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Abstract

Micro- and macro-cellular SiCN and SiOCN foams were produced via two different routes by using a polysilazane preceramic polymer. In the

first route, a mixture of partially cross-linked polysilazane and poly(methylmetacrylate) microspheres, used as sacrificial fillers, was warm pressed

and subsequently pyrolyzed to create micro-cellular foams. In the second route, liquid polysilazane was mixed with a physical blowing agent and

the blend was cured and pyrolyzed, leading to the formation of macro-cellular ceramics in a one-step process. Ceramic components of different

morphology and characteristics, depending on the processing method adopted, were fabricated. The foams had a mostly interconnected porosity

ranging from�60 to 80 vol% and possessing a compressive strength in the range�1–11 MPa. Some oxygen contamination was found in the foams

obtained using the sacrificial fillers, probably because of the adsorbed humidity on their surface. The polymer derived ceramic (PDC) route is an

efficient and cost effective way to produce SiCN-based foams possessing tailored pore architecture and properties suitable for high temperature

applications.
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1. Introduction

Ceramic foams are a specific group of cellular materials

possessing a very favorable combination of properties, such as

low density, low thermal conductivity and low dielectric

constant, high permeability, high thermal shock resistance, high

chemical stability and high specific strength [1,2]. As a result,

these materials are used in different engineering applications

ranging from metallurgy (removal of impurities from liquid

metals) or high-temperature processing (thermal insulation) to

the automotive (control of gas and diesel emissions),

petrochemical (catalyst support), combustion technology
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(porous-medium burners), or biomedical (biological implants)

fields [3–7]. The properties of cellular materials are affected by

their relative density (amount of porosity), morphological

characteristics (cell size and shape), distribution of the pores

(pore interconnectivity and cell wall/strut porosity), and finally

the material type [8].

It has been recently demonstrated that preceramic polymers

can be used to produce highly porous structures (foams,

membranes, components with hierarchical porosity) of various

compositions (SiC, Si3N4, SiOC, SiOCN, SiCN and Si(E)CN

(E = B, Al, Ti, etc.)) and morphologies [3,5,9]. In particular,

poly-siloxane and poly-silazane precursors, used for the

production of silicon oxycarbide (SiOC) and silicon carboni-

tride (SiCN) ceramics respectively, have significant potential

for the fabrication of advanced components. Preceramic

polymer derived SiOC foams have been manufactured by

following many different processing strategies [3,10–13].

Among these routes, foaming has been achieved by using
d.
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sacrificial processing aids such as polyurethane (PU)

[2,10,14,15], poly(methylmetacrylate) (PMMA) microbeads

[1,3,5,11,16–18] and foaming agents such as azodicarbonic

acid diamide (ADA) [19]. Each of these decomposing agents

has its own benefits and drawbacks as regards to manufacturing.

The use of sacrificial microspheres has been shown to give

better microstructural control (homogeneous pore distribution)

on the resulting ceramic foam. Particularly, it was shown that

foams produced with PMMA microbeads [17] display better

mechanical properties than those of macro-cellular foams of the

same density, because of smaller struts (hence smaller critical

flaws) and the presence of a smaller amount of processing

defects (micro-cracks) in micro-cellular ceramics. It should be

noted that the low mechanical properties of ceramic foams

produced by using ADA were attributed both to the

inhomogeneity of the microstructure and the defects therein

[19]. Direct blowing of pure polysiloxanes, without any aid of

other additives, has also been employed to fabricate SiOC

macro-cellular foams [20,21] and micro-cellular foams [22],

while supercritical CO2 enabled to obtain micro-cellular foams

[12].

Although foaming in SiOC system has been intensively

studied in the past, only few papers have been published so far

concerning highly porous SiCN ceramics. It is already known

that non-oxide SiCN ceramics have higher chemical, thermal

(roughly speaking, onset of Tg for SiOC is 1300 8C [23] and for

SiCN is 1400 8C [24]) and microstructural (higher crystal-

lization temperature [25] and higher temperature of carbother-

mal decomposition) stability in comparison to SiOC ceramics.

Moreover, SiCN ceramics possess additional properties such as

tailorable electro-magnetic behavior [26–28], luminescence

[29,30], high temperature oxidation and creep resistance [31]

which make the manufacture of cellular SiCN ceramics of

interest in particular for advanced filtering and sorption

applications.

