subsections.  
 

 

4.1.1. Structural Properties 
 
 

4.1.1.1. Thermal Analysis of PU Templates and Preceramic Polymers  
 
 

SiOC foams have been produced by the replica technique.13,108,111,112,272 In this 

technique, a template/substrate, typically a flexible PU foam is infiltrated by a solution 

of preceramic polymer, followed by curing and pyrolysis. In general, PU starts to 

decompose at ~200 oC in an inert atmosphere and acts as a sacrificial agent.112,113 
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PU foams and TPU were used as templates to produce PDC foams and AM-

made cellular structures, respectively. TGA analyses were performed to determine the 

thermal behaviors of templates [see Figure 4.1 (a)]. All PUs (10-80 ppi foams) showed 

the largest thermal decomposition between 250 °C and 450 °C. 59 ppi PU foam 

demonstrated the highest weight loss (99.8 wt%), followed by 10 ppi PU (98.9 wt%), 80 

ppi PU (98.3 wt%), and 65 ppi PU (94.1 wt%) at 1000 °C. Contrarily, TPU started to 

decompose at 300 °C and continued until 500 °C with a weight loss of 94.1 wt% (at 

1200 °C). Figure 4.1 (b) shows TGA analyses of as-received PHMS, TMTVS, PDMS, 

and crosslinked PHMS/TMTVS at 60°C/24h. The decomposition of as-received PHMS 

started at 150 °C and completed at  450 °C with a weight loss of 89.7 wt% (at 1000 

°C). As-received TMTVS showed the largest thermal decomposition between 50 °C 

and 150 °C. PHMS cured with a TMTVS crosslinking agent provided a ceramic yield of 

75 wt% at 1000 °C and the largest weight loss occurred between 400 °C and 800 °C 

due to the organic-to-inorganic transformation. As-received PDMS remained thermally 

stable up to 200 °C without loss of any weight, and pyrolytic decomposition was 

completed at  600 °C. 

 

 

 
 

Figure 4.1. TGA data of as-received (a) PU templates (10-80 ppi foams), and TPU; (b) 

PHMS, TMTVS, PDMS, and crosslinked PP derived from PHMS/TMTVS. 
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4.1.1.2. Structural Properties of PU Templates  
 

 

The FTIR spectra of PUs and TPU are given in Figure 4.2. All PUs showed the 

same peaks. The characteristic urethane peak of PU was observed around 3300 cm-1 as 

N-H stretching.13,273 C-H stretching vibrations with asymmetric and symmetric 

vibrations of -CH2- were seen around 2934 cm-1 and 2862 cm-1.274 C=O stretching and 

N-H band were observed around 1723 cm-1 and 1528 cm-1.275,276 In addition to the peaks 

of PU, TPU demonstrated the characteristic urethane bands ~1720 cm-1 and 1650 cm-1, 

and the ester peak ~1167 cm-1.132 

 

 

 
 

Figure 4.2. Normalized FTIR spectra of as-received PU foam templates having 10-80 

ppi, and TPU. 

 

 

The effects of the impregnation solvent (i.e., acetone) on the PU foams were 

investigated by FTIR analysis (see Figure 4.3). The results showed no structural change 

in PU, meaning that it is suitable to use acetone as an impregnation solvent. 
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Figure 4.3. Normalized FTIR spectra of PU foams with acetone at (a) 80oC/7h + 

R.T./23h, and (b) 220oC/2h. 

 

 

4.1.1.3. Structural Properties of Preceramic Polymers  
 

 

Figure 4.4 shows the FTIR spectra of as-received chemicals and preceramic 

polymers crosslinked at 80°C/7h + R.T./23h and 220°C/2h. In the spectra of crosslinked 

preceramic polymers, peaks around 2165 and 900 cm-1 belonged to Si-H bond while 

peaks around 1260 and 770 cm cm-1 were associated with Si-CH3 bond vibrations.191 In 

addition, Si-O stretching bonds were observed around 1055 cm-1.191 Peaks at 3020-3057 

cm-1 and 1408 cm-1 were assigned to vinyl groups in TMTVS and C-H vibrations of 

conjugated C atoms.277 As depicted in Figure 4.4, the reduction of the Si-H and vinyl 

peak intensities imply progress through hydrosilylation reactions.264,278,279 It is 

understood from the reduction of such Si-H peak and from the disappearance of the 

vinyl bond absorptions that the addition of TMTVS and vinyl-terminated PDMS 

improved the crosslinking, particularly when crosslinking was operated at a higher 

temperature. It is possible to state that the crosslinking was not finished for the low 

temperature cured samples (80°C/7h + R.T./23h).  
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Figure 4.4. Normalized FTIR spectra of as-received PHMS, TMTVS, PDMS and 

preceramic polymers crosslinked at (a) 80oC/7h + R.T./23h, and (b) 

220oC/2h. 

 

 

4.1.1.4. Structural Properties of PDC Components 
 

 

I) SiOC Foams 

 

 

FTIR spectra of SiOC foams obtained from 65 and 80 ppi PU foams are given in  

Figure 4.5. All SiOC foams showed similar peaks: Si-O-Si deformation which belongs 

to the Si-O bond was around 450 cm-1, and Si-C and Si-O stretching vibrations were 

around 800 cm-1.52,280 A broad peak around 1070 cm-1 is associated with the Si-O 

stretching in the Si-O-Si vibrations of the silicon oxycarbide network.107,281 
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Figure 4.5. (a&b) Normalized FTIR spectra of SiOC foams with dense (D) or hollow 

(H) struts obtained from 65 ppi (C3) and 80 ppi (C4) PU foams. 15 and 50 

represent PHMS/PDMS weight ratios of 1.7/0.3 and 1/1. 
 

 

  XRD patterns of SiOC foams are given in Figure 4.6. No crystalline phase was 

observed, but broad Bragg reflections were observed between 10o and 30o (2θ) 

associated with amorphous silicates.281 

 
 

 
 

Figure 4.6. (a-c) Normalized XRD patterns of SiOC foams having hollow (H) strut 

obtained from 59 ppi (C2), 65 ppi (C3) and 80 ppi (C4) PU foams. 

PHMS/PDMS weight ratios of 1.7/0.3 and 1/1 refer to 15 and 50. 

 

 

II) Foams and Cellular Structures  

 

 

FTIR and XRD analyses of PDC components are given in Figure 4.7. Since 

SiOC(N) foam (C5-D) and AM-made cellular structures (C6-D and C7-D) were 
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produced using the same polymers and procedure, the rest of the data were given only 

for C7-D. In Figure 4.7 (a), AM-made SiOC(N) cellular structure (C7-D) showed a 

broad peak between 800 cm-1 and 1100 cm-1 due to the existence of Si-O, Si-C, and Si-

N bonds. Peaks around 1600 cm-1 and 3400 cm-1 were associated with the presence of 

OH groups. In Figure 4.7 (b), the AM-made SiOC(N) cellular structure (C7-D) showed 

broad and smaller-broad peaks around 22.5o and 42.5o (2θ), which were related to the 

amorphous SiOC network and amorphous graphite. FTIR and XRD analyses results of 

SiOC foams (C1-D, C2-D, C3-D, and C-4) have already been given in Figures 4.5 and 

4.6. 

 

 

 
 

Figure 4.7. Normalized (a) FTIR spectra, and (b) XRD patterns of PDC components 

including dense (D) struts: SiOC foams obtained from 10 ppi (C1), 59 ppi 

(C2), 65 ppi (C3), and 80 ppi (C4) PU foams; and AM-made SiOC(N) 

cellular structure (C7-D). 

 

 

4.1.2. Morphological Analyses  
 
 

4.1.2.1. Microstructural Investigation of PU Templates by Using SEM 
 

 

Four types of PU foams were used as templates to produce SiOC and SiOC(N) 

foams. Additionally, 3D printed PU templates obtained from commercially available 
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TPU were used to produce AM-made SiOC(N) cellular structures. Figure 4.8 shows that 

10, 65, 80 ppi PU foams have reticulated structures with open cells (3D interconnected 

porous), while 59 ppi PU foam has a partially closed cell structure. SEM images were 

analyzed using the ImageJ software and pore sizes were measured as 2530.2 ± 427.4 

μm (10 ppi), 498.9 ± 32.3 μm (59 ppi), 480.3 ± 23.8 μm (65 ppi), and 396.5 ± 42.5 μm 

(80 ppi). Pore size increased with the decrease in pore density (ppi). 

