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Review 
Reaction-bonded silicon nitride: its 
formation and properties 
A. J. MOULSON 
Department of Ceramics, University of Leeds, Leeds, UK 

The theme of the review is the construction of a model embracing the mechanism of 
formation of reaction-bonded silicon nitride, the development of microstructure and 
mechanical properties. Possible nitridation reactions are discussed, with emphasis on 
kinetics and on phase composition and microstructure of the reaction product. The 
influence of Fe, a common impurity in silicon powders, and of H2, as an additive to the 
nitriding atmosphere, is considered in some detail. The optical, electrical and thermal 
properties are briefly discussed and areas for further research and development studies 
identified. 

1. Scope and purpose of the review 
Interest in reaction-bonded silicon nitride (RBSN)* 
as a high-temperature engineering ceramic was first 
shown about twenty years ago by Parr of the 
Admiralty Materials Laboratory, and Popper of 
the British Ceramic Research Association, both in 
the United Kingdom. The ceramic attracted 
interest because of an unusual feature associated 
with its fabrication and because of its promising 
thermo-mechanical properties. A modest research 
and development effort has since been maintained 
in the United Kingdom, and the material is now 
commercially available. 

In addition to the interest shown in RBSN, 
there have been parallel efforts to exploit the 
"hot-pressed" variety of silicon nitride (HPSN), 
and to evaluate the "sialons". "Nitrogen ceramics" 
has, in consequence, become an established and 
potentially important area of ceramics science and 
technology and, also, a complex one. The present 
review confines attention to RBSN, and for a 
wider coverage of nitrogen ceramics reference 
should be made to two review articles [1,2] and to 
the Proceedings of the NATO Advanced Study 
Institute on Nitrogen Ceramics [3]. 

In about 1970, the US Government's Advanced 
Research Projects Agency (ARPA) decided to 
finance a programme having as a major aim the use 

of RBSN in the construction of a small gas-turbine 
engine for the motor car. This major project 
currently involves principally the Army Materials 
and Mechanics Research Center at Watertown, 
Mass, and the Ford Motor Company. The ARPA 
project stimulated a world-wide growth of interest 
with a consequent proliferation of publications 
concerned with the fabrication science, properties 
and engineering of RBSN. The extent and nature 
of this literature confronts the would-be researcher 
with a difficulty; it has been especially difficult to 
identify fruitful areas for research with the result 
that, too frequently, there has been duplication of 
effort with little advance in understanding. The 
state of knowledge as it existed a decade ago is 
welt summarized by Parr and May [4], and the 
early stages of the ARPA programme in the 
Proceedings of the Hyannis Conference [5]. 

T A B L E I Typical characteristics of "commercial" silicon 
powder 

Major impurity elements wt % 

Fe 0.90 
AI 0.20 
Ca 0.30 
Ti 0.10 
Oxygen 1.0 

Mean particle size: 15/~m 
Specific surface area: 1.5 m ~ g-~ 

* The term "reaction-bonded" is preferred to "reaction-sintered" since the word "sinter" usually implies densification 
by solid-state diffusion processes, which are not significant in the formation of RBSN. 
�9 1979 Chapman and Hall Ltd. Printed in Great Britain. 1017 



The major aim of the review is to present a 
model to explain the mechanism of the formation 
and the mechanical .properties ofRBSN. It is the 
hope that the model will allow areas for further 
study to be more clearly identified than has 
hitherto been possible, and that improvements in 
both fabrication route and material properties will 
follow. 

2. Outline of the fabrication route and 
property requirements of RBSN 

RBSN is usually fabricated from "commercial" 
silicon powder, the typical characteristics of which 
are given in Table I. First, a silicon powder compact 
is produced, either as a billet or in the shape of the 
component being fabricated. It is the common 
practice to form the billet by isostatic pressing at 
up to 200 MNm-2; this is then "pre-sintered" at 
approximately 1200 ~ C in argon (previously it was 
the fashion to pre-nitride) after which it can be 
conventionally machined to the required compo- 
nent shape and dimensions. After shaping, the 

component  is heated, usually in nitrogen at 
atmospheric pressure and at temperatures in the 
range 1250 to 1450~ when reaction-bonding 
occurs. The silicon powder compact might also be 
formed directly into the component shape by slip- 
casting, extrusion, injection-moulding, die-pressing 
or flame-spraying. 

An unusual and attractive feature of the fabri- 
cation route is that very little size-change occurs in 
the compact during nitridation and close tolerances 
(approximately 0.1%) on the dimensions of a 
finished component can readily be maintained, 
thereby avoiding expensive machining after firing. 

Typically the ceramic has a porosity of approxi- 
mately 20 vol %, with 80 vol % of the pores of size 
less than 0.1 #m [6]. The properties of RBSN 
will be discussed later, and here it is sufficient to 
say that a combination of ease of fabrication, 
a low thermal expansion coefficient which reduces 
the risk of thermally induced failure, useful 
mechanical strength maintained to high tempera- 
tures, and a promising resistance to corrosion, has 
placed RBSN as a foremost candidate material 
for high-temperature engineering. 