Recently, highly porous ceramic monoliths possessing pore

diameters ranging from 50 nm to 10 mm were obtained by the

pyrolysis of polysilazane-filled packed beds of polystyrene

(PS) or silica (SiO2) spheres [32]. Wang et al. [33]

manufactured porous SiCN ceramic having 455 m2/g specific

surface area (SSA), with a cell (macropore) size of about 0.1–

0.6 mm, by templating the polysilazane precursor with colloidal

SiO2 particles. Likewise, Song et al. [34] produced two-

dimensional (2D) ordered macroporous SiCN ceramics by

solution dipping method based on the 2D SiO2 monolayers.

However, the removal of hard templates such as silica can

damage or contaminate the resulting material [35]. As an

alternative to SiO2 etching, Yan et al. [35] used PS spheres and

obtained the SiCN foams with a cell size of 0.5–1 mm, having a

SSA of 184.5 and 71 m2/g, respectively. The authors claimed

that the foams produced by PS templating have higher thermal

stability comparing with that of those produced by SiO2

particles due to the lack of damages created during acid etching

[35]. Very recently nano-porous PE was used as a template for

the synthesis of SiCN ceramic monolith with bicontinuous pore

structure having 60–100 nm pores [36]. However, none of these

studies reported any data concerning the mechanical properties
of the SiCN foams produced, and the above processing

procedures are more suitable to the production of components

with small dimensions, because of the difficulty in packing very

small beads on a large, three-dimensional scale. Moreover,

large cell sizes (e.g., in the range 10–1000 mm) were never

obtained.

The aim of the present study was to produce highly porous

micro- and macro-cellular SiCN foams possessing intercon-

nected cells with a dimension ranging from a few microns to a

few hundred microns. Two different processing routes were

employed: (I) templating with sacrificial polymeric beads, and

(II) direct blowing using a physical blowing agent.

2. Experimental procedure

Ceramic foams were produced by using a commercially

available poly(methylvinyl)silazane (CerasetTM VL20, KiON

Corporation, Clariant, USA), as SiCN precursor, mixed, in

partially cross-linked state, with poly(methylmetacrylate)

(PMMA) microbeads of 20 mm nominal size (Aldrich

Chemical Company Inc., USA), acting as sacrificial filler,

and, as received, with azodicarbonamide (ADA, Sigma–

Aldrich, USA) as physical blowing agent.

Different processing routes were followed to prepare the

green bodies. In processing route I (PMMA sacrificial

microbeads), liquid polysilazane was first partially cross-

linked by heating in a vertical tube furnace under Ar flow with

heating rate of 1 8C/min up to 300 8C (dwelling time 8 h). The

heating schedule was chosen in order to achieve a suitable

compromise between the polymer meltability, required during

the warm pressing step, and its capability of retaining the

original shape, necessary during the sacrificial filler burn-out.

The pre-crosslinked polymer (abbreviated as PCVL20 in the

following) was ground in a planetary ball mill at 180 rpm for

2 h, followed by sieving. The pre-crosslinked precursor powder

was dry mixed with PMMA microbeads in two different

PCVL20/PMMA weight ratios, 20/80 and 30/70. The powders

were homogenized by planetary ball-milling at 180 rpm for 2 h,

and the mixture was then warm pressed in air for 2 h at 165 8C
(the actual temperature inside the mold was measured by a

calibrated K type thermocouple) in a metallic die with a

uniaxial hydraulic press equipped with heating plates (warm

press Type 123, Collin Technology, Aichach, Germany), by

applying a pressure of 13 MPa. Prior to each pressing, the

rectangular mold (40 mm � 30 mm) was sprayed with silicone

oil to reduce the friction between the green body and the

pressing form. The green bodies were subsequently pyrolyzed

in a quartz tube furnace (Gero, Germany) in the presence of

flowing Ar (99.999% pure). Samples were heated to 450 8C
with a rate of 0.5 8C/min, held for 3 h in order to guarantee the

complete decomposition of the sacrificial beads, and then

pyrolyzed at 1100 8C (heating rate 2 8C/min) for 2 h, followed

by cooling in the furnace.

In processing route II (physical blowing agent), ADA

powder was mixed with liquid polysilazane under Ar atmo-

sphere, using standard Schlenk techniques. ADA was added to

the liquid precursor at concentrations of 1, 3 and 6 wt% under



Table 1

Sample labels and composition (wt%).

Sample Polysilazane (VL20) PMMA ADA

P-SiCN-1 30 (Pre-cured) 70 0

P-SiCN-2 20 (Pre-cured) 80 0

A-SiCN-1 99 0 1

A-SiCN-2 97 0 3

A-SiCN-3 94 0 6
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magnetic stirring at room temperature. The homogenous

mixtures, after 12 h of stirring, were poured separately in

aluminum trays and cured at 300 8C for 4 h (with 2 8C/min

heating and cooling rate) under N2 atmosphere (99.999% pure).