 

 

 
 

Figure 4.8. SEM images of as-received (a) 10 ppi, (b) 59 ppi, (c) 65 ppi, and (d) 80 ppi 

PU foam templates. 

 

 

Bulk densities of PU foams were measured from mass and volume. The results 

were given in Table 4.1. Results show that bulk density increased with the increase in 

pore density. 
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Table 4.1. Properties of the as-received PU foam templates having 10-80 ppi. 
 
 

Template 

 Type 

Cell  

Structure 
Porosity 

Pore 

Size (μm) 

Bulk Density 

 (g/cm3) 

PU foam 
Open  

10 ppi 2530.2 ± 427.4 0.027 ± 0.002 

65 ppi 480.3 ± 23.8 0.029 ± 0.001 

80 ppi 396.5 ± 42.5 0.030 ± 0.002 

Partially closed  59 ppi 498.9 ± 32.3 0.057 ± 0.002 

 

 

4.1.2.2. Microstructural Investigation of PDC Components by Using 

SEM 

 

 

SEM images obtained from the fracture surfaces of SiOC foams processed with 

100% PHMS are given in Figure 4.9. The PU foams of 65 ppi and 80 ppi have open cell 

structures while the 59 ppi PU foam has a partially closed cell structure, resulting in the 

ceramic replicas shown in Figure 4.9 (a, d and g).  

It was demonstrated that microstructural features of SiOC foams could be 

deliberately tuned to obtain “dense” or “hollow” struts. Figure 4.9 (c, f, and i) shows 

SiOC foams with dense struts while Figure 4.9 (b, e, and h) shows the hollow struts. 

The final strut morphology was impacted by the crosslinking conditions, specifically, 

80°C/7h+R.T./23h and 220°C/2h. SiOC foams obtained by curing at 220°C/2h had 

hollow struts since the preceramic polymer blend had insufficient time to swell into the 

PU foam. The PU surface was coated like a film due to the sudden curing and the core 

became hollow after the thermal treatment and decomposition of the coated PU foam. 

SiOC foams obtained from the curing at 80°C/7h+R.T./23h had nearly homogenous 

dense struts since the solution had enough time to penetrate the PU foam matrix.  
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Figure 4.9. (a-i) SEM images of SiOC foams consisted by dense (D) or hollow (H) 

struts obtained from 59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. 

 

 

Although Figure 4.9 shows only the samples made using 100% PHMS, very 

similar micrographs belonging to the rest of the sample set (with PDMS additions) can 

be seen in Figures 4.10 and 4.11. It can be seen that some cracks occurred in the 

structure with a PDMS addition as seen in Figure 4.10 (d), but no cracks were observed 

in other samples. 
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Figure 4.10. (a-f) SEM images of SiOC foams with hollow (H) strut obtained from 59 

ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. The insets taken from 

higher magnification show the cross-section of the struts. 15 and 50 

represent PHMS/PDMS weight ratios of 1.7/0.3 and 1/1. 

 

 

Homogenous dense struts were observed as depicted in Figure 4.11 despite the 

PDMS addition.  It was recently shown that ceramic foams produced with AM had 

some processing limitations to obtain strut diameters lower than 500 μm.230 Here, it was 

demonstrated that SiOC foams having struts with less than around 60 μm thickness 

could be obtained. 
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Figure 4.11. (a-f) SEM images of SiOC foams including dense (D) strut obtained from 

59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. The insets show the 

cross-section of the struts. PHMS/PDMS weight ratios of 1.7/0.3 and 1/1 

refer to 15 and 50. 

 

 

Figure 4.12 shows the cell structures of SiOC foams having dense struts 

obtained from different PU foams. While SiOC foam (C2-D) showed a partially closed 

cell structure, SiOC foams (C1-D, C3-D, and C4-D) with reticulated structures showed 

a 3D interconnected porosity.  
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Figure 4.12. (a-d) SEM images of SiOC foams with dense (D) struts obtained from 10 

ppi (C1), 59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. The insets 

taken from higher magnification show the cross-section of the struts. 

 

 

SEM images obtained from the fracture surfaces of SiC, SiOC(N) foam, and 

AM-made cellular structures are shown in Figures 4.13 and 4.14. As can be seen in 

Figure 4.13 (a), C5-D has an open-cell (3D interconnected porous) structure, and the 

inset image shows that the struts are dense. SiC has an open cell structure and hollow 

struts as seen in Figure 4.13 (b). 
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Figure 4.13. SEM images of (a) SiOC(N) foam having dense (D) strut, and (b) SiC 

foam with insets showing the cross-section of the struts. 

 

 

Figure 4.14 shows the SEM images of AM-made SiOC(N) cellular structures, 

and the inset images demonstrate fully dense struts, indicating that the impregnation 

was complete. In this case, two different AM-made SiOC(N) cellular structures were 

produced: the one with a smaller cell size of 578.1 ± 14.7 μm (C6-D), and a larger cell 

size of 1040.8 ± 66.9 μm (C7-D), both having the strut thickness of ~150 μm. 
 

 

 
 

Figure 4.14. SEM images of AM-made SiOC(N) cellular structures: (a) the one with 

smaller cell sizes (C6-D), and (b) the one with larger cell sizes (C7-D). 

The insets taken from higher magnification show the cross-section of the 

struts. 
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After the analysis of the microstructural properties of the PDC component by 

SEM, measured cell, pore, and strut size values for all samples are given in Table 4.2. It 

is important to note here that for foams, cell size and pore size may differ when the cell 

has a small-sized opening on the cell face/wall, generally called a cell window (see 

Figure 2.5). For the samples produced via AM, cell size means the pore size since the 

cell window is virtually the same as cell size.282 

 

 

Table 4.2. The properties of the tested porous PDC components in high temperature 

applications. 

 
 Sample 

Code 
Template 

 Type 
Cell Size 

(μm) 
Pore Size 

 (μm) 
Strut Size 

(μm) 

SiOC foam 

C1 10 ppi PU 4039.3 ± 313.3 2042.8 ± 527.4 335.1 ± 65.8 
C2 59 ppi PU 656.2 ± 116.8 429.2 ± 66.1 61.5 ± 12.4 
C3 65 ppi PU 779.1 ± 202.9 390.9 ± 93.8 49.8 ± 11.2 
C4 80 ppi PU 693.8 ± 65.3 316.5 ± 75.3 36.3 ± 8.1 

SiOC(N) foam C5 10 ppi PU 4651.4 ± 518.2 2178.3 ± 226.1 380.1 ± 59.7 
Commercial 

SiC foam SiC 10 ppi PU 5968.1 ± 879.1 2750.2 ± 661.1 497.7 ± 240.6 

AM-made 
SiOC(N) 
cellular 
structure 

C6 
TPU 

578.1 ± 14.7 165.7 ± 6.2 

C7 1040.8 ± 66.9 153.7 ± 13.8 

 

 

4.1.2.3. Microstructural Investigation of SiOC foams by CT 
 

 

Figures 4.15 and 4.16 show the 2D and 3D tomographic images of SiOC having 

dense struts obtained from different PU foams and processed with 100% PHMS. One 

2D image of SiOC foam (C2-D) showed the variation in the strut coating uniformity 

through the presence of darker regions in the radial slices in Figure 4.15 (c). It was not 

possible to determine the porosity and the cell size distribution by using 2D images 

because of the high degree of 3D interconnections of struts and cells and the 

interference caused by the superposition of solid and void fractions among the adjacent 

slices. 
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Figure 4.15. 2D tomographic images with radial and axial profiles of SiOC foams 

including dense (D) strut obtained from 65 ppi (C3), 80 ppi (C4), and 59 

ppi (C2) PU foams. 

 

 

Some macroscopic aspects were confirmed by comparison of 3D tomographic 

images given in Figure 4.16. 

