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Abstract

Ceramics are good for high temperature applications mainly because of their unique mechanical, chemical, structural and functional properties. However, conventional powder processing method requires sintering temperatures up to 1700-2100℃ and the brittle nature of ceramics bring drawbacks for the fabrication and possible applications. By forming ceramic materials via a preceramic precursor route, temperatures can be significantly lowered down and problems for the processing of applications can be solved as well. These materials normally are carbides, nitrides and oxides of B, Al, Si elements or their ternary, quaternary systems. This term paper gives a general review about the research in polymer derived ceramics (PDC), especially the non-oxide Si-C-N ternary system, and illustrates how the quality and performance of PDC are affected when it is in nanoscale. Two major cases are presented: carbon nanotube reinforced PDC matrix composites and high temperature MEMS.
Polymer Derived Ceramics

Ceramics has been invented and utilized by human beings for thousands of years and it strongly impacts people’s daily life and technologies of the society. Possibly starting from the first plates or bowls made from clay, the development of ceramic materials has come through a long way, however, more needs to be done to really fill up the gap between our dreams about science and the reality. 
The idea of advanced ceramics, which came up just several decades ago, basically means huge improvements not only in material’s properties, but also in its microstructure and processing methods. Due to the different chemical and physical properties of each constituent in ceramics, it shows partially metallic, ionic or even covalent bonding behaviors resulting in the possibilities of making advanced ceramic materials with outstanding properties. Examples are like carbides, nitrides, and oxides of elements of B, Si, Al and some transition metals Ti, Zr, Mo, etc..
Nevertheless, there were roughly two major handicaps of making such type of ceramics and its technical applications. One is due to the nature of ceramics: brittleness, hence easy to introduce large stress within the body of materials, which forbids complex shape products but only allows low dimensional fabrications. The other one is from the physical and chemical properties of the elements. Actually, both C- and Si-based materials meet the similar situation. Take carbon for instance: carbon generally sinters only when under very high pressures and temperatures, and it is easy to react with oxygen and water, so that direct sintering synthesis or melting processing is really impractical. The fact is that conventional powder processing methods for fabricating non-oxide ceramics usually require heat treatment at temperatures up to 1700-2100℃[1]. Besides, in order to enhance densification, additive metal oxides are commonly needed. Obviously, novel fabrication techniques are expected not only to lower the heat treatment temperature to a more reasonable range, but in the hope of further optimizing material properties.
These handicaps have lead to the idea of forming ceramic materials by a polymer pyrolysis route, a chemical synthesis method. Actually, several other techniques have also been investigated extensively, such as chemical vapor deposition (CVD), sol-gel processing, etc. CVD method is expensive, time consuming and unsuitable for mass manufacturing; sol-gel processing is not excellent in fabricating non-oxide ceramics, meanwhile, polymer pyrolysis shows its advantages especially in fabricating materials used at high temperatures and severe environments. And the ceramic materials fabricated by this method are generally called as Polymer Derived Ceramics (PDC).
In the late 1960’s, Chantrell et al did some initial work on converting preceramic polymers to ceramics [2]. However, not until Verbeek et al [3] in Germany, as well as Yajima et al [4] in Japan reported their success in producing Si-based non-oxide ceramics using appropriate organosilicon preceramic polymers did this field draw many other researchers’ attention again. This chemical formation route can be summarized into three main steps described by Riedel et al [1] as follows,
1. The synthesis of oligomers or polymers from low molecular compounds (precursors), which consist of structural elements as desired in the final product.
2. Chemical or thermal cross-linking of the as-synthesized precursors in order to obtain high molecular compounds convertible into ceramics with high yields.

3. Pyrolysis of the cross-linked polymer providing the desired ceramic material, accompanied by the formation of gaseous reaction products.