By using ceramics in an engine the consequent 
increase in operating temperature would improve 
thermodynamic efficiency. The current maximum 
working temperature of a gas-turbine with nimonic 
blades is approximately 1050~ it has been 
estimated that if the target running temperature of 

1018 

1370~ for the small vehicular gas-turbine is 
realized, then fuel savings of up to 40% for a given 
power output are possible. In addition, the engine 
would be lighter and constructed from cheap and 
readily available materials. 

For these applications, high-temperature 
mechnical strength and corrosion resistance 
characteristics of the material must be optimized. 
In addition, and perhaps more importantly, the 
Weibull modulus [7], a measure of the reliance to 
be placed on the strength, needs to be maximized. 

The properties of a material are determined in 
part by its chemical nature and in part by texture. 
Texture, which is of central interest to the 
ceramist, can strongly influence the mechanical 
properties and corrosion-resistance of RBSN 
[124] and it is for this reason that the emphasis of 
the present review will be on laying a foundation 
for a systematic approach to microstructure 
control. 

3. Background basic science of the 
compound Si3 N4 

It is not the intention to present here a compre- 
hensive review of the extensive literature but to 
concentrate attention on those facts which are 
relevant to the preparation and properties of 
RBSN. Such an overview is essential to the logical 
development of the review as a whole. 

3.1. Crystal s t ruc tu re  
Interatomic bonding in crystals is a complex 
subject discussed, in the case of the nitrogen 
compounds, by Morgan [8]. Following Pauling 
[9], the bonding in Si3N4 can be estimated to be 
70% covalent in character. 

Crystalline Si3N4 exists in two hexagonal forms 
designated ~ and /3 [10-12] ,  the first complete 
structure determination having been made by 
Ruddlesden and Popper [13]. In both forms the 
basic building unit is the silicon-nitrogen tetra- 
hedron, joined so that each nitrogen is shared by 
three tetrahedra. For a lucid description of the 
structure the paper by Thompson and Pratt [14] 
is recommended. 

It was believed that the e- and H-forms were, 
respectively, low- and high-temperature poly- 
morphs of Si3N4. In 1968, however, Grieveson 
e t  al. [15] reported that the e- and H-forms were, 
respectively, "high oxygen potential" and "low 
oxygen potential" modifications and later [16] 
they described e-Si3N4 as a defect structure with 



oxygen replacing nitrogen on some sites and nitro- 
gen vacancies maintaining electrical neutrality. The 
proposed "oxynitride" was said to have the com- 
positional range: 

Si11.4 Nls 00.3 - Sill .s Nls Oo.s 

and thermochemical measurements [17] lent 
support to this model. 

There now seems doubt that a-Si3 N~ need con- 
tain oxygen [18-21] ,  a view consistent with the 
structure determinations [20, 22-24]  for which it 
was unnecessary to assume a-Si3 N4 to be anything 
but the stoichiometric nitride. 

The present consensus of opinion is that a- 
and /3-Si3Na are polymorphs of Si3Na, with 
~-Si3 N4 having the slightly higher free energy at 
the formation temperature [25, 74]. This does 
not, of course, preclude the possibility that the 
c~-phase could contain oxygen as an impurity. In 
fact, there is strong evidence of a direct correlation 
between the unit cell dimensions of a-Si3N4 and 
oxygen content [26]. 

It seems likely that the development of one or 
other of the two modifications is dictated by the 
particular growth mechanisms rather than by 
thermodynamic considerations, and this will be 
fully discussed later. 

3.2. Thermochemical data 
3.2. 1. Formation and stabilitv of Si3 N4 
Silicon nitride can be formed from its elements 
according to the following reactions: 

3Si(s) + 2N~(g) ~ Si3N4(s) (1) 

AG ~' ~ - - 7 2 3  + 0.315TkJ mo1-1 

3Si(1) + 2Nz (g) ~ Si3 N4 (s) (2) 

2~G ~' ~ -- 874 + 0.405TkJ mol -a 

3Si(g) + 2N2(g) -__-----"~. Si3 N4 (s) (3) 

AG ~' ~ -- 2080 + 0.757TkJmo1-1 . 

The thermodynamic relationships are derived 
from the basic data generated by Pehlke and 
Elliott [27], who studied the equilibrium for 
Reaction 2 between 1400 and 1700~ C (m.p. of Si 
is approximately 1413 ~ C). Reaction 1 is obtained 
from Reaction 2, using the heat of fusion deter- 
mined by Olette [28] and Reaction 3 from 
Reaction 2 using the heat of vaporization deter- 
mined by Grieveson and A/cock [29]. Reactions 1 
and 3 apply only to temperatures near to the 
melting point of silicon. 

The X-ray data reported by Pehlke and Elliott 
indicate that both a- and/3-Si3N4 were present in 
their study; for this reason the crystalline form of 
the silicon nitride is unspecified in Reactions 1 to 
3. Both phases would almost certainly have been 
present in the similar experiments carried out by 
Hincke and Brantley (1330 to 1530~ 
whose results agree well with those of Pehlke and 
Elliott. The JANAF tables [31], which draw on 
the results of these studies, incorrectly state that 
the data refer to the a-Si3N4 phase. 