 

(i)  C2 foam showed poor coating due to the difficulty to complete swelling of the 

closed cells, 

(ii) C3 foam had a reticulated structure that was uniform, with larger fully 

interconnected, and nonaligned cells, 

(iii) C4 foam showed thinner struts with smaller cells and some nonuniform coating. 
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Figure 4.16. 3D tomographic images of SiOC foams with dense (D) strut obtained from 

65 ppi (C3), 80 ppi (C4), and 59 ppi (C2) PU foams. The distance between 

two red grids is 2.5 mm. 

 

 

4.1.2.4. Porosity and Surface Area of PDC Components   
 

 

I) Porosity of PDC Components 

 

 

The influence of the PU foam, curing conditions, and PDMS addition on the 

skeletal density, and total porosity of SiOC foams is shown in Figure 4.17. The average 

skeletal density of all SiOC foams was found to be 2226 ± 107 kg/m3, which is in the 

typical range reported in the literature (from 1964 to 2380 kg/m3).206,223 Having dense 

(2229 ± 65 kg/m3) or hollow struts (2227 ± 138 kg/m3) did not change the skeletal 

density, and similar results were obtained. This means a possibly similar chemical 

composition for the obtained SiOC foams without any dependence on the curing 

condition. No conclusive influence was observed on the skeletal density of the used PU 

foam type, while a difference was observed in the total porosity. The average total 

porosity value for SiOCs was 95.7 ± 2.1 vol%  - a clear increase in the PDMS in each 
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foam type - which in turn caused a further increase in the total porosity, as shown in 

Figure 4.17. The SiOC foam with the lowest total porosity (93.5 ± 1.2 vol% for dense 

and 92.8 ± 2.2 vol% for hollow strut) were those produced with the 59 ppi PU foam 

(C2) with partially closed cells. 

 

 

 
 

Figure 4.17. Skeletal density and porosity of SiOC foams consisting of dense (D) or 

hollow (H) struts obtained from 59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) 

PU foams. 15 and 50 represent the PHMS/PDMS weight ratios of 1.7/0.3 

and 1/1. The circles surrounding the data demonstrate the foams having 

dense struts while the regular data show the hollow struts.  

 

 

Bulk densities of SiOC and SiOC(N) foams were measured to compare total 

porosities. SiOC (C1-D) and SiOC(N) (C5-D) foams showed similar bulk densities of 

0.05 ± 0.01 g/cm3 and 0.04 ± 0.01 g/cm3 due to their similar pore sizes. The skeletal 

densities of SiOC and SiOC(N) were found to be 2.19 g/cm3 (see Figure 4.17) and 2.12 

g/cm3.132 Accordingly, the total porosities of C1-D and C5-D were calculated as 97.7 

vol% and 98.1 vol%. In contrast to foams, AM-made SiOC(N) cellular structures (C6-D 

and C7-D) showed different bulk densities of 0.83 ± 0.02 g/cm3 and 0.34 ± 0.01 g/cm3 

because C6-D had a smaller cell size (578.1 ± 14.7 μm) than that of the C7-D (1040.8 ± 

66.9 μm). The total porosities of C6-D and C7-D were calculated as 60.8 vol% and 83.9 

vol%.  
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II) Surface Area of PDC Components 

 
 

N2 sorption analysis isotherms with the pore size distributions of SiOC foams 

including hollow struts obtained from 65 ppi PU foam are given in Figure 4.18. 

Hierarchical pores that existed from 2 to 10 nm (peaking around 4 nm) were observed. 

It has already been shown that when preceramic polymer mixtures with similar PDMS 

(MW 62,700) components are pyrolyzed, decomposition of the resulting material 

contains 5-20 nm ranged pores and enhances the SSA due to the decomposition of the 

PDMS component.264 This result is consistent with the measured SSA and pore volume 

at 0.39 m2/g and 0.0004 cm3/g (C3-H), 7.65 m2/g, and 0.012 cm3/g (C3-H-15), 79.21 

m2/g and 0.096 cm3/g (C3-H-50), respectively.  

 

 
 

Figure 4.18. (a) N2 sorption analysis isotherms and (b) the pore size distributions of 

SiOC foams having hollow (H) struts obtained from 65 ppi (C3) PU foam. 

PHMS/PDMS weight ratios of 1.7/0.3 and 1/1 refer to 15 and 50. 

 

 

Specific surface area per unit volume (  of PDC components, based on the 

work of Gibson and Ashby,282 were calculated according to Richardson et al. (Eqn. 

3.10):283 

 

 

                                                                               (3.10) 



  

    81 
 

where:  

 is the solid porosity, 

dp is the pore diameter. 

 

Table 4.3 shows the volumetric specific surface area of PDC components. The 

results indicate that PDC foams had a greater volumetric surface area (~35,000 - 37,000 

m2·m-3)  than that of the AM-made cellular structures (~14,000 - 18,000 m2·m-3). 

 

Table 4.3.  Volumetric surface areas (  of PDC components. 
 

 Sample Code* Porosity (vol%) Sv (m2·m-3) 

SiOC foam C1-D 97.72 35,957 

SiOC(N) foam C5-D 98.10 37,583 
AM-made 

SiOC(N) cellular 
structure 

C6-D 60.80 14,061 

C7-D 83.90 18,984 
*The representative sample codes will be as follows; C: Ceramic, D: Dense. 

 

 

Richardson et al.283 proposed three different models to calculate the specific 

surface area per unit volume (  of 10-65 ppi ceramic foams. It was suggested to use 

Eqn. 3.10. It was also stated that the calculated  is valid for uniform porosity with 

regular shapes, and the results may not be clear in irregular porous structures.283 8-45 

ppi ceramic foams obtained from SiC-Al2O3 powders by the replica technique were 

measured for water/air permeability. It was shown that 45 ppi ceramic foam provided a 

higher  than that of 8 ppi foams.284,285  
 

 

4.1.3. Mechanical Properties 
 

 

4.1.3.1. SiOC Foams  
 

  

A photographic image of produced SiOC foams (dimensions of 5 x 5 x 5 mm3) 

for the mechanical test is given in Figure 4.19. 
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Figure 4.19. Photographic image of SiOC foams having dense strut (D) obtained from 

65 ppi (C3) and 80 ppi (C4) PU foam. 

 

 

 The effect of porosity on compressive strength has been comprehensively 

discussed in recent reviews showing that ceramic materials with closed porosity have 

enhanced strength than those with open porosity.70 Both relative density and the cell 

size affect the compressive strength; the increase in relative density causes an increase 

in strength. Hence, for the same relative density, the strength of the material decreases 

with the increase in pore size.286 Table 4.4 shows that open-cell SiOC foams had lower 

crushing strength (0.208-0.244 MPa) when compared to those with partially closed 

porosity ( 0.883 MPa) even though there was only a slight difference in the relative 

density values. 

The effect of bulk density on the compressive strength of SiOC foams was 

shown by Colombo et al.287,288 Macro-cellular (100-600 μm cell sizes) open-cell SiOC 

foams (0.25-0.58 g/cm3 bulk density) showed a compressive strength of ~2-11 MPa.287 

Open-cell SiOC foams (~0.05-0.08 g/cm3 bulk density) having cell sizes of 690-780 μm 

showed a compressive strength of ~0.16-0.24 MPa (see Table 4.4).  
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Table 4.4. Compressive strength of SiOC foams with dense (D) or hollow (H) struts 

obtained from 59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. 15 

represents PHMS/PDMS weight ratio of 1.7/0.3. 