In this way, additive metal oxides are not necessary any more and due to the starting materials used—polymer precursor, the impurities contained in the final product can be largely reduced, i.e. highly pure ceramic material is achievable. Meanwhile, this method is also capable of adjusting the viscosity of polymers in a wide range, generating crystalline, amorphous and metastable materials, lowering pyrolysis temperatures down to 800-1500℃, making products into different complex shapes and so on. These advantages over conventional processing methods lead to a variety of applications for PDCs mainly working at high temperatures and requiring corrosion-, oxidation-, creep- and abrasion-resistance properties: bulk materials and multicomponent ceramic powders [5-6]; porous materials and foams [7]; protective coatings [8-10]; ceramic matrix composites [11-14]; ceramic binder and joining materials [15]; high temperature micro-electromechanical systems (MEMS) [16-19].

Ever since Yajima’s work in the 1970’s, several “organo-element” polymers have been developed, resulting in C-, Si-, N-, B-, Al-, Ti-based non-oxide ceramics. However, organosilicon polymers and its ceramic products have been studied most intensively. Essentially, there are five types of Si-based polymeric precursors:
1. polysiloxanes: [-Si-O-Si-]n
2. polysilsesquioxanes: [RSiO1.5]n
3. polysilanes: [-Si-Si-]n
4. polycarbosilanes: [-Si-C-Si-]n
5. polysilazanes: [-Si-N-Si-]n
Among the five types of polymers listed above, polycarbosilanes and polysilazanes are most developed in research, since polycarbosilanes is the precursor of Si-C fibers that is initially studied by Yajima et al and later turned to commercial manufacturing, and the latter is important for the formation of Si3N4 and Si-C-N ternary system.
Seyferth [20] proposed the method of fabricating Si3N4 and Si-C-N composites via the ammonolysis of R2SiCl2, then base-catalysed cross-linking of oligo-silazanes, and finally thermal decomposition to get the desired products that can be controlled by the reaction atmosphere applied—Ar or NH3. The whole course can be simply presented as follows, 
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[image: image16.wmf]
n[CH3SiH-NH]4                    [CH3SiH-NH]4n-m[CH3SiN]m                  (2)
[image: image17.png]@
(e} @




[CH3SiH-NH]4n-m[CH3SiN]m                    SixCyNz + H2 + CH4 + …           (3.a)
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[CH3SiH-NH]4n-m[CH3SiN]m                     SixNy + H2 + CH4 + …            (3.b)
Since the Si-N bond is easy to hydrolyze, O2 is possible to present in the final product which would reduce materials’ performance, such as creep resistance. Hence, care needs to be taken while processing. Besides, by controlling the reaction atmosphere from inert gas Ar to base gas NH3, (3.a) and (3.b) show that carbon can be removed from the material, thus Si-C-N is turned into silicon nitrides. Reaction 3 actually starts at the temperature as low as 500℃ and the decomposition completes between 800-1000℃, which is supported by the thermal gravimetric analysis (TGA) results (Fig. 1) [1]. And mass spectrometry shows that those gaseous byproducts in reaction 3 are volatile light molecules: hydrogen, methane, etc.(Fig. 2) [1].
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	Fig. 1. TGA of polysilazane polymer in N2, yielding amorphous Si2.0C1.0N1.8.
	Fig. 2. Mass spectrometry of polysilazane polymer in vacuum.