More recently, Blegen [32] studied the equilib- 
rium of/3-Si3N4 with ferrosilicon alloys between 
1400 and 1640 ~ C. Because the activity of silicon 
in ferrosilicon is lowered relative to that of pure 
silicon, the equilibrium nitrogen pressures are 
correspondingly raised to values experimentally 
more accessible. Blegen's results agreed well with 
those of Pehlke and Elliott [27] and Hincke and 
Brantley [30], but not with those of Colquhoun 
e t  al. [17], who also employed ferrosilicon alloys. 
Hendry [33] attributed the discrepancy to the 
different activity values for silicon adopted in the 
two studies. The scatter in published activity 
values [34] is an indication of the experimental 
uncertainty introduced by using this approach. 
Although Blegen's data are to be preferred at 
present because of their agreement with those of 
the independent studies [31 ],  further experimen- 
tal confirmation would be required before they 
could be accepted with confidence. 

From Fig. 1, showing equilibrium nitrogen 
pressure as a function of temperature, derived 
from Reactions 1 and 2, it can be seen that the 
dissociation temperature, i.e. the temperature at 
which the equilibrium nitrogen pressure is 1 atm, is 
about 1900 ~ C. The graph is of practical value in 
that it defines tile minimum nitrogen pressure 
which must be maintained around the nitride, at 
any temperature, to prevent dissociation. 

Si3N4 is unstable with respect to the oxide 
(SiO2) and stoichiometric oxynitride (Si2NzO). 
For example, at 1400 ~ C the standard free energies 
(PN~ =Po=  = l a t m ) o f  formation of Si3N4, 
SiO2 and Si~ N20 are approximately -- 200 kJ 
mo1-1 (Reaction 1) , - -600 [31] and --460 [32], 
but nothing definite can be said of the rates of 
oxidation, the important consideration in the 
practical application of the ceramic. 

The rate of oxidation of RBSN will depend 
upon microstructure, and the natures of the 
environment and oxidation product. Davidge 
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Figure 1 Equilibrium vapour pressure o f  N2 over SiaN 4 . 

et al. [35] have discussed oxidation of internal 
surfaces and development of a protective layer of 
silica. However, under low oxygen partial pressures 
"active oxidation" could still occur, the ceramic 
being continuously degraded by the removal of 
volatile silicon monoxide; this type of active 
oxidation, in the case of SiC, has been studied by 
Hinze and Graham [36]. Mayer and Riley [37, (DN)a = 1.2 x 10 -16 exp 
38] investigated the effects Small amounts of 
sodium salts have on oxidation and point to the 
important role impurities might have on  oxidation (DN)~ = 5.8 x 10 +2 exp 

T A B L E  II Selected data for Si and Si3N 4 

Property Value Source 

Melting point  (Si) 1686 K [28 ] 
Linear expansion 

coefficient (Si) 
( 3 0 0 - 1 6 0 0 K )  3.92 X 10-6K -1 [155] 

Density (Si) 
1686 K: solid 2320 kg m -s [ 155 ] 
1686 K: liquid 2520 kg m -~ [ 156] 

Specific volume 
change on from 
melting (Si) - -  86% density 

data 
Density (Si 3 N 4 

crystal phase Various 
unspecified) 3180 kg m-  3 sources 

Linear expansion 
coefficient (Siz N 4) Various 
( 3 0 0 - 1 3 0 0  K) 3.0 X 10 -6 K -1 sources 

Dissociation 
temperature (SigN4) 2155 K Fig. 1 
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kinetics and to the need for studies on high purity 
material. 

3.2.2. Atom mobility in Si3N 4 
In a gas/solid reaction yielding a solid reaction 
product, solid-state diffusion in the product may 
be the rate-determining step. It is for this reason 
that self-diffusion and lattice defect studies in 
oxides constitute a major part of corrosion science 
[39]. An analogous situation exists in the case of 
the nitridation of silicon in which the mobilities of 
silicon and nitrogen in silicon nitride, the effect of 
impurities, and the defect chemistry of silicon 
nitride would be important aspects. 

Self-diffusion data for silicon nitride are sparse, 
the obstacles to obtaining them being the non- 
availability of well-defined nitride samples of suit- 
able dimensions and the lack of suitable radio- 
isotopes of Si and N. The difficulties, together 
with a feasible experimental approach using mass 
spectrometry, are discussed by Weunsch and 
Vasilos [401. 

Nitrogen self-diffusion in polycrystalline a- and 
/3-Si3 N4 has been measured by Kijima and Shirasaki 
[40] using mass spectrometry; the diffusion 
coefficients they found were: 

f 233~ 2 , 
k-- ~--~) m sec- (4) 

( 777~ 2 1 
~-~)m sec- (5) 

in which the activation energy is given in kJ mo1-1 . 
In view of the similarity of the structures of the a- 
and /~-phases, the very large difference in the pre- 
exponential terms is surprising and suggests that 
extrinsic effects were dominating. 

Although a refinement of the experimental 
approach of Atkinson et al. [42] might yield the 
flux of reactants through a pure, coherent nitride 
film, it would not be possible to relate this to self- 
diffusion data until information is available 
regarding the defect chemistry of silicon nitride. 
As stated by Brook [43] in a recent review, there 
is virtually no firm knowledge of the defect 
chemistry of the nitrogen ceramics. 

