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ABSTRACT 

Polymer-derived ceramics are a new class of materials synthesized by thermal 

decomposition of polymer precursors. Previous studies have shown that the materials exhibit 

excellent thermo-mechanical properties and can be stable at temperatures up to 2000oC. 

Furthermore, the novel polymer-to-ceramics process enables the manipulation of the ceramic 

structures at the atomic/nano level by designing the chemistry of polymer precursors and 

controlling the pyrolysis conditions, thereby, the properties of ceramics. In this dissertation, 

oxidation/hot-corrosion behavior and the structural evolution of Si-Al-C-N ceramics have been 

studied.  

The structural evolution and crystallization behavior of the SiCN and SiAlCN ceramics 

are investigated using FT-IR, XRD, and NMR. The results revealed that aluminum could greatly 

affect the structural evolution and crystallization behavior of polymer-derived ceramics, resulting 

to better stability.  

The oxidation kinetics of the SiCN and SiAlCN ceramics in air is determined by directly 

measuring the thickness of the oxide scale with SEM as a function of oxidation time. The results 

revealed that while the oxidation of the SiCN ceramics follows parabolic kinetics in all of the 

ranges of testing temperatures, oxidation of the SiAlCN ceramics is complicated: their oxidation 

rates are similar to that of SiCN ceramics at the earlier stage, but they decrease to very low levels 

after a certain time. The oxidation rate of the SiAlCN ceramics is more than an order of 

magnitude lower than any other silicon based ceramics previously reported. The transportation 

behavior of oxygen through the oxide scales is studied by 18O diffusion. The results indicate that 

oxidation is controlled by molecular oxygen diffusing through the oxides for both SiCN and 
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SiAlCN ceramics; however, the oxygen diffusion rate in the oxides on SiAlCN ceramics is 

remarkably retarded. The structures of the oxides are characterized by XRD and NMR. A 

structural model is advanced to account for the aluminum effect on the oxygen diffusion in the 

oxide. 

The oxidation and hot-corrosion kinetics of the SiCN and SiAlCN ceramics in water 

vapor are determined by measuring their weight changes as a function of annealing time. The 

kinetic constants, kp and kl, are obtained by fitting the weight-change data with a paralinear 

model. The results reveal that the SiAlCN ceramics have a much better corrosion resistance than 

the SiCN and CVD SiC/Si3N4. After annealing at 1400oC for 300 hours, the SiAlCN-20 still 

retains more than 70% of its original strength, while the SiCN only retains about 20% of its 

original strength. The improvement in oxidation/hot-corrosion resistance of the SiAlCN ceramics 

is attributed to the low activity of the SiO2 in the Al2O3-containing silica. In summary, I have 

developed a new class of high-temperature materials, Si-Al-C-N ceramics. It is demonstrated that 

these new materials have excellent oxidation and corrosion resistance and thermal stability. 

Together with their easy processability, the materials will find many high temperature 

applications such as environmental barrier coatings, ceramic matrix composites, and MEMS for 

harsh environments.   
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CHAPTER ONE: INTRODUCTION 

1.1 Overview 

Non-oxide silicon-based ceramics, such as SiC and Si3N4, have attracted great interest for 

high temperature applications due to their excellent strength, hardness, and corrosion resistance 

at elevated temperatures1. Traditionally, SiC/Si3N4 ceramics are synthesized by sintering their 

powders. However, due to the intrinsically low diffusivity of these covalent ceramics, the high 

temperature, high pressure, as well as oxide sintering aids, such as Al2O3 and Y2O3, are normally 

required to obtain ceramics with high density. The sintering aids react with silicon oxide to form 

liquid phases at sintering temperature to improve mass transportation and thus the densification. 

However, the liquid phases lead to the decrease in high-temperature mechanical properties of the 

materials, thus limit their applications.  

In past decades, many alternative processing techniques have been pursued to overcome 

such problems. One of them is to synthesize silicon-based ceramics by thermal decomposition of 

polymeric precursors, named polymer-to-ceramics (PDCs)2, 3.  The basic steps involved in PDC 

processing are3: (i) synthesis of polymer precursors, (ii) cross-linking the polymer to form pre-

ceramic network, and (iii) pyrolysis of the cured precursor to form ceramics. The materials as 

obtained are predominantly amorphous in nature. Depends on precursors and processing 

conditions, materials in Si-C-N and Si-C-N-M (M represents forth element such as B, Al etc) can 

be synthesized4, ,5  6. Compared with conventional processes, PDCs can be synthesized at a 

temperature as low as 1000oC free of any oxide additives. Therefore, better high temperature 
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mechanical properties can be foreseen. Furthermore, the chemical-to-ceramics route provides 

opportunities for fabrication of fibers preparation, coatings, and MEMS at simple and cost-

efficient manners, which the powder-route can not perform. 

Polymer precursors, as well as cross-linked precursor materials, possess amorphous 

networks which transfer to amorphous silicon carbonitride ceramics at around 1000oC in inert 

atmosphere. However, upon further heat treatment, the non-stoichiometric amorphous Si-C-N 

ceramics decompose, giving rise to the thermally stable phases, named Si3N4 and SiC by 

following the reactions3: 

          Si3+xCx+yN4  Si3N4 + xSiC + yC 

          Si3N4 + yC  (1-y/3) Si3N4 +ySiC +2y/3 N2

Consequently, the thermal stability of polymer-derived ceramics should be considered when they 

are applied at elevated temperatures. Compared with binary Si-C or Si-N amorphous ceramics 

that are derived from carbon-free or nitrogen-free silicon-based polymer precursors, Si-C-N 

ceramics have higher thermal stability. Recently, even better stable quaternary Si-B-C-N 

ceramics were derived from boron-modified polysilazanes. It can be stable up to 2000oC without 

obvious weight loss and the crystallization temperature is as high as 1700oC7. The improved 

thermal stability was explained by the formation of BNCX phase, which retards the 

decomposition of Si-N units. One aim of this dissertation is to investigate the thermal stability of 

Si-Al-C-N ceramic system in which the boron is substituted by its higher homologue aluminum.  

As potential structural materials for high temperature applications, silicon-based ceramics 

must embody excellent resistance to oxidation and corrosion in the oxygen/water containing 

environments. Silicon based materials suffer severe material degradation when exposed to water 

vapor at high temperatures owing to the formation of volatile Si(OH)x through reaction of silica 
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and water vapor. Environmental barrier coating (EBC) is currently applied to provide protection 

for the silicon-based materials8, 9. However, EBC is not applicable for many applications such as 

MEMS and heat-exchangers. The improvement of the inherent resistance to water vapor and 

oxidation for these materials is required. In the present work, oxidation and hot-corrosion 

properties of polymer-derived SiCN and SiAlCN ceramics are studied to illustrate the effect of 

aluminum-doping effects.  

1.2 Outline of dissertation 

The work in this dissertation is organized as follows: 

Chapter 2 provides the background information following this chapter. The ensued part is 

the characterization of polymer-derived ceramics, including fabrication processes, structural 

evolution, and crystallization behavior of polymer-derived ceramics. The fourth chapter focuses 

on the oxidation behavior of polymer-derived ceramics. Chapter 5 is the results and discussion 

for wet corrosion and hot-corrosion in a sodium chloride environment of polymer-derived 

ceramics. A general conclusion is given in Chapter 6.  
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CHAPTER TWO: LITERATURE REVIEW 

Silicon-based non-oxide ceramics attract extensive attention due to their high hardness, 

strength, creep resistance, and refractoriness. They are considered as next generation high 

temperature structural materials. However, their intrinsic low diffusivity associated with 

covalent-bond makes it difficult to obtain this class of materials through the traditional sinter 

process of green powder compacts and thereby limits the various applications of these ceramics. 

The precursor-conversion route provides an alternative for processing these materials. By this 

technique, silicon-based non-oxide ceramics can be fabricated free of any additives at 

temperatures as low as 1000oC. Hence, the mechanical properties such as strength and creep 

resistance at elevated temperatures will greatly be improved. Previous studies suggested that the 

microstructures of PDCs can be controlled over a wide span of possibilities. Micro-structural 

manipulation can be achieved by chemically modifying the precursors and by the use of distinct 

processing conditions during the course of polymer-to-ceramic conversion. Previous studies on 

polymer-derived ceramics are summarized in the following section. In the second and third 

section of this chapter, the review on the oxidation and corrosion of silicon-based ceramics will 

be advanced respectively. 

2.1 Polymer derived ceramics 

Historically, the first efforts in silazane chemistry were simply directed toward the 

preparation and characterization of silazane and polysilazanes10, , , ,11 12 13 14. The earliest attempt to 
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form Si-N bonds using chlorosilanes was reported in the nineteenth century10,11. Since the first 

preparation of silazanes by Stock and Somieski12 in 1921, a number of works was devoted to 

synthesize PSZs . The earliest report on the pyrolysis of silicones to obtain silicon-based 

materials was by Weyer15. As quoted by Rice16, a comprehensive approach to obtain ceramics 

from polymer precursors was preformed at the British Ceramic Research Association under the 

guidance of Popper in the early 1960’s. Despite some attempts to prepare silicon(carbo)nitrides 

and relative materials in the 1960s, the general potential of preceramic compounds in the area of 

ceramics was not recognized until the pioneer work of Verbeek17, 18 and Yajima19, 20, who 

prepared precursor-derived Si3N4 and SiC ceramic fibers. Since then the route of synthesizing 

Si/C/N ceramics from polymer precursors has attracted increasing attention, and a variety of new 

organometallic polymers have been developed as precursors for different non-oxide ceramics. 

Today, the interest in silazanes primarily derives from their applications as silylating agents in 

synthetic chemistry and as single source precursors for the preparation of ceramic materials by 

vapor, liquid, and solid phase pyrolysis. 

2.1.1 Polymer precursors 

In order to obtain any kind of ceramic materials from organometallic compounds, the 

starting precursors, themselves, have to be synthesized. Large volumes of Gmelin's handbook21 

and chapters in other monographs22, 23, as well as some review articles24, , 25 26, are devoted to 

related topics. Furthermore, a large and increasing number of original papers and proceeding 

contributions are published each year. It is the objective of this section to give a brief 
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summarization of the formation and modification of ceramic precursors such as 

polycarbosilanes, polysilazanes, and polycarbosilazanes.  

Wynne and Rice27 have set forth a series of general empirical rules that should be 

considered for the design of a proper ceramic precursor, and Seyferth28 also stated various 

requirements for this purpose. Briot et al.24 stated a compromise of properties, that an ideal 

preceramic polymer should possess, which are sometimes incompatible: 

1. Molecular weight should be sufficiently high to prevent any volatilization of oligomers  

2. A polymeric structure should contain cages or rings to decrease the volatile fragments 

resulting from backbone cleavage 

3. Desired viscoelastic properties (fusibility, malleability, or solubility) to apply the polymer 

in the desired shape before the pyrolytic process 

4. Presence of latent reactivity (functional substituent) to obtain thermosetting or curing 

properties 

5. Low organic group content to increase ceramic yield and avoid the production of 

undesired free carbon excess 

It is evident that variations in functional substituent and different polymer precursor 

microstructures will strongly effect the final ceramic compositions and structures. Thus, a 

number of studies are devoted to the synthesis of preceramic precursors and the subsequent 

precursors obtained upon judicious cross-linking. In this section, the polymer precursors of 

SiC/Si3N4 will be discussed first, followed by the precursors of Si-C-N, and finally, Si-(E)-C-N 

precursors will be mentioned. 
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2.1.1.1 Polymer precursors of SiC 

A common approach for synthesizing of SiC precursors is through the synthesis of 

polysilaes (PSs), which can be further converted to polycarbosilanes (PCSs) by thermolysis. 

After the pioneering work of Verbeek17 and Yajima29, whose synthesis strategy has allowed the 

production of commercial SiC-based fibers (Nicalon30 and Tyranno31), a number of reports have 

described the preparation of PSs32, PCSs33, and SiC-based materials on the pyrolysis of cured 

PCS. 

The extended Yajima work is based on the following transformations: 

dichlorosilane  polysilane (PS) polycarbosilane (PCS)  SiC material 

The second step of above transformations is considered to be critical in terms of yield and 

reaction conditions. It is necessary in the conversion of PS to PCS because the PS obtained from 

the first step generally is not a conventional ceramic precursor. In an earlier publication, a PCS 

was obtained from (Me2-Si)6 autoclaved at 400oC in Argon34. This precursor is suitable for the 

fabrication of fibers. The main drawbacks of this method are the cost of 

dodecamethylcyclohexasilane and the use of an autoclave. Later, Yajima1 9 proposed a simpler and 

more economical route to synthesize a commercially available PCS: heating polydimethylsilane 

(PDMS), obtained from Me2SiCl2n and Na in xylene, under pressure. The yield of the precursor 

is up to 60%. Yajima noted that the properties of the SiC fibers were intimately related to those 

of the precursor itself. The PCS should contain as many Si-H bonds as possible and its molecular 

weight should be relatively high. To avoid the use of an autoclave, alternative PCS precursors 

were obtained from PDMS at about 350oC under atmospheric pressure, with either the initiator 

or catalyst polyborodiphenylsiloxane (PBDPSO)35. The yields were lower than those for the 
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precursors produced with autoclave, but the pyrolysis residue is higher. Furthermore, the initial 

results showed that the mechanical properties of the obtained fibers were somewhat inferior to 

those from precursors produced with pressure36. 

Further work focused on lowering the oxygen and free carbon content in the fiber and, 

more generally, on improving the mechanical properties at higher temperatures. Lipowitz37 

obtained a near pure, nanocrystalline SiC fiber with less than 0.1% oxygen by melt-spinning 

various precursors, cross-linking them and then heating them at 1600oC. A dense structure and 

high tensile strength were preserved by using a non-specified additive. In addition, the curing of 

Yajima PCSs by γ-ray or electron irradiation followed by heat treatment at 1200oC-2000oC 

results in a “High Nicalon” SiC fibers with 0.4% oxygen38, 39 and improved thermal properties40.  

Yakima made several attempts to synthesize effective silicon carbide ceramic precursors, 

especially for fibrous materials from precursors other than PDMS. Among these alternative 

organosilicon polymers, only polycarbosilanes are considered here. Several routes have been 

explored to obtain such polymers including the following: 

1. Ring-opening polymerization reactions41, 42 

2. Polycondensation of chloromethylchlorosilanes43, 44 

3. Copolymer with 1,3-disilapentanes45 

4. Polycondensation of chlorosilanes with methylene halides46, 47 

5. Polycondensation of chlorosilanes with acetylides48 

6. Hydrosilylation reactions49, 50 

7. Polycondensation of chlorosilanes with unsaturated hydrocarbons51 

8. Dehydropolycondensation of hydrogenosilanes52 
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Intense investigations to develop the precursor to SiC fibers and relative compounds 

started about thirty years ago. Birot24 gave a nice summarization of these studies. The main points 

are listed below: 

1. PS or PCS prepared by linear precursors result in very low yields unless an 

appropriate treatment was used to produce a subsequence cross-linking. Indeed, 

without branching, back-biting reactions generate cyclic or linear, low-boiling 

oligomers which are distilled. A reasonable ceramic yield can only be obtained after 

sufficient cross-linking that increases the softening temperature and decreases the 

solubility.  

2. PCS precursors obtained by thermolysis of PS usually possess ill-defined complex 

structures.  

3. The formation of hydrogen is closely connected with the presence of Si-H bonds 

responsible for the branching, either by thermal or catalyzed hydrosilylation or 

dehydrocondensation reactions.  

4. Either air or electron beam is used to cure the precursors. Si-H bonds play a major 

role in cross-linking reactions regardless of the method used. Although they are 

totally unreactive, C-H and Si-C bonds still participate to some extent in the process. 

5. The presence of pendent methyl groups in the polymer generally leads to a major loss 

of carbon as methane. Thus, pyrolysis of materials having the same chemical 

composition and different structures, such as –(MeHSiVH2)n-or –(H2SiCH2CH2)n-, 

leads  to a material richer in free carbon in the latter case because of the absence of 

methyl groups which are partially converted into methane in the former case. 

However, when the pendent constituents are vinyl or phenyl groups, the pyrolysis 
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leads to free-carbon-rich materials due to the preliminary polymerization of vinyl 

moieties in the former case and subsequent formation of carbon during the 

mineralization step. These considerations illustrate the influence of the structure of 

the precursor on the composition of the resulting inorganic material. 

6. From the perspective of making fibers, the best precursors are those that present 

alternating silicon and carbon atoms in the main chain. The formation of branching 

nodes prefiguring the SiC structure should also be beneficial.  

2.1.1.2 Polymer Precursors of Si3N4

As for Si3N4 based materials, the possibilities of polysilazanes (PSZs) used for making 

silicon nitride53 were known early. However, the first intensive investigations oriented toward 

the preparation of the inorganic materials came from Verbeek54. Most of routes to such ceramics 

involve PSZs55, , 56 57 as the basic preceramic polymer precursors. Several schemes to fabricate the 

PSZ precursors for Si3N4 are briefly stated in this section: 

1. Ammonolysis of tetrachlorosilane 

Silicon tetrachloride and ammonia are known to react under various conditions to give a 

silicon diimide, “Si(NH)2”, leading to Si3N4 after heating up to 1250oC58. 

SiCl4 +6NH3   Si(NH)2 +4NH4Cl                                (2-1) 

Though the process has been used to prepare the Si3N4 fibers59, ammonolysis of 

tetrachlorosilane is more particularly useful in the CVD process60. In any case, this route is not 

suitable for obtaining fusible or soluble preceramic polymers.  

2. Perhydropolysilazanes (PHPSZ)s 
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Aylett61 emphasized that PSZs without carbon substituents had poor storage stability. 

Since these compounds contain SiH-NH linkages, they lose hydrogen so readily that they can 

undergo cross-linking in storage. The stable complexes obtained from polychlorosilanes and 

tertiary amines brought out beneficial effects in various polycondensation reactions62. Taking 

advantage of this property, Isoda et al.63 succeeded in the preparation of a spinnable precursor by 

using the complex, H2SiCl2
.2py. The tentatively proposed oligomeric structure is formed of rings 

linked by linear segments. 

                        (2-2) 

The introduction of pyridine offers several advantages such as stabilization of the 

dichlorosilane, increase in the molecular weight, and beneficial introduction of a very small 

percentage of carbon in the ceramics63. 

The direct synthesis of tris(dimethylamino)silane from silicon and dimethylamine (shown 

below) followed by a reaction with amines or ammonia constitutes an alternative to the PHPSZ 

route to silicon nitride which does not require the use of a chlorosilane64. 

 
Me2NH + Si                              (Me2N)3SiH                            (2-3) 

250oC, Cu cat.