 
Sample Code Compressive Strength (MPa) Total Porosity (vol%) 

C2-D 0.883 ± 0.377 92.92 ± 0.358 
C2-H 0.745 ± 0.220 91.81 ± 0.316 

C2-D-15 0.671 ± 0.411  92.74 ± 0.536 
C2-H-15 0.294 ± 0.184  92.59 ± 0.326 

C3-D 0.234 ± 0.082  97.15 ± 0.072 
C3-H 0.180 ± 0.104  96.77 ± 0.284        

C3-D-15 0.208 ± 0.077  97.03 ± 0.425 
C3-H-15 0.164 ± 0.049  97.18  ± 0.072   

C4-D 0.244 ± 0.105  96.48 ± 0.129 
C4-H 0.181 ± 0.106  96.97 ± 0.200 

C4-D-15 0.214 ± 0.027  96.78 ± 0.070 
C4-H-15 0.166 ± 0.033  97.25 ± 0.110 

 

 

 It was shown that SiOC foams having dense struts showed higher 

compressive strength (~0.52 MPa) than those with hollow struts (~0.44 MPa).108 Similar 

results were obtained for the produced SiOC foams. SiOC foams having dense struts 

showed higher compressive strength (~0.24 MPa) than those with hollow struts (~0.18 

MPa), as shown in Table 4.4 and Figure 4.20. It is also important to note that the 

strength values obtained from open-cell SiOC foams produced in this study were lower 

compared to what had been observed for other open-porous SiOC components.108 Some 

factors including defect formation during sample preparation, differences in the relative 

density and cell size, and the presence of residual strut porosity can cause this 

difference. When PMDS was added to the structure matrix (also in the struts), 

compressive strength decreased, as seen in Figure 4.20. After the evaluation of all 

samples, results indicate that the decrease in pore size caused an increase in strength. 
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Figure 4.20. Compressive strength of SiOC foams including (a) dense (D), and (b) 

hollow (H) struts obtained from 59 ppi (C2), 65 ppi (C3) and 80 ppi (C4) 

PU foams. 15 represents PHMS/PDMS weight ratio of 1.7/0.3. 

 

 

 Stress-strain curves of SiOC foams having both dense and hollow struts 

processed with 100% PHMS are shown in Figure 4.21. The onset of brittle crushing was 

around 5% for open-cell SiOC foams [C3 and C4 samples, see Figure 4.21 (b&c)], 

which is a typical value for highly porous foams.282,289  

 
 

 
 

Figure 4.21. (a-c) Stress-strain curves of SiOC foams consisted by dense (D) or hollow 

(H) struts obtained from 59 ppi (C2), 65 ppi (C3) and 80 ppi (C4). 
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4.1.3.2. PDC Foams vs. Cellular Structures 
 

 

Figure 4.22 shows the produced photographic image of SiOC foam (dimensions 

of 10 x 10 x 10 mm3) for the mechanical test. 

 

 

 
 

Figure 4.22. Photographic image of SiOC foam with a dense strut (D) obtained from 10 

ppi PU (C1) foam. 

 

 

It was shown that the mechanical strength of ceramic cellular structures 

produced by using AM of preceramic polymers could reach around 30 MPa.  This value 

is almost an order of magnitude higher compared to those seen in the foams obtained 

via replica.13,14,108,272 Additionally, total porosity (the difference of ~98 vol% of foams 

with ~80 vol% of AM filters), cell size/type (open/closed) and topology affect the 

strength.70 

 The average compressive strengths of C1-D and C5-D foams having dense struts 

were found to be 0.079 ± 0.005 MPa (4039.3 ± 313.3 μm cell size) and 0.027 ± 0.004 

MPa (4651.8 ± 518.2 μm cell size). Commercial SiC foams with 80.7 vol% total 

porosity and pore size of ~2500 μm showed a compressive strength of ~1.2 MPa.290 C6-

D and C7-D cellular structures produced by the impregnation of the AM structure were 

found to be much stronger than those foams. For the samples with a cell size of 578.1 ± 

14.7 μm (C6-D), the compressive strength was found to be 27 ± 3 MPa, and for the cell 

size of 1040.8 ± 66.9 μm (C7-D), the compressive strength was found to be 22 ± 3 MPa.  
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4.1.4. High Temperature Applications 
 

 

The produced porous PDC structures were tested for gas permeability (at R.T. 

and up to ~700 oC), molten metal filtration, and heat exchanger. The results will be 

given in the following subsections. 

 

 

4.1.4.1. Gas Permeability 
 

 

The ranges of superficial air velocities (vs) achieved in the ambient condition 

tests were 0-0.10 m/s for C2, 0-0.75 m/s for C3, and 0-0.23 m/s for C4 samples. Despite 

the apparent low vs values, the maximum contribution of inertia on the total pressure 

drop was calculated by Eqns. 3.5 and 3.6 and reached 26-39% (C2), 37-75% (C3), and 

25-47% (C4) as described by the caption of Figure 4.23. This indicates that the 

dependence of pressure drop with vs was non-linear; therefore, Darcy’s law should not 

be used for fitting purposes. Indeed, the Darcian (k1) and non-Darcian (k2) permeability 

coefficients were retrieved from high-quality parabolic fittings of Forchheimer's 

equation (Eqn. 3.1) and are given in Figure 4.23 (a&b) as a function of the total porosity 

of samples. The permeability level varied more than an order of magnitude for k1 

(0.28×10-9-11.48×10-9 m2) and two orders of magnitude for k2 (0.34×10-5-54.17×10-5 m) 

according to the PU foam used to produce the SiOC foams. The highest permeability 

was achieved for the C3 foams with larger cells, followed by the C4 foams, and finally 

the C2 foam with partially closed cells.  
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Figure 4.23. Fluid dynamic parameters obtained from the R.T. air flow permeation 

experiments: (a) Darcian permeability coefficient, (b) non-Darcian 

permeability coefficient, and (c) fluid dynamic pore size of SiOC foams 

having dense (D) or hollow (H) struts obtained from 59 ppi (C2), 65 ppi 

(C3), and 80 ppi (C4) PU foams. 15 and 50 represent PHMS/PDMS 

weight ratios of 1.7/0.3 and 1/1. The circles surrounding the data 

demonstrate the foams having dense struts while the regular data points 

show the ones with hollow struts. 

 

 

The occurrence of dense or hollow struts did not affect the permeability 

coefficients since the airflow through foams is essentially macroscopic around the struts 

and not inside them. The literature has already identified some of the main variables that 

affect the macroscopic flow through ceramic replicas: cell and/or window sizes, 

porosity, and interconnectivity among cells.231,268 Eqn. 3.5 was adapted from Ergun’s 

equations that estimate the Darcian permeability coefficient (k1) based on the 

knowledge of the pore size (dpore) of the medium and its interconnected porosity ( ).268 

This equation is useful to estimate an effective fluid dynamic pore size once k1 and  of 

the structure is experimentally acquired. Figure 4.23 (c) gives the results for dpore plotted 

as a function of the SiOC foam porosity. The calculated average values were 141 ± 16, 

886 ± 183, and 552 ± 35 μm for the C2, C3, and C4 samples, respectively. This trend is 

in rough accordance with the ranges of cell size estimated from SEM images (656.2 ± 

116.8, 779.1 ± 202.9, and 693.8 ± 65.3 μm). The greater discrepancy observed for the 

C2 samples can be explained by the lower porosity level and the presence of partially 

closed cell walls. This result implies that the lowest number of open pores is effective 

for flow and eventually affects the calculation of the fluid dynamic pore size. 
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SiOC foams produced in this work are compared to other porous structures in 

the permeability map adapted from Innocentini et al.,206,266–270 shown in Figure 4.24. 

The map is made by using experimental k1 and k2 data extracted from the literature and 

used to define the permeability of porous materials. The data in the graph indicates that 

the manipulation of PU foams yielded SiOC foams with a broad range of permeability, 

as covered in the ceramic replica group. It is also worth noting that the little dispersion 

of k1 × k2 data in the map for samples in each foam type, regardless of the variation of 

these coefficients with the pore size or porosity as depicted in Figure 4.23. 

 

 

 
 

Figure 4.24. Application map for porous ceramics including SiOC foams obtained from 

59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. 

 

 

Hot gas permeability measurements were conducted only on the selected 

samples  (C2-D-15, C3-D-15, and C4-D-15) since these foams had the combination of 

best permeability, surface area, and compressive strength. Such samples were evaluated 

for airflow permeation at three temperature levels: ~ 25 °C, ~ 350 °C, and ~ 700 °C. 

Figure 4.25 shows the length-normalized pressure drop curves ( P/L) for the samples 

tested in the three temperature levels. As expected, Eqn. 3.1 was reliably fitted (R2 > 

0.99) to all experimental curves, confirming the significant contribution of the inertial-

quadratic term [ vs
2/k2] to the pressure drop. The lowest P/L level was achieved for 

the C3-D-15 sample with larger open cells, followed by the C4-D-15 sample and finally 
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the C2-D-15 sample with partially closed cells, corroborating the previous trends with 

tests at R.T. 