3 .2 .3 .  S e l e c t o d  p r o p e r t y  data  
The physical property data in Table II may be 
helpful to the reader in the development of the 
subsequent discussions. 



4. Development of a model for the 
reactions occurring during the formation 
of RBSN from a "commercial" silicon 
powder 

4.1. Requirements of the model 
RBSN is formed by heating a silicon powder 
compact in a nitrogenous atmosphere between 
1250 and 1450 ~ C. Typically, the mean particle 
size of the silicon powder would lie between 10 
and 25gin and the "green" compact density 
between 1500 and 1600kgm -s. As the reaction 
proceeds, the compact gains strength with negligible 
change in dimensions, although the solid volume 
increases by approximately 22% on conversion to 
nitride. 

RBSN has a porosity of approximately 20%, 
the nitride being 60 to 90% by weight of the 
s-phase, and the remainder/3-Si3 N4. There is also, 
invariably, a residual quantity of finely dispersed, 
unreacted metallic phase, as shown in Fig. 2, a 
characteristic micrograph. 

An acceptable model for the reactions occur- 
ring during the formation of RBSN should be com- 
patible with: 

(i) the dimensions of the compact remaining 
unchanged on conversion to the nitride; 

(ii) the observed rates of conversion of Si to 
Sis N4 ; 

(iii) the observation that generally, when the 
nitriding is carried out at approximately 1350~ 
in nitrogen at atmospheric pressure, the ratio of 

a-SisN 4 to /~-Si3N 4 (the "a/t3 ratio") lies in the 
range 1.5 to 9.0. 

The model should also be compatible with 
experimental data describing the effects on the 
system of changes in process variables. 

Figure 2 Reflected light optical micrograph of typical 
commercial RBSN: grey - SisN4; white - unreacted 
"metallic" phase; black - pores (after Metcalfe [70] ). 

In the following Sections 4.2 to 4.4, the litera- 
ture is reviewed and arguments developed prepara- 
tory to defining and discussing the model. It might 
help the reader to refer to the essential features of 
the model, stated in Section 4.5, before continuing 
with the present discussion. 

4.2. Background studies 
In general, attempts to elucidate the process have 
involved measurement of nitridation kinetics in 
conjunction with microscopy of the reaction 
product. Popper and Ruddlesden [44], in one of 
the first studies, observed approximately parabolic 
nitridation kinetics but noted inconsistencies 
which indicated "that some uncontrolled factor 
was playing a part equally as important as tem- 
perature". They also commented that the rates of 
nitridation measured by many other workers 
"varied enormously from one laboratory to 
another" which led them to suspect that 
"impurities in either the silicon or the nitriding 
atmosphere have a considerable influence on the 
nitriding rate". They went on to say that their 
results demonstrated the need for kinetics studies 
with emphasis placed on careful control of 
chemical composition of the silicon and nitriding 
atmosphere. In retrospect this paper would have 
been a firm foundation on which susbequent 
research should have been based. 

Thompson and Pratt [14] proposed a mechan- 
ism for the development of the microstructure and 
phase composition of RBSN as follows. During 
nitriding below the melting point of  silicon, a thin 
f i l l  of nitride forms on tile silicon: because of the 
compressive strain in the film, microcracks are 
produced, exposing the silicon which allows the 
reaction to continue. The nitride film breaks away 
from the silicon and continuation of this process 
gradually fills the pore space with "flakes" - ob- 
served as the "diffuse" regions of the microstruc- 
ture. Above the melting-point of silicon they 
observed growth morphologies of  the type shown 
in Fig. 9. 

In a later study, Dalgleish and Pratt [45] gave 
the following summary of the developing micro- 
structure: 

"X-ray studies have shown that during the 
initial stages of nitridation a-SisN4 is formed, 
while electron microscope studies have shown 
that the fine-grained matrix is predominantly 
c~-SisN4 and that the large grains are mainly 
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r The early stages of nitridation, there- 
fore, lead mainly to tile formation of the back- 
ground mat. 

At temperatures below the melting point of 
silicon, the pores of the silicon compact 
become filled with needles. Continued reaction 
increases the number and thickness of the 
needles which grow together and generate the 
fine-grained matrix. At the same time small 
areas of silicon are converted to granular Si3N4. 

When the temperature of nitridation is 
increased above the melting point of silicon, 
there is increased formation of /3-silicon 
nitride as crystallites grow into the molten 
silicon held within the matrix. Prolonged 
reaction above the melting point of silicon 
results in the conversion of residual silicon to 
granular silicon nitride and densification of the 
backgroun d mat, until the formation of the 
two-phase structure, discrete ~-Si3N4 grains 
surrounded by a dense mat of a-Si3N4, is 
complete." 

As far as understanding the mechanism of the 
reaction was concerned, however, little progress 
had been made. Messier and Wong [46], in at- 
tempting to separate out the effects of the many 
variables, recognized that iron impurity, through 
the development of molten FeSix, could influence 
the course of the reaction. Furthermore, they 
observed that, under certain conditions, an oxide 
film on the silicon could also affect the reaction. 