 

3. Prolysis/nitridation of organosilicon polymers under ammonia 

Pyrolysis of cross-linked PCSs, PSs, and PSZs under ammonia or hydrazine constitutes a 

general route to highly pure Si3N4
65, 66. This method has been used for the conversion of both 

bulk precursors and oxygen-cured PCS fibers67. Partial replacement of carbon is possible when 

 11



using a gas carrier containing ammonia, thus enabling the preparation of ceramics with 

controlled composition68. 

2.1.1.3 Polymer Precursors of Si-C-N  

The pure amorphous Si3N4 is expected to readily crystallize above 1200oC-1300oC, 

which is detrimental to the thermal stability and performance of ceramic fibers. Isoda et al.69 

reported that stoichiometric Si3N4 fibers exhibited a catastrophic drop in their mechanical 

properties above 1300oC. In order to delay Si3N4 crystallization, the presence of a suitable 

second refractory phase in the material is desirable. Accordingly, considerable effort has been 

put forth during the last few years to prepare ternary Si/C/N systems, and a wide range of PSZ 

oligomers bearing various adjacent hydrocarbon groups on silicon and nitrogen have been 

investigated as ceramic precursors. In the same way, polymers containing hydrocarbon groups in 

the main backbone have led to useful precursors.  

Sevferth and Wiseman70 use the scheme of the aminolysis of dichlorosilane with 

methylamine in the hope of obtaining non-cross-linked precursors with better processability than 

those obtained from the ammonolysis of dichlorosilane, but the char yield is low (38%). 

              (2-4) 

Based on the work o f Fink 71, Sevferth and Wiseman have found that the use of strong 

bases led to a polymeric silylamide of type. Next, this material was quenched with MeI and 

pyrolyzed to provide ceramics in high yields. 
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                 (2-5) 

Ammonolysis of chlorosilanes results in copious amounts of ammonium chloride which 

is difficult to remove. This byproduct is undesirable since it contributes to the introduction of 

chlorine in the precursors while it acts as a catalyst in the splitting of Si-N bonds. To overcome 

this problem, the previously known Si-Cl/Si-N disproportionation involving 

hexamethyldisilazane (HMDZ), leading mainly to trimethylchlorosilane instead of hydrogen 

chloride as a byproduct, was extended to the synthesis of a wide range of precursors72, 73.  

Polysilazanes with a tailorable viscosity have been prepared by reacting 

poly(methylviny)silazanes, obtained from co-ammonolysis of dichloromethyl- and 

dichloromethylvinysilane, with mono- and multifunctional isocyanates74, , 75 76. A commercial 

product, Polyureamethylvinylsilazane (PUMVS), was used based on this synthesis in present 

work. 

The PUMVS precursor was patented by Schwark77 at Hercules Inc. and was 

commercially developed by Dupont Lanxide as CerasetTM, which now is owned by Kion 

Corporation. 

The precursor is prepared in two steps. The first is co-ammonolysis of 

methylvinyldichlorosilane and methyldichlorosilane. Methyldichlorosilane gives off silyl group 

Si-H and the methylvinyldichlorosilane gives off vinyl group, making it possible that the 

precursor cross-links thermally. The co-ammonolysis results in a cyclic oligomer called 

methylvinylsilazane as shown in Eq. (2-6): 
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            (2-6) 

                          (2-7) 
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The cyclic methylvinylsilazane is then modified with a small amount of isocyanate to 

increase the molecular weight of oligomers. This helps to reduce the volatility of oligomer. The 

isocyanate is introduced into the ring structure to form PUMVS. The reaction is schematically 

shown in Eq. (2-7).  

2.1.1.4 Polymer Precursors of Si-(E)-C-N 

Multinary ceramics and composite materials are of interest due to their enhanced 

properties. For example, the addition of boron nitride leads to a better thermoshock resistance of 

hot-pressed silicon nitride ceramics78. Precursor derived ceramics may have a tendency to show 

better high temperature properties going from binary to ternary phases79. 

Precursor derived Si/B/C/N ceramics have a number of advantages over the Si/C/N 

system including their thermal stabilities, oxidation resistance, and higher crystallization 

temperatures and ceramics yield. Ralf Riedel and his co-workers have synthesized a Si/B/C/N 

precursor, from which the ceramic materials derived, are stable against decomposition up to 

2000oC and start to crystallize above 1700oC7.  The reactions are shown in Eq. (2-8): 

             (2-8) 

The polymer was isolated in 80% yield. It consists of a white solid power that is soluble 

in THF and toluene. FTIR and NMR examinations of the product indicate a trigonal planar co-
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ordination for boron. It was concluded that cyclic oligosilazane, which is two-dimensionally 

cross-linked via Si-C-C-B-C and Si-C-B-C bridges7, is formed. 

Besides boron, other elements have been introduced into silazanes, in order to obtain 

quaternary precursors of Si-E-C-N ceramics. A method similar to the above-described 

preparation of Si/B/C/N precursors by the treatment of polysilazanes with 

tris(dialkylamino)borane B(NR2)3 has been utilized to obtain phosphorous containing silazanes3. 

Tris(dimethylamino)phosphane P[N(CH3)2]3 was mixed with mesitylen and 

polyhydridomethylsilazane derived from dichloromethylsilane and dichlorodimethylsilane. 

Thermal cross-linking applying 400oC for 4 hours gave a colorless solid which was pyrolyzed at 

1000oC. A very low phosphorous content of 0.5 wt.% was found. This value decreased further to 

0.4wt% and 0.0 wt.% upon heating to 1400oC and 1500oC for 50 hours respectively. It was also 

found that Si/P/C/N ceramics tend to crystallize faster than Si/C/N materials, which is opposite 

to the behavior of analogous Si/B/C/N systems. 

Another promising element candidate is aluminum because AlN, Al2O3, SiAlONs and 

other Al-containing materials show interesting properties such as high strength, high hardness or 

resistance to thermal shock and oxidation. Polysilazane-derived ceramic materials in the 

Si/Al/O/N system have been found to show suppressed grain growth compared to aluminum-free 

analogues80. Recently, high-strength alkali-resistant Si/Al/C/O-fibers have been produced from a 

polyaluminocarbosilane81. Oxygen-free precursors for Si/Al/C/N-materials have been 

synthesized by the pyrolysis of polyaluminosilazanes with varied Si:Al ratios, at varied pyrolysis 

conditions82, , , 83 84 85. 

Single-source precursors have been obtained from the reaction of ethylaluminum 

compounds with 1,3,5-trimethyl-1,3,5-trivinylcyclotrisilazane83. The polymers are formed by a 
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known condensation process which occurs between the N-H groups of the silazane and the 

organoaluminum reagent to form Al-N bonds and evolve ethane86. The same reaction type takes 

place when HMCTS and triethylaluminum (TEA) are mixed at room temperature either neat or 

with both compounds dissolved in dry hexane85 (Eq. 2-9 ): 

                (2-9) 

The Si:Al ratios were varied from 1 to 5 for R=methyl and from 1 to 9 for R=vinyl. The 

air sensitive products were examined by thermogravimetric analysis, FTIR, 29Si, 13C, and 27Al 

MAS NMR spectroscopy. The polymers were pyrolyzed and crystallized at temperatures up to 

1900oC to give SiC/AlN-composite materials. 

Aluminum-doped silazane polymers were also obtained analogous to the above described 

reactions of borane with tetrakis(methylamino)silane82. The alane Lewis-base adduct 

AlH3
.N(CH3)3 dissolved in toluene was mixed with Si(NHCH3)4 at -78oC. Hydrogen evolution 

indicates a dehydrocoupling reaction to give a colorless solid polymer containing 12.4 wt.% 

aluminum (Eq. 2-10): 

                   (2-10) 
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 2.1.2 Process of fabricating bulk ceramics 

Polymer to ceramic route is proven to be a successful method to fabricate low dimension 

materials such as fibers, coatings, powders, and MEMS. Attempts to produce bulk ceramics by 

pyrolysis of liquid or cross-linked polysilazanes were not successful because the evolution of 

oligomers during pyrolysis resulted in considerable pores or cracks of the pyrolyzed bodies87, 88. 

A glassy solid polyvinylsilazane obtained by cross-linking of liquid oligomers was pyrolyzed up 

to 1400oC in Argon8 7. SEM investigations revealed the presence of extensive cracks and pores 

which were found to be due to the generation of stress induced by the volume decrease during 

pyrolysis. However, the pyrolyzed porous bodies had locally dense regions and maintained their 

shapes without bloating after pyrolysis, even at higher heating rates. This suggests the possibility 

of obtaining dense Si/C/N bulk ceramics through the pyrolysis of polysilazanes. However, to 

reduce the porosity and to avoid cracking, an optimized processing is needed. 

Currently, three main methods are developed to fabricate dense and crack-free ceramics 

through polymer-to-ceramic route: the warm-press powder route, the active/inactive filler route, 

and the pressure-assistance route. 

In 1991, Riedel et al. developed a new process which produces dense Si/C/N bulk 

ceramics2. This method (Figure 1) involves cross-linking of polysilazanes into infusible solids, 

milling the cross-linked silazanes into fine powders followed by shaping green bodies, and 

pyrolyzing the compacts around 1000oC. The unique feature of this novel process is the direct 

transformation from highly cross-linked polymer networks to dense monolithic Si/C/N bodies by 

pyrolysis without sintering aids2. This route from polymers to ceramics promises to become a 

new process compared with the traditional liquid sintering of ceramic powders.  
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Figure 1: Schematic illustration of the powder processing route and pyrolysis of polymer 

precursor. 

 

The key steps to this process are the cross-linking process and the compaction process. 

The high degree of cross-linking is required in order to get a high-dense final product. However, 

the plasticity of the cross-linked polymer is also critical. An optimal temperature is needed.  

Dense and crack-free pre-ceramic powder compacts of the cross-linked polysilazanes are 

required for obtaining crack-free dense bulk ceramics after pyrolysis. Early attempts to prepare 

polymer compacts for bulk pyrolysis used isostatic or uniaxial cold pressing leading to densities 

of the compacts of 84%2. The final bulk density of the Si/C/N ceramics after pyrolysis at 1000oC 

was 93%. 
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Warm-pressing methods have recently been used by Seitz and Bill to compact cross-

linked polyvinylsilazane powders for bulk pyrolysis89. The pressing temperature should be in the 

range of the softening point of the cross-linked polysilazanes since plastic forming can be 

realized under these conditions. A pressing temperature of 250oC was used to compact the 

polyvinylsilazane powders (28 mm) under an acting pressure of 47.75 MPa. Dense green bodies 

with porosity of 7.5% were obtained by this compaction technique. After pyrolysis, Si/C/N 

ceramics with a relative density of 97% were obtained.  

Instead of using a pure single source, active or passive powders (fillers) may be added to 

the precursor. The active fillers may react with the silazane, its decomposition products, or active 

atmospheres during pyrolysis to form carbide, nitride, carbonitride, oxide phases, which in turn 

can reduce the shrinkage and the amount of volatile side products. A similar effect may be 

gained by passive fillers which do not react with the silazane matrix, but decrease shrinkage and 

formation of volatiles due to a reduction of the total polymer amount90, 91. 

Loading of polymers with various metallic fillers was conducted to produce bulk 

amorphous ceramics90. In this process, liquid or solid polymer precursors were mixed with active 

filler powders, followed by shaping and pyrolysis. Suitable active fillers are elements or 

compounds forming carbide, nitride or oxide, such as Al, B, Si, Ti, CrSi2, and MoSi2 which 

exhibit a high specific volume increase upon reaction90. By this process, zero shrinkage after 

pyrolysis could be achieved allowing a near net shape forming of ceramic composite materials. 

However, the pyrolyzed bodies were not fully densified with an appreciable amount of residual 

open porosity. This process was previously applied to polysiloxane precursors to produce 

oxygen-containing ceramic composites such as Si/O/C-TiC, Si/O/C-TiN, and Si/O/C-SiC. 

However, it may also be applicable to process polysilanes or polysilazanes to produce non-oxide 
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ceramic composites9 1. Some studies on ceramic conversion via the filler strategy have been 

summarized recently by Greil9 0. 

Recently, a novel pressure-assistance pyrolysis process has been developed by Linan An 

and co-workers to synthesize fully dense bulk polymer-derived ceramics without pore and 

crack92. In this process, the cross-linked polymer precursor is pyrolyzed in the hot-isostatic press 

furnace (HIP) at low ramping rate in order to release the gaseous by-products without breaking 

the structure. The applied isostatic pressure prevented the formation of pore and cracks during 

pyrolysis.   

2.1.3 Pyrolysis of PDC and their structural evolution at high temperatures 

 

The pyrolysis of polymer precursor results in the loss of some organic molecules, 

survived by the hybrid ceramic structure. The availability of a wide variety of polysilazane 

precursors with selected physical and chemical properties offers multiple ways to perform 

polymer-to-ceramic conversion and allows the formation of different geometries of Si-based 

ceramics such as fibers, coatings, films, and bulk materials. Depending on the processing 

conditions, the structure of the ceramics can either be amorphous, nanocrystalline, or crystalline. 

Their compositions vary from binary (Si/N) and ternary (Si/C/N) ceramics to quaternary systems 

(Si/E/C/N), where E refers as to an additional element such as B, Al, Ti, P, or Zr. The starting 

precursor is normally in oligomeric form with a mixture of different molecular weight oligomers. 

The processing of precursor to ceramic conversion can be classified as a solid, liquid, or vapor 
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process depending on the physical and chemical properties of the selected precursors such as 

solubility, rheology, infusibility, and the behavior of cross-linking and pyrolysis. 

 For chemical vapor deposition (CVD) to prepare ceramic coatings and films or chemical 

vapor infiltration (CVI) to produce composites, silazanes with high volatility are used. A vapor 

phase of the precursor can be generated either by evaporating the molecules above their boiling 

point at a certain pressure or by using a carrier gas bubbling through the liquid precursor below 

its boiling point. It is necessary that the precursors do not cross-link or decompose upon heating 

to the required temperature. 

For the spinning of fibers or the fabrication of coatings, films, or laminates, liquid 

precursors are desired, but fusible solid or soluble polymers can also be applied. For infiltration 

of porous materials or as binders for ceramic compaction, precursors with low viscosity and a 

high ceramic yield are required. The liquid polysilazanes can also be used to produce fine 

ceramic powders or films through liquid processes such as spray pyrolysis and spray coatings. 

For the synthesis of ceramic powders or bulk ceramics, highly cross-linked and infusible 

precursors are suitable. The different degree of cross-linking and viscosity can be tailored in the 

precursors using proper reactant groups or simply annealed at different temperatures. Figure 2 

shows the schematic behavior of the viscosity as a function of temperature for fusible and 

infusible polysilazanes93.  
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Figure 2: The schematic behavior of the viscosity as a function of temperature for fusible and 

infusible polysilazanes9 3. 

 

As can be seen in Figure 2, there is a wide range of viscosity that can be obtained from a 

fusible silazane when heated. Spinning fibers and coating films are possible in a temperature 

range where a suitable viscosity is attained but no enhanced cross-linking and decomposition 

occurs. For the infusible polymer, shaping the precursor powders is carried out around the glass 

temperature where the polymer particles show softening and allow plastic forming.  

2.1.3.1 Cross-linking of the precursors 

One of the most important steps in the preparation of ceramics by pyrolysis of polymer 

precursors is cross-linking. Cross-linking results in the oligomeric silazanes into large molecules 
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with highly interlocked backbones, which is required to avoid the evaporation of oligomers 

during pyrolysis94. 

The effective cross-linking can be obtained by either thermally or chemically using 

radical initiators like peroxides or catalysts. Thermal cross-linking is preferred on consideration 

of the control of elemental and phase composition of the final ceramics because no additional 

elements are introduced to the polymer. Thermal cross-linking requires the presence of reactive 

functional groups such as vinyl or silyl groups in the precursors. The major cross-linking 

reactions involved in the pyrolyzing polysilazanes are a) hydrosilylation of vinyl groups as 

shown in the Eq. (2-11), b) dehydrocoupling of Si-H and N-H as shown in Eq. (2-12) and (2-13), 

c) transaminations by trisililating nitrogen atoms as shown in Eq. (2-14), and d) vinyl 

polymerization reaction as shown in Eq.(2-15) 23, , , 95 96 97.  

                     (2-11) 

                              (2-12) 

                                                  (2-13) 

                                      (2-14) 

                                     (2-15) 
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The effects of the different functional groups on thermal cross-linking behavior of 

polymer precursors were systematically investigated by Choong Kwet Yive et al.95. They found 

the enhanced cross-linking reaction with an increasing number of active vinyl and Si-H groups. 

Based on their experimental results, the cross-linking activity can be arranged in the following 

order: 

Hydrosilylation > dehydrocoupling > transaminations > vinyl group polymerization.  

The study on PUMVS-Ceraset by Seyferth and his co-workers98 showed that the presence 

of Si-H and vinyl groups in Ceraset makes it possible to cross-link it at a relatively low 

temperature. The Ceraset solidifies mainly by the hydrosililylation reaction. Intense cross-linking 

results in a highly interconnected backbone structure that is infusible and easy to shape by 

powder processing. 

2.1.3.2 Conversion process to ceramics 

The polymer precursors usually have the density of about 1g/cm3, while the pyrolyzed 

product of ceramics has the density of about 2.5g/cm3. Even for a yield of 100% for the 

conversion from polymer to ceramics, the linear shrinkage would be 26%. Since the diffusivity 

and deformability of Si/C/N ceramics are low, the higher shrinkage during pyrolysis may result 

in defects such as cracks and bubbles. Therefore, it is imperative for the precursor to have a high 

yield in order to produce a high quality ceramic product. The ceramic yield of polymer 

precursors strongly depends on their chemistry, including backbone structure and the 

functionality as well as the degree of cross-linking. Boury et al.99 showed that the ceramic yield 

of poly(carbosilane) was enhanced due to the increased degree of cross-linking. Lucke et al.100 
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systematically investigated the effects of subsistent and backbone structure of polysilazanes on 

their pyrolysis behavior. They prepared branched and unbranched polysilazanes with different 

substitution patterns such as Si-H, Si-CH3, Si-CH=CH2, Si(NH2), and preformed TGA analysis 

under argon atmosphere. The results showed that the unbranched silazane gave a very low 

ceramic yield <11wt.% at 1000oC, while the branched silazanes showed a higher ceramic yield 

of 51-77wt.%. In addition to the precursor chemistry and pyrolysis temperatures, the ceramic 

yield is also affected by the pyrolysis conditions including heating rate101 and the pyrolysis 

atmosphere. The higher heating rate will reduce the volatility of the oligomers at low 

temperatures, which leads to a higher ceramic yield. However, the higher heating rate may lead 

to cracking and other defects during pyrolysis.  