 

 

 
 

Figure 4.25. Permeation curves at increasing air flow temperatures for SiOC foams with 

dense (D) strut obtained from 59 ppi (C2), 65 ppi (C3), and 80 ppi (C4) 

PU foams. 15 represents PHMS/PDMS weight ratio of 1.7/0.3. 

 

 

 Airflow temperature affected the permeation profile as well. In the tested 

interval of 25-700 °C, a reduction of 69% in air density (from 1.11 to 0.34 kg/m3) and 

an increase of ~127% in air viscosity (from 1.86x10-5 to 4.22x10-5 Pa.s) were predicted 

from Eqn. 3.8 and IX. Thus, proportional changes are respectively expected in the 

quadratic-inertial [ vs
2/k2] and in the linear-viscous [ vs/k1] terms of Eqn. 3.1. 

Considering the rise of the pressure drop from 25 °C to 700 °C as observed in Figure 

4.25, the dominant effect was the increase in the gas viscosity. 

 Airflow permeation tests up to 700 °C might cause irreversible (oxidation) 

and/or reversible (thermal expansion effects) changes in the flow paths, which could 

affect both the pressure drop profile and the permeability coefficients k1 and k2. 

Nevertheless, the hypothesis of irreversible modification of the microstructure with 

damage to the struts by oxidation was disregarded, since permeation curves at R.T. 

before and after heating remained the same (see the red curves in Figure 4.25). On the 

other hand, Figure 4.26 shows the changes in the permeability coefficients k1 and k2 

caused by thermal expansion during the temperature increase. 
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Figure 4.26. Influence of air flow temperature on the (a) Darcian and (b) non-Darcian 

permeabilities of SiOC foams including dense (D) strut obtained from 59 

ppi (C2), 65 ppi (C3), and 80 ppi (C4) PU foams. 15 represents 

PHMS/PDMS weight ratio of 1.7/0.3. Dashed lines show linear fits.  

 

 

 The trends and ranges that can be seen in Figure 4.26 are in accordance with the 

values previously discussed for the tests conducted at R.T. Besides, foams C3 and C4 

presented slight increases of k1 and decreases of k2 with the rise of the temperature to 

700 °C. Similar trends were observed for freeze cast foams,270 gel-casting foams,269 

porous lanthanum carbide discs,291 and SiC granular filters.266,292 Despite this, no 

conclusive explanation for this behavior has been proposed so far. On the other hand, 

the C2 foam presented opposite trends which could be related to the thermal expansion 

effects in the partially closed cells. 

 

 

4.1.4.2. Molten Metal Filtration 
 

 

SiOC (C1-D) and SiOC(N) (C5-D) foams and cellular structures (C6-D and C7-

D) were analyzed for molten metal filtration and the obtained results were compared 

with that of the commercially used SiC foam filters. 

Results for the AM-made C6-D filter were not reported since the 578.1 ± 14.7 

μm channel size caused filter blocking and uncompleted fill (see Figure 4.27).  
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Figure 4.27. Photographic images showing the blockage of molten metal in the AM-

made SiOC(N) cellular structure produced with a smaller cell size of 578.1 

± 14.7 μm. 

 

 

In Figures 4.28 and 4.29, Weibull distributions and survivability plots of tensile 

properties which compare the different conditions are given. For the yield strength, it 

can be seen in Figure 4.28 (a) that apart from the sample obtained using a C5-D foam 

filter, almost all samples produced similar yield strength values. Weibull modulus of the 

ultimate tensile strength (UTS) results of the sample produced using C1-D foam was 

found to be 52 at the highest while the lowest value of 19 was obtained from the sample 

produced using no filter.  

In general, UTS values for the samples produced using foam filters revealed 

enhanced reproducible results compared to that of the ones made by filtering via AM-

made cellular monolithic filters as well as the ones without filtration. In fact, the sample 

obtained by using no filter had the least reliable values. A similar finding was revealed 

for elongation at fracture values. As seen in Figure 4.28 (c), the most reliable elongation 

values were observed in samples produced by using C1-D foam with 7.8, followed by 

C5-D foam with 7.1, while the Weibull modulus of the unfiltered castings had the 

lowest modulus of 2.8.   

 



  

    92 
 

 

 

Figure 4.28. Weibull distributions of tensile test results (a) yield strength (YS), (b) 

ultimate tensile strength (UTS), (c) percent elongation (%EL) at fracture of 

SiC, SiOC foams with dense (D) strut obtained from 10 ppi (C1) PU foam, 

and SiOC(N) foams obtained from 10 ppi (C5) PU foam, and AM-made 

SiOC(N) cellular structure produced with a smaller cell size of 1040.8 ± 

66.9 μm (C7). 

 

 

Survivability plots are given in Figure 4.29. The plots for each parameter appear 

to be quite similar to each other. All yield strength values are almost overlapping as 

seen in Figure 4.29 (a). For UTS values, the samples produced by using C1-D foam 

located on the far right are followed by SiC, C5-D, and C7-D with similar slopes. The 

lowest slope with the highest scatter was observed for the unfiltered castings [Figure 

4.29 (b)]. Almost the same sloped plot lines are seen for elongation at fracture values 

[Figure 4.29 (c)]. Analogous observations were reported by Nazari293 demonstrating 

that minimum reliability was obtained in the unfiltered castings. Hasemi294 and 

Davami295 used Weibull statistics and showed that filtration improves reproducibility as 

well as enhances mechanical properties. Davami296 proposed that 10 ppi filters were 

effective in reducing the oxides by around 70%, causing higher Weibull distribution in 

terms of tensile properties. Additionally, Basuny297 reported that the Weibull modulus 

was increased three-fold when filters were used. Ardejhani298 claimed that filtration 

efficiency should be over 65% to get a higher Weibull modulus.  
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Figure 4.29. Survivability plots of tensile test results (a) yield strength, (b) ultimate 

tensile strength, (c) elongation at fracture, (d) ductility of SiC, SiOC foams 

consisted by dense (D) strut obtained from 10 ppi (C1) PU foam, and 

SiOC(N) foam having 10 ppi (C5) PU foam, and AM-made SiOC(N) 

cellular structure produced with a smaller cell size of 1040.8 ± 66.9 μm 

(C7). 

 

 

SEM images obtained from the fracture surfaces of the cast sample that was 

produced by using no filter demonstrate pores around 150 μm together with a large 

cavity reaching 500 μm, as depicted in Figure 4.30. There are clear indications of the 

oxide presence, resembling a crumpled paper marked by the white arrows in Figure 

4.30.242 
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Figure 4.30. (a&b) SEM images of the fracture surface of the tensile sample produced 

by using no filter. 

 

 

Morphological investigation of the samples that were produced by using casting 

filters showed a smaller number of pores/cavities, as seen in Figure 4.31. The bulk 

densities of samples obtained by using a C1-D foam and no filter were measured as 2.58 

± 0.01 g/cm3 and 2.54 ± 0.02 g/cm3. Accordingly, the total porosities were calculated as 

3.4 vol% for the samples obtained using C1-D foam and 4.9 vol% for those with no 

filter (skeletal density of A357 alloy was taken as 2.67 g/cm3.299) Samples obtained 

without any filter usage showed higher total porosity than that of the samples formed 

using C1-D foam. There were only a few dimples, and instead, more of a quasi-cleavage 

morphology was seen in these samples. The fracture surfaces showed no severe plastic 

deformation which was also confirmed by low elongation at fracture values as seen in 

Figure 4.29 (c). Since the fracture surfaces demonstrated similar morphologies, the 

ductility of these castings was also quite close to one another, with only minor 

differences in values [see Figure 4.29 (d)]. 
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Figure 4.31. SEM images of the fracture surface of the tensile sample produced by 

using (a) SiOC foam having dense (D) strut obtained from 10 ppi (C1) PU 

foam, (b) SiOC(N) foam obtained from 10 ppi (C5) PU foam, (c) AM-

made SiOC(N) cellular structure produced with a smaller cell size of 

1040.8 ± 66.9 μm (C7), and (d) SiC foam. 