During this treatment curing and blowing was accomplished

(ADA decomposes completely in the 200–300 8C range, see

later), and the foamed polymer monoliths were then pyrolyzed

under nitrogen at 1100 8C for 2 h (2 8C/min heating and cooling

rate) in an alumina tube furnace. In Table 1 the compositions of

the prepared samples, using either processing procedure I or II,

are reported.

TGA–DTA measurements were carried out with a 2 8C/min

heating rate up to 1200 8C under Ar (Netzsch STA 429, Selb,

Germany) for the samples prepared with PMMA, and under N2

for the samples obtained using the blowing agent. The true

density was measured from finely ground ceramic powder using

a He-Pycnometer (Pycnomatic ATC, Porotec). Bulk densities,

open and closed porosity of the sintered ceramics were

determined by the Archimedes principle (ASTM C373-72),

using xylene as buoyant medium.

The crushing strength of the foams was measured at room

temperature by compression, using (Instron 5569 UTM,

Norwood, MA, USA; cross-head speed of 0.5 mm/min), on

samples of nominal size �5 mm � 5 mm � 10 mm, cut from

larger specimens. Each data point represents the average value

of five to ten individual tests. The C, N and O content of the

ceramics were analyzed by hot gas extraction using a C-

Analyzer Leco C-200 and NO-Analyzer Leco TC-436,

respectively (LECO Instrument GmbH, Mönchengladbach,

Germany). The morphological features of the PDC foams were

analyzed from fresh fracture surfaces using a scanning electron

microscope (JSM-6300F SEM, JEOL, Tokyo, Japan). SEM

images were subsequently analyzed with the ImageTool

software (UTHSCSA, University of Texas, USA) to quantify

the cell size and cell size distribution. The raw data obtained by

image analysis were converted to 3D values to obtain the

effective cell dimension through the well-known stereological

equation: Dsphere = Dcircle/0.785 [37].

3. Results and discussion

Ceramics in the Si–C–N ternary system are usually obtained

by the pyrolysis of poly(silazane) polymers. These precursors

are characterized by repeating units of silicon and nitrogen

atoms in their backbone, and one of the most popular

commercial precursor in this category is polyurea(methylvi-

nyl)silazane (PUMVS) of Kion Corporation (CerasetTM). The
only difference between the specific polysilazane precursor

used in this study (CerasetTM VL20), and PUMVS (CerasetTM),

is that the latter contains urea functionality and more low

molecular weight silazane components [38]. Therefore, the

literature data regarding PUMVS could be used as a reference

for comparison purposes.

PUMVS cures thermally between 250 and 480 8C in inert

atmosphere, by hydrosilylation and addition of vinyl groups,

without the need of any peroxide radical initiator and catalyst

[39]. The ceramization of the polymer takes place predomi-

nately between 500 and 800 8C. Thermolysis at 1100 8C in inert

atmosphere results in an amorphous material with ceramic yield

of 70–80% [39]. Further increases in temperature induce the

crystallization of nano-sized silicon carbide and silicon nitride

[40]. Rigorously speaking, it was shown that amorphous SiCN

ceramic derived from PUMVS at 1100 8C is located in the

Si3N4, SiC and carbon tri-phase equilibrium area ( p = 1 Bar

N2) and is stable up to 1440 8C [39], when the carbothermal

reduction of Si3N4 starts to form SiC [41]. X-ray diffraction

analysis (not reported here for the sake of brevity) confirmed

that both the micro- and macro-cellular ceramics obtained by

pyrolysis at 1100 8C were X-ray amorphous.

3.1. Micro-cellular foams (sacrificial microbeads fillers)

A schematic overview of the process is reported in Fig. 1.

The following key points should be emphasized: (I) the

viscosity of the preceramic polymer has to be kept sufficiently

low to ensure that the sacrificial beads will be covered

completely and homogenously during the warm pressing step;

(II) the polymer should be able to retain the shape and the

integrity of the morphology in order to avoid collapsing during

the template burn-out in pyrolysis; (III) the polymer should not

be excessively pre-crosslinked, in order to avoid cracking

during the PMMA burn-out. Depending on the characteristics

of the preceramic polymer (directly related to its synthesis

process), the forming step can significantly vary; for instance

the mixture of the preceramic polymer and template can be

compacted by either warm [16,17] or cold pressing [1,11]. For

warm pressing, besides the degree of cross-linking of the

precursor, processing parameters such as forming time,

temperature and pressure are very important. Pressing at

165 8C for 60 min of the pre-crosslinked powders yielded

flawless samples before and after pyrolysis (see Fig. 2a–c).