The weight loss during pyrolysis was caused predominately by the evolution of oligomers 

at lower temperatures and by-product gases at higher temperatures. A three-stage weight loss 

was generally observed for the polysilazanes102. First, weight loss occurs at temperatures lower 

than 400oC due to the evaporation of light molecular weight oligomers and transamination 

reaction. There is also a contribution from hydrosilylation reaction in case of precursors with 

reactive groups of Si-H and CH=CH2. The second weight loss comes from the loss of 

hydrocarbons such as CH4, C2H6 and others in the temperature range of 400-750oC. Also, there is 

some dehydrogenative coupling with Si-H and N-H groups. Above 750oC, the weight loss is 

mainly due to hydrogen evolution. The exact temperatures of gas evaporation change with the 

different polymer structure and the degree of cross-linking. There is also some variability due to 

the heating rate and pyrolysis environment. 

The elemental composition of the final amorphous ceramics after pyrolysis at 800-

1200oC depends on the factors such as chemical composition of the starting materials103, 
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pyrolysis environment109, 104, degree of cross-linking1 00, and the reactive groups in the polymer 

precursors9 5. 

During the pyrolysis process, the carbon in the polymer precursor will be redistributed. 

Some is gaseous evolution as hydrocarbons, some retains in the structure as free carbon which is 

present as basic structural units of turbosatic carbon around the silicon network, and the other is 

present in the silicon network environment of the amorphous structure as SiCxN4-x
105. The carbon 

in the structure can act as a diffusion barrier and prevents crystallization of stable phases such as 

SiC and Si3 4N . The presence of carbon is thought to be the reason for increased stability of the 

materials. The carbon content in the polymer-derived ceramics can be adjusted to a certain extent 

through pyrolysis or isothermal annealing in active gases like ammonia. This treatment reduces 

the carbon content by the formation of methane as described in Eq.2-16.  

                                 (2-16)  

Figure 3106 shows the composition of SiCN ceramics derived from polymer precursors. 

The stable phases SiC and Si3N4 are shown in the figure. The tie line joining Si3N4 and SiC 

separates the diagram into two important domains. The domain below the tie line shows there is 

an excess of silicon. The one above the line has an excess of carbon. Generally, the composition 

range lies within the triangle bound by SiC, Si3N4, and carbon. Thus, their composition can be 

expressed as SiC.nSi3N4
.xC. The ratio, n, is a measure of the relative amounts of Si–N and Si–C 

bonds in the amorphous structure, while x measures the free-carbon atoms bonded to themselves. 
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Figure 3: Composition diagram for Si–C–N system. Tie line represents “stoichiometric” ternary 

compositions so that all carbon and nitrogen atoms are bonded to silicon10 6. 

  

At high temperatures, the amorphous structure will evolve to the thermal stable phases 

such as SiC and Si3N4. Considering the thermodynamic stability of the system of SiC, Si3N4, and 

C, three reactions (Eq.2-16~2-18) are to be considered in the first approach. These reactions 

depend strongly on the nitrogen pressure and on the temperature as it is shown in Figure 4107. 

Si3+xCx+yN4 Si3N4 +xSiC+yC                                                  (2-16) 

Si3N4+yC  (1-y/3) Si3N4+ySiC+(2/3y)N2                                               (2-17) 

Si3+xCx+yN4  (1-y/3) Si3N4+(x+y)SiC+(2y/3)N2                                  (2-18) 
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Figure 4: Thermodynamic stability range of Si3N4 and SiC relative to temperature and nitrogen 

pressure107. 

 

Under given nitrogen pressure, the lower bound of the stability range in Figure 4 is 

defined by the Eq. 2-19: 

Si3N4 (s)  3Si(l) +2N2 (g)                                                                   (2-19) 

Since Si3N4 and C are in contact, reaction (2-19) occurs at temperatures above 1440oC 

under a nitrogen pressure of 0.1 MPa108. This reaction leads to the formation of nitrogen and is 

consequently accompanied by a weight loss. The upper bound of the stability range of Si3N4 and 

SiC in Figure 4 is given by reaction 2-20. 

Si3N4 (s)+3C(s)  3SiC (s)+2N2 (g)                                                     (2-20) 

Under gas pressure conditions, i.e. using high nitrogen pressures, the nitridation of SiC 

according to reaction Eq. 2-21 (reverse of reaction 2-20) may occur. Reaction 2-21 implies 

incorporation of nitrogen from the atmosphere and, therefore, leads to a weight gain. 
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3SiC(s) + 2N2 (g)  Si3N4 (s) + 3C (s)                                               (2-21) 

As amorphous Si/C/N powders generally contain an excess of carbon, this intermediate 

step is carried out in order to remove carbon according to Eq.2-20. By using this procedure, the 

evolution of nitrogen due to reaction (2-17) during liquid phase sintering can be avoided. 

The thermal stability of polymer derived ceramics is the stability against chemical 

decomposition and crystallization. The region of metastability shown in Figure 3 represents the 

compositions with certain SiCN composition. The stability of these compositions can be 

explained as the presence of carbon in the silicon-nitrogen network. As reported by many 

investigators109, , , 110 111 112, the amorphous structure of SiCN consists of the mixed tetrahedra of 

SiC4, SiC3N, SiC2N2, SiCN3, and SiN4. These tetrahedra decide the crystallization temperatures 

and the phases. As expected, SiCN3 and SiN4 tetrahedra will crystallize in Si3N4 crystallites, and 

SiC3N and SiC4 will crystallize as SiC. SiC2N2, referred to as a magic composition, requires the 

most numerous substitution jumps to provoke the nucleation of the stable SiC or Si3N4 phase. 

The presence of different tetrahedra depends on various parameters such as the chemical 

composition of the starting precursors, the degree of cross-linking, and the pyrolysis conditions.  

The composition of the starting precursors and the degree of cross-linking determines the 

composition of the final pyrolyzed amorphous ceramics. The rearrangements during pyrolysis 

depend on the reactions that the specimen undergoes, resulting in various combinations of silicon 

tetrahedra in the pyrolyzed ceramics10 9. As shown in Figure 3, the stable compositions are above 

the tie line between SiC and Si3N4, which prevents the liquid or gaseous decomposition of excess 

silicon. Also, the excess of carbon is in the composition; otherwise, the materials would start 

crystallization at about 1200oC, such as amorphous SiC113,114 and amorphous Si3N4
115 because of 
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the presence of only SiC4 4 and SiN  tetrahedra. The presence of mixed tetrahedra determines the 

thermal stability of polymer derived SiCN ceramics.  

2.1.4 The properties of PDCs 

Some mechanical properties of bulk silicon carbonitride amorphous ceramics derived 

from polymer precursors have been reported. The mechanical strength of amorphous ceramics 

derived from NCP200 is about 375 MPa, and the Vickers hardness is about 9.5 GPa. The 

hardness value is lower than that of sintered crystalline SiC (27-30 GPa) and Si3N4 (18-20 GPa), 

but is comparable to that of reaction bonded silicon nitride116. This may be due to the presence of 

appreciable open porosity in the ceramic bodies (7%). The improvement of the preparation and 

pyrolysis process led to the formation of fully dense Si/C/N ceramics with significantly enhanced 

hardness (26GPa) and the fracture strength (1.1GPa)117. The reduction of porosity in the 

ceramics can account for the increase (Figure 5).    

 

 

Figure 5: Optical micrographs of specimens prepared by the powder and the pressure casting 

routes11 7. 
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Due to the fact that the polymer derived Si/C/N ceramics do not contain any oxide 

additives in the amorphous network, increased high temperature properties can be expected. The 

results of creep studies on the polysilazane derived amorphous Si/C/N (Si1.7C1.0N1.5) and 

polyborosilazane derived Si/B/CN (Si2B1.0C3.4N2.3) showed that both materials exhibited an 

exceptionally low creep rates118, 119 (Figure 6). Both materials exhibited a three-stage creep 

behavior: (1) the creep rate declined, which was associated with the further densification; (2) the 

strain rate approached a steady state, and (3) it resumed a declining strain rate that ultimately 

decreased below the measuring limit of the system (Figure 6). The density of the tested Si/C/N 

ceramics increased from 2.06 at the beginning of the experiment to 2.30 g/cm3 at the end of the 

stage (1) and then remained constant during stages (2) and (3).The enhanced creep resistance in 

stage (3) was related to crystallization in the samples (about 5% crystalline Si3N4 was detected in 

the 1280oC tested Si/C/N ceramics).  

 

 

Figure 6: Change of the strain rate in Si/(B)/C/N vs. time showing three different stages11 9.  
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Polymer derived Si/C/N ceramics will release the N2 gas at the temperatures above 

1400oC, which causes the undesirable degradation of silicon carbonitride ceramics. However, 

this situation can be circumvented by heating the material in air. In the dry oxygen or air 

environment, polymer derived ceramics showed good resistance to oxidation120, 121.  The 

oxidation rate for SiCN ceramics is close to that for pure SiC or Si3N4. Our research92 showed that 

aluminum doped SiCN ceramics exhibit much better than SiCN ceramics, CVD SiC, and CVD 

Si3N4. The details will be discussed in the oxidation section. 

In general, ternary Si/C/N materials were characterized by semiconductive electrical 

behavior88, 122. The electrical properties of this class of materials strongly depend on the starting 

composition of the precursor material, the type of microstructure obtained, and the utilized 

processing technology in terms of pressing and pyrolyzing conditions123, 124. Depending on the 

above-mentioned parameters, the dc-conductivity of polysilazane (PHMS) derived amorphous 

Si/C/N materials can be adjusted between 10o and 10-15 Ω-1 cm-1 at room temperature125. 

Decreasing the carbon content of the Si/C/N ceramics by performing the pyrolysis in a reductive 

ammonia atmosphere results in decreased dc-conductivity, whereas an increased conductivity is 

observed by annealing the material in a nitrogen atmosphere. Starting phase separation and 

beginning crystallization at annealing temperatures of 1300oC results in high conductivity. The 

DC conductivity of the polymer derived ceramics shows a T-1/4 dependence at low temperatures, 

which indicates that electron transport is realized occupying midgap-states by variable-range-

hopping126. At higher temperatures, a change of the charge transport mechanism is observed 

utilizing tail-states by polarone-tunneling127. Comparable results were obtained by the 

preparation of polymer derived amorphous Si/B/C/N materials (Figure 7). Polymer derived 
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amorphous Si/(B)/C/N semiconductors have high potential for future applications in 

microelectronic devices due to their tunable wide range conductivity.  

 

 

Figure 7:    Specific electrical resistance of Si/C/N ceramics derived from PHMS (NCP2000) and 

Si/B/C/N ceramics. From comparison some typical values for insulators, 

semiconductors and conductors are also shown1 25. 

2.2 Oxidation behavior of silicon-based materials  

2.2.1 Oxidation behavior of pure silicon 

Before discussing the oxidation of silicon-based ceramics, it is appropriate to review the 

oxidation of pure silicon for it sets a basic for all silicon-based ceramics. The classic paper in this 

area was written by Deal and Grove128. In this paper, it was assumed that oxidation proceeded by 
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inward movement of oxidant rather than outward movement of silicon in accordance with the 

experimental evidence for silicon129, , 130 131. They viewed the oxidation process as consisting of 

three distinct steps, as shown in Figure 8:  

1. Transfer of the gaseous oxidant to the outer surface where it reacts or is absorbed. 

2. Transport of oxidant across the oxide film towards the silicon. 

3. React at the silicon surface to form a new layer of SiO2. 
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Figure 8: Process involved in Silicon oxidation128. 

 

From the above steps, the following linear-parabolic equation was derived: 

x2+Ax=kp(t+τ)                                                          (2-22) 

where x is the scale thickness, kp the parabolic rate constant, t the time, and τ the time shift 

corresponding to the presence of an initial oxide layer. The quantity of kp/A is the linear rate 

constant. The parabolic rate constant is given by: 

kp=2DeffC*(O2)/N0                                                    (2-23) 
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where Deff is the diffusion coefficient through the film, C*(O2) the equilibrium concentration of 

oxidant in the scale, No the number of oxygen molecules incorporated into the SiO2 scale per 

volume. For relatively small oxidation times, t<<A2/4kp, x≅kp/A(t+τ), oxidation follows a linear 

rate law. The physical interpretation of the linear region is still controversial. It has been 

attributed to interface reaction control12 8 or to diffusion control which is nonparabolic due to strain 

effects in the oxide132. For longer times (t>>A2/4Kp and t>>τ), oxidation follows a parabolic law, 

and the diffusion through the thicker oxide is rate control1 28. The activation energy can be 

calculated by a plot of lnkp vs 1/T. The magnitude of the activation energy can reveal useful 

information about the diffusion process. The Eq.2-22 describes a wide range of oxidation data. 

Calculations of parabolic rate constant that are based on the molecular oxygen diffusion 

coefficient of Norton133 show good agreement with the measured values, and the activation 

energy for parabolic oxidation is close to that for molecular oxygen diffusion through SiO2. 

Thus, it is generally accepted that molecular oxygen diffusion through the SiO2 layer is the rate-

controlling step134, 135. 

2.2.2 Oxidation behavior of SiC and Si3N4

The oxidation behaviors of SiC and Si3N4 are more complex. In both ceramics, there is a 

countercurrent gas. The following reactions are generally accepted136: 

                   SiC(s)+1.5O2(g)=SiO2(s)+CO(g)                                 (2-24) 

                   Si3N4+0.75O2(g)=1.5Si2N2O(s)+0.5N2(g)                    (2-25) 

                   Si2N2O(s)+1.5O2(g)=2SiO2(s)+N2(g)                          (2-26) 

Therefore oxidation process for SiC and Si3N4 involves five steps: 
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1. Transport of molecular oxygen gas to the oxide surface 

2. Diffusion of oxygen through the oxide film 

3. Reaction at the oxide/ceramic interface 

4. Transport of product gases (e. g. CO or nitrogen)  

5. Transport of product gases away from the surface 

The process is even more complex in Si3N4 case because of the formation of duplex film. 

Many questions still remain about these steps. The key question is what the rate-controlling step 

is. Furthermore, it is still unknown that either oxygen molecular diffusion in or network 

exchange of O2- ion is the mechanism for the permeation of oxygen through the network. Even 

less is known about the transport mechanism of product gas outward through the SiO2 scale. 

First, consider the oxidation of SiC. The key observations have been summarized by several 

investigators137, , 138 139. Generally, only one SiO2 oxide scale forms though there is limited 

evidence that an oxycarbide may form between the SiC and the oxide140, , , , 141 142 143 144. The key 

question concerns the rate-controlling step. There are three possibilities: (1) oxygen diffusion 

inward, (2) CO diffusion outward, and (3) an interfacial reaction.  

Motzfeld145 carefully compared the rate constants for silicon and SiC. After correcting for 

the stoichiometry difference (the additional oxygen necessary to oxidize carbon), he finds that 

silicon and SiC have essentially the same rates and the same activation energies. Therefore, he 

concludes that the same process that controls silicon oxidation also controls SiC oxidation (i.e., 

oxygen diffusion inward). Consider the activation energies for oxidation of high-purity SiC, the 

results showed that there was generally a low temperature regime (<1623K) and a high 

temperature regime (>1623K). At the low temperature regime, the activation energies for SiC are 

about 120-140kJ/mol, similar to that for oxidation of silicon and molecular oxygen diffusion 
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through amorphous SiO2. This supports molecular oxygen diffusion inward as a rate-controlling 

step for SiC oxidation below 1623K. At temperatures higher than 1623K, the activation energy 

for oxidation of SiC becomes much larger. Zheng et al.146,  147 attributed this to the mixture of 

network exchange diffusion and molecular oxygen diffusion. However, Ramberg and Worrell148 

find that the high-temperature transition from interstitial-dominant to network-dominant oxygen 

transportation is a property of amorphous silica scales and does not exist for cristobalite after 

they carefully evaluated the previous results and their own data. They also conclude that for 

high-purity silica scales, there is no difference between the rates of interstitial oxygen transport 

in amorphous SiO2 and in β-cristobalite. 

The difference between molecular oxygen diffusion and the network oxygen diffusion 

should be reflected in the dependence of the parabolic rate constant kp on the oxygen pressure 

PO2. For the molecular oxygen diffusion, the rate constant should be proportional to PO2, 

assuming that the solubility of oxygen in SiO2 obeys Henry’s law. For network exchange 

diffusion, one expects kp to show a weak dependence on PO2
147, 149. Zheng et al.1 47 have found that 

kp was dependent on p02
n, where n varies from 0.6 at 1473K to 0.3 at 1773K. This result is 

consistent with the proposed transition between the two types of diffusion. At low temperatures, 

one expects a value of n closer to1 for molecular oxygen diffusion. Zhang et al. contributed the 

difference to deviation from Henry’s law for the solubility of oxygen in SiO2.   

Some investigators have attributed the higher activation energies at higher temperatures to 

a transition to CO-diffusion-outward rate control150, 151. There are two facts tending to discount 

this point. One is the oxidation experiment of Si13C done by Zhang et al.146.  The result shows no 

carbon gradient, as one would expect if CO diffuses outward slowly. On the other hand, the 

thermodynamic calculation rejected the possibility that the CO diffusion outward was the 
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controlling process since if the CO-diffusion-outward is a rate-controlling process, PCO has a 

value of about 1032 Pa at 1600K at oxide/substrate interface. Extremely high pressure would be 

expected to blow the scale off, but this is not observed.  

If the interfacial reaction was the controlling process, the oxidation kinetics should be 

linear behavior. However, most of oxidation data of pure SiC indicated the parabolic kinetics for 

the majority of the reaction period. Consequently, the oxygen diffusion inward is the control 

process for oxidation of SiC. 

Next, consider Si3N4 oxidation. The oxidation of Si3N4 is more complex because of the 

formation of duplex layers. The activation energy is substantially higher than that of Silicon. In 

addition, the oxidation rates are slower than pure Si and SiC in certain temperature range. These 

facts suggest that the oxidation mechanism for Si3N4 is different from that for SiC. 

Luthra1 37 has systematically investigated the possible rate-controlling steps for Si3N4. Most 

investigators have observed parabolic kinetics, suggesting that either oxygen diffusion inward or 

nitrogen diffusion outward is a rate-controlling step140, ,  , 152 153 154. The parabolic rate constant 

varies linearly with oxygen pressure at 1523-1673K, suggesting a molecular oxygen diffusion 

mechanism. The double oxidation experiments with 18O2 and 16O2 also suggested that permeation 

by molecular oxygen is the primary diffusion mechanism and that considerable exchange with 

network occurs at higher temperatures155. The higher activation energy for Si3N4 as compared 

with that of silicon has been attributed to oxygen transport through Si2N2O 156. Same as the SiC 

case, rate control by diffusion of gaseous outward is unlikely because that leads to a very large 

nitrogen pressure at oxide/matrix interface. Oxidation studies at very high temperatures showed 

only limited bubbling152. An interfacial reaction is not likely to be the rate-controlling step because 

no obvious linear rates have been observed.  
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The difficulty with oxygen diffusion inward as a rate-controlling step arises from the 

substantially slower rate of Si3N4 as compared with silicon. The fact leads to unreasonably high 

pressures at the SiO2/Si2N2O interface. This had been discussed by both Du et al.156 and Luthra1 37. 