The prevailing view regarding the nature of the 
reaction product was that the formation of an 
a-Si3N4 whisker mat predominates [47, 45] and 
that this growth probably develops as a result of 
the reaction between volatile SiO and N2. This 
particular reaction had gained favour because it 
was the basis of the production of high strength 
a-Si3N4 whiskers for composite reinforcement 
material [48-50] .  
TABLE III The effect of 02 and HzO additions to N~ on 

Around 1972, therefore, although there was 
no firm knowledge of the nitridation reaction 
mechanism, it was generally believed that: 

(i) the formation of a-Si3N4 was favoured at 
reaction temperatures below and /3-Si3N4 above 
the melting point of silicon; 

(ii)the steady development of an a-SiaN4 
whisker mat was responsible for the increase in 
mechanical strength during reaction-bonding; and 

(iii) various impurities (Fe, 02) affected the 
course of the reaction. 

4.3. Post 1970 studies at Leeds 
The reason for the poor understanding of the 
reaction mechanism was that little attempt had 
been made to bring the many variables, particu- 
larly the chemical impurities associated with the 
Si powder, under control. With Science Research 
Council support, work was started at Leeds in 
1970 to elucidate the reaction mechanism, a major 
feature of the research to be control over chemical 
variables. This was a first step towards achieving an 
understanding of the bonding mechanism, the 
ultimate goal being to effect control over micro- 
structure. The studies are reviewed below. 

4. 3. 1. Preliminary experiments 
It had already been shown that surprisingly large 
quantities of oxygen and water-vapour could be 
added to the nitriding atmosphere without in- 
hibiting nitridation of commercial silicon powder 
[51 ]. The data, summarized in Fig. 3 and Table III, 
are discussed later. 

It had also been confirmed that cation im- 
purities (1 wt % Mn, Fe, Co or Ni) added to a high- 
purity silicon powder had a very marked acceler- 
ating effect on nitridation [52, 53]. In contrast, 
silicon powder, deliberately partially oxidized so 
that a 1/lm thick oxide layer covered the particles, 
could not be nitrided, although reactivity was 

reaction products. 

02 inN~ H2OinN 2 
(ppm by volume) (ppm by volume) 

I 

0 4o 
50 40 

1 000 100 
5 000 200 

15 000 200 
50 70 
50 1 000 
50 5 000 
50 15 000 

~/13 ratio at 50% Reaction products 
Si conversion 

0.6 Si 3 N 4 + trace Si 
0.6 Si 3 N 4 + trace Si 
0.6 Si3N 4 + trace Si 
0.6 Si 3 N 4 + trace Si 
0.2 Si3N 4 + trace Si2N~O 
0.6 Si3N 4 + trace Si 
1.2 Si3N a + trace Si 
1.6 Si 3 N 4 + trace Si 
2.8 Si3N 4 + trace SiO 2 
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completely restored by the subsequent addition of 
10wt% Fe203 [51]. 

It was recognized that nitridation of a compact 
must involve two steps, namely: (1) movement of 
nitrogen into the continuously changing pore 
system of the compact, and (2) chemical reaction 
between silicon and nitrogen, the slower being the 
rate-determining step. Also, the exothermic 
reaction (Reactions 1 to 3) would produce tem- 
perature gradients in a compact, and quantitative 
knowledge of these would be needed if meaningful 
data relating to the temperature dependence of the 
reaction were to be obtained. 

To summarize, it was acknowledged that the 
effect of the following factors would need to be 
examined: 

(a) gas-permeability of the nitriding compact, 
and the conditions under which it would consti- 
tute a reaction rate-determining parameter; 

(b) temperature gradients within the compact; 
and 

(c) impurities in the nitriding gas, principally 
02 and H2 O, and those associated with the silicon, 
particularly Fe and Oz. (The oxygen associated 
with the silicon, particles is in the form of a silica 

Figure 3 The effect of (a) O~ additions and (b) 
H20 additions, to N 2 on the nitriding of "com- 
mercial" silicon powder (-  98 wt % Si) at 1370 ~ C. 

coating, typically 3nm thick [53], and usually 
referred to as the "native" silica film.) 

Subsidiary studies [54, 55] had established the 
conditions under which (a) and (b) would be 
insignificant. The variables detailed under (c) 
could be controlled by using high purity, 
laboratory-prepared silicon powder and by 
measuring the kinetics in a specially designed 
thermogravimetric balance. The main studies 
[42, 56, 57] are outlined in the next section. 

(c) 

Time 

Figure 4 Schematic of reaction kinetics showing the three 
regimes: (a) linear kinetics, (b) decreasing reaction rate, 
(c) effectively "zero" reaction rate, even though compact 
is only partially nitrided. 

1 0 2 3  



Low PN2 and/or high T 
N2 ~r 4 nucleus 

High PN 2 and/or IowT 

/ / / / / / /  
(i) Formation of Si 3 N, nuclei on Si surface: areal density of nuclei increases as PN. increases and T decreases. 

S.i 3 N4 

(ii) Nuclei grow laterally and vertically: Si supplied to growth sites by combination of surface diffusion and evapor- 
ation. Rate of arrival of nitrogen to growth site determines reaction rate for PN, ~< 1 atm, at least. 

