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Abstract: Polymeric precursors to ceramics have the potential to enable produc- 
tion of ceramic articles in novel forms, with novel microstructures, and improved 
properties. The polymer-to-ceramic conversion process is not sufficiently under- 
stood for this approach to be widely utilised. Perhydropolysilazane converts to 
high purity silicon nitride (SisNd), and has been shown to be a useful coating and 
matrix precursor. The conversion of PHPS to S&N4 is being examined by Solid 
State, Magic Angle Spinning (MAS) NMR spectroscopy and other techniques. 
This paper summarises the results to date of this investigation. 0 1998 Elsevier 
Science Limited and Techna S.r.1. All rights reserved 

1 BACKGROUND 

Excellent high-temperature strength retention and 
resistance to oxidation gives ceramics the potential 
to replace metals in many structural applications, 
including airframes and engines.’ The high 
strength-to-density ratio of ceramic components 
helps to decrease a system’s total weight, and thus 
to increase its operating efficiency.’ Difficulties 
inherent to the traditional, powder-based tech- 
niques for manufacturing complex structures of 
advanced ceramics prompted the development of 
chemical approaches to ceramic processing, 
including the polymeric precursor to ceramic 
(‘preceramic polymer’) technique.2 Preceramic 
polymers are composed of a chain or backbone of 
main-group inorganic elements with organic- 
appendages. When heated to sufficient tempera- 
tures under the proper conditions, these organic 
appendages are shed through a process generally 
referred to as ‘pyrolysis’ to yield an amorphous, 
covalent ceramic.3 Subsequent heat treatment- 
transforms this amorphous material into a crystal- 
line ceramic. Polymeric precursors in general, and 
those to Si3N4 and SIC have been reviewed.2,4T5 
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A particularly useful family of polymeric pre- 
cursors to Si3N4 has been developed at the Southwest 
Research Institute (SwRI). These polymers, known 
as perhydropolysilazanes (PHPS), contain only the 
elements silicon, nitrogen, and hydrogen, and so 
convert to carbon-free ceramics when fired. These 
polymers are isolated as waxes or low-viscosity 
thermosetting liquids that exhibit ceramic yields of 
80% by weight or greater. Although originally 
developed as binders for Si3N4 powder pressing,6 
these polysilazanes have also demonstrated their 
ability in the repair of damaged oxidation protec- 
tion coatings on carbon-carbon composities,7 and 
have been shown to be effective matrix precursors 
for the processing of fibre-reinforced Si3N4 com- 
posites.* Nonetheless, little is known about the 
conversion of PHPS to Si3N4. It is believed that 
understanding of the polymer-to-ceramic conver- 
sion process will enable development of improved 
preceramics, or preceramics which convert to a 
predetermined microstructure. 

2 EXPERIMENTAL 

Unless otherwise noted, all manipulations of 
uncured polysilazanes were carried out under 
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anhydrous and anaerobic conditions using common 
synthetic techniques. 9 The polymer is prepared by 
ammonolysis of a mixture of dichloro- and tri- 
chlorosilane in ether; details are provided else- 
where.‘O Thermogravimetric Analyses (TGA) were 
performed on a Perkin-Elmer Thermal Analyzer 
System 7/4 with a PC 286 Data Collection System 
using a TGS-2 Thermogravimetric Analyzer and a 
DSC4 Differential Scanning Calorimeter. Differ- 
ential Thermal Analysis (DTA) was performed at 
Harrop Industries (Columbus, OH). TGA experi- 
ments were performed on the as-isolated PHPS, 
while DTA experiments were performed on char 
materials obtained by firing PHPS to 800°C under 
flowing nitrogen. Density measurements were 
obtained with a helium pycnometer. All nuclear 
magnetic resonance (NMR) experiments were con- 
ducted at the National Center for NMR Applica- 
tions at Colorado State University. NMR samples 
were handled under strictly anhydrous and anae- 
robic conditions. 29Si and ‘H chemical shifts are 
reported relative to tetramethylsilane (TMS). 

3 DISCUSSION 

3.1 Thermal analysis 

PHPS is obtained as a low viscosity, thermosetting 
liquid. TGA of the as-isolated material (Fig. 1) shows 
a ceramic yield of 80% by weight when the material is 
heated at a constant rate of 10°C min-‘. The ceramic 
yield can be raised to over 90% by weight by holding 
the material at a temperature of cu. 110°C for 30- 
60 min. The density of the char material is also plot- 
ted against firing temperature in Fig. 1. 

The increase in density from room temperature 
to ca. 100°C may be attributed to cross-linking, as 

Pyrolysis Temperuture ('C) 

Fig. 1. Thermogravimetric arialysis and density versus pyrol- 
ysis temperature for perhydropolysilazane. 

virtually no weight loss was observed. The cross- 
linked perhydropolysilazane appears to be rather 
stable as neither mass loss nor density change is 
observed between lOO-200°C. From 200°C to 5OO”C, 
the increase in density is accompanied by mass 
loss. It is likely that volatile species such as silanes, 
aminosilanes, and hydrogen are evolved in this 
interval. Although minimal mass loss is observed 
above 5Oo”C, the density of the material continues 
to increase up to 7OO”C, at which point it may be 
described as an amorphous covalent ceramic. Little 
change in density is observed between 700-1260°C 
at which point the amorphous S&N4 crystallises. 