There are three possible explanations: (1) thermodynamic equilibrium is not attained at the 

interface, (2) SiO2 scale formed on Si3N4 may be different from that formed on silicon, (3) 

network exchange diffusion may occur in Si3N4 case at the temperature at which molecular 

oxygen diffusion occurs in the silicon case. If the first assumption was true, diffusion would not 

be truly rate controlling. There is also no clear evidence of different types of SiO2 scale being 

formed on Si3N4 or on silicon. Some investigators suggested that the nitrogen or nitrogen 

compounds diffusing outward may create a sort of blocking effect to oxygen diffusion inward153, 

but this is difficult to prove experimentally. If nitrogen had such an effect, one would expect a 

dependence of the rate on PN2, which has not been observed14 0. The double oxidation experiment 

supports the oxygen molecular diffusion for both silicon and Si3N4, discounting the third 

explanation1 55. 

Du et al.140, 156 explained the differences between SiC and Si3N4 on the basis of duplex 

layer formation on Si3N4. Du et al.140, 156 proposed that oxygen diffusion inward was a rate-

controlling step and that Si2N2O layer had a lower permeability to oxygen than SiO2 and thus 

acted as a diffusion barrier. However, the inconsistencies for rate control by oxygen diffusion 

inward still remains.  

In summary, a lot of questions are still unsolved although a fundamental understanding of 

SiC and Si3N4 oxidation is emerging. These deal with the rate-controlling step and transport 

mechanism through the SiO2 scales. 
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2.2.3 Oxidation behavior of additive-containing materials 

The discussion above has been focused on the oxidation behavior of high purity 

materials. In practice, sintered SiC and Si3N4 materials contain densification aids, such as 

magnesium oxide (MgO), alumina (Al2O3), and yttria (Y2O3). These oxides tend to migrate out 

to the SiO2 scale and form the corresponding silicate157, , ,  , , , , , , , , , , 158 159 160 161 162 163 164 165 166 167 168 169

170. Clarke16 9 has reported two driving forces of these transition metals diffusing to the surface. 

Initially, a pure SiO2 layer is formed and the additives are present as a grain-boundary silicate 

glass. Then, the concentration gradient drives the cations to diffuse into the SiO2 glass.  

In the case of SiC hot-pressed with Al2O3 sintering aid, an observed pressure dependence 

on oxygen16 2 suggests that oxygen diffusion inward is still the rate-controlling step. However, 

aluminum diffuses into the scale to form an aluminosilicate that appears to accelerate oxidation 

rate141, 158. In case of SiC sintered with boron and carbon sintering aids, boron diffuses into the 

scale16 3. It creates a lower viscosity scale, which leads to somewhat higher oxidation rates over 

pure SiC. It has also been suggested that the formation of boron hydroxide is responsible for the 

bubbling from oxidation observed in this material139. The high thermodynamic stability of boron 

hydroxide indicates it can be formed at substantial pressures with a small pressure of water vapor 

and small amount of boron. 

As for the hot-pressed Si3N4 with MgO and Y2O3 additives, no pressure dependence on 

oxygen has been found160, 165. This differs from the observations for CVD Si3N41 52 and indicates 

another oxidation mechanism. Cubicciotti and Lau164, 165 have performed re-oxidation 

experiments on MgO- and Y2O3-containing Si3N4. First, they oxidized the materials for a time 

interval, polished the scale off, and re-oxidized them. It was found that the process simply 
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continues, as shown in Figure 9. From this phenomena and other analysis, they concluded that 

the oxidation is controlled by migration of the magnesium or yttrium cations outward through the 

grain-boundary phase. However, the result of Andrews and Riley1 67 indicates that both cation 

outward diffusion and oxygen inward diffusion are important for some types of Si3N4.

 

 

Figure 9: Re-oxidation curve for Si3N4 with MgO additives164. 

 

The additives also show other effects on oxidation. The oxidation rate will increase with 

the amount of additives158.  Some additives lead to deviations from the parabolic rate law1 66. Also, it 

is noted that certain compositions of a Y2O3-containing Si3N4 have been found to 

catastrophically oxidize at 1273 K. It is due to the oxidation of a grain-boundary phase and the 

associated volume expansion171. The surface oxide does not form in a sufficient quantity to 

protect the grain boundaries at 1273 K. 

Related to this is the oxidation of porous SiC and Si3N4 materials. There are several 

studies on reaction-sintered Si3N4, which is about 15% porous172, 173. In general, these studies 
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show that internal oxidation of the pores is critical. Porz and Thummler173 have shown that the 

extent of internal oxidation is governed by the radius of the pore channels allowing the oxygen to 

penetrate the specimen. In their work, the channel is narrow so that the velocity of oxygen 

transportation through the channel is very low compared to the reaction rate of oxygen with 

Si3N4. Due to these two concurrent processes an oxygen gradient is built up along the channel 

axis leading to SiO2 formation mainly at the channel mouth [Figure 10(a)]. The typical oxidation 

of reaction-sintered Si3N4 is presented by an asymptotic law. However, for the oxidation of 

porous polymer-derived SiCN ceramic powders10 6, the situation is different for two reasons: (1) the 

pores are oxidized uniformly through the thickness of the specimen and (2) the weight gain is 

proportional to the volume of the specimen, not its surface area. Raj and co-workers propose 

another model [Figure 10(b)] in which growth rate is slower than oxygen penetration rate, 

leading to uniform oxidation through this specimen.  

 
(a) (b) 

Figure 10: Two extreme cases for morphology of oxide overgrowth on pore surface.  (a) growth 

rate is faster than supply rate of oxygen from atmosphere into pore, leading to pore 

clogging near surface.  (b) growth rate is slower than oxygen supply rate, leading to 

uniform oxidation through specimen1 06. 
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2.2.4 Oxidation behavior of sialon 

Sialon ceramics are another important class of high temperature structural ceramics. In 

comparison with SiC and Si3N4 ceramics, the oxidation of sialon has been less studied. Singhal 

and Lange174 reported that the oxidation of hot-press sialon compacts followed a parabolic rate 

law with increased oxidation resistance as the Al content increased. Mullite (Al6Si2O13) was the 

only identifiable crystalline oxidation product. M.H. Lewis and P.Barnard175 studied the 

oxidation mechanism of sialon ceramics. They found the oxidation kinetics was controlled by 

outward diffusion of grain boundary segregated impurities. Chartier et al.176 suggested the same 

mechanism occurred to β`-sialon (Z=0.4). However, the parabolic law and activation energy of 

oxidation for sialon powder showed that the rate-controlling step was the permeation of 

molecular oxygen through the oxide layer177. 

2.2.5 Oxidation of polymer derived ceramics 

The earliest study of the oxidation of SiCN was done by Bahloul et al.110. He concluded that 

the oxidation of free carbon was retarded by surrounding amorphous SiCN. In 1993, Mocaer et 

al,12 0 studied the oxidation behavior of SiCN(O) filaments. Some studies on the oxidation of 

boron-containing SiCN have been reported as well in recent years109, 106. 

In most of studies, the oxidation rate is very low, close to or a little over the oxidation rate 

of pure SiC and Si3N4 ceramics. Reidel attributed the improved thermal stability of bulk silicon 

carbonitride covered by a protective silica surface layer to the low nitrogen diffusion coefficient 

through SiO2 that hinders the solid-state reaction. Thus, the equilibrium of the reaction is shifted 
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to the side of the products, enabling the formation of novel metastable bulk composite materials 

in the ternary system Si/C/N, with Si3N4, SiC and C as discrete phases.  Moreover, due to the low 

oxygen diffusion coefficient of 10-11-10-16 cm2/s at 900 and 14000C, respectively, the passivating 

dense SiO2 layer effectively protects the bulk silicon carbonitride from further oxidation1 09. Raj et 

al.10 6 found asymptotic behavior during oxidizing SiCN powders and attributed it to the saturated 

weight gain analogous to the oxidation behavior of reaction-bonded Si3N4 ceramics.  

Some kp values of silicon-based ceramics are summarized and shown in Figure 11.  
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Figure 11:  Some kp values of silicon-based ceramics. 
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2.3 Wet oxidation behavior of silicon-based materials 

When silicon-based materials are exposed to high temperature water vapor, two reactions 

occur simultaneously: (1) the material reacts with water vapor to form silicon dioxide (referred 

as to oxidation) and (2) the silicon dioxide reacts with water vapor to form highly volatile 

products, such as Si(HO)4 (referred as to corrosion). They will be discussed in detail in the 

following sections. 

2.3.1 Oxidation of silicon-based materials in wet environments 

Considering the effect of water on the oxidation of pure silicon, Deal and Grove1 28 have 

shown that silicon oxidizes over an order of magnitude faster in wet oxygen than in dry oxygen. 

They attribute this to the higher solubility of water in SiO2 than that of molecular oxygen in SiO2 

according to Eq 2-23. Deal and Grove further show that silicon oxidizes at the same rate 

regardless of whether the mixture is H2O/Ar or H2O/O2. This indicates that H2O is the primary 

oxidizing species. Irene and Ghez183 have shown that H2O also disrupts the SiO2 network that 

permits faster H2O transport. 

There is general agreement that water accelerates the oxidation of SiC144, 159, , , , , 184 185 186 187

188. The major reaction is very likely: 

SiC (s) + 3H2O (g)  SiO2 (s) + CO (g) + 3H2 (g)                             (2-27) 

 The study done by Jorgensen et al.1 84 on the oxidation of SiC powders showed the rates to 

be proportional to log PH2O. Cappelen et al.1 85 have observed that the rate in H2O/N2, and H2O/O2 is 

the same indicating that as in pure silicon, the primary oxidizing species is H2O. The study of 
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SiC in wet oxygen for longer times showed an initial linear region followed by a parabolic 

region1 86. Unlike oxidation in dry oxygen, the linear region lasts long enough (about 1 h) to allow 

the measurement of reliable linear rate constants. Apparently the rapid permeation of H2O 

extends the period of interfacial reaction control. Tressler et al.18 8 have examined the effect of 

water vapor on the oxidation of single-crystal SiC and sintered a-SiC. In both cases, steam 

accelerated oxidation by about 10 to 20 times, which is attributed to more rapid permeation of 

the H2O molecules.  

Choi et al.153 examined the oxidation of Si3N4 in wet oxygen. The results showed somewhat 

different behavior than for wet oxidation of silicon or SiC. For wet oxidation in H2O/Ar, the 

pressure of H2O has no effect on the rates. However, in the case of H2O/O2, the rates show a 

complex dependence on pressure of water vapor. They attribute the wet oxidation to the 

following reactions: 

Si3N4(s) + 6H2O(g)  3SiO2(s) + 4NH3(g)                                       (2-28) 

4NH3 (g) + 5O2(g)  6H2O(g) + 4NO(g)                                          (2-29) 

They suggest that the product gases such as NH3 and NO block the outward diffusion 

paths, which leads to increase solubility of H2O versus molecular oxygen in SiO2.  

2.3.2 Corrosion of silicon-based materials in wet environment 

Silica scale formed by water oxidation may simultaneously volatilize by forming a silicon 

hydroxide or silicon oxyhydroxide species under atmosphere pressures. Some possible reactions 

are as follows189: 

SiO2 + H2O (g)  SiO(OH)2 (g)                                                      (2-30) 
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SiO2 + 2H2O (g)  Si(OH)4 (g)                                                      (2-31) 

2SiO2 +3H2O (g)  Si2O(OH)6 (g)                                                  (2-32) 

The rate of oxidation can be described by a parabolic rate constant, kp. The rate of 

volatilization is given by a linear reaction constant, kl. When the oxidation and the volatilization 

occur simultaneously, the overall kinetics is described by more complex paralinear kinetics. 

Paralinear oxide scale thickness kinetics has been mathematically described by Tedmon for 

Cr2O3-forming Fe-Cr alloys190. The expression is as follows: 
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where t is the oxidation time, x the oxidation thickness, kp
’ the parabolic rate constant for 

oxidation in the units of thickness2 per unit time, and kl
’ the linear rate constant for scale 

volatilization in units of thickness per unit time.  

The flux in the real system is different from the measured one. The measured flux can be 

compared with the calculated one191. The appropriate relation for the flux of the volatile species 

from a flat plate through a gaseous boundary layer under laminar flow conditions is as 

follows192: 
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where J is the flux, ρ` the concentration of the major gas species, ν the linear gas velocity, L the 

sample length, η the gas viscosity, D the interdiffusion coefficient for the diffusing species in the 

major gas species, and ρ the concentration of the diffusion gas species at the solid-gas interface. 

Gas concentration is calculated using the ideal gas law. Using the data of Hashimoto193, 

Krikorian194 , and Allendorf195, one can calculate vapor pressures of Si-O-H species. The results 
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of calculation show that the Si(OH)4 is the primary volatile species. Thus the magnitude and the 

temperature dependence of the measured flux are best described by Si(OH)4 formation. For the 

approximation, the diffusion coefficient (D) is proportional to 1/Ptotal, and ρ` proportional to Ptotal. 

Because the Si(OH)4 (g) is the only volatile species and is formed via the reaction (2-31), ρ is 

proportional to PSi(OH)4: 

2/1

22/1
2

total

OH
l P

P
k

ν
∝                                                                                   (2-35) 

The effects of additives on the volatilization of silica in water vapor were discussed by 

Opila et al.196.  It was found that the rare-earth cations diffuse to the surface and form the rare-

earth disilicates. The silica activity in these silicates is not low enough that the dense adherent 

rare-earth disilicate surface layer in-situ formed on the additive-containing silicon-based 

ceramics is not sufficient protection for these materials in combustion environments. 
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CHAPTER THREE: CHARACTERIZTION OF POLYMER DERIVED 
CERAMICS 

 

In this chapter, the process for fabricating fully dense silicon carbonitride (SiCN) and 

siliconoalunimun carbonitride (SiAlCN) ceramics is described. 29Si NMR and 27Al NMR are 

applied to investigate the structural evolution during thermal pyrolysis and post-pyrolysis heat 

treatment. XRD is used to investigate the crystallization behavior of SiCN and SiAlCN ceramics. 

It is found that the aluminum greatly affects the structural evolution during post-pyrolysis heat 

treatment. Higher aluminum content in the Si-C-N leads to more SiCN3 unit, which provides 

more stable amorphous phases and, as a result, contributes to higher thermal stability comparing 

with SiCN without Al doping. In addition, the effect of aluminum on the crystallization phase of 

SiAlCN is also discussed. 

3.1 Experimental procedure 

3.1.1 Processing of fully dense monolithic ceramics 

Commercially available polyureamethylvinylsilazane (PUMVS, Ceraset TM (Kion Corp., 

PA) is used as the precursor for preparation of SiCN ceramics. Ceraset is a versatile, liquid 

thermosetting resin. This polymer contains repeat units in which silicon and nitrogen atoms are 

bonded in an alternating sequence. The structure is described in Figure 12197. 
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                                (a)                                                              (b) 

Figure 12: Structure of (a) CerasetTM and (b) Aluminum isopropoxide. 

 

Liquid Ceraset is mixed with 2-5wt% thermal initiator, Dicumyl Peroxide(Acros 

Organics) under continuously stirring until the thermal initiator is totally dissolved. Then the 

precursor is cross-linked at 120-1500C for 2 hours to produce transparent polymer rods. The 

discs of 2-3mm thick are cut from the rods, and pyrolyzed at 10000C for 5 hours under 50MPa 

isostatic-pressure in nitrogen atmosphere. The typical sintering procedure is shown in Figure 13. 
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Figure 13: The Schematic Sintering Procedure for SiCN and SiAlCN ceramics 
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1. Increase the pressure to 50 MPa 

2. Raise the temperature to 400oC with the ramp rate of 1oC/min 

3. Hold the temperature at 400oC for 4 hours 

4. Raise the temperature to 1000oC with the ramp rate of 0.3-0.5oC/min 

5. Hold the temperature at 1000oC for 4-8 hours 

6. Cool down to RT at the rate of 2-5oC/min 

For SiAlCN ceramics, liquid Ceraset and solid aluminum isopropoxide (98+% Assay, 

Alfa Aesar, The structure is shown in Figure 12 (b)) are used as starting materials. They are 

mixed together under continuously stirring for several hours until aluminum isopropoxide is 

completely dissolved. Gaseous by-products are removed by placing the mixture in a vacuum 

before the thermal-setting step. This precursor is then mixed with 2-5wt% thermal initiator, 

dicumyl peroxide. The cross-linking and pyrolysis process are the same as that for the SiCN 

ceramics.  

SiCN and SiAlCN powders are also prepared.  For powder samples, the starting materials are the 

same as aforementioned. After being cured at 150oC, these polymers are further cross-linked at 

350oC-400oC under flowing argon or nitrogen gas protection. Then the polymers are ball-milled 

for different times to get different size powders. These powders are then pyrolysized using the 

same procedure as shown in Figure 13. The compositions of the SiCN and SiAlCN ceramics are 

measured using a combination of elemental analysis and secondary hydrochloric acid ICP. The 

results are listed in Table 1. 
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Table 1: The Composition of Si(Al)CN Samples. 

 (Ceraset : Al-Isopropoxide) Compositions 
SiCN 100:0 SiC0.99N0.85O0.11

SiAlCN-5 95:5 SiAl0.02C0.84N0.90O0.12

SiAlCN-10 90:10 SiAl0.04C0.83N0.93O0.14

SiAlCN-20 80:20 SiAl0.08C0.80N0.95O0.15

SiAlCN-30 70:30 SiAl0.12C0.78N0.97O0.15

 

3.1.2 Structural characterization 

The structural evolutions during the polymer-to-ceramic transformation and post-

pyrolysis heat-treatment are very complex and have not been completely understood. This is 

partly due to the poorly defined structure of the highly cross-linked polysilazanes and the 

resultant amorphous ceramics. By applying solid state Nuclear Magnetic Resonance (NMR), 

Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD) and other 

characterization technologies, it is possible to investigate the pyrolysis reactions and the 

structural evolution during post-pyrolysis heat-treatment. 

FTIR is a powerful tool for identifying different types of chemical bonds in a molecule 

by producing an infrared absorption spectrum that is like a molecular "fingerprint". It is used to 

analyze the starting liquid precursors. FTIR spectra of liquid samples can be easily obtained by 

placing one drop of the sample between two plates of sodium chloride (salt) which is transparent 

to infrared light; and then placing the sample in FT-IR instrument (Perkin Elmer Spectrum One) 

for analysis. 
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In order to understand the material evolution during heat-treatment, the samples heated at 

different temperatures up to 1500oC were analyzed with solid state NMR. 