(iii) As free Si surface area decreases, surface diffusion distances increase and so direct nitridation slows. Reaction of Si 
in the vapour state to form a complex which subsequently condenses, continues. 'Zero' reaction rate when reac- 
tants effectively separated. 

Figure 5 Stages through the course of the reaction between pure Si and N 2 . 

4.3.2. Studies with high-purity silicon 
Silicon powder was prepared from semiconductor- 
grade ingot, and a compact size chosen so that 

gas-permeation and exotherm effects were negli- 
gible. The impurities were known to be at the ppm 

level and the equipment afforded the facility for 
removing the native silica film. The nitridation 

kinetics, measured as a function of temperature 
(1250 to 1370 ~ C) and nitrogen pressure (20 to 
760Torr) ,  could be described in terms of three 
regimes, as shown in Fig. 4. 
1024 

By correlating the developing microstructure 
with kinetics, the reaction-model shown sche- 
matically in Fig. 5 was proposed. 

The first stage involves the formation of Si3 N4 
nuclei on the Si surface, followed by their growth, 

thought to be by the reaction between chemi- 
sorbed nitrogen and silicon, the latter arriving at 
the reaction site by a combination of surface 
diffusion and an evaporation/condensation pro- 
cess. During this stage the kinetics are linear with 
time. As the nitrided layer extends over the 



surface, supply of Si to reaction sites decreases 
and, in consequence, so too do the kinetics. 
Finally, as the film effectively separates the 
reactants, the rate falls to nearly zero. The model 
qualitatively explained the dependence of the 
kinetics on changes in temperature and nitrogen 
pressure. 

The phase composition of the growth was 
studied by Langland and Moulson [571 whose 
data are summarized in Fig. 6. The curves describe 
the development of the a- and /?-Si3 N4 as nitri- 
dation proceeds. Under the special, low nitrogen 
pressures, the supply of nitrogen to the reaction 
sites is rate-determining to approximately 70% 
conversion, and the ~- and /3-SisN4 forming 
reactions are, therefore, competing for nitrogen. 
Consideration of the curves and of Fig. 5 leave 
little doubt that nitridation on the Si surface 
leads to the formation of/3-Si3N4, as previously 
suggested by Horsley [58] and Blegen [32], 
while the vapour-phase reaction leads to e-Si3 N 4 .  

It is apparent that as the i3-forming reaction slows, 
because surface diffusion distances for Si increase, 
the ~-forming vapour-phase reaction continues. 

9 0 1 ~  I - -  I - -  ~ I 

6o 
uO 

o 

> 3o 
o 
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4.3.3. The effect of  additions of  Fe, 
a major impurity in commercial 
silicon, on the nitriding of  high 
purity silicon 

Bayer et aL [59], from an analysis of Atkinson's 
[42] data, and from additional measurements of 
the rate of oxidation of iron-contaminated silicon 
powder, proposed a model to explain the effect 
of iron impurity on nitridation. They confirmed 
that Fe first induced the volatilization of the 
native oxide layer on each particle and led to the 
growth of  extra nitride in proportion to the 
amount of Fe. 

Evidence was already strong [53, 60] that Fe 
promoted volatilization of the SiO2 within the 
first hour of the reaction, the following general 
argument being advanced to explain the process. 
Dissociation of the SiOa would occur according 
to:  

Si02~. ----~ SiO + { O~ (6) 

for which Psio depends upon Po~*. However, 
continuous evaporation can only take place if  the 
removal of oxygen as SiO from the powder com- 
pact exceeds the flux of oxygen into it. This is, of 
course, the essence of Wagner's theory of "active 
oxidation" [61] which is considered in more 
detail later in this section. 

Because of the tendency of the Si underlying 
the Si02 coating on each particle to oxidize, the 
Po~ within the powder compact might fall. 
Conditions would, therefore, move towards those 
expressed by the following equilibrium: 

O S 10 35 20 
T i m e / h  

Figure 6 Growth kinetics o f  c~-SisN 4 and  fl*SisN 4 
(99.999%Si,  < 4 5 / ~ m ;  1370~  and 5 0 T o r r N z ) :  - -  
total;  o a-Si3 N 4 ; �9 ~3-Si3 N 4 . 

Si + O: ~ Si02 (7) 

for  which Po~ is ~10 -19 atm (at 1350 ~ C). If this 
Po2 were approached within the compact, then, 
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Figure 7 (a) Fe-induced evaporation o f  surface 
SiO2 as SiO. Fe disrupts (devitrifies) SiO2 film 
allowing Equil ibrium 8 to be established; 
film evaporates as SiO. (b) Exchange o f  SiO and 
0 2 between compact  and ambient .  
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* T h r o u g h o u t  the  text  PSiO etc. refer to partial pressures o f  the particular gas or vapour ,  measured  in a tmospheres .  
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by Reaction 6 the Psio would approach l0 -z atm 
(see Section 4.4.1,2). If the SiO is not involved 
in any reaction then there will be a nett loss of 
oxygen from the compact, provided Po~ in the 
surroundings is less than approximately 10 -~ atm. 