Carbon Nanotube Reinforced PDC Composites
One of the most important applications for polymer derived ceramics is the ceramic matrix composite. This kind of composites can be applied as protective coating material for turbines, rocket nozzles, environmental barriers on alloys and so on. Previously, the composite is reinforced with micron scale fibers or particles, however, there is evidence shows that the performance of coatings can be significantly enhanced by using nanoscale reinforcements. In this section, the use of carbon nanotubes as reinforcement material is presented.
Carbon nanotube is one of the fullerene structures, the first of which was C60 discovered in 1985. Instead of being like a “soccer” sphere as C60, carbon nanotube is cylindrical and conceptually its structures can be achieved by wrapping a one-atom-thick layer of graphite into a certain length of cylinder, the ends of which are joined by two semispheres from C60 molecule (Fig. 3). And this type is called as single-walled carbon nanotube (SWCNT). Its length can be up to centimeter scale—4 cm as reported by Nature in 2004. Beside SWCNT, when the tube is consist of multiple layers of graphite, it is called as Multi-walled carbon nanotube, namely MWCNT, although there are more defects present in it.
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Fig. 3. Two types of SWCNT. Courtesy of Wikipedia.org
Carbon nanotubes (CNTs) are of great interest to PDC researchers owing to its outstanding mechanical properties and new functionality. For SWCNTs, Young’s modulus is as high as 1-5 TPa, while tensile strength is about 60GPa. The axial thermal conductivity of CNTs is even higher than that of diamond. And the orientation and diameter of hexagons in CNTs can determine whether it’s semiconductor or metallic material. Hence, multifunctional ceramic nanocomposites are really promising by using CNTs.
Before using CNTs in a polymer precursor route to fabricate ceramic materials which was first reported by An et al [21], efforts via other processing methods had been made by researchers: using hot-pressing method, Ma et al. [22] got SiC composites with 10 vol.% MWCNTs and Siegel et al. [23] made MWCNT-Al2O3 composite; Peigney et al [24] synthesized CNT-Fe/ Al2O3 composites by in situ growth. However, there were no huge improvements in mechanical properties as expected. Only until the use of spark plasma sintering (SPS), in fabricating nano-phased Al2O3/SWCNT composites, were better results in mechanical and electrical properties reported recently by Zhan et al [25]. An explanation for this is that: conventional powder processing method is not able to disperse the nanotubes throughout the matrix uniformly and thus they cannot form strong interfacial bonding with each other, which resulting in the effect of addition of CNTs being offset.
This CNT dispersion problem can be solved by utilizing liquid polymer precursors for pyrolysis and the interfacial properties between ceramic matrix and CNT can be controlled by adjusting the surface of the CNTs or the chemistry of the precursors, or both of them at the same time. In An’s study [21], they reported mechanical properties of the SiCN matrix with MWCNT reinforcement made by this method. And the SiCN with 1.3vol.%- and 6.4 vol.%-CNT composites were compared to pure SiCN got from the same precursor. The results are tabulated in Table 1.
Table 1. Properties of CNT-reinforced PDC composites

	
	Density [g/cm3]
	Relative Density [%]
	Young’s Modulus [GPa]
	Hardness [GPa]

	SiCN
	2.08
	-
	74
	9.4

	SiCN-1.3 vol.% CNT
	2.06
	99
	109
	10.5

	SiCN-6.4 vol.% CNT
	2.06
	99
	118
	14.3


Relative densities for both composites are 99%, which suggests that the products are fully dense amorphous ceramics. TGA results show that both the composites and the pure monolithic ceramics got a weight loss of about 30 wt.% of the original weight and a linear shrinkage of about 28%. These data prove a fact: the addition of CNTs is not detrimental to the densification process. A reasonable interpretation about this is that CNTs are so small in size and so flexible that they would not have much restrictions on the matrix shrinkage behavior during pyrolysis.
In order to study the distribution of those nanotubes in the ceramic matrix, fracture surfaces of the composites were studied employing scanning electron microscopy (SEM). The result from the SiCN-6.4 vol.% CNT sample in Fig. 4 shows that the nanotubes are homogeneously distributed in the ceramic matrix and there is substantial nanotube pullout due to the high tensile strength and flexibility of CNTs. The average pullout length is about 5 to 10 μm. It is attributed to the “nanotube bridging” that this type of composites has a significantly high fracture toughness. The
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	Fig. 4. SEM image of the fracture surface of a SiCN-6.4 vol.% MWCNT composites.
	Fig. 5. HRTEM image of a SiCN-6.4 vol.% MWCNT composites. The spacing of 0.34 nm suggests that it indeed is the image of MWCNTs.


high-resolution transmission electron microscopy (HRTEM) image of Fig. 5 is representative of the microstructure of the composite in terms of revealing that CNTs can survive the pyrolysis and the gaseous byproducts like H2, NH3 and CH4. The evidences are that the structures of CNTs are retained as indicated by A, B, C spots in the figure, and the interfaces are clean suggesting that no reactions happened between the CNTs and the matrix. Hence, this preceramic polymer route is feasible of fabricating CNT reinforced PDC matrix composites.
[image: image6.emf]
Fig. 6. Young’s modulus and hardness versus CNT volume fraction in SICN-CNT composites.
Nano-indentation technique can be used to study the mechanical behavior of the composites. The results from An [21]’s work are plotted in Fig. 6., which clearly indicates the trend that the stiffness, Young’s modulus and hardness all increase significantly as the volume fraction of CNTs rises up. For the latter two parameters, the values are both over 150% comparing the composites to monolithic CNT, which is achieved by an addition of only 6.4 vol.% MWCNTs. These improvements also benefit from the liquid phase fabrication method and the low pyrolysis temperature.