In NMR, unlike other types of spectroscopy, the quality of the sample has a profound 

effect on the quality of the resulting spectrum. The sample should be carefully so that useful 

information is not lost or obscured in the spectrum. Before preparing the NMR samples, the 

tubes should be rinsed with acetone or some other suitable solvent, and then dried with a blast of 

dry air or nitrogen. Do not dry tubes in a hot oven because it does not remove solvent vapor 

effectively, and solvent peaks will appear in the spectrum. Tubes must be capped, and caps 

should be treated the same way as tubes. The solid powders should be so fine that they can be 

compacted densely and uniformly in the tube. The height of sample in the tube should be suitable 

so that the sealed pellet can fit into the tube. NMR tubes with a chipped or broken top must be 

forbidden because they are dangerous, and very likely to splinter lengthwise. 

High resolution 27Al and 29Si solid state magic angle spinning (MAS) NMR experiments 

are carried out on a Chemagnetics 300 MHz Infinity spectrometer at Larmor frequencies of 78.2 

and 59.6 MHz for 27Al and 29Si, respectively. A standard CP/MAS probe with a 7.5-mm pencil 

rotor system is used. The sample spin rate of 5kHz and 10kHz are used for 29Si and 27Al, 

respectively. All the 27Al and 29Si spectra are acquired using a standard single pulse sequence 

with a tip angle of about 45 degrees and a recycle delay time of 0.5s (27Al) and 10s (29Si) with 

accumulation numbers varied between several hundred to 30,000 scans. The 27Al chemical shifts 

are referenced to Al(H2O)6
+3 (1M Aluminum nitrate) and the 29Si chemical shifts are referenced 

to tetrakis(trimethylsilyl)silane (TTMS). 

The materials annealed at different conditions are also characterized by X-ray Diffraction 

(XRD, a Rigaku diffractometer) with Cu Kα radiation. Powder samples are used for the 
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diffraction. The diffraction samples are prepared by impacting the powder into a square hole of 

an amorphous aluminum plate sample holder and then are scanned in the range of angle (2θ) 

from 10 to 900.  

Microstructures of selected samples are observed by high-resolution transmission electron 

microscopy (HRTEM) using a JEOL JEM 2010F microscope. First, the bulk sample is cut to 

small piece using diamond saw and is mounted on the glass holder by wax. One side of the 

sample is polished with diamond lapping film to 1µm finish using tri-pod. Then the sample is 

remounted by gluing the polished surface to the glass holder with super-glue. The other side is 

then polished to 20-50 µm thick with diamond lapping films to 1µm finish using tri-pod. Then 

the sample on the glass holder is immersed in acetone to dissolve super-glue. The polished 

sample is mounted on a nickel or copper ring and then is further polished by ion-beam milling to 

reduce the thickness of the center of the sample until a small hole appears.  

3.2 Results and discussion 

3.2.1 Structural evolution 

The reaction to synthesize polyaluminasilazanes was characterized by FTIR ( 

Figure 14). The spectrum of Ceraset is similar to that reported previously198. The bands 

ascribed to vinylsilyl groups (H2C=CHSi) are the C-H vibration at 3047 cm-1 and the C=C 

stretching at 1591 cm-1. The bands attributed to Si-NH-Si groups are N-H stretching at 3374 cm-1 

and Si-N vibration at 1160 cm-1. The bands related to Si-CH3 groups are the characteristic band 

at 1253 cm-1 and methyl vibrations at 2954 and 2896 cm-1. A strong band at 2111 cm-1 is 
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assigned to Si-H. The broad bands between 640 to 1000 cm-1 result from the mixture of two 

bonds: Si-N and Si-C. The FTIR spectrum of the reaction product of Ceraset and aluminum 

isopropoxide is significantly different from that of pure Ceraset. The intensities of absorption 

bands ascribed to N-H, Si-CH3, vinylsilyl group, and Si-H are all significantly reduced. The 

broad bonds between 640 and 1000 cm-1 exhibited in original Ceraset spectrum shift to the range 

between 700 and 1200 cm-1, and split into three peaks centered at 1030, 900 and 760 cm-1, 

respectively. The reduction of Si-CH3, vinylsilyl group and Si-H is due to the partially cross-

linking of Ceraset19 8. The reduction of N-H results from the reaction between Ceraset and 

aluminum isopropoxide, as stated below. 

 

 

40080012001600200024002800320036004000

(a)

(b)

(c)

T
ra

ns
m

itt
an

ce
 (a

.u
.)

Wavenumbers (cm-1)
40080012001600200024002800320036004000

(a)

(b)

(c)

T
ra

ns
m

itt
an

ce
 (a

.u
.)

Wavenumbers (cm-1)

 

Figure 14: FTIR spectra of Ceraset as obtained (a), CER-10AIs mixed at room temperature (b) 

and CER-10AIs heat-treated at 150 oC (c).  
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The gaseous phase evaporated at 150oC was analyzed by MS199. The results indicated that 

gaseous phase is predominantly isopropyl alcohol (HOCH(CH3)2). Combined with the 

information of the reduction of N-H in FTIR spectra at 150oC, it is suggested that the following 

reaction occurs between Ceraset and aluminum isopropoxide at 150 oC:  

N-H (in Ceraset) + Al-O-CH(CH3)2 → N-Al + H-O-CH(CH3)2   (3-1)  

The formation of Al-N units through dehydrocoupling is a favored reaction200, 6, 84. 
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Figure 15: Solid-state NMR spectra of SiAlCN-10 heat-treated at different temperatures: (a) 29Si 

NMR, (b) 27Al NMR.  

   

Figure 15 (a) shows 29Si solid-state NMR spectra of the SiAlCN-10 precursor heat-

treated at different temperatures up to 1500oC. Two peaks centered at 8 and –11 ppm are shown 

in the spectrum of the SiAlCN-10 heated at 350 oC. The peak at 8 ppm can be assigned to SiC3N 
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units201, whereas SiC2N2 or SiHCN2 groups, which are present in Ceraset structures (Figure 12), 

are responsible for the peak at -11 ppm201, 202. Formation of the SiC3N unit, which is not present 

in original Ceraset structure (Figure 1), can be explained by the following cross-linking reaction 

of Ceraset between 250 to 350 oC as proposed previously19 8: 

                            CH3 + NSiC2N → SiC3N + NH3(↑)   (3-2) 

Heating the sample to 600 oC results in reduced intensity of SiC3N and SiC2N2 signals, 

while two new peaks appear at -34 and –50 ppm. These new peaks are attributed to SiCN3 (-34 

ppm) and SiN4 (-50 ppm) groups, respectively.7 7 The formation of SiCN3 and SiN4 unit dues to the 

thermal decomposition reaction of Ceraset at 550 to 600 oC, which results in the release of CH4 

and H2 gases.198 Upon heat-treatment at the temperature of 600oC, the 29Si resonances 

corresponding to different groups do not overlap with each other, suggesting the transition from 

the polymeric preceramic structure to the amorphous ceramic is not yet completed at this stage. 

The signal ascribed to the SiC2N2 unit is dominant up to 600oC, indicating the backbone structure 

in original Ceraset is retained up to this temperature.   

Further heating the polyaluminasilazanes to 800oC causes the intensity of peaks 

associated with SiC3N (0 ppm) and SiN4 (-48 to –50 ppm) to decrease significantly. Meanwhile, 

the intensity of the SiCN3 peak (-37 ppm) increases to the level as strong as the SiC2N2 peak (-21 

ppm). Upon heating samples to 1000 oC, the signal of SiCN3 becomes higher than that of 

SiC2N2. At the temperature of 1200oC, SiCN3 group is dominant and the spectrum shape is 

totally different from those at lower temperatures. These changes in NMR spectra suggest that 

the SiC3N and SiN4 units formed earlier during cross-linking and earlier stages of thermal 

decomposition convert to more stable SiCN3 units. This result reflects the completion of thermal 

decomposition and the onset of full transformation of the preceramic network into the 
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amorphous ceramics which is observed at 800 oC. Further increase in the intensity of the SiCN3 

signal at the expense of SiC2N2 suggests gradual structure rearrangement at higher temperatures. 

The gradual formation of SiCN3 may be due to the decomposition of SiC2N2 with free carbon by-

product. This is also observed in other research203, , 204 205. The reaction in this process may 

include the following: 

                            SiC3N+SiN4  SiC2N2                                                 (3-3) 

and                       SiC2N2  SiCN3+C                                                     (3-4) 

Annealing the samples at temperatures above 1200oC leads to the continual increases in 

the intensity of SiCN3 signal, the peak also becomes sharper. It suggests that the structural 

evolution to SiCN3 still continues and that the structure of SiCN3 is becoming more ordered.  

 

Figure 15b shows 27Al solid-state NMR spectra of the SiAlCN-10 precursor heat-treated 

at different temperatures. The spectra obtained at lower temperatures (350 and 600 oC) show a 

single peak centered at 51 ppm, which should be assigned to the 5-coordinated Al20 1. The NMR 

spectrum of aluminum isopropoxide shows that the dominant feature in precursor is 6-cooridated 

Al-O, which is indicated by the 0ppm peak2 01. The NMR spectra of SiAlCN-10 at 350oC and 

600oC confirm that the complete reaction between aluminum isopropoxide and Ceraset, because 

no aluminum isopropoxide is left. According to the results of FT-IR and MS, Al-N bonds should 

be dominant, although a small amount of Al-O cannot be avoided206. This is also the reason that 

the addition of aluminum isopropoxide does not significantly change the oxygen content in the 

final ceramics when comparing with SiCN ceramics without Al-doping. At 800 oC, the new peak 

(8ppm) corresponding to six-coordinated Al appears; meanwhile, the intensity of the peak at 

51ppm decreases. Just as it is aforementioned, the structural rearrangement occurred at the 
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temperatures higher than 800oC. At the temperature of 1200oC, the 27Al NMR shows an increase 

of 5-coordinated Al at the expense of 4-coordinated Al. This demonstrates the structural 

rearrangement at this temperature, which is confirmed by 29Si NMR at 1200oC. At the 

temperature of 1400oC, the peak for 4-coordinate Al appears again while that for 6-coordinated 

Al peak remains. At the temperature of 15000C, both peaks are divided into two peaks, indicating 

Al atoms exist in two different environments. It is believed that the structure is rearranging so 

that it is ready for the crystallization. Some aluminum is still in the amorphous matrix, and the 

other is in the highly ordered phase. This distribution will affect the crystallization behavior of 

Si-Al-C-N, which will be discussed later.  

It is also noticed that at temperatures higher than 800oC, 6-coordinated Al appears and 

SiCN3 also becomes dominant in the 29Si NMR spectra (Figure 15). Up to the temperature of 

1400oC, 6-coordinated Al is always there and SiCN3 becomes stronger with increasing 

temperature. According to NMR spectra, SiCN3 appears companying with AlN6, the structure of 

SiAlCN ceramics can be deduced and shown in (Figure 16).  
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Figure 16: The Schematic Structure of SiAlCN ceramics. 

The effect of Al-content on the structures of the amorphous ceramics was characterized 

by using solid-state NMR. At different temperatures, this effect is similar, so only 29Si NMR 
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spectra of the ceramics treated at 1000oC is shown here as an example (Figure 17). The 

significant effect of Al-content on the structure of amorphous ceramics is evident from the 

spectra. While the SiC2N2 unit (-20 ppm) is the major building block for the ceramic synthesized 

from pure Ceraset, the material also contains significant amount of SiC3N (0 ppm) and SiCN3 (-

38 ppm) units. When Al is added, the amount of SiC3N units significantly decreases, but the 

amount of SiCN3 unit increases at the expense of SiC3N and SiC2N2. With increasing Al-content, 

more SiC3N and SiC2N2 transform to SiCN3. For ceramics synthesized from SiAlCN-20, SiCN3 

units become dominant. This can be understood according to the structure described in Figure 

16: the more aluminum, the more the SiCN3 units required. It is noticed that the crystallization 

temperature is increased from 1400oC for SiCN to 1600oC for SiAlCN-20. It is believed that this 

is due to the increase of SiCN3, which can be stable to higher temperatures to prevent the 

material from crystallizing. 

 

Figure 17: 29Si solid-state NMR spectra of the ceramics obtained at 1000 oC from pure Ceraset 

(SiCN), CER-5AIs (SiAlCN-5), CER-10AIs (SiAlCN-10), and CER-20AIs (SiAlCN-20). 
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3.2.2 The crystallization behavior of Si-Al-C-N ceramics 

From the results of XRD investigation (Figure 18), all SiCN and SiAlCN ceramics are 

amorphous after heat-treated at the temperature of 1400oC.  After annealed at 1500 oC, SiCN, 

SiAlCN-5, and SiAlCN-10 begin to crystallize, but SiAlCN-20 still remains amorphous. After 

being heat-treated at 1600oC in the N2 atmosphere, all samples (SiCN, SiAlCN-5, SiAlCN-10Al, 

and SiAlCN-20) become crystallized. It is also interesting to note that the crystallization phases 

are both α-Si3N4 and β-Si3N4 for the SiCN, but the crystalline phase is only β-Si3N4 for SiAlCN-

20. It is indicated the aluminum affects the crystallization behavior of SiCN ceramics. 

Figure 19 shows the TEM results of SiAlCN-10 post-pyrolyzed at 1400oC. Most of the 

area is amorphous (Region 1 in Figure 19), but some local (Region 2 in Figure 19) area is 

crystallized. The crystallines include turbostratic carbon2 04 and another phase, most likely the (100) 

face of Si3N4. However, from the information of XRD and NMR, the signal for  Si3N4 crystal 

phase is very weak. It is possible that the crystalline phases are too small to be detected.  
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Figure 18: XRD of SiCN, SiAlCN-5, SiAlCN-10, and SiAlCN-20 at (a) 1400oC, (b) 1500oC, and 

(c) 16000C. 

 

 63



                                                                          
 

1
2

1
2 

 

 

 

 

 

 

                                          (a)                                                              (b) 

   

 

 

 

 

    

                                      

          

 

0.3
4n

m
0.65nm

(100) Si3N4

Carbon
0.3

4n
m

0.65nm

0.3
4n

m
0.65nm

(100) Si3N4

Carbon

                                    (c)                                                                (d) 

Figure 19: TEM results of SiAlCN-10 heat-treated at 14000C. (a) The morphology of the 

SiAlCN-10 sample; (b) diffraction pattern for region 1; (c) diffraction pattern for region 

2; (d) HRTEM for region 2, showing some crystallines.  
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The ideal crystal structure of α-, and β-Si3N4 was proposed by Hardie and Jack207, and 

Popper and Ruddlesden208. In both forms, the basic building unit is the Si-N tetrahedron in which 

a silicon atom lies at the center with nitrogen atom at each corner. The SiN4 tetrahedrons are 

joined each other by sharing corners in such a way that the each nitrogen atom is common to 

three SiN4. The structures can be visualized as the stack of puckered Si-N layers (Figure 20). The 

ideal structure of silicon nitride can be described as a stacking of ABCDABCD… sequence for α 

-Si3N4, or ABAB… sequence for β-Si3N4.  

 

 

Figure 20: The idealized Si-N layers in α-, and β-Si3N4 structure207, 208. 

 

While β-phase is the thermally stable phase, the formation of the two phases is controlled 

by formation mechanism, rather than by thermodynamic consideration209. Formation of α-Si3N4 

is favored by presentation of oxygen during silicon nitridation210.  β-Si3N4 would rather be the 

form when liquid exists211. According to previous works and our study, the SiCN ceramics 

contain oxygen4, 212. Oxygen can stable the α-phase during crystallization213, 214. For the Si-Al-C-

N ceramics, we do not agree that the presence of liquid phase is responsible for the fully 

crystallized β-phase for two reasons: First, according to 27Al NMR (Figure 15b), most Al bonds 
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with N, suggesting there is no liquid phase present in this system. Second, the particle size of β-

Si3N4 in SiAlCN-20 ceramics is smaller than that in SiCN ceramics, evident by the broader peaks 

shown in Figure 18. It is more likely the β-Si3N4 is obtained by directly pyrolysis of SiCN3 units 

(SiCN3 Si3N4+C) rather than liquid phase based nucleation-growth.  Consequently, we propose 

that the formation of β-Si3N4 phase is only due to aluminum dissolute in the Si3N4 structure 

during crystallization. From the structure proposed in Figure 16, it is believed that aluminum 

evolved in Si3N4 structure during decomposition of SiCN3 units. The aforementioned 27Al NMR 

at 1500oC also suggests that some aluminum dissolves in the crystalline phase. Furthermore, 

from the lattice constants (listed in Table 2) calculated from XRD pattern (Figure 18 c), it is 

noted that with the aluminum content increases, the lattice constants for β-Si3N4 also increase, 

while the lattice constants of α-Si3N4 keep almost the same. It is believed that the expansion of 

lattice constant is due to the dissolution of aluminum in the Si3N4 structure. The same 

phenomenon was also observed by others during sintering Si3N4 ceramics215.  

 

Table 2: The lattice constants of Si3N4 calculated from XRD pattern. 

α SiCN SiAlCN-5 SiAlCN-10 SiAlCN-20 

a=b (nm) 0.7620 0.7648 0.7662 0.77903 β-Si3N4

c (nm) 0.2918 0.2921 0.2925 0.2994 

a=b (nm) 0.7794     0.7816     0.7816 - α-Si3N4

c (nm) 0.5573     0.5563     0.5563 - 
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3.3 Summary 

In this section, the detailed procedure to fabricate SiCN and SiAlCN ceramics are stated. 

The structural evolution during the pyrolysis is discussed by analysizing FT-IR and NMR 

spectra. The structural evolution during post-pyrolysis annealing is studied by using NMR, XRD, 

and TEM. The effect of different aluminum content on the material structures is indicated: more 

aluminum results in more SiCN3 structural unit. The high content of SiCN3 structural unit is the 

reason for structural stability to resist crystallizing. The effect of aluminum on the crystallization 

phases is also discussed. 
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CHAPTER FOUR: OXIDATION BEHAVIOR OF POLYMER DERIVED 
SiCN AND SiAlCN CERAMICS 

 

The aim of this chapter is to study the oxidation behaviors of SiAlCN ceramics in both a 

low temperature region (Oxide scales are amorphous) and a high temperature region (Oxide 

scales are crystalline). In comparison, the oxidation behaviors of SiCN ceramics are also studied 

in both temperature regions. In both cases, the oxidation kinetics is determined by measuring the 

thickness of oxide scales as a function of the temperature. The structures of the oxide scales are 

studied by XRD and solid state NMR. The experiment of 18O2 tracer diffusing through the oxide 

scales is carried out to understand the oxidation mechanism. A physical model of the oxide 

structure is advanced to account for the oxidation behavior of polymer derived SiAlCN ceramics. 