Atkinson and Moulson [60] suggested that 
the Fe might assist this process by facilitating 
oxidation of the Si, through enhanced oxygen ion 
mobility in the SiO2. Boyer et al. [59] developed 
this theme suggesting that Fe devitrified the 
amorphous silica film [62], leading to its disrup- 
tion, the resulting direct exposure of the under- 
lying Si then allowing the equilibrium: 

SiO2 + S i ,  " 2SiO (8) 

for which Psio is ~10 -2, to be rapidly ap- 
proached. The mechanism is shown schematically 
in Fig. 7a. 

The removal of S iQ  as SiO from the compact 
is now considered in more detail. Fig. 7b shows 
the situation with SiO diffusing away from, and 
oxygen diffusing towards a silicon powder com- 
pact. Within the compact the Psio is assumed to 
be at the equilibrium value for Reaction 8, and 
Po2 at the equilibrium value for Reaction 7, which 
is negligibly small. Outside the respective bound- 
ary layers of width 8, Po~ would be fixed by the 
purity of the nitriding gas (namely ~ 10 -~ arm) 
and the Psio would be negligible. 

A state of dynamic equilibrium exists when 
Jsio from the surface equals Jo  towards the 
surface, where 

- -  I V L I I 1 
50 o ~-Yield 

�9 ~-Yie ld  

20 -ol 

1000 2000 3000 4000  5000  
Fe  C o n c . / p p m  

Figure 8 Dependence of c~- and /3-Si3N4-yields on Fe 
addition: high purity Si + Fe; 1350 ~ C for 10h; 760Torr 
N~. (After Boyer and Moulson [63]). Note: some authors 
use the term "c~-yield" and "l~-yield". The "a-yield" is 
defined as the product of the percentage of Si converted 
to Si3N 4 and the fraction of the nitride of the c~-phase; 
this represents the percentage of Si converted to c~-Si3N4. 
The "t3-yield" is defined similarly. 
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D s i  0 - -  

and 

(Psio)e 1 mol m -2 sec -1 (9) 
Jsio = --Dsio R T  8si o 

(P'o,)a 1 
J o  = - -2Do - -  molm -2 sec -1 (10) 

R T  8o2 

the subscripts c and a referring to the "compact" 
and "ambient", respectively, the D is the appro- 
priate diffusion coefficient and the factor 2 
arises because molecules of oxygen convey two 
atoms each. 

For nett removal of SiO, Jsio > J o ,  i.e. 

(Psio)c . ~ > 2Do (Po~)_____~a, i 
RT 8sio RT 8o ' 

( po2 )a< �89  (Psio)e Dsio �9 605 

R T  D o 6sio 

which, after Wagner, can be written approximately 
a s :  

(Po 2 )a < �89 (Psio)e- (11) 

Under these circumstances, first the native silica 
layer and then the silicon will be removed as SiO. 

Boyer and Moulson [63] extended the range 
of Fe-doping of high purity silicon powder to 
5000ppm (i.e. 0 .5wt%)  and established that 
both phase composition and extent of the extra 
nitride growth could be correlated with Fe con- 
tent. Fig. 8 shows that, for a fixed reaction time of 
10h, there was extra conversion of Si to fl-Si3N 4 

Figure 9 Optical micrograph showing /3-Si3N 4 growing 
into FeSi2 phase, molten at reaction temperature (after 
Boyer and Moulson [63]). 



proportional to the amount of Fe added, and 
microstructural evidence (Fig. 9) leaves no doubt 
that this/3-phase was growing into FeSi2, known 
from the Fe/Si phase diagram [34] to be liquid 
at the reaction temperature. Fig. 8 also shows that 
while the extent of the total reaction varied 
linearly with the Fe added in amounts up to 
approximately 1000ppm, relatively smaller con- 
versions were obtained for larger additions because 
of a decrease in the rate of the a-forming reaction. 

To summarize, it is believed that Fe additions 
can: 

( l )  catatyse the removal, as SiO, of the native 
oxide film covering the silicon particles; 

(2) promote growth of ~-Si3 N4 in FeSi2, liquid 
at the reaction temperature, the Fe-induced 
growth in a fixed time at constant temperature 
(10h and 1350~ in the present case) being 
proportional to the amount of Fe added to the 
powder; 

(3) promote growth of a-Si3N4, although a 
proportionality similar to that referred to in (2) 
does not hold. 

The various processes are shown schematically 
in Fig. 10. 

4.4. Consideration of possible nitr idation 
reactions 

4.4. 1. Compatibility with observed kinetics 
In this section, throughout which orders of magni- 
tude only of the parameters are quoted, consider- 
ation is given to various nitridation reactions 
possible in a commercial silicon powder compact 
heated at 1350~ C in nitrogen, arbitrarily assumed 
to contain 10ppm of 02 and of H20.* The 
thermodynamic data are drawn from the JANAF 
tables [31 ]. 

It will be recalled that an acceptable model 
should be compatible with observed nitridation 
kinetics. From the many published data (e.g. 
[14, 53] and Fig. 12), and assuming that the 
silicon powders would have a specific surface area 
of approximately 1 m 2 g-l ,  it is estimated that 
the highest reaction rates observed are 
10 -7 kgm -2 sec -1 . That is, in the initial stages of 
nitridation, approximately 10-7kg silicon is 
converted to nitride per second per unit total 
surface area of compact. 