High Temperature Micro-electromechanical Systems

The invention of silicon lithography technology gives rise to the development of micro-electromechanical systems (MEMS) in industry. The basic idea is to etch crystalline silicon by using different etchants which allows crystallographic planes to be etched at different rates. Complex MEMS would have several moving parts and can be multilayer lithographic and etching technologies.
Due to the nature of silicon: low fracture toughness (~0.7MPa.m1/2), low softening temperature (600℃), but highly reactive with oxygen and water, all these factors disable the use of silicon as structural material. Neither can polysilicon materials. Hence, there is a void exists in the high-temperature (over 1000℃) applications of MEMS devices that either can operate in high-temperature environments, for instance sensors for gas turbine engines, or can contain high temperatures, such as micro power generation systems. In this situation, ceramics has drawn much attention owing to its unique characteristics comparing with other materials like metals, alloys, etc. Generally, ceramics possesses properties of chemical inertness, resistance for corrosion, oxidation and abrasion, low density and superior high-temperature mechanical properties. All of these advantages make it possible for MEMS applications in many fields. However, in order to fabricate ceramic MEMS with complex shapes, novel fabrication technologies, rather than conventional powder processing method, must be investigated. One method undergoing is the formation of SiC ceramic material via CVD method. Not to mention that this method is expensive and time consuming, one important technical drawback is that it’s almost only capable of making planar-shaped products, but not 3D complex-shaped ones. Again, polymer derived ceramics becomes a promising candidate in this situation, with the help of techniques such as photo-polymerization, micro-casting.
Raj’s group at the University of Colorado is the first one to report the fabrication of 3D complex-shaped high-temperature MEMS devices by using PDC. As Liew et al [16] point out, the SiCN ternary system is more feasible and suitable for this purpose after comparing with some other Si-based materials (Table 2). Especially its strength and its ability to stand thermal shock are much more superior than those of SiC fabricated by CVD method.
Table 2. Properties of Si-C-N as compared to other Si-based materials.

	Property
	Si-C-N
	SiC
	Si3N4

	Density [g/cm3]
	2.35
	3.17
	3.19

	E Modulus [GPa]
	80-225
	405
	314

	Poisson’s ratio
	0.17
	0.14
	0.24

	CTE [×10-6/K]
	~3
	3.8
	2.5

	Hardness [GPa]
	25
	30
	28

	Strength [MPa]
	500-1200
	418
	700

	Toughness [MPa.m1/2]
	3.5
	4-6
	5-8

	Thermal shock FOM
	1100-5000
	270
	890


Essentially, there are two steps in the processing of MEMS structures: first, the liquid precursor is cast into a net shape and cross-linked to create a rigid and dense polymer; second, the free-standing forms are pyrolyzed at 400-900℃ under a controlled atmosphere, yielding components made of Si-C-N. This whole course is illustrated in the flowchart below, Fig. 7. One thing needed to point out is that although the pyrolysis temperature is lowered down to hundreds degree Celsius, the quality and the performance would not be lowered down as well—the SiCN product can serve at the temperature of 1500-1800℃.
[image: image7.emf]
Fig. 7. A general processing flowchart for the fabrication of SiCN MEMS applications