4.1 Experimental procedures 

4.1.1 Oxidation experiments for SiCN and SiAlCN bulk ceramics 

Fully dense SiCN and SiAlCN specimens are used in the oxidation experiments. The 

procedure for preparing these specimens was described in section 3.1.1. 

Before oxidation, the samples are treated at different temperatures to stabilize the 

structure. For oxidation at temperatures equal to or less than 1200oC, the samples are heat-treated 
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at 1220oC for 5 hours. For oxidation at the temperature of 1400oC, the samples are heat-treated at 

1420oC for 5 hours. 

After heat-treatment, and prior to oxidation, one side of the samples is polished to 0.5µm 

finish. The samples are first mounted on a holder using wax. The samples are then ground on the 

30µm lapping film followed by polishing them from 15µm down to 0.5µm by using diamond 

lapping films (Allied High Tech Products Inc., CA, USA). These polished samples are then 

cleaned in acetone by using an ultrasonic cleaner (Fisher Scientific, USA) for about 10 minutes 

to remove any contamination on the samples during polishing and handling. 

After polishing, the oxidation process is carried out in the air at different temperatures 

including: 900oC, 1000oC, 1100oC, 1200oC, and 1400oC for 20, 50, 100, and 200 hours in the 

high-temperature tube furnaces.  

For oxidation at temperatures equal to or less than 1200oC, the SiCN and SiAlCN 

samples are loaded in a high purity quartz tube with polished surface up. The oxidation 

experiments are carried out in an auto-programmable Thermolyne alumina tube furnace 

(Barnsted/Thermolyne, Texas). The quartz tube is used to avoid any contamination from the 

alumina working tube. The furnace is then programmed to reach the desired temperature with a 

rate of 25oC/min and is held there for a certain time. 

 For oxidation at 1400oC, the SiCN and SiAlCN samples are loaded in alumina crucibles, 

and the experiments are performed in a Thermolyne alumina tube furnace (F54500, 

Barnsted/Thermolyne, Texas). Here, the quartz tube is not used because it will crystallize at 

1400oC in the air. The furnace is programmed to reach 1400oC with a rate of 20oC/min and held 

at the temperature for different times. 
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 After oxidation, the polished surface of the SiCN and SiAlCN samples are coated with 

chromium of about 400-500nm in thickness using the Precision Etching Coating System (PECS) 

(Gatan Inc., USA) to protect the oxide surface. After coating Cr, a thin glass slide is bound to the 

surface with Epoxybond 110TM (Allied High Tech Inc., CA, USA) to protect the soft chromium 

metal from damage during cross-section polishing. The cross-section of the sample is polished 

with the diamond lapping film down to 0.5µm. The polishing process is the same as described 

above. After polishing, the cross-section of the sample is etched by Buffered Oxide Etchants 

(BOE). It gives very clear interface between the substrate and the oxide. The thickness of the 

oxide layer is then measured using SEM.  

4.1.2 Characterization of oxide structure 

In order to understand the oxidation mechanism, the structure of the oxide scale is 

characterized using solid state NMR and XRD. Powder samples are used for these 

characterizations. The SiCN and SiAlCN ceramic powders are prepared according to section 

3.1.1. These powders are oxidized using the same conditions as that for oxidizing the bulk 

specimens, which were described in the section 4.1.1. The sample preparation and experimental 

process for XRD and solid state NMR are the same as described in section 3.1.2. 

4.1.3 18O2 diffusion in the oxide produced by oxidation of SiCN and SiAlCN ceramics 

In order to further understand the oxidation behavior of the SiCN and SiAlCN ceramics, 

16O2-18O2 double diffusion experiments are carried out on SiCN and SiAlCN-10 specimens. The 

polished samples are put in the quartz tubes and oxidized at 1200 oC for 200 hours. The detailed 
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oxidation procedure is described in the section 4.1.1. The oxide scales obtained are cleaned using 

the following steps: (1) rinse in distilled water, (2) rinse in acetone with ultrasonic agitation, (3) 

repeat step 1, (4) rinse in methanol with ultrasonic agitation, (5) repeat step 1, and (6) dry the 

surface by compressed air.  

The isotope gas used is a mixture of an 18O and N2 (Isotech Inc. OH, USA). The 

composition of the mixture is 18O2:N2= 1:4, close to the oxygen concentration in the air. A 

schematic diagram of the annealing apparatus is shown in Figure 21. The apparatus is 

constructed of a long quartz tube (Technical Glass Products Inc) in an alumina tubing furnace. 

Both ends of the quartz tube are sealed by plugs. Samples rest on a fused quartz tube inside the 

long quartz tube. The diffusion experiments are conducted under a pressure of 1 atm. 

 

 

Figure 21: Schematic diagram of annealing apparatus for 18O tracer diffusion. 
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The experiments are carried out in the temperature range between 1050oC and 1150oC for 

3 to 15 hours. Before introducing the isotope gas in the system, the long quartz tube is vacuumed 

by a mechanical pump for at least 10 minutes. The furnace is then heated to the desired 

temperature at a rate of 20oC/min. When the temperature reaches the set-point, the system is 

heated for another 20 minutes before introducing the isotope gas to stabilize the system. Then, 

the isotope gas is introduced into the quartz tube. After annealing for a desired time, the isotope 

gas is stopped and the system is cooling down as soon as possible to minimize the effect of the 

cooling period on the diffusion. Usually, the temperature can drop more than 100 oC within the 

first two minutes. 

After annealing, the samples are analyzed using a Secondary Ion Mass Spectrometer 

(SIMS) (Adept 1010, Physical Electronics) to obtain 18O depth profiles using a 3.0-kV Cs+ beam 

of 30 nA beam current rastered over a 250 µm2. Data are collected from the central 25 µm2 

region. The depth of the sputtered crater is measured using a profilometer with an accuracy of 

10%. Sputter time is converted to depth by assuming a constant sputter rate. Sputtering rates 

were experimentally determined for each sample and ranged from 0.05 to 0.117 nm/s. The total 

instrumental broadening associated with the SIMS is assumed to be a Gaussian function and the 

full width at half maximum (FWHM) is approximately 10 nm.  
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4.2 Oxidation at the temperatures lower than 1200oC 

4.2.1.   Results  

The oxide scales were examined using SEM and XRD. XRD was performed on powder 

samples. The results revealed that all oxide scales are amorphous, dense, and free of bubbles or 

cracks regardless of oxidation conditions and substrate materials. Figure 22 is a typical SEM 

micrograph showing the cross-section of an oxidized specimen. Figure 23 gives typical XRD 

patterns of oxidized powders, revealing amorphous nature of the oxide scales.  

 

Figure 22: SEM micrograph showing the morphology of the cross-section of the SiAlCN-5 

oxidized at 1100 oC for 20 hours.  

 

 73



 

Figure 23: XRD patterns of SiAlCN-10 (top) and SiCN (bottom) oxidized at 1200 oC for 200 

hours. 

Figure 24 plots the square of the thickness of the oxide scales as a function of annealing 

time for the SiCN and SiAlCN ceramics at different temperatures. The slope of the curve in such 

a plot is corresponding to a parabolic rate constant according to the following equation1 28: 

tkh p=2        (4-1) 

where h is the thickness of oxide scale, t oxidation time, and kp the parabolic rate constant. 

Several features can be seen from Figure 24. At 900 oC, all three materials follow typical 

parabolic oxidation kinetics - linear dependence of h2 on annealing time t. At this temperature, 

the oxidation rate constants measured for three materials are comparable to each other (Table 3). 

At higher temperatures (1000oC–1200oC), the oxidation of the SiCN ceramics still follows 

parabolic behavior. However, the two SiAlCN ceramics show a decrease in the oxidation rates 
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with annealing time. For the SiAlCN ceramics, the oxidation curve can be divided into three 

regions: the initial stage, the transition stage where oxidation rate decreases, and the steady stage 

where the oxidation rate becomes constant at low level. The oxidation rates of the initial stage 

(the first 50-hours for 1000 and 1100 oC, and the first 20 hours data for 1200 oC) are close to that 

of the SiCN (Table 3). Also, the oxidation rates for SiAlCN ceramics after the initial stage are 

calculated and listed in Table 4. For samples oxidized at 1200 oC, the steady stage oxidation rates 

for the SiAlCN-5 and SiAlCN-10 are calculated using last 100-hours data to be 0.3x10-18 and 

0.025x10-18 m2/sec, respectively. These oxidation rates of the SiAlCN-5 and SiAlCN-10 are 

about 20 and 200 times lower than that of the SiCN (4.8x10-18 m2/sec), respectively. The long-

term oxidation rate of the SiAlCN-10 is even an order of magnitude lower than the lowest data 

measured from CVD SiC (0.55x10-18 m2/sec) and Si3N4 (0.22x10-18 m2/sec) obtained at similar 

conditions154. For samples oxidized at 1000oC and 1100 oC, it seems that the steady stage was not 

fully reached since the oxidation rate calculated by using the last 100-hours data is still higher 

than that obtained from samples oxidized at 1200 oC.    
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Figure 24: Plots of the square of the oxide scale thickness as a function of annealing times for the 

SiCN, SiAlCN-5 and SiAlCN-10 at temperatures (a) 900, (b) 1000, (c) 1100 and (d) 

1200 oC.  
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Table 3: Parabolic rate constants and activation energies for the SiCN ceramics and SiAlCN 

ceramics at the initial oxidation stage. 

Parabolic rate constants (x 1018 m2/sec) Materials 

900 oC 1000 oC 1100 oC 1200 oC 

Activation energy 

(KJ/mole) 

SiCN 0.39 1.3 2.8 4.8 120 

SiAlCN-5 0.56 1.2 2.3 5.3 115 

SiAlCN-10 0.39 0.98 1.6 3.9 115 

    

 

Table 4: Parabolic rate constants and activation energies for the SiCN ceramics and SiAlCN 

ceramics after the initial oxidation stage 

Parabolic rate constants (x 1018 m2/sec) Materials 

SiCN SiAlCN-5 SiAlCN-10 SiC1 54 Si3N41 5 4 

1200 oC 4.8 0.30 0.025 0.55 0.22 

 

 

The apparent activation energy of the oxidation can be calculated from the rate constants 

measured at the different temperatures using Arrhenius equation: 

  )exp(
RT
QAk A

op −=         (4-2) 

where QA is the oxidation activation energy. Figure 25 plots the ln(kp) as a function of reciprocal 

temperature (the earlier-stage data listed in Table 3 are used for the SiAlCN ceramics). It can be 
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seen that fairly good linear relationships are obtained for all three materials. The activation 

energies calculated for all three materials are very close to each other (Table 3), and are also 

similar to that of high purity SiC (such as CVD and single crystal SiC) and single crystal silicon, 

but much less than that of CVD silicon nitride136, 216. This suggests that at low temperature or 

high temperature short-term, the oxidation of the SiAlCN ceramics follows the same mechanism 

as the SiCN, which is similar to that of SiC oxidation.    
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Figure 25: Plot of log parabolic rate constants as a function of reciprocal of temperature for 

SiCN, SiAlCN-5 and SiAlCN-10. The rate constants of SiAlCN-5 and SiAlCN-10 for 

temperatures higher than 1000 oC were calculated using initial stage data. 
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Figure 26: 29Si NMR spectra of the SiCN and SiAlCNs oxidized at (a) 900 oC x 50 hours, (b) 

1200 oC x 20 hours and (c) 1200 oC x 200 hours.   
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 Figure 26 shows 29Si spectra of SiCN and SiAlCN ceramics oxidized at different 

conditions. The signals between 0-75 ppm result from the un-oxidized substrates. The spectra 

suggest that at 900oC, a significant amount of SiCN and SiAlCN substrates remain un-oxidized 

after 50 hours of annealing; while at 1200oC, most of substrates were oxidized. This is consistent 

with the oxide scale thickness measurement. The strong signal centered at –100 ppm is assigned 

to SiO4 tetrahedral217, formed by oxidation. The position of this signal remains unchanged for all 

samples, which suggests the aluminum atoms are not incorporated into the SiO2 network218, 219. 

Furthermore, the similarity between the shape of the signals from SiCN ceramics oxidized at all 

conditions and that of the SiAlCN ceramics oxidized at 900oC suggests that their SiO2 network 

structures are similar to each other. However, at 1200oC the signals from SiAlCN ceramic 

specimens become shaper with increasing time, suggesting that the SO2 structures become more 

order. The results also suggest that the structures of the SiO2 scale formed on SiAlCN ceramics 

are rearranged over time at higher oxidation temperatures. 

4.2.2. Discussion 

As described earlier, polymer-derived SiAlCN ceramics exhibited unique oxidation 

behaviors, including: (i) the oxidation rate decreases with annealing time, (ii) the steady stage 

oxidation rate measured for SiAlCN-10 at 1200 oC is about 10 times lower than the lowest 

reported values for CVD SiC and Si3N4 under similar conditions, and (iii) the oxidation rate 

decreases with increasing aluminum content. Here, we would like to emphasize that the decrease 

in oxidation rates with time observed in SiAlCN ceramics is not the same as that observed in 

porous materials through weight change measurement106, 173. In porous materials, the decrease in 
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weight gain is due to pore sealing and can only be measured by weight change17 3. In the contrast, 

the oxidation rates shown in Figure 24 were obtained by directly measuring the thickness of 

oxide scale.  

The oxidation rate of silicon-based materials is controlled by oxygen diffusion through 

oxide layer (under the current condition, temperatures ≤ 1200 oC, oxygen diffusion occurs by 

interstitial transportation of oxygen molecules)136, 216, which leads to parabolic kinetics. For 

silicon and silicon carbide, the oxide scale comprises of a single layer of SiO2; while for silicon 

nitride, a bi-layer scale structure consisting of SiO2 outer-layer and Si2N2O middle-layer between 

the SiO2 layer and the substrate was observed220. Since the oxynitride layer has a lower 

permeability to oxygen comparing with SiO2 and acts as a diffusion barrier220, 156, silicon nitride 

has lower oxidation rate and higher activation energy. However, the theory of the silicon 

oxynitride layer is not applicable to the SiAlCN ceramics for three reasons. First, the oxynitride 

layer was not observed in the oxide scales; second, the oxidation rate of the SiAlCN is even 

much lower than that for Si3N4; and third the undoped SiCN exhibits oxidation behavior similar 

to that of SiC.    

A possible explanation for the decrease in the oxidation rate of SiAlCN ceramics is that 

aluminum atoms modified the network structure of the oxide scale. To understand this 

mechanism, it is important to review the current understanding of silica network structure and 

oxygen diffusion within it. The structure of amorphous silica can be characterized by connected 

rings comprising of SiO4 tetrahedral221, which gives a medium-range ordering to the material. 

Raman spectrum studies222, , 223 224 indicated that the majority of these rings are 6-membered or 

higher, only a few percentages of them are three or four-membered. A previous study225 revealed 
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that the calculated activation energy of oxygen molecules pass through 6-membered rings was 

comparable to that measured for the oxidation of silicon/silicon carbide. These results suggest 

that the 6-membered rings are the barriers for the diffusion of oxygen molecules in amorphous 

silica. Among all simple oxides, SiO2 possesses lowest oxygen permeability226. The presence of 

impurities usually damages the network structure of the SiO2 and results in the increase in 

oxygen diffusion and higher oxidation rates136, 216 by providing easier diffusion path.     

The XRD study indicates that all oxide scales in this study are amorphous. The 29Si NMR 

results (Figure 26) suggest that the oxide scale formed on the surface of the SiAlCN samples 

becomes more orderly with annealing time (the signal corresponding to SiO4 sharpened with 

time). Here we argue that the ordering of the oxide scale cannot cause the decrease in oxygen 

diffusion. The ordering can decrease the diffusion by decreasing the average free volume only 

when the diffusion is controlled by the free volume mechanism. In case of oxygen molecules 

diffusing through interstitials of silica glass, the barrier is the 6-membered SiO4 rings22 5. The size 

of these rings should not be changed (at least not significantly) with ordering, thus oxygen 

transportation should not be affected. We can even extend this argument to crystalline silica, in 

which interstitial oxygen molecule diffusion should not be much different from that in 

amorphous form since in both cases it is the 6-membered rings that controlled the diffusion. 

Recently, Ramberg and Worrell experimentally demonstrated that there is no difference between 

the rates of interstitial oxygen transport in amorphous SiO2 and in β-cristobalite14 8.  This point is 

very important for the oxidation behavior of SiCN ceramics and SiAlCN ceramics, which will be 

described in the next section. 
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Hereby, it is proposed that the oxide scale formed on the SiAlCN ceramics has a unique 

network structure, namely aluminum atoms (at least part of them) sit in the center of the 6-

membered rings (Figure 27). These aluminum atoms block the path of oxygen diffusion so that 

oxygen molecules have to take longer transportation path, leading to lower oxidation rate for 

SiAlCN ceramics. While the aluminum content is relatively low (ratio of Al to Si is 0.02 and 

0.04 for SiAlCN-5 and SiAlCN-10, respectively), the number of the blocked rings may not reach 

the percolation values. It is further proposed that the unique network structure of Al-blocking 6-

membered Si-O rings is formed gradually with time through structural rearrangement, as 

evidenced in the NMR spectra (Figure 26). The rearrangement requires high temperature and 

time for the kinetic reason. At 900 oC or initial stage of higher-temperatures, the rearrangement 

did not occur or just began due to the low temperature or shorter time, thus the oxidation of the 

SiAlCN ceramics is similar to that for the SiCN. At higher temperatures, the structural 

rearrangement leads to the decrease in oxidation rate. This model can also easily explain the fact 

that the oxidation rates decrease with increasing aluminum content since more rings are blocked. 

More evidence to support this model will be discussed in section 4-4. 
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Figure 27: Two-dimensional schematic showing the proposed structure of silica oxide scale, in 

which aluminum atoms sit in the center of the 6-membered rings of Si-O to block the 

diffusion of oxygen. 

 

Here, the proposed model will be compared with other Al-containing Si-based ceramics. 

The decrease in oxidation rate with time has also been observed previously in sialon ceramics at 

the temperature range of 1400-1600 oC182, 227. The authors attributed this to the formation of 

fused silica layer containing octahedral Al1 82. However, the reason that octahedral Al can slow the 

oxidation was not discussed. It is possible that these aluminum atoms also sit in the center of 6-

membered SiO4 rings. Oxidation behavior of polymer-derived ceramics SiBCNAl ceramics has 

been reported recently228, 229. These studies revealed that compared to aluminum-free SiBCN 

ceramics, aluminum-containing SiBCNAl ceramics exhibited a slightly higher oxidation rate; but 
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aluminum did help to improve the oxide scale quality in terms of adhesion, cracking, bubble 

formation and crystallization. Compared to our materials, these previously studied materials 

contain boron and higher Al-to-Si ratios. This could be the reason why improved oxidation 

resistance was not observed in these SiBCNAl materials.     