 

 

When all backscattered electron images (Figure 4.32) obtained from the filters 

after casting trials were compared, it can be stated that C7-D filters had higher porosity 

with larger unwetted regions [indicated with white arrows in Figure 4.32(c)]. This is 

probably also reflected in the mechanical properties; when the data of the samples made 

using all other filters were compared, samples obtained by using a C7-D filter, after 

casting, revealed the lowest values (excluding the unfiltered castings, see above).  
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Figure 4.32. Backscattered electron images of filters after casting trials (a) SiOC foam 

with dense (D) strut obtained from 10 ppi (C1), (b) SiOC(N) foam 

consisted by 10 ppi (C5) PU foam, (c) AM-made SiOC(N) cellular 

structure produced with a smaller cell size of 1040.8 ± 66.9 μm (C7), and 

(d) SiC foam. 

 

 

Although both UTS and elongation data obtained from the samples made by 

using C1-D foams, demonstrated slightly better performance than that of the other foam 

filters (C5-D and SiC), as a general trend, foams performed better in filtration than the 

AM-produced cellular filters. While the contributing factor might be the difference in 

the cell/pore size, another one is certainly the cell topology. Reticulated foams have 3D 

interconnected porosity, resulting in high filtration efficiency.300 The 3D interconnected 

porous structures in foam filters provide a higher volumetric specific surface area, 

causing them to be better barriers for the inclusions and enhancing the efficiency of 

filtration compared to the uniaxial cellular structures formed via the AM process. 

Besides, it is known that 3D reticulated structures provide laminar flow. In other words, 

the critical velocity of the molten metal increases due to the reduction of turbulence 
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flow, preventing the surface defects that may occur during casting and resulting in 

enhanced strength values in the cast metal components.293 

 

 

4.1.4.3. Heat Exchange 
 

 

A heat exchange analysis was carried out to evaluate the heat transfer and 

pressure drop of the SiOC foams by taking advantage of their reticulated structure. 

Experiments were performed using SiOC sample (C1-D) at 900 oC furnace temperature 

with three different airflow rates: 0.59 (~0.6) m/s, 1.18 (~1.2) m/s, and 1.77 (~1.8) m/s. 

Table 4.5 shows the heat exchange test results according to air velocity. 

 

 

Table 4.5. Heat exchange test results of SiOC foams including dense (D) strut and 

obtained from 10 ppi (C1) PU foam. 

 
Air velocity 

(m/s) 
T-furnace 

(oC) 
T-sample 

(oC) 
T-inlet 

(oC) 
T-outlet 

(oC) ∆P 

0.59 
900 

794 ± 0.18 
22 ± 0.1 

260 ± 0.15 17 ± 2 
1.18 786 ± 0.20 270 ± 0.56 38 ± 2 
1.77 775 ± 0.25 265 ± 0.27 72 ± 2 

 

 

Figure 4.33 shows that the outlet temperature (T-outlet, oC) increased in 

conjunction with the increase in air velocity, except for only the highest air velocity 

value (1.77 m/s). The reason for this decrease is the fact that the thermocouple in the 

output section of the alumina tube is not shielded, and it detects the radiation released 

from the center of the tube. Furthermore, the decrease in temperature of the sample (T-

sample, oC) and increase in pressure drop (∆P) were directly proportional to the rate of 

increase in the air velocity, as expected. These results are in accordance with the 

existing study.246  
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Further tests with different parameters (e.g., different furnace temperatures: 700 
oC and 800 oC) for heat exchange are in progress and will be shared in future 

publications.  

 
 

 
 

Figure 4.33. T-outlet (oC) and pressure drop (∆P) results of SiOC foams at three 

different air velocities: 0.59 m/s, 1.18 m/s, and 1.77 m/s. This plot also 

depicts the standard deviations of T-outlet temperatures; however, they are 

barely noticeable due to them being very small in value. 

  

 

4.2. SiOC Aerogels 
 

 

Structural property, porosity, and surface area of polymeric (polysiloxane) and 

polymer derived SiOC ceramic aerogel in addition to high temperature applications will 

be given in the following subsections. 
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4.2.1. Structural Properties of Polymeric and SiOC Aerogels 
 

 

Two parameters were studied in aerogel production, the solvent amount in the 

mixture (vol%) and autoclave filling (vol%). Details of these production parameters for 

polymeric and ceramic aerogels are given in Table 3.4. Production of wet gel was not 

successful with a solvent amount of 80 vol% and an autoclave filling ratio of 35 vol%. 

Instead, when the autoclave filling was increased to 65 vol% while keeping the solvent 

amount at the same level (80 vol%), the reaction successfully yielded wet gel. The 

reason might be due to increased autogenous pressure in the reaction vessel when the 

autoclave filling was increased.301 

FTIR spectra of as-received preceramic polymer (PMS), solvent (acetone), wet 

gels, polymeric and ceramic aerogels are shown in Figure 4.34. In the spectra of PMS, 

wet gels, and polymeric aerogels, absorptions of Si-CH3 functional groups were located 

at 768 cm-1 and 1268 cm-1.281 While these peaks were present in both wet gels and 

polymeric aerogels, they disappeared in SiOC aerogels. The vibration band at 1100 cm-1 

refers to the cage structure of the Si-O-Si bonds.94,281 The absorption of C-H bond in the 

CH3 group was located at 2971 cm-1.94 The spectra of polymeric aerogels showed all 

functional groups of PMS. Moreover, a sharp peak around 1700 cm-1 was associated 

with C=O stretching in acetone. This peak was present in wet gels, but it was not 

observed in polymeric aerogels. This result indicates that there was no acetone in the 

structure of the polymeric aerogels and the drying process was completed. Another 

important point was that the intensity of the C=O peak in the wet gel that had 60 vol% 

solvent amount (A2) was less than that of the wet gel with 80 vol% solvent amount 

(A4).  

All the evaluated SiOC aerogels showed similar peaks. While the peak located 

around 446 cm-1 referred to Si-O-Si deformation that belongs to the Si-O bond, the Si-

C, and Si-O stretching vibrations were observed around 800 cm-1. 52,280 A broad peak 

around 1070 cm-1 was attributed to Si-O stretching in the Si-O-Si vibrations of the 

silicon oxycarbide network.107,281  
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Figure 4.34. Normalized FTIR spectra of as-received PMS, acetone, wet gels, polymeric 

and SiOC aerogels having solvent amount & autoclave filling (vol%) as 60 

& 65 (A2) and 80 & 65 (A4). SF and EtOH stand for solvent-free and 

ethanol drying. 

 
4.2.2. Porosity and Surface Area of Polymeric and SiOC Aerogels 
 

 

I) Polymeric siloxane aerogels 
 
 

Figure 4.35 shows the photographic images of wet gels and polymeric aerogels 

with various solvent amounts and autoclave fillings. When autoclave fill was increased 

from 35 to 65 vol% while maintaining the solvent amount (60 vol%), an 

inhomogeneous wet gel was obtained, see Figure 4.35 (a&b). This wet gel was mostly 

opaque and white in color, while only the topmost part had a yellow tint. On the other 

hand, when autoclave filling was increased from 60 to 80 vol% while maintaining the 

solvent amount (65 vol%), a white and more homogeneous wet gel was obtained, as 
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depicted in Figure 4.35 (b&c). The effect of drying solvent on polymeric aerogel is 

shown in Figure 4.35 (d-f). Drying solvent did not cause a noticeable difference in 

polymeric aerogels. It was observed that the color difference of polymeric aerogels 

mostly depended on the color of the wet gel. 

 

 

 
 

Figure 4.35. Photographic images of (a-c) wet gels, and (d-f) polymeric aerogels with  

solvent amount & autoclave filling (vol%) as 60 & 35 (A1), 60 & 65 (A2) 

and 80 & 65 (A4). Wet gels were dried with acetone (Ace), ethanol 

(EtOH), n-hexane (Nhex), or solvent-free (SF). 

 

 

 SSA values for polymeric aerogels are given in Table 4.6. The highest SSA 

(743.68 m2/g) was obtained from the sample with the 60 vol% solvent amount, 35 vol% 

autoclave filling, and dried with ethanol; while the lowest SSA (540.82 m2/g) was 

obtained from the sample with the 80 vol% solvent amount, 65 vol% autoclave filling, 
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and with solvent-free drying. Even though the usage of drying solvent caused a minor 

difference in SSA values, the type of solvent did not have any effect. It should be noted 

that ceramic aerogels with less SSA than polymeric aerogels are obtained due to the 

shrinkage of the micro/meso pores during the polymer to ceramic 

transformation.187,189,196 

 

 

Table 4.6. SSA values for polymeric aerogels having solvent amount & autoclave filling 

(vol%) as 60 & 35 (A1), 60 & 65 (A2) and 80 & 65 (A4). The drying process 

was carried out with acetone (Ace), ethanol (EtOH), n-hexane (Nhex), or 

solvent-free (SF). 