Micro-casting Method
The process flow, which is outlined in Fig. 8 [17] as follows, starts from the fabrication of molds using standard photolithographic techniques, and the mold is made from photoresist material such as SU-8 (MicroChem Corp.), which is able to produce high-aspect ratio structures and low absorption in the near-UV range. Then the liquid polymer precursor is cast into the mold, and subsequently thermal-setted at ~250℃ to solidify, crosslinked at ~400℃ under isostatic pressure, and finally pyrolyzed at ~1000℃ to convert to ceramic part.
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Fig. 8. Micro-casting abrication process for SiCN MEMS. (a) the photoresist is spun onto a substrate; (b) UV-lithography, producing desired shapes; (c) liquid precursor; thermal setting; solidification; (d) polish off the top layer on the wafer; (e) cross-linking under isostatic pressure; (f) pyrolysis; photoresist decomposes; SiCN part forms; (g) end product: free-standing, high aspect-ratio.
Photopolymerization

The photopolymerization method [18] is actually similar to micro-stereolithography shown in Fig. 9 below: the liquid polymer precursor is added with photo initiator and solidified by exposing to UV radiation. Then solid net shape structures can be made by utilizing the photolithography technique. After crosslinked under isostatic pressure at 400℃ for densification, samples are pyrolyzed at 1000℃ to obtain the final bulk material. If the structure is complex, say multi-layered, it can be achieved by applying and curing successive layers of preceramic polymer on top of one another. Atomic bonds are formed during crosslinking and thus ensure the final product is a monolithic bulk ceramic after pyrolysis.
	
[image: image12]
	Fig. 9. Micro-casting abrication process for SiCN MEMS.

(a) spin precursor onto substrate;

(b) UV exposure through a mask;

(c) solidified polymer with remaining liquid;

(d) remove remaining liquid;

(e) remove polymer structures from substrate;

(f) crosslink and pyrolyze to obtain SiCN.


By using the micro-casting and photopolymerization method, two issues are noticeable that support the development of photolithography technique. One is the search of suitable radiation source used in photolithography for nanofabrication. Wavelength is the most important factor and after twenty years’ work, it has been reduced greatly from visible G-line (436 nm) light source down to the extreme ultra violet region (EUV) with the wavelength of ~140 nm. Currently one of the shortest wavelengths is reported as 121 nm, called Lyman alpha [26]. The other one is the research about photoresist material. Essentially this has also become a topic in nanoscale which would allow photoresist in photolithography at 121nm as low as 20-40nm, reported by Liberman et al [26]. It is these progresses in photolithography that offers the technical possibility of making MEMS devices even down to the real nanoscale in the future. A good example is the fabrication of a high-temperature  microscale gas turbine for power generation, known as “nanoturbine” (Fig. 10).
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Fig. 10. “nanoturbine”.

Fig. 10(a) is a micro turbine reported by Bertsch et al [27] combing the stereolithography and thick resist UV lithography methods, and Fig. 10(b) is a gas nanoturbine prototype developed at the Gas Turbine Laboratory, MIT [28] whose actual size is illustrated in Fig. 10(c). As designed, this nanoturbine can singly supply electrical energy of 15-20 watts by operating at the speed of over 1 million RPM (Rounds per Minute), and the usage of this technology mainly lies in personal electronic devices, such as cell phones, PDAs, laptops, etc., which definitely would lead to a contest with fuel cells.
Conclusion

The development of polymer derived ceramics has been over half a century and it is still on the road. This polymer precursor route not only is able to produce novel amorphous or crystalline ceramic materials at much lower temperature, but also maintain the properties at elevated temperatures higher than that of pyrolysis. Hence, polymer derived ceramics commonly are corrosion-, oxidation-, creep-, abrasion resistant and can be used as protective coating materials. Besides, the bonding nature and its stability also allow to fabricate ceramic matrix composites with high strength and Young’s modulus that are comparable with materials like graphite or Al2O3. One such work has been discussed in this paper. Since polymer derived ceramics use a unique liquid-phase precursor route, it is feasible to manufacture materials with forms from fibers, thin layer coatings to foams and even bulk bodies. This versatility gives rise to a variety of future applications. The direction for future work, as Riedel and Dressler [1] have pointed out, would be on one hand try to understand the correlation between the molecular structure of starting organoelement materials and the microstructure of final products; on the other hand, try to synthesize and characterize novel materials containing heteroatoms like Al, Ti, Zr, P and B in order to further optimize the properties of materials.
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