4.3 Oxidation at the temperature of 1400oC  

SEM observations of the oxide scales reveals that all oxide scales are dense and free of 

bubbles or cracks, regardless of oxidation conditions and substrate materials. Figure 28 shows a 

typical SEM micrograph showing the cross-section of an oxidized specimen.  

 

 

Figure 28:  SEM morphology of cross-section of oxide scale for SiAlCN-10 ceramics oxidized at 

1400oC for 20 hours. 

 

Figure 29 plots the square of the thickness of the oxide scale (h2) as a function of 

oxidation time t. It can be seen that the SiCN obeys the typical parabolic kinetics (linear 

relationship between h2 and t). While the linear dependences of h2 on t are also observed for 
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three SiAlCNs, the extrapolations of the lines have positive intercepts with the y-axis. This 

indicates that the oxidation rates of the SiAlCNs are much higher at the short-term than in the 

long-term. Similar oxidation behavior has also been observed for SiAlCNs at lower temperatures 

where the oxide scale was amorphous, and was attributed to the rearrangement of aluminum in 

the oxide scale that led to the decrease in oxidation rates.  
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Figure 29: The Square of oxide scale thickness as a function of oxidation time. 

 

The parabolic rate constants, kp, can be measured from the slope of the lines presented in 

Figure 29 according to the Eq 4-1. The measured parabolic rate constants are summarized in 

Figure 30 together with those for various silicon-based materials. The data for SiC and Si3N4 are 

those measured from the high-purity materials and represent the lowest values for the 

corresponding materials141, 148, 152, 153, 154, 178, 179, 230, 231, 232. The data for the SiCN/SiAlCN at lower 

temperatures (≤ 1200 oC) are taken from Chapter 4-2. It can be seen clearly that while SiCN 
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behaves very similar to pure SiC, SiAlCNs exhibit lower oxidation rates than all other silicon-

based ceramics. It should also be noted that the oxidation rates of the SiAlCNs strongly depend 

on the aluminum content. SiAlCN-20, in which the ratio of Si to Al is 1:0.08, shows the lowest 

oxidation rate, which is more than an order of magnitude lower than those for all other silicon-

based ceramics.  
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Figure 30: Comparison of oxidation rate constants for different silicon-based ceramics (SC: 

single crystal). 

 

In order to understand the oxidation behavior of SiCN/SiAlCNs, their oxide scales were 

characterized using XRD (Figure 31). Different with those obtained at lower temperatures 

(Figure 23), the oxide scales obtained at the present temperature consist of crystalline phases, 

similar to what was observed for SiC and Si3N4
148, 154. Within the accuracy of our XRD, it is 

estimated that the oxide scales are fully crystallized without residual amorphous phases. It is 
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clear that the aluminum content has a strong effect on the formation of crystalline phases. For the 

SiCN and SiAlCN-10 the oxide scales consist of cristobalite only; for the SiAlCN-30 the oxide 

scale consists of mullite in addition to a major cristobalite phase; and the oxide scale of the 

SiAlCN-20 also consists of a slight amount of mullite. The lattice constants of the cristobalite are 

calculated from the XRD patterns and listed in Table 5. The lattice constants of the cristobalite 

increase with increasing aluminum content at the beginning, suggesting that aluminum has 

dissolved into the cristobalite. Further increases in the aluminum content (SiAlCN-30) leads to 

the decrease in the lattice parameters. This is possibly because of the formation of the mullite, 

which extracts aluminum from the cristobalite to decrease the solution of aluminum in the latter.  
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Figure 31: XRD patterns of the SiCN, SiAlCN-10, SiAlCN-20 and SiAlCN-30 oxidized at 

1400oC for 200 hours. 
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Table 5:  The lattice constants of cristobalite formed on different materials. 

 SiCN SiAlCN-10 SiAlCN-20 SiAlCN-30 

a = b (nm) 0.4936 0.4946 0.4979 0.4939 

c (nm) 0.6780 0.7007 0.7104 0.6960 

 

The oxidation rate of silicon-based materials is controlled by the oxygen diffusion 

through the oxide layer. At low temperatures (<1350 oC), the oxide is amorphous, which consists 

of the 6-membered SiO4 rings. It is demonstrated that the oxidation rate is controlled by oxygen 

molecules passing through the rings. At high temperatures (> 1350 oC) the oxide scale is 

crystallized. It is commonly believed that at high temperatures the oxidation mechanism will 

change from the oxygen molecular interstitial diffusion to oxygen atom/ion lattice diffusion1 46. 

However, recent study14 8 clearly demonstrated that SiC exhibits the same oxidation behavior 

regardless if the oxide scale is amorphous or crystalline phase; the above-mentioned transition of 

oxidation mechanism only occurred when the oxide scale is partially crystallized or the 

crystalline phase contains impurities. This result implied that oxygen diffusion mechanism is the 

same in amorphous silica as in crystalline silica: oxygen molecule diffusion through 6-membered 

SiO4 rings that exist also in the cristobalite structure. 

Based on these evidences, we propose that the oxidation of SiC/SiAlCN ceramics at 

1400oC is controlled by oxygen molecule interstitial diffusion through 6-membered SiO4 rings of 

cristobalite, similar to what occurred at lower temperatures. The aluminum atoms dissolved in 

cristobalite block the rings and reduce the diffusion rate of oxygen, thus increasing the oxidation 

resistance. The more aluminum atoms dissolve in cristobalite, the lower the oxidation rate 

becomes. Since mullite is a thermodynamically stable phase, when the concentration of 
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aluminum in cristobalite is higher than a certain value, mullite will be formed, which will extract 

aluminum from cristobalite to decreasing the solution of aluminum. Thus the SiAlCN-30 has a 

higher oxidation rate than the SiAlCN-20. We further propose that the formation of the unique 

structure, where aluminum atoms block the 6-membered SiO4 rings of cristobalite to reduce 

oxygen diffusion rate, occurred gradually to lead to the asymmetric oxidation kinetics in short-

term (Figure 2). This is the same mechanism as that of lower temperatures. The only difference 

in that the process to rearrange aluminum takes 50 to 100 hours to reach equilibrium at lower 

temperatures, but it takes much shorter time (< 20 hours) at 1400 oC. 

4.4 18O2 tracer diffusion 

Both 16O and 18O profiles are recorded by SIMS. In order to get the concentration-depth 

relationship, the concept of fractional concentration is used. The fraction concentration of 18O is 

calculated using IO-18/( IO-18+ IO-16), where I is the number of counts. 

The modeling of oxygen diffusion in the oxide scales is based on the following 

assumptions233: 

1. Initially, the fractional tracer concentration in both the network, C, and the interstitials, Ci, is 

equal to the same low background. C(x≥0, t=0)=Ci(x≥0, t=0)=Cb.  

2. Upon exposure to the tracer atmosphere, both the network and the interstitials immediately 

establish equilibrium with the gas. C(x=0, t>0)=Ci(x=0, t>0)=Cg.  

3. Diffusion occurs in parallel through the network and interstices. Interstitial diffusion is 

considered to occur quickly relative to that in the network. Dn>Di.  
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According to assumption 3, at any finite depth into the sample the fractional enrichment 

of the interstitial oxygen is always greater than that in the network. Thus, isotopic exchange 

between network and interstitial oxygen always results in network enrichment. The rate of 

network-interstitial exchange is assumed to be directly proportional to the difference in fractional 

concentration, and, therefore, at large depths where the concentration is determined solely by 

network-interstitial exchange this may be expressed as: 

               )()(( ∞=∞=
∞=

−−=
∂
∂

xix
x

CC
t
C β                                                    (4-3) 

β is the network-interstitial exchange coefficient and has a unit of reciprocal of second. If 

the rate of exchange reaction is much slower compared to that of interstitial diffusion, the 

concentration of interstitial 18O can be considered as a constant and equal to Cg
234. This is 

because the interstitial oxygen is in equilibrium with the atmosphere. It has been observed in 

previous studies that Di n

n

 is much greater than D . Therefore, the gradient in the interstitial oxygen 

is negligibly small over a distance much larger than (D t) .  1/2

Due to the fact that the absolute concentration of interstitials is small, a few ppm, the 

signal which is detected during experimentation, reflects only the gradient in C. The diffusion 

equation modified with the consideration of the network-interstitial reaction by the addition of a 

source term is:  

              )()( 2
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∂
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where C-Cg is the difference in concentration between the network and interstitial oxygen.  

Considering the aforementioned boundary conditions, the solution for the above 

differential equation (Eq 4-4) is: 
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where erfc denotes complementary error function and θ=x/[2(Dnt)1/2]. 

The application of this solution is restricted to the near surface, i.e., x<<(Dit)1/2, and the 

generalization to include the surface reaction kinetics is described by Cawley and Boyce23 4. 

A χ2 fitting method is used with Eq 4-5 to get the values of β and D. The objective 

function, χ, to be minimized is: 
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where fi
ob is the experimentally observed value at the distance xi. The quantity fca(xi, β, 

D) is the calculated value from Eq.4-5 at the distance xi. The variance, σi, is assigned a value of 

unity, since the true values associated with the experimental data were not known a priori. 

Minimization of the objective function, χ2(β, D) was accomplished by simultaneous adjustment 

of β and D, using the Levenberg-Marquardt technique. 

Figure 32 (a) and (b) show the typical SIMS profiles of 18O and 16O in the oxide scales 

formed on the SiCN and SiAlCN specimens, respectively, after annealing in 18O enriched gas at 

1050 oC for 5 hours. It can be seen that there is significant accumulation of 18O isotope near the 

oxide-substrate interface of the SiCN (Figure 32 a). The bottom of the 18O profile is close to the 

background concentration of 18O in the original oxidizing gas (0.2%) according to the calculation 

of IO-18/( IO-18+ IO-16). The observed profile is explained in terms of the transport mechanisms 

present, as well as by the exchange of the oxidant with the lattice oxygen. The accumulation of 
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18O near the interface of oxide-substrate results from the permeation of oxygen molecular 

through the oxide and formation of a new oxide at the interface. The decreasing profile near the 

oxide surface into the oxide can be understood by the diffusion of the oxygen tracer through the 

network. In addition to the isotope diffusion into the oxide from the outer interface, the isotope 

can diffuse into the oxide from the newly formed oxide as well, thus an apparent sloped isotope 

profile appears near the original oxide-substrate interface. The above analysis suggests that 

oxygen interstitial diffusion is the controlling process for the oxidation of the SiCN. However, at 

the same annealing conditions, there is no 18O accumulation near the oxide-substrate interface for 

the SiAlCN; while 18O concentration is not uniform across the oxide either (Figure 32 b). Figure 

32c shows the profiles of 18O and 16O in the oxide scales formed on the SiAlCN after annealing 

in 18O enriched gas at 1050°C for 15 hours. Slight accumulation of 18O near the oxide-substrate 

interface can be observed, suggesting that the oxidation of the SiAlCN is also controlled by 

interstitial diffusion. The above results clearly demonstrate that the interstitial diffusion is faster 

than network diffusion at the testing conditions and is the rate control process for the oxidation 

of both SiCN and SiAlCN and that the interstitial diffusion rate is much lower for the aluminum-

doped silica (formed on the SiAlCN) than the pure silica (formed on the SiCN). The experiments 

shown in Chapter 4.2 reveal that the oxidation rate of the SiCN was about 200 times higher than 

that of the SiAlCN, indicating the oxygen interstitial diffusion rate can be lowered by two order 

of magnitude with only about 4% (based on Si content) of aluminum doping.  
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Figure 32:  SIMS profiles of 16O and 18O in the oxide scales formed on (a) the SiCN, (b) and (c) 

the SiAlCN after annealing in 18O enriched gas.    
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The profiles presented in Figure 32 can also be used to determine the network diffusivity 

by fitting them with proper diffusion models. Raw data from SIMS was first converted to the 

concentration-penetration profile of 18O, which can be done by dividing the 18O signal by the 

sum of the 18O and 16O signals. Figure 33 shows a typical 18O concentration-penetration profile 

obtained for the aluminum-containing silica. Due to the existence of the interstitial diffusion, the 

internal exchange between interstitial and network oxygen needs to be considered for 

determining pure network-diffusion. Kalen et al.233 and Cawley and Boyce23 4 suggested that 18O 

concentration profile such as presented in Figure 33 can be modeled to obtain pure network-

diffusivity by using the relation: 
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where Dn is the oxygen network-diffusion coefficient to be determined; C tracer concentration at 

any given position, Cs tracer concentration at surface, Co the natural abundance of 18O (0.2%), β 

the network-interstitial exchange coefficient23 3, t the annealing time, and x the penetration distance. 

It can be seen from Figure 33 that the experimental data can be modeled by Eq. (4-8) very well.  
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Figure 33: Comparison between the experimental 18O concentration-penetration profiles obtained 

from the SiAlCN after annealing in 18O enriched gas at 1100 oC for 3 hours and that 

calculated using equation (4-8).  
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Figure 34: Arrhenius plot for the oxygen network-diffusion in pure silica and Al-doped silica. 
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The coefficients of network-diffusion determined from concentration-penetration profiles 

of 18O by using Eq. (4-8) are presented in Figure 34 for the pure silica and aluminum-doped 

silica. It can be seen that the diffusion coefficients exhibit Arrhenius dependence on temperature 

according to the relation: 

        (4-8) )/exp( RTQDD on −=

where Do is the pre-exponential factor and Q the activation energy of diffusion. The calculated 

Do and Q for the pure silica and Al-doped silica are reported in  

Table 6. The diffusion coefficients for the Al-doped silica are about an order of magnitude lower 

than those for the pure silica, suggesting Al-doping can also reduce the network diffusion of 

oxygen. More importantly, the activation energy for the Al-doped silica is about twice of that for 

the pure silica. The activation energy for the network diffusion is closely relates to the free 

energy of the formation of oxygen vacancies235. The higher activation energy indicates that the 

oxygen vacancies are more difficult to form in Al-doped silica, suggesting that Al doping could 

enhance the stability of the network oxygen. This may explain the lower corrosion rate observed 

in the SiAlCN.  

 

Table 6:  Do and Q values for 18O diffusion in SiCN and SiAlCN-10 ceramics 

Materials SiCN SiAlCN 

Do (m2/s) 3.5x10-14 2.9x10-11

Q (kJ/mol) 106 201 
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Figure 35: A schematic diagram of the two-dimensional structures of (a) pure silica, (b) silica 

with impurities (conventional model) and (c) Al-doped silica (currently proposed).  
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 The structure of amorphous silica can be characterized by connected rings comprising of 

SiO4 tetrahedral (Figure 35 a)2 21. The majority of these rings are 6-membered or higher222, 223, 224. 

Therefore, the interstitial diffusion of oxygen through amorphous silica is controlled by oxygen 

molecules passing through the 6-membered rings22 5. According to conventional understanding, the 

presence of impurities can destroy the original “perfect” network structure of pure silica and 

results in the formation of non-bridging oxygen (Figure 35 b)236, thus enhancing oxygen 

diffusion. The current study, however, demonstrates that aluminum doping leads to a decrease in 

oxygen interstitial diffusivity, and thus suggests that the aluminum doping must either block part 

of the 6-membered rings or significantly alternate the structure of otherwise pure silica. Previous 

NMR study13 suggested that the structure of Al-doped silica is similar to that of the pure silica 

and the aluminum were not incorporated into the SiO2 network to replace silicon atoms. 

Accordingly, we propose a new structural model for Al-doped silica in which aluminum sit at the 

center of the 6-membered rings (Figure 35 c). This model can be used to explain the lower 

interstitial diffusivity observed in Al-doped silica. The model can also be used to explain the 

higher activation energy of network diffusion for Al-doped silica. Figure 35 c shows that in this 

new model, Al contributes additional bond energy toward surrounding oxygen, which is already 

bonded to two silicon atoms. In other word, compared to pure silica, the generation of oxygen 

vacancy in the Al-doped silica need to break extra Al-O attraction in addition to two Si-O bonds. 

The proposed model is a prospective one, and further characterization of the aluminum position 

in such Al-doped silica is needed to fully understand the observed phenomena. 

 

 99



4.5 Summary 

In this chapter, the oxidation behaviors of SiAlCN ceramics are discussed. The results 

show that small amount aluminum doped in SiCN ceramics greatly decreases the oxidation rate. 

A physical model to account for the phenomena is advanced. The 18O tracer diffusion experiment 

gives the support to the proposed model. It is also pointed out that the aluminum has a 

percolation value. If the amount of aluminum in SiAlCN is over the value, the aluminum will 

increase of the oxidation rate. 
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CHAPTER FIVE: WET OXIDATION AND HOT-CORROSION OF SICN 
AND SIALCN CERAMICS  

 

This chapter will discuss the oxidation and hot corrosion behavior of polymer-derived 

SiCN ceramics and SiAlCN ceramics in water-vapor environments. The kinetic constants of the 

oxidation and corrosion of the materials are derived by fitting the weight change-annealing time 

curves with the paralinear model. It is found that the SiAlCN ceramics have a better wet 

oxidation/corrosion resistance than that of the SiCN, CVD SiC and Si3N4 ceramics. The 

mechanism for the high resistance to wet-oxidation/corrosion possessed by the SiAlCNs is 

discussed in term of the network/microstructures of the oxide scales. The results of hot corrosion 

in sodium chloride environment are also presented. It is shown that adding aluminum can also 

improve resist to the sodium associated hot-corrosion. 

5.1 Experimental procedure 

Fully dense ceramics are prepared in order to study the oxidation of Si(Al)CN ceramics 

in the water vapor. The procedure for preparing these ceramics was stated in section 3.1.1. In 

these experiments, the discs of ½`` diameter are used. When the ceramics are annealed at high 

temperatures, the structure will evolve with gas evaporation, which will cause the weight change 

during the wet oxidation. Therefore, before oxidized in water vapor, these discs are treated in N2 

atmosphere at 1450oC for 4 hours to stabilize the structure.  
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These discs are polished on both sides down to 0.2µm with the diamond lapping films 

before oxidization. The detail process for polishing is discussed in section 3.3.1.  Each group 

includes at least 10 pieces of discs to obtain enough surface areas to ensure the accuracy of 

weight change measurement.  

A schematic diagram of the apparatus for wet oxidation is shown in Figure 36: 

 

             

Figure 36: Schematic diagram of the apparatus for wet oxidation. 