 
Sample  

Code 

Solvent Amount  

(vol%) 

Autoclave Filling  

(vol%) 

SSA  

(m2/g) 

A1-SF 

60 35 

672.84 

A1-Ace 717.80 

A1-EtOH 743.68 

A1-Nhex 709.43 

A2-SF 

60 65 

654.47 

A2-Ace 654.56 

A2-EtOH 651.03 

A2-Nhex 647.39 

A4-SF 

80 65 

540.82 

A4-Ace 551.74 

A4-EtOH 616.27 

A4-Nhex 576.37 

 

 

II) Polymer derived SiOC aerogels 
 

 

Bulk densities of SiOC aerogels were measured according to Archimedes’ 

principle by taking the skeletal density as 2.19 g/cm3 (see Figure 4.17). Total porosities 

(vol%) of the SiOC aerogels are given in Table 4.7. The trend in the SSA of polymeric 

aerogels was also observed in the total porosity of the SiOC aerogels. The highest total 
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porosity (81.84 vol%) was obtained from ethanol drying with 60 vol% solvent and 35 

vol% autoclave filling. While the total porosity of ceramic aerogels obtained with 60 

vol% solvent and 35 vol% autoclave filling differ according to the type of drying 

solvent, no difference was observed when the autoclave filling was increased to 65 

vol%. It was shown that SiOC aerogel produced by using CO2 supercritical drying had a 

total porosity of 72 vol%.194 Thus, it can be said that a SiOC aerogel with a solvent 

amount of 60 vol% and an autoclave filling of 65 vol% provides the desired amount of 

total porosity that aerogels should have. 
 

 

Table 4.7. Total porosities (vol%) of obtained SiOC aerogels with solvent amount & 

autoclave filling (vol%) as 60 & 35 (A1), 60 & 65 (A2) and 80 & 65 (A4). 

The drying process of wet gels was carried out with acetone (Ace), ethanol 

(EtOH), n-hexane (Nhex), or solvent-free (SF). 

 
Sample 

 Code 

Solvent Amount  

(vol%) 

Autoclave Filling  

(vol%) 

Total Porosity  

(vol%) 

A1-SF-SiOC 

60 35 

36.37 

A1-Ace-SiOC 39.59 

A1-EtOH-SiOC 81.84 

A1-Nhex-SiOC 69.11 

A2-SF-SiOC 

60 65 

77.85 

A2-Ace-SiOC 78.80 

A2-EtOH-SiOC 78.35 

A2-Nhex-SiOC 78.75 

A4-SF-SiOC 

80 65 

27.18 

A4-Ace-SiOC 35.48 

A4-EtOH-SiOC 40.53 

A4-Nhex-SiOC 24.13 

 

 

Samples were selected among SiOC aerogels according to their total porosity to 

determine their SSA values. The samples with the lowest and highest porosity were 

selected, and their SSA values are given in Table 4.8. It was shown in recent studies that 

SiOC aerogels dried in CO2 supercritical drying had SSA below 200 m2/g.187,192,194 
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Obtained total porosities and SSA values of SiOC aerogels showed a direct proportional 

trend, and a SiOC aerogel with high porosity (78.35 vol%) had a high SSA value 

(250.80 m2/g). When the solvent amount was increased from 60 to 80 vol%, a 

significant decrease was observed in SSA values. The effect of the solvent amount on 

microstructural properties of the SiOCN aerogel (obtained from freeze drying) showed 

that total porosity and pore size were increased as the solvent amount in the mixture was 

increased, but no such trend was observed in SSA.196  

 

 

Table 4.8. SSA values for produced SiOC aerogels with solvent amount & autoclave 

filling (vol%) as 60 & 65 (A2) and 80 & 65 (A4). Ethanol (EtOH) or 

solvent-free (SF) drying was applied to the wet gels. 

 
Sample 

 Code 

Solvent Amount  

(vol%) 

Autoclave Filling  

(vol%) 

SSA 

 (m2/g) 

A2-SF-SiOC 
60 65 

244.16 

A2-EtOH-SiOC 250.80 

A4-SF-SiOC 
80 65 

50.60 

A4-EtOH-SiOC 147.76 

 

 

After evaluating the obtained total porosity and SSA values, it is reasonable to 

suggest that the aerogel sample produced with a solvent amount of 60 vol% and 

autoclave filling of 65 vol% is promising for future studies.  
 

 

4.2.3. High Temperature Applications of PDC Aerogels 
                  

 

One of the most popular high temperature applications of PDC aerogels is 

thermal insulation since these aerogels possibly provide low thermal conductivity even 

at high temperatures. Pure silica aerogels sinter above 600 °C, causing a significant 

increase in density, hence limiting pore stability.302,303 Therefore, silica aerogels can be 

used as a thermal insulator up to ~600 °C, while PDC aerogels maintain an SSA value 
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of ~90 m2/g up to 1600 °C.203 The same study also suggests that the pore collapse 

experienced in silica aerogels was partially observed in PDC aerogels. 

Another novel high temperature application of aerogels is related to the casting 

industry. Traditionally, the casting of metals and alloys is performed in a sand mold 

made with a resin-based biner.304 Sand molds should have high gas permeability to 

prevent blowholes that cause pore formation in the casting due to binder 

decomposition.304,305 The surface of the casting material is most desirable when it is 

without any casting defects. Therefore, some additives are used to overcome casting 

defects. For this purpose, aerogels having a high surface area and stability at high 

temperatures were proposed to adsorb gases formed by the thermal decomposition of 

the resin-based binder that is used in sand molds.304–306 SiOC aerogels were synthesized 

by the sol-gel method and pyrolyzed at 1000 oC to be tested in terms of usability as 

casting additives.305 Obtained aerogels were evaluated by measuring the surface 

roughness of the cast material and the gas permeability of the sand. It was found that 

when the aerogel content increased from 1 to 2 vol%, the surface roughness of the 

casting material decreased, but it was still higher than the surface roughness obtained 

from the conventional additive sand core. In the same study, it was also shown that the 

gas permeability of the sand core increased while the aerogel addition increased. Thus, 

due to their high specific surface area, aerogels increase the casting quality by absorbing 

the gases formed during casting. 
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CHAPTER 5 

 
 CONCLUSIONS AND PERSPECTIVES 

 

 

Although there are many comprehensive works on the production techniques 

and characterization of porous polymer-derived ceramics (PCDs), the works on the 

applications, especially those oriented explicitly for high temperatures, are still very 

limited in number. Accordingly, in this thesis, porous PDC components such as three-

dimensionally interconnected porosity foams, uniaxial channeled, additively 

manufactured honeycomb-like cellular structures, and aerogels were produced, 

characterized in depth, followed by testing for gas permeability (from room temperature 

up to ~700 oC), molten metal filtration, and heat exchanger.  

Production of SiOC and SiOC(N) foams was carried out via replica technique. 

Briefly, commercial polyurethane foams with different cell densities ranging from 10 

ppi to 80 ppi were cut, impregnated with Polymethylhydrosiloxane, crosslinked 

(80°C/7h + R.T./23h or 220°C/2h), and pyrolyzed at 1000 oC under Argon flow yielding 

SiOC foams with various pore sizes. In the additive manufacturing process, 

honeycomb-like SiOC(N) cellular structures were produced by fused filament 

fabrication of thermoplastic polyurethane, succeeded by crosslinking (160°C/3h) and 

pyrolysis at 1200 oC under N2 flow. Differently, preceramic aerogels were synthesized 

using a commercial PMS (Polymethylsilsesquioxane) polymer, cured in acetone placed 

in a sealed stainless-steel autoclave at 200 oC for 6h. The formed gel was then dried at 

room temperature and ambient pressure to be transferred into polymer-derived ceramic 

aerogel.  