As it can be seen from Fig. 3, the main decomposition step

of pure precured VL20 occurs between 400 and 800 8C,

corresponding to a weight loss of 19%. These data are in

accordance with those reported by Li et al. [39] for PUMVS,

and are directly related to the initial degree of cross-linking of

the preceramic polymer. The degradation of the pure PMMA

beads starts at 220 8C and completes at around 420 8C. The

TGA curve of sample P-SiCN-1 shows a shift of the

decomposition to lower temperatures in comparison to that

of pure PMMA, while for sample P-SiCN-2 the degradation

starts at higher temperatures. Since it is not possible to

extrapolate a linear behavior in accordance with the rule of

mixtures, it can be inferred that the PMMA beads and the



Fig. 1. A schematic overview of the process employing sacrificial templates. The dot connectors refer to the sequence of the process, while arrow connectors

highlight the effects of each step on subsequent processing stages and on the characteristics of the final component.

Fig. 2. Sample P-SiCN-2 (80/20): (a) after warm pressing (left) and pyrolysis (right); (b) after warm pressing (165 8C, 1 h); and (c) after pyrolysis (1100 8C, 2 h).
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cross-linked silicon polymer have a mutual influence on their

thermal stability. After the complete decomposition of PMMA

at T > 400 8C, the further mass loss is due to the degradation

of the PCVL20 fraction, exclusively. This finding is in

accordance with the TGA of the pure PCVL20. A slow heating

rate (1 8C/min) and a dwelling time of 3 h at 450 8C were
Fig. 3. TGA analysis (Ar) of PCVL20, PMMA microbeads and samples P-

SiCN-1 (30/70) and P-SiCN-2 (20/80).
therefore chosen in order to burn-out the PMMA beads and at

the same time allowing the pyrolysis gases to escape through

the interconnected porosity without causing cracking.

Between 800 and 1200 8C the weight loss of PCVL20 was

almost negligible, indicating the complete ceramization of the

preceramic precursor.

The measured total mass loss data for samples P-SiCN-1

(30/70) and P-SiCN-2 (20/80) at 1100 8C were 73.8% and

82.3%, respectively. These values are comparable with the

theoretical calculation data (considering a ceramic yield of 81%

for the PCVL20) namely; 75.7% and 83.8%. The mass loss

difference could be attributed to the presence of oxygen in the

final ceramic. In fact, elemental analysis (EA) revealed that the

amount of oxygen in sample P-SiCN-2 (20/80) was 24 wt%,

and it was 33 wt% in sample P-SiCN-1 (30/70) (see Table 2).

Cross et al. [42] recently reported that the amount of C, O and N

in the SiOxCyNz system has a profound effect on the tribological

properties of resulted ceramic. Nevertheless, none of the studies

mentioned before concerning the SiCN ceramic foams had

given information about the final chemical composition.

Although highly depending on the processing method

employed, it is known that SiCN ceramics produced from

preceramic polymers often contain significant amounts of

oxygen, due to the high sensitivity of the precursor polymer to

moisture [42]. For example, it was shown that the oxygen level

could be kept under 1 wt% [39] or could be as high as 27 wt%



Table 2

Density, porosity, compression strength and approximate empirical formula of Si(O)CN foams produced using sacrificial fillers along with the standard deviation

values.

Sample rbulk (g/cm�3) Relative density Ptotal (vol%) Popen (vol%) Pclosed (vol%) s (MPa) SiOxCyNz

P-SiCN-1 (30/70) 0.885 � 0.01 0.387 � 0.01 61.1 � 1.38 50.0 � 1.07 11.1 � 0.29 11.6 � 1.1 SiO1.61C1.85N0.17

P-SiCN-2 (20/80) 0.520 � 0.01 0.227 � 0.01 77.24 � 0.57 73.94 � 1.28 3.3 � 0.71 5.6 � 0.7 SiO0.78C0.59N0.36
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[42], for coupons of PUMVS precursor pyrolyzed at 1000 8C in

N2 overpressure. The oxygen intake, in the present study, could

be attributed to the combined effects of (a) accumulation of

oxygen due to the evaporation of volatile C containing

components [43], (b) presence of residual humidity on the

PMMA beads, and (c) relatively high sensitivity of the

preceramic polymer to moisture (during ball milling and warm

pressing) [42], and (d) presence of silicone oil used for the

lubrication of the mold.