 

The apparatus is constructed of a long alumina tube (Coorstek, Golden, CO) in a single-

zone tube furnace. One end of the alumina tube is sealed by a cap with the heating-tap. The other 
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end of the tube is open to the air. At the sealed end, the liquid water is vaporized at the 

temperature of about 200oC with the heat supported by the heating tape. To avoid of the 

turbulence of water vapor, a porous alumina brick is used at the sealed end. The O2 flux is 

controlled by the fluid-meter. The water flux is controlled by adjusting the rate of a mini-pump 

(Fisher Scientific). The temperature is calibrated by the thermal couple and is controlled by the 

furnace. All of the wet oxidation experiments are conducted at a pressure of 1 atm. 

Before the test is conducted, the samples’ diameter and thickness are carefully measured 

to obtain the samples’ total surface area. The original weight of the samples is measured by an 

electronic balance with the accuracy of 0.1 mg (APX-100, Denver Instrument, Denver, CO).  

The samples are placed in the alumina crucible and are put in the center of the furnace. The 

experiments are carried out at the temperatures of 1100oC and 1400oC up to 300 hours. Before 

adding the water vapor, the furnace raises to the desired temperature with a ramp rate of 

30oC/min. Then the water and/or oxygen gas is inducted in the tube. After a certain time, the 

water vapor and/or oxygen stops and the furnace is shut off to order to cool down the samples as 

soon as possible. After that, the samples are taken out to measure their weight change with the 

electronic balance.  

In regards to the wet oxidation at 1100oC, the condition chosen is 100% water vapor with 

the flowing rate of 4.4 cm/s. The alumina tube is seriously damaged after the experiment. For the 

wet oxidation at the temperature of 1400oC, the condition of 50% water-50%O2 at the flowing 

rate of 4.4cm/s is chosen. This condition is fairly benign in comparison with a high gas velocity/ 

high pressure environments as they are uncounted237, , , 196238 239 .On the other hand the condition is 

the same as that used previously to measure the wet oxidation behavior of SiC and Si3N4
141, 240. 
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The oxidation and corrosion process of water vapor can be described by the paralinear 

model. For this experiment, the equation (2-33) needs to be converted to express the weight 

change as a function of annealing time2:  
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where  is the weight gain due to the growth of the oxide scale, 1w∆ 2w∆ the weight loss due to the 

volatilization of the oxide scale, kp the oxidation parabolic rate constant for oxidation in units of 

mg2/(cm4 h), kl the linear rate constant for SiO2 volatilization in units of mg/(cm2 h), and α and β 

are the constants. For the ceramics with a composition of SiAlxCyNzOu, α and β can be expressed 

as follows:  
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where MW stands for molecular weight. kp and kl, the rate constants for each material, can then 

be determined by nonlinear least-square analysis with the Eq.5-1. The process was discussed in 

detail by E.J. Opila et. al.241. Similar to what was done in the section 4.1.3, the objective 

function, χ, to be minimized is: 
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where ∆wi
ob is the experimentally observed specific weight change measured at time t. The 

quantity ∆wca(t`, kp, kl) is the specific weight change calculated from the paralinear kinetic 

model for time ti`. The variance, σi, was assigned a value of unity, since the true values 

associated with the experimental data were not known a priori. 

The quantity ∆wca(t`, kp, kl) is given by the relationship : 

                    ∆wi
ca = ∆w1 + ∆w2                                                                    (5-3)

The quantities ∆w1 and ∆w2 are given by Eqs (5-1a) and (5-1b), respectively. The differential-

form of Eq. (5-1a) was used to compute ∆w1 by approaching the solution as an initial value 

problem and then applying a 4th order Runge-Kutta integration technique to solve for ∆w1 at time 

ti,. Minimization of the objective function χ2(kp, kl) was accomplished by simultaneous 

adjustment of kp and kl using the Levenberg-Marquardt technique. 

As stated in Chapter 2, at different flowing rates and system pressures, flux estimates can 

be made using a simplified form of Eq.2-35. Further considering the effect of annealing 

temperature, the corrosion rate can be expressed:  
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l −∝        (5-5) 

where Q is activation energy and T annealing temperature. Using Eq.5-5, the data obtained at 

different conditions can be normalized and compared.  
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5.2 Wet oxidation at the temperature of 1100oC 
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Figure 37: Weight change as a function of annealing time for the SiAlCN-20 and SiCN as 

indicated. 

Figure 37 shows the weight change as a function of annealing time for the SiCN and 

SiAlCN-20. It can be seen that SiAlCN-20 exhibits much less weight loss than SiCN, suggesting 

that SiAlCN-20 possesses better corrosion resistance. The kinetic data for the oxidation and 

corrosion can be obtained by fitting the experimental data in Figure 37 by using a paralinear 

model as expressed in Eq.5-1. The nonlinear least-square analysis is used in the fitting process. 

kp and kl, the rate constants for each material, can then be determined. The results are listed in 

Table 7. It can be seen that the oxidation and corrosion rates for SiAlCN-20 are 7 and 4 times 

lower than those for SiCN, respectively. For the water-vapor corrosion rate, 4 times difference is 

considered to be significant. These results clearly demonstrate that small amount of aluminum 
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doping (atomic ratio of Si-to-Al is 100:8) can remarkably improve the oxidation/corrosion 

resistance of otherwise pure SiCN. 

Corrosion kinetics obtained at different testing conditions can then be compared to each 

other by normalizing them using proper models. The corrosion rate strongly depends on the 

testing conditions such as partial pressure and flowing rate of water vapor. The dependence of 

the corrosion rate on these parameters can be expressed by Eq.5-5. The normalized corrosion rate 

constants of CVD SiC and Si3N4 using Eq.5-5 are also listed in Table 7. It can be seen that the 

corrosion rate of SiAlCN-20 is about an order of magnitude lower than those of pure SiC and 

Si3N4.  

 

Table 7 Parabolic rate constants (kp) and linear rate constants (kl) for silicon based materials  

Material kl x 103

(mg/cm2 h) 

kp x 105

(mg2/cm4h) 

Experimental 

condition 

Temp. (oC) Q 

(KJ/mol) 

Ref. 

SiCN 3.7* 38.2 100% water vapor, 

flowing rate: 4.4cm/s 

1100 - current 

SiAlCN-20 0.96* 5.5 100% water vapor, 

flowing rate: 4.4cm/s 

1100 - current 

CVD SiC 8.5* - 50%H2O-50%O2, 

flowing rate: 4.4cm/s 

1200-1400 35±147 241 

CVD Si3N4 14.8* - 50%H2O-50%O2, 

flowing rate: 4.4cm/s 

1200-1400 21±51 ? 

• kl at 1100 oC in 100% water vapor of flowing rate of 4.4cm/s. 
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Figure 38:  SEM images showing the surface (a) and cross-section (b) of the SiCN and the 

surface (c) and cross-section (d) of SiAlCN-20 after annealing for 100 hours. 

 

Further evidence that demonstrates the improvement in water-vapor corrosion resistance 

for SiAlCN-20 comes from the observation of the morphology of oxide scales after annealing. 

Figure 38 shows SEM images of the oxide scales formed on SiCN and SiAlCN-20, respectively, 

after annealing for 100 hours. It can be noticed that the surface of SiCN is very rough and 

contains cracks due to the volatilization of the silica, similar to those observed in silicon carbide 

and nitride239, 196, 242, while the surface of SiAlCN-20 is smooth and crack-free. Corrosion-

associated surface defects such as cracks and roughness is one of major mechanisms to cause 

material degradation, which leads to a remarkable decrease in strength. Consequently, Al doping 
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does not only reduce material recession (lower linear rate constant) but also help to retain 

mechanical strength of the materials.       
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Figure 39: XRD patterns showing phase compositions in the oxide scales formed on SiCN and 

SiAlCN-20, respectively, after annealing for 200 hours.  

 

XRD patterns of the oxide scales formed on SiCN and SiAlCN-20 after annealing for 200 hours 

are shown in Figure 39. The oxide scales for SiCN are pure cristoballite phase, while the oxide 

scales for SiAlCN-20 consist of cristoballite and small amounts of mullite. The lattice parameters 

of the cristoballite phases were calculated using XRD patterns to be for SiCN a = 0.49836 nm 

and c = 0.67559 nm, for SiAlCN-20 a = 0.49980 nm and c = 0.70785 nm. These values are 

slightly different from those for stand-free cristoballite (PDF card #00-039-1425), possibly due 

to the strain caused by thermal mismatch between the oxide scales and substrates. The lattice 

parameters of the cristoballite formed on SiAlCN-20 are larger than those of the cristoballite 

formed on SiCN. It is likely due to the solution of aluminum in the otherwise pure cristoballite 

lattice. Previously, it was demonstrated that Al-doped amorphous silica exhibits a lower rate and 
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higher activation energy for oxygen transportation than pure silica. We attributed such effects to 

a unique structure in which the aluminum sits at the center of the ring consisting of 6-membered 

SiO4 tetrahedral to block the oxygen transportation and strengthen the network oxygen. It is 

possible that Al doping in cristoballite has a similar effect by sitting at the centers of the 6-

membered SiO4 tetrahedral rings within cristoballite to strengthen the oxygen bonding, and thus 

lowering the corrosion rate.           

High resistance to water vapor corrosion exhibited by SiAlCN-20 is rather interesting. 

Previous studies243 revealed that other aluminum-containing silicon-based materials such as 

sialon and mullite suffer severe water vapor corrosion. This suggests that there could be an up-

limit for amount of aluminum doping to effectively resist water vapor corrosion9 2. This also 

suggests that the cristoballite with aluminum doping could be more stable than mullite structure 

in term of reaction with water vapor.  

5.3 Wet oxidation at the temperature of 1400oC 

Weight change as a function of oxidation time for SiAlCN and SiCN ceramics is shown in  

 

Figure 40. The data fits paralinear model (Eq. 5-1) (solid lines) very well. 

kp and kl, the kinetic rate constants for each data set, were determined by nonlinear least 

squares analysis. The detailed analysis method was described in reference 241, and the results 

are listed in Table 8. 
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Figure 40: Weight change as a function of oxidation time at the temperature of 1400oC with 50% 

water-50%O2 at the rate of 4.4cm/s. 

 

Table 8: Comparison of kl values of silicon-based ceramics at the condition of 50% water vapor-

50%O2 at 1400oC with the flowing rate of 4.4cm/s. 

 CVD 
SiC2 41 

CVD 
Si3N4

239
AS 8002 3 9 SiCN SiAlCN-

10 
SiAlCN-

20 
klX103

(mg/cm2 h) 
6.4 6.2 6.6 4.9 1.18 0.98 

kpX103

(mg2/cm4 h) 
3.93 1.0 52 0.49 0.52 0.053 

 

 

Compared with the other silicon-based materials under the same oxidation conditions, it 

can be seen that SiAlCN ceramics has the lowest kp and kl values. 
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 SiAlCN-20SiAlCN-10

 

 

 

 

SiCN

Figure 41: The corrosion surface of SiAlCN and SiCN at 1400oC with 50%H2O-50%O2 at the 

flowing rate of 4.4cm/s for 300hours. 

 

Figure 41 shows the SEM images of the surfaces of SiAlCN and SiCN ceramics after 

annealing for 300 hours. It can be seen that the surfaces of SiAlCN-20 ceramics still look very 

smooth without any cracks on it. Compared to the surfaces of SiAlCN-20 ceramics, the surfaces 

of SiCN and SiAlCN-10 ceramics have been severely corroded with many cracks on them, just 

as many other Si-based ceramics such as SiC and Si3N4 ceramics suffering the cracks and 

evaporation on the surface due to the water corrosion. The cracks will cause that the mechanical 

properties of ceramics to greatly decrease in the water environments. The strength of SiCN and 

SiAlCN ceramics as a function of wet-oxidation time is shown in Figure 42. This figure also 

shows that SiCN and SiAlCN-10 ceramics almost lose 80% their strength after 300 hours 

corrosion in the water. However, SiAlCN-20 ceramics still keep about 70% strength in the same 

conditions. Moreover, the figure also indicates that the strength of SiAlCN-20 ceramics changes 

a little bit after 50 hours, almost at the same level.  

The XRD (Figure 43) analysis shows that the phase in oxidation layer of SiCN, SiAlCN-

10, and SiAlCN-20 ceramics is only cristoballite.  
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Figure 42 : Fracture strength of SiCN and SiAlCN ceramics as a function of corrosion time. 
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Figure 43: The XRD pattern of SiAlCN and SiCN ceramics after oxidized at 1400oC with 

50%H2O-50%O2 at the flowing rate of 4.4cm/s for 300 hours.  
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Table 9: The lattice constants for cristobalite crystalline calculated from XRD results (Figure 43). 

 SiCN SiAlCN-10 SiAlCN-20 

a=b(nm) 0.4972 0.4992 0.5019 

c(nm) 0.6916 0.7095 0.7426 

 

It is believed that the improvement of water corrosion to silicon ceramics is due to the 

decrease of silica activity in the oxide. By comparison of the corrosion results of SiCN and 

SiAlCN ceramics, it can be deduced that the activity of silica in the outer oxide is about 

0.20~0.24 (Consider that the activity of silica on the oxide of SiCN is 1, the silica activity in the 

oxide on SiAlCN ceramics is calculated by the ratio of recession rate. Here, we consider all the 

experimental conditions are same for all kinds of ceramics). We do not believe that the formation 

mullite protection layer is the reason for the reduction of recession rate because the silica activity 

of the mullite is about 0.3-0.4, higher than the value of our study. The corrosion rate of SiAlCN-

10 and SiAlCN-20 ceramics is very low although the oxide scales on SiAlCN-10 and SiAlCN-20 

ceramics do not show any mullite phase from the XRD results. It further confirms that mullite 

phase is not the reason for the increase of water resistance.  From the lattice constants (.  

Table 9) calculated from XRD results (Figure 43), it can be seen that with the increase of 

aluminum content, the lattice constants also increase. Just as it was proposed in section 5.2, the 

dissolution of aluminum in the silica structure to strengthen the Si-O bond can account for the 

reduction of water corrosion.  It is believed that a small amount of aluminum in silica can greatly 

decrease the silica activity and even can be lower than the value of crystal mullite. The 

experimental measurement of silica activity in Al2O3-SiO2 system244 (Figure 44) also confirms 
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this phenomenon. Even though the experiment temperatures are higher than 1600oC, the 

tendency shows that at a lower temperature, the greater decrease in silica activity due to a small 

amount of aluminum. It can be deduced that the aluminum will have more affect on the activity 

of silica at the temperature of 1400oC.  
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Figure 44: Activity of silica in Al2O3-SiO2 system2 44. The points of SiAlCN (SA) ceramics are also 

shown in the figure. 

 

In summary, new kinds of silicon-based materials that possess good water corrosion 

resistance are found.  SiAlCN ceramics have the highest water corrosion resistance till now due 

to the effect of a small amount of aluminum on the silica activity.  

Finally, I would like to make following two comments: 

• Due to its direct chemical-to-ceramic processing, the polymer-derived ceramic technique 

is leading to a simple, cost-efficient, and near-net shape approach to manufacture ceramic 
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components and devices with inconvenient shapes such as fibers, coatings, composites, 

micro-electro-mechanical systems (MEMS), and nanostructures. The high oxidation 

resistance together with high resistance to creep245, 119 and crystallization will extended 

the applications of the polymer-derived ceramics. 

• While the environmental barrier coating (EBC) is currently under developed to provide 

protection for the silicon-based materials and have been proved to be successful to certain 

degree,8, 9 , 246 the EBC is not applicable for many applications such as MEMS and heat-

exchangers. With high resistance to water vapor corrosion, SiAlCN could be particularly 

useful in such applications.        

5.4 NaCl corrosion at 1200oC 

 

 

Figure 45: SEM morphologies of the surfaces of (a) SiCN, (b) SiAlCN-5, and (c) SiAlCN-10. 

The specimens were first immersed in de-ionized water saturated with NaCl at 100oC 

and then annealed at 1200oC for 50 hours in air. 
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The surfaces of SiAlCN ceramics that were treated at 1200oC for 50 hours with NaCl 

(Figure 45) indicate that SiAlCN ceramics have good resistance to hot-corrosion of sodium. It is 

well known that the sodium try to break the silica compact network by forming non-bridge 

oxygen236, 247. When aluminum evolves in the silica structure, it will try  to repair the damaged 

structure through the formation of aluminum tetrahedral structure, reducing/eliminating  non-

bridging oxygen236, 247. Similar behavior has previously been observed 81, 248. 

5.5 Summary 

Water corrosion behaviors of SiAlCN ceramics are demonstrated. The results show that a 

small amount of aluminum can greatly increase water-corrosion resistance. The reduction of 

silica activity in Al2O3-SiO2 by a small amount of aluminum can account for the increase in 

water-corrosion of SiAlCN ceramics. SiAlCN ceramics also show a good resistance to sodium 

hot-corrosion, which can be understood by that the aluminum can prevent the sodium from 

damaging the silica structure. 
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CHAPTER SIX: CONCLUSION 

 

From the discussion aforementioned, the following conclusions can be drawn: 

1. Polymer-derived SiAlCN ceramics have better thermal stability than that of polymer-

derived SiCN ceramics without Al-doping. The aluminum affects the structural evolution 

of SiAlCN ceramics by stabilizing the SiCN3 structure at elevated temperatures, thus 

retards the crystallization of SiAlCN ceramics. The aluminum also promotes the phase 

transformation of α-Si3N4 to β-Si3N4 during the crystallization of polymer-derived 

SiAlCN ceramics. 

2. Polymer-derived SiAlCN ceramics exhibit excellent oxidation resistance in air. The 

oxidation rate of SiAlCNs is more than an order of magnitude lower than that of the 

SiCN without aluminum and that of CVD SiC and Si3N4. The decrease in oxidation 

kinetic of SiAlCNs is due to the unique structures of the oxide scales formed from the 

SiAlCNs, in which aluminum atoms are located in the 6-membered Si-O rings blocking 

oxygen diffusing.  

3. Polymer-derived SiAlCN ceramics demonstrate remarkable resistance to water-vapor 

related corrosion at high temperatures. Compared with other silicon-based non-oxide 

ceramics, SiAlCNs possess the lowest corrosion rate. Furthermore, SiAlCNs show 

smooth surfaces and retain a high strength after corrosion annealing. This unique 

property is due to the formation of Si-Al-O protective layer, in which a small amount of 
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aluminum greatly reduces the silica activity. SiAlCN ceramics also have excellent 

resistance to sodium hot-corrosion. 

 

In summary, a new class of silicon-based ceramic materials, SiAlCNs, is developed. It is 

demonstrated that the materials have excellent high-temperature stability and oxidation/hot-

corrosion resistance. Together with other unique advantages of the polymer-derived ceramic 

processing, the new SiAlCN ceramics are very promising for many high-temperature 

applications such as high-temperature MEMS micro-sensors. 
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