It was demonstrated that the microstructural properties of SiOC foams could be 

tuned by changing processing parameters such as the PU template type (cell density and 

open/closed cells), crosslinking conditions (temperature, time, catalyst type), and the 

PDMS  ratio of the preceramic blend. SiOC foam struts could be deliberately changed 

to be “dense” or “hollow” just by altering the crosslinking conditions. At a high 

temperature (220°C/2h), curing occurred quickly and did not allow the preceramic 

solution to swell the PU template. As a result of the pyrolysis, the PU thermally 
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decomposed and left behind a  cavity. On the other hand, when crosslinking was 

conducted at a low temperature (80°C/7h + R.T./23h), curing occurred sluggishly, 

giving the precursor enough time to swell the PU template, forming dense struts. 

Additionally, it was shown that it was possible to produce ceramic replicas even with 

closed cells, which could not be obtained by other conventional methods. Hierarchical 

porosity was able to be incorporated into the SiOC structure using a vinyl-terminated 

PDMS that also decomposed and left behind a submicron porosity with a corresponding 

increase of specific surface area reaching around 80 m2/g. The average total porosity of 

open cell reticulated SiOC foams was around 96 vol%, and the highest compressive 

strength was ~0.2 MPa. 

The partially closed cell SiOC foams (total porosity of ~92 vol%) showed a 

compressive strength of around 1.0 MPa. This value is not adequate for many practical 

applications. However, there are several options that might be followed to enhance the 

observed strength values. For instance, multiple impregnations can be applied, or the 

preceramic polymer to solvent ratio can be increased, i.e., deliberate alteration of the 

rheological properties, during the production step. Besides those, reactive/inert fillers, 

including the 1D forms, e.g., fibers, of the same chemical composition PDC can be 

added to the mother PDC matrix. Consequently, further systematic investigations 

should be performed to provide foams having higher skeletal density and thicker/denser 

struts for obtaining better mechanical properties.  

The SiOC(N) foams produced with pore sizes of 2178.9 ± 226.1 μm and total 

porosity of 98 vol%, showed a relatively low compressive strength of ~0.03 MPa. 

Instead, AM-made SiOC(N) cellular structures were produced with two different cell 

sizes: the one with smaller cells of 578.1 ± 14.7 μm (total porosity of 60.8 vol%), and 

the one with a larger cell size of 1040.8 ± 66.9 μm (total porosity of 83.9 vol%) with a 

strut thickness of ~150 μm for both. Compared to previously manufactured reticulated 

foams, these structures demonstrated to have much higher strength. The compressive 

strength was found to be ~27 MPa for smaller cells, which was ~22 MPa for the larger 

cell-sized components.   

In the polymeric and SiOC aerogel production, two parameters were 

investigated, the solvent in the mixture (vol%) and autoclave filling (vol%). SiOC 

aerogel was not obtained with 80 vol% solvent and an autoclave filling ratio of 35 

vol%. When the autoclave filling was increased to 65 vol% while keeping the solvent 

amount at the same level (80 vol%), the reaction successfully yielded a wet gel. For 
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polymeric aerogels, the highest SSA (~744 m2/g) was obtained from a 60 vol% solvent 

and 35 vol% autoclave filling in ethanol drying. The drying solvent type had a minor 

effect on the SSA values, and no trend was observed between the different solvents. As 

a result of the pyrolysis at 1000 oC under Ar atmosphere, SiOC aerogel with total 

porosity of 78 vol% and an SSA reaching up to 250 m2/g was produced successfully. 

The PDC aerogel studies can be improved in several ways, as some of them are 

already in progress in our laboratories. For example, preceramic aerogels are generally 

pyrolyzed at temperatures above 800 oC to produce PDC aerogels. If one does the 

pyrolysis between 600-800 oC, ceramer aerogels with enhanced SSA due to transient 

porosity can be formed. Moreover, PDC aerogels have limited applications due to their 

low mechanical properties. For this reason, some reinforcements, i.e., fibers, can be 

added to enhance the aerogel strength. It is essential to note that several properties of 

PDC aerogels, such as mechanical strength, creep, thermal shock resistance, etc., have 

not been investigated yet. Therefore, there needs to be more experimenting, testing, and 

understanding of those structures. The resulting, appropriate PDC aerogels can be tested 

in future works for high-temperature applications, including as an additive for sand 

molds used in the foundry industry or thermal insulation. There are many other 

applications in which such structures may find usage. For instance, they can be used for 

battery anodes or as electromagnetic interference shielding materials due to their 

favorable dielectric properties.  

For high-temperature applications, first, SiOC foams having dense and hollow 

struts obtained from open and partially closed cell PU foams were tested for gas 

permeability (from R.T. and up to ~700 oC). Permeability measurements obtained at 

R.T. indicated a variation of more than one order of magnitude for k1 (0.28 × 10-9 - 

11.48 × 10-9 m2) and two orders for k2 (0.34 × 10-5 - 54.17 × 10-5 m) according to the PU 

template used to produce the SiOC foams. The highest gas permeability was achieved 

for SiOC foam with open cells and followed by those with partially closed cells. 

Additionally, the formation of dense or hollow struts did not affect the k1 and k2 

coefficients. Results from high temperature measurements (up to ~700°C) were 

proportional to the trend with tests at R.T. Hot gas permeation tests showed that the 

SiOC foams were stable up to 700 °C in the air without any loss of functionality. As a 

result, they are envisioned to be employed as reusable air filtration devices for 

pollutants (viruses, bacteria, dust, etc.), catalytic supports, and porous components for 

reactions occurring in aggressive environments. 
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Molten metal filtration tests were conducted using two different PDC filter 

types: SiOC/SiOC(N) foams and AM-made SiOC(N) honeycomb-like cellular 

structures. In addition, cast samples were obtained without a filter, and commercial SiC 

foams that are actively used in the foundry industry were tested to be compared with the 

produced ceramic filters. In all tests, molten aluminum alloy (A357) was used and the 

obtained Al samples, at the end of filtration, were characterized for their mechanical 

properties. Tensile test results of the unfiltered castings exhibited the highest scatter in 

terms of yield, ultimate tensile strength (UTS), and elongation at fracture. Overall, the 

samples produced with a filter demonstrated more reproducible and reliable mechanical 

properties when compared to the samples obtained without any filtration. The yield 

strength values of the cast alloys were not affected when different filters were used, and 

the data points stayed in the range of 190-205 MPa. Instead, the cast samples obtained 

by using a SiOC foam with a 4039.3 ± 313.3 μm cell size gave the highest UTS and 

elongation at fracture with the highest reproducible results. Considering all the filters 

produced and tested, the cast alloy samples that were produced by using an AM-made 

SiOC(N) filter with uniaxial channels of 1040.8 ± 66.9 μm demonstrated the lowest 

tensile. An AM-made SiOC(N) filter with 578.1 ± 14.7 μm uniaxial channels resulted in 

pore blocking and incomplete fill due to small cell size. Besides, foams showed a higher 

filtration capacity, likely due to their 3D interconnected porosity, providing a higher 

volumetric specific surface area than that of the cellular structures with uniaxial 

channels. 

The AM-made cellular ceramics (total porosity of ~84 vol%) showed much 

higher mechanical strength than those of the foams. But they gave a low filtration 

capacity due to the low volumetric specific surface area compared to PDC foams with 

3D interconnected porosity. It is important to note here that the pore and cell sizes of 

AM-cellular structures should be arranged properly since small-sized (e.g., ~500 μm) 

cells did not let the molten metal flow, i.e., pore blocking. However, still, if the AM 

foams were able to be designed well, they could find a potential application in the 

foundry industry. Additionally, the effect of pore size/shape/topology should be 

examined in future studies specifically oriented to mentioned practical applications.  

Heat exchange analysis of SiOC foams was performed to evaluate the heat 

transfer and pressure drop at 900 °C with three different airflow rates: 0.59 m/s, 1.18 

m/s, and 1.77 m/s. It was found that the outlet temperature of the tube increased 

alongside the increase in the airflow rate, with the only exception being the highest air 
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flow rate. Additionally, a decrease in the temperature of the foam and an increase in the 

pressure drop was directly proportional to the rate of increase in the air velocity. For 

heat exchangers, thermal conductivity and specific surface area are important key 

factors. Both the structural features and composition of the produced PDC can be 

tailored to enhance those properties.  
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