The bulk density and the total and open porosity values are

reported in Table 2, including the data from compression tests

measurements.

It is not easy to speculate on these results since the

mechanical properties of cellular SiCN ceramics have not been

yet covered in the literature. The model proposed by Gibson

and Ashby for brittle materials [44] could be applicable only to

the sample made by using 80 wt% of PMMA microbeads, since

the relative density for the sample made by using 70 wt%

PMMA was higher than 0.3, for which the validity of the model

is exceeded. Therefore, sample SiCN-1 (70/30) should be

considered to be a highly porous component rather than a true

foam. In Gibson and Ashby’s micromechanical bending model

for cellular materials, the morphology of closed-cell foams is

considered one in which the cell walls are completely retained

and do not contain any openings (cell windows). In the same

model, the morphology of open-cell foams is idealized as

interconnected ligaments without any cell walls (typical

microstructure of ‘‘reticulated foams’’ produced by the replica

method). Even if the samples prepared by sacrificial templating

in the present study can be considered as open cell foams due to

their mostly interconnected porosity, the morphology of the

foams, as shown in Fig. 4a and b, is much more similar to that of

the closed foams in which the cell walls are mostly retained.

Therefore, it is reasonable that the strength data for our samples
Fig. 4. SEM micrographs of the fracture surface of pyrolyzed
are more descriptive to what the model predicts for closed-cell

foams. Similar behavior was previously observed by Colombo

et al. [2] for SiOC foams. Due to the limited amount of data

available, it was not possible to ascertain the value for the

exponent for the logarithmic correlation function linking

relative density and relative strength [3,44]. However, the

increase in compression strength values with the increase of

bulk density is here confirmed, and the strength values

measured were rather high, and comparable to what observed

for SiOC micro-cellular foams [11].

SEM micrographs (Fig. 4a and b) show that a great

amount of porosity, mostly interconnected, was formed in

both samples, with pores ranging from about 5 mm to 15 mm

in size. Roughly spherical shaped cells were homogeneously

distributed throughout the entire volume of the pyrolyzed

ceramic monoliths. Cell size and shape were not precisely

similar to those of the PMMA templating beads, because

of the large amount of volumetric shrinkage occurring

during the ceramization step (�70 vol%). However, the

distribution in cell sizes resembles that of the original

PMMA microbeads.

The amount of the total porosity increased with the

increased amount of sacrificial templates, while closed

porosity showed the opposite trend. It should be noticed that

a small amount of porosity may be attributed to other factors

than the presence of the sacrificial microbeads. In fact, it was

reported that warm pressed pre-crosslinked polysilazane

powders possessed �3 vol% porosity after pyrolysis at

1100 8C [45]. The increased amount of closed porosity in

samples SiCN-1 (70/30) could be attributed to the higher

amount of preceramic polymer in the starting mixture and to

the lower amount of PMMA beads that could cause a partial

non-contact among the same beads, consequently giving rise to

thicker struts and cell walls.
samples: (a) SiCN-1 (70/30) and (b) P-SiCN-2 (80/20).
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3.2. Macro-cellular foams (physical blowing agent)

For in-situ foaming with a physical blowing agent, ADAwas

selected since its gas yield during decomposition is very high

(200–220 mL/g), which makes it the most cost efficient among

all commercially available foaming agents [46]. In order to

examine the effects of the porogen amount on the morphology

and other characteristics, ADA was inserted into the liquid

polysilazane precursor in increasing amounts (see Table 1). The

decomposition onset temperature for pure ADA is around

210 8C [19], and the gas released consists mostly of nitrogen

(65 vol%) and a mixture of carbon monoxide, carbon dioxide,

and ammonia [19,47]. The solid residue after decomposition

consists of urazol, biurea, cyamelide, and cyanuric acid [48].

Depending on the processing conditions, different composi-

tions in the end-product may be favored; however it was shown

that there is always some amount of solid residue acting as a

nucleating agent for the blowing process during decomposition.

The decomposition reaction was found to be autocatalytic,

resulting in a color change from yellow to a more neutral one

[49,50].

In the literature, many studies can be found concerning

foaming of various polymeric systems using ADA [19,47,49,51].