A DTA study was conducted to characterise the 
behaviour of the amorphous S&N4 at higher tem- 
peratures. The PHPS was fired at 800°C under N2, 
and this amorphous material was analysed under 
N2. As seen in Fig. 2, exotherms are observed at cu. 
900°C 126O”C, and 149O”C, and an endotherm is 
observed at 1400°C. Previously, analysis of the 
PHPS-derived ceramic by X-ray diffraction 
(XRD),” has revealed the presence of crystalline 
silicon in chars obtained at ca. 1000°C. The weak 
endotherm observed at 900°C is consistent with the 
crystallisation of this phase. The exotherm at 
1260°C corresponds to the crystallisation of 
SisN4. l1 The PHPS-derived ceramic obtained at 
1270°C is observed to be largely crystalline (Fig. 3) 
with a phase composition of approximately 60% ct- 
Si3N4, and 20% P-Si3N4, and 20% elemental sili- 
con.” This crystallisation temperature is well 
below that typically observed for polymer-derived 
ceramics. The endotherm observed at ca. 1400°C is 
consistent with the melting of elemental silicon 
(MP = 141o”C), and we assign the exotherm at 
1490°C to nitridation of the molten silicon to form 
additional Si3N4. 

3.2 NMR analysis. 

The ‘H NMR spectrum of the as-isolated PHPS 
consists of three rather broad multiplets: 6 3.0-l .6, 
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Fig. 2. DTA analysis of PHPS-derived amorphous ceramic 
prepyrolysed to 800°C under Nz. Analysis was carried out 

under Nz 
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Fig. 3. X-ray diffraction pattern obtained from PHPS-derived ceramic at 1270°C under N2. 

6 4.3-4.6, and 6 4.6-5.3. These resonances are 
consistent with the presence of HN, SiH, and SiH2 
functions. The 29Si NMR spectrum of the as-iso- 

650°C 
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Fig. 4. Solid state 29Si CPMAS analysis of the conversion of 
perhydropolysolizane to amorphous silicon nitride. 

lated PHPS consists of two broad multiplets: 6-27 
to -45 and 6 -46 to -55. These resonances indi- 
cate the presence of quaternary (SiN4) functions in 
addition to the SiH and SiH2 functions revealed by 
the ‘H NMR. Based on this and other data, we 
propose a linked ring structure of PHPS, in which 
the rings vary in size from four to perhaps ten 
members and are connected by very short (SiHz- 
NH) linkages. 

The conversion of PHPS to amorphous ceramic 
is further characterised in the montage of solid 

3’-N-S\ 

Fig. 5. Proposed structure for amorphous silicon nitride. 
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state 29Si Cross-Polarised Magic Angle Spinning 
(CPMAS) spectra presented in Fig. 4. The spec- 
trum of the cross-linked material obtained at 
100°C presents two broad resonances, similar to 
the as-isolated polymer, centred at cu. 6 -34 and 6 
-50. As the firing temperature is increased, these 
resonances coalesce, the chemical shift moves 
upfield to cu. 6 - 44, and the peak width increases 
substantially. We believe the upfield migration of 
the chemical shift results from an increase in con- 
tribution of quaternary silicon functions with a 
concomitant decrease in protonated silicon func- 
tions. We have found that the char material is 
completely amorphous to X-ray diffraction when 
fired to temperatures below ca. 100o”C1 1 Using 
the results of solid state 29Si and ‘H NMR stu- 
dies,12 we propose the structure outlined in Fig. 5 
for the amorphous covalent ceramic obtained at 
cu. 800°C. 

The pyrolysis products of PHPS exhibit electron 
spin resonance (ESR) spectra, and so contain ‘free’ 
electrons. We have included ‘dangling bonds’ in the 
proposed structure of the amorphous SisN4 to 
reflect ESR activity. As indicated by the 29Si 
CPMAS spectra, the majority of silicon environ- 
ments in amorphous covalent ceramic are indis- 
tinguishable from that present in SisN4. The 
similarity of the local silicon environment to 
S&N4 appears to lessen the energy required for 
the system to crystallise. The observed crystal- 
lisation temperature of 1260°C is within the 
operating limits of some of the newer advanced 
fibres, such as ‘High-T’ Nicalon. The use of 
PHPS as a matrix precursor may enable the 
fabrication of fully crystalline fibre-reinforced 
S&N4 through polymer infiltration/pyrolysis 
(PIP) techniques.8 

4 CONCLUSION 

Perhydropolysilazane (PHPS) is an inorganic 
polymer that converts to high yield to an amor- 
phous covalent ceramic. This amorphous material 
converts to crystalline S&N4 at relatively low tem- 
peratures. This preceramic may be useful in the- 
preparation of crystalline articles, such as coatings 
or composites, in which the processing temperature 
is limited by one of the components. 
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