In situ foaming with porogens necessitates a good control

between the activation (rate, temperature) of the blowing agent

and the melt viscosity of the precursor polymer. If the blowing

agent decomposes before the polymeric precursor possesses

sufficient enough melt viscosity to maintain the gas within the

matrix, there will not be foaming. On the contrary, the polymer

viscosity could be too high during the decomposition of the

porogen so that insufficient gas pressure cannot initiate blowing,

even though decomposition has occurred. For that reason,

various parameters such as the decomposition temperature and

rate of the blowing agent and the processing conditions of the

precursor matrix must all be considered before a polymeric
Fig. 5. TG/DTA results for pure ADA, pure VL20 and all othe
material is selected [46]. Moreover, the decomposition process of

porogens can be controlled by varying its particle size, heating

rate and processing temperature, activator type and concentra-

tion, etc. [46,49] Commonly, some transition metal compounds,

polyols, urea, alcohol, amines, and some organic acids such as

stearic acid [49] are used as activators to reduce the already

mentioned decomposition temperature of ADA to values as low

as 150 8C [46].

As one can see from Fig. 5a, the thermo-gravimetric curve of

pure ADA used in these experiments showed a decomposition

onset at around 210 8C, and off-set at around 320 8C, with a

large weight loss reaching 88 wt%; a clear exothermic peak can

be observed at 210 8C (Fig. 5b). The solid residue contamina-

tion as a result of ADA decomposition within the foamed

ceramic was therefore very limited (�1.1 wt%).

At 300 8C, the mass loss for pure VL20 was around 10 wt%,

and around 20 wt% for the samples containing ADA. The

increased mass loss values for the porogen including samples

are certainly attributable to the presence of ADA. It appeared

that increasing the amount of ADA in the ADA-containing

samples decreased the mass loss during the second stage of

curing (300–500 8C); all the foamed samples displayed the

same behavior during ceramization (in the 500–800 8C range)

and no further significant mass loss was detectable between 800

and 1200 8C. However, unexpectedly, at the end of the pyrolysis

the measured ceramic yield was lower than the one computed

on the basis of the rule of mixture (theoretical) especially for

the samples fabricated from 1 and 3 wt% of ADA. The effect

attributable to the higher mass losses (compared to theoretical

calculations) for the ADA including samples could arise due to

enhanced release of gaseous by-products due both to the curing

reactions and especially to the evaporation of low molecular

weight components (Si-containing oligomers) occurring before

such reactions link all the polymeric chains into a three-

dimensional network.
r samples made by using VL20 and ADA (under N2 flow).
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For the samples made by using ADA there was an increase in

the ceramic yield (lower total weight loss) with increasing

incorporation of ADA. This implies that there was an

interaction between VL20 and ADA which presumably altered

the branching or cross-linking sequence of the polymer

depending on the amount of ADA. The use of peroxide or

azo compounds as free radical initiators is indeed recom-

mended to promote vinyl crosslinking of silazane precursor

[38]. These groups may facilitate curing when energy is

provided even at relatively low temperatures. The exothermic

reaction with free radicals decreases the cross-linking

temperature and increases the degree of polymer cross-linking.

This results in the reduction of evaporable oligomers and an

increase of the ceramic yield. For example, the addition of

dicumyl peroxide to PUVMS or VL20 leads to a decrease of the

cross-linking temperature from 180–250 to 90–190 8C [39].

Furthermore, the degree of transamination might be reduced by

the increase in ADA amount. Transamination is also important

because it involves cleavage of Si–N bonds, and this may cause

the formation of oligomeric units from the cross-linked

polymer network [39]. Results from the elemental analyses

agreed with the above observation; the increase in the ADA

amount led to higher nitrogen content in final ceramics. More

specific investigations (e.g., solid state NMR analysis) will

have to be performed to ascertain the mechanism leading to an

increased ceramic yield with increasing incorporation of ADA

in the foamed samples, but this is beyond the scope of the

present work. Another possibility is that the interaction

between VL20 and ADA activated ADA so that it decomposed

at lower temperature than expected (note that the decrease in

the particle size of ADAwhile dispersing in liquid precursor has

a parallel effect). In fact, the occurrence of the latter is very

clear from the shift to lower temperatures of the exothermic

peak linked to ADA decomposition (see Fig. 5b). The sample

with 6 wt% ADA showed an exothermic effect around 170 8C,

temperature lower than the actual decomposition temperature

of pure ADA.

Li et al. [39] have shown that PUMVS can be thermally set

into a solid product without any catalyst, and that the

transformation from liquid to a solid product is completed in

35 min at 150 8C and in less than 5 min at 280 8C. The authors

explained that below 250 8C, the viscosity of the liquid

precursor increases to form a gel-like product, and a stable solid

can be obtained at 300 8C with a high cross-linking yield.
Fig. 6. SEM micrographs of the fracture surface of sample A-SiCN-1: (a) foamed

pyrolyzed monolith (at 1100 8C); and (c) detailed view of pyrolyzed monolith fro
Likewise, Lücke et al. [52] have demonstrated that after passing

a minimum around 120 8C, the melt viscosity values increased

rapidly due to hydrosilylation reactions and above 200 8C
synthesized poly(methylvinylsilazane) precursor became solid-

like. At temperatures higher than 250 8C hydrosilylation

reactions came to an end [52], and thereafter vinyl

polymerization occurred to form a thermoset [39]. In the

present paper, considering the literature data and with reference

to TGA results, the curing schedule was selected. Specifically,

heating to 300 8C with a 2 8C/min heating rate was found

optimal for the sample with 1 wt% of ADA (A-SiCN-1),

enabling the complete decomposition of the porogen, while at

the same time the melt viscosity of the precursor was suitable to

retain the morphological integrity. A further indication for the

complete decomposition of ADA could be found from the final

color of the thermoset; the yellowish color of the blend turned

to an opaque material after processing at 300 8C. Holding at this

temperature for 4 h resulted in a foamed polymeric thermoset

(see Fig. 6a).

SEM investigations revealed that the samples possessed a

regular morphology comprised of homogenously distributed

spheroidal cells with a diameter up to 1.5 mm, with circular

interconnecting windows having 100–300 mm diameter, and

dense struts. Quite a few number of these cell windows were

closed by a very thin layer of precursor material (see white

arrows). There were no observable cracks in the polymeric

cellular matrix. The microstructure of the pyrolyzed monolith,

Fig. 6b, closely resembled the one for the thermoset, except that

most of the cell windows were open and the cell size was

smaller, due to the shrinkage occurring during ceramization

(average cell size 735 � 225 mm). The shrinkage did not cause

crack formation, and monoliths having dense struts and

homogenously distributed interconnected cells were obtained

(see Fig. 6c).

The samples with 3 wt % ADA (images not shown here for

brevity) and more evidently the one with 6 wt% ADA contained

a gradient in porosity (see Fig. 7a–c). SiOC foams with graded

porosity were obtained by other researchers using direct

blowing [21,53]. It should be noted that, in general, inclusion of

porogens lowers the melt viscosity due to a plasticizing effect of

the microbubbles [54]. For instance, the reduction in the melt

viscosity of the PE/ADA system was found to be dependent on

the concentration of ADA and increasing the amount of ADA

decreased the viscosity, due to enhanced plasticizing effect
thermostet (at 300 8C; white arrows indicate membranes on cell windows); (b)

m the edge (white rectangle indicates a representative dense strut).



Fig. 7. SEM micrographs of the fracture surface of sample A-SiCN-3 (6 wt% ADA) after pyrolysis at 1100 8C, (a) taken from the bottom; (b) taken from the middle

(white arrows indicate cracks); (c) taken from the top.
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[54]. These findings suggest that the amount of ADA

incorporation in our experiments affected the melt viscosity

of the preceramic polymer, and therefore the pore morphology

and porosity distribution within the component.

The influence of the melt viscosity of the precursor on the

foam morphology was not intentionally investigated here, since

it was beyond the scope of the present work, but the study of

Takahashi and Colombo [19] on SiOC foams showed that there

is a relation between the morphology of a foam produced by

direct blowing of a preceramic polymer, and the melt viscosity.

Zeschky et al. [21] linked the formation of graded porosity

related to a non-linear increase in viscosity, and showed that

bubbles three times larger formed at the bottom of the sample

compared to the ones at the top. The same behavior was

observed in the present study for the samples containing 3 wt %

ADA and more visibly 6 wt% ADA (see Fig. 7a–c). In fact, an

increased amount of ADA particles enhanced the microbubble

nucleation during its decomposition, so that the melt viscosity

of the mix decreased due to a plasticizing effect. At this stage,

the bubble rise occurred easily, due to low viscosity or the

polymer, leading to an accumulation of pores at the foam

surface. Continuation of heating yielded a pronounced increase

of viscosity due to concurrent curing reactions taking place

during bubble formation and bubble rise, analogous to the

observations of Zeschky et al. [21]. Moreover, it should be

noted that the decomposition of ADA is exothermic. Most

probably, homogenously distributed ADA particles acted also

as a heat source and locally enhanced the curing reactions.

When the viscosity reached a certain minimum level, the ratio

of bubble rise velocity to bubble growth rate became less than

unity. Hence, the bubbles still could grow at the bottom of the

sample due to Ostwald ripening arising from interbubble gas

diffusion [20]. Coalescence by film (cell wall) rupture was not

observed at that stage, due to the thickness of the lamella and
Table 3

Density, porosity, compression strength and approximate empirical formula of SiCN f

values.

Sample rbulk (g/cm�3) Relative density Ptotal (vol%)

A-SiCN-1 (1 wt% ADA) 0.687 � 0.18 0.293 � 0.08 70.68 � 8.0

A-SiCN-2 (3 wt% ADA) 0.811 � 0.09 0.344 � 0.04 64.74 � 3.9

A-SiCN-3 (6 wt% ADA) 0.830 � 0.21 0.352 � 0.09 63.92 � 9.3
high viscosity of the polymer (preventing liquid drainage),

therefore resulting in smaller cells at the top (<500 mm, see

Fig. 7c) and bigger cells at the bottom of the sample (>1 mm,

see Fig. 7a). Further increase in viscosity reduced the molecular

gas diffusion through the system, thus preventing the possibility

of further coarsening and finally yielding a thermoset

containing graded porosity along the expansion axis. The

produced ceramics with graded pores exhibited differences in

structure; while the one with 3 wt% ADA was flawless, the one

with 6 wt% ADA had some internal micron-sized cracks (see

white arrows in Fig. 7a and b).

All the samples possessed a large amount of porosity after

pyrolysis, which was mostly open. Increasing the amount of

ADA in the blends led to an increase in the cell size and

affected the pore morphology, interconnectivity and amount

of porosity. The presence of cells with a non-homogeneous

size distribution does not particularly represent a problem

since several important properties are not linked to the cell

size but rather to the relative density of the component [44].

Correspondingly, in this study the compression strength was

found to be dependent on relative density and to the presence

of internal defects. The mechanical properties and porosity

values of the samples are reported in Table 3. They are lower

than the values obtained for micro-cellular SiOCN foams, in

accordance with what already observed for SiOC samples

[11].

The level of oxygen contamination was found to be very

limited when ADA was used as a physical blowing agent. For

instance the concentration of oxygen impurity was 0.87 wt%

for the sample made by using 1 wt% ADA. This is a very low

value and almost the same as that of the ceramic made by using

pure VL20 precursor (0.60 wt% of oxygen with an approximate

empirical formula of SiO0.02C0.66N0.58). The results given in

Table 3 indicated that even with the highest amount of ADA
oams produced using a physical blowing agent along with the standard deviation

Popen (vol%) Pclosed (vol%) s (MPa) SiOxCyNz

7 49.45 � 10.91 21.22 � 9.74 2.89 � 1.04 SiO0.03C0.66N0.60

0 45.58 � 5.29 20.16 � 5.04 3.31 � 1.38 SiO0.10C0.66N0.70

2 47.14 � 9.02 16.78 � 8.97 1.08 � 0.56 SiO0.10C0.66N0.74
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usage, ceramic foams with substantially low amount of oxygen

contamination (<3.32 wt%) could be obtained by the method

described in the present study.

4. Conclusions

Two different processing routes have been proposed to

fabricate SiCN and SiOCN ceramic foams from a polysilazane

preceramic polymer. Pyrolysis of the warm pressed mixture of

partially cross-linked polysilazane and PMMA microspheres

resulted in microcellular SiOCN ceramics having cell size up to

15 mm. Pre-curing of silazane precursor, PMMA/silazane ratio

and warm pressing parameters were found to be important

factors in determining the amount of porosity, pore morphology

and the degree of interconnections of the cells. In the second

route, liquid polysilazane was mixed with a physical blowing

agent and the blend was cured and pyrolyzed, leading to the

formation of macro-cellular ceramics with �70 vol% porosity

in a one-step process. With a low amount of blowing agent

addition (1 wt%) ceramic foams with regular morphology

comprised of homogenously distributed spheroidal cells with a

diameter �700 mm were produced. Increasing the amount of

blowing agent in the precursor led to a porous component with

graded porosity with small cells at the top (<500 mm) and large

cells at the bottom of the sample (>1 mm). The oxygen

contamination in the pyrolyzed ceramic was very limited. The

compression strength of macro-cellular foams was lower than

those of the micro-cellular samples. It was shown that the

polymer derived ceramic (PDC) route is an efficient and

versatile way to produce Si(O)CN foams possessing tailored

pore architecture and properties suitable for high temperature

applications.
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Núñez, Non-isothermal decomposition kinetics of azodicarbonamide in

high density polyethylene using a capillary rheometer, Polymer Testing 27

(6) (2008) 730–735.
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