4.4.1.1. Nitridation of volatilized SL The vapour 
pressure of Si at 1350~ is 10 -7  atm and this 

.. .. 

Fe- ~ ~ S i O  

SiO ,~ 

@ S, 

F e S t 2 ~  "~S~ 

s l 

OXIDE FILM 
REMOVA L : 

Sl(s/+ SiO2(s)= 2 SiO(g) 

N2 Stg~" N2 " 0( 

s ,  s ,  

NITRIDAT ION : 
N 2 dd|uslon into hquld FeS,2 "-~/3-Sr3 N 4 
SI vaponsahon ---), ~- Sr 3 N 4 

Figure 10 Schematic  o f  role of  Fe in ni tr idation react ion (after Boyer  and Moulson [63] ). 

* The a rguments  retain their validity for higher levels, e.g. 1000 ppm (10 -3 atm).  
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implies a rate of evaporation of silicon of 
10 .6 kgm -2 sec -1 [64]. The supply of Si vapour, 
then, and its subsequent reaction with the nitrogen 
(PN~ - 1 atm) according to Reaction 3, is more 
than adequate to sustain the observed reaction 
rates. 

Figure 11 Schematic of conditions for nitridation of SiO 
in the interior of a Si powder compact. 

4.4.1.2. Nitridation of  SiO originating from 
oxygen in nitriding gas. (PN~ = 1 atm; Po= 
10 - sa tm)  The argument in this case is complex, 
and it will be helpful to refer to Fig. 11, which 
depicts the local situation within a compact. 
Consider first the equilibrium: 

2Si + 02-. - - - - -~  2SiO (12) 

for which AG ~ = - - 4 7 7 k J m o 1 - 1  = --RT/ln 
P~io/Po2. It follows that Psio2/Po~ ~ 10 ~5 and, 
if Po~ ~ 10-17, then Psio ~ 10-2 .  However, the 
actual Psio would be limited, by the availability 
of  Oz, to approximately 10 -s . 

The nitridation of SiO is assumed to be accord- 
ing to the following reaction: 

3 S i 0 + 2 N 2 - -  "*Si3N4 +-~O2 (13) 

for which AG ~ = 502kJmo1-1 and the equilib- 
rium constant, 

.3/2/.3 .2 = 7 X 10 -17 
[C ~ / J O 2 / / ~ S i O k ,  N 2  

Under the assumptions that Psio = 10-5 arm and 
PN~ = 1 arm, then Po2 must be maintained at 

10 -21 atm. 
The rate of  nitridation of the SiO will be 

determined by the 02 flux from the reaction zone 
and, because the thermodynamics requires that in 
the zone the po  2 is negligibly small (<10 -21 atm), 
the flux of oxygen will be correspondingly negli- 
gible, or even negative. The observed reaction 
rates could not, therefore, be sustained by 
Reaction 13. 
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4.4.1.3. Nitridation of  SiO originating from H20 
in nitriding gas. (P~2 = 1 atm; Pn2o = 10-s atm) 
The situation outlined in Section 4.4.1.2 is modi- 
fied because H2 will be generated by the reaction: 

Si + H20 .~ "SiO + H2 (14) 

for which AG ~ = --84 kJ tool -1 . Since the equilib- 
rium is well in favour of the products, Psio 
PI% ~ 10 -s. 

The equilibrium, 

2H20 ~ 2 H 2  + 02 (15) 

for which AG ~ =  314kJmo1-1,  and the equilib- 
rium constant, k = 2 2 PH~Po~/PI-t~O ~ 10 -1~ is also 

__ - 1 0  2 2 involved.~It 2f~176 that po  2 - s l 0  PI{~O/PH~ 
and Po~ PI-I~O since PH~ ~ 10- . Therefore, for 

the nitridation of SiO according to Reaction 13, 
which requires po  2 to be ~ 10 -21 atm, PH~O must 
be ~ 10-i~ atm. 

This necessary low partial pressure of H20 
within a compact will, in general, be difficult to 
achieve, although it is possible that local accumu- 
lations of hydrogen could produce favourable 
thermodynamic conditions for nitridation. 

4.4.1.4. Nitridation of SiO originating from 02 
and H2 0 in the nitriding gas, with H2 added. 
( P N 2 = l a t m ;  P H : O = 1 0 - s ;  pi_ h = 1 0  -xa tm)  
Considering again Reaction 15 for the water equi- 

- 1 0  2 2 librium, namely Po~ = 10 PI~O/PH~ with PI-I: 
put at 10 -x atm. It follows that Po:  = 
lC~2x-lo ,2 We now consider the pressures of ,-, P H 2 0  �9 

H2 necessary to maintain, in the reaction zone, a 
Po~ ~ 10-2~ atm, in equilibrium with PH~O values 
such that the flux of H20 away is able to sustain 
observed nitridation rates; that is, PH~O values of 
order 10 -7 atm at least. 

Fo rx  = 3 (i.e. 0.1 vo1% H2 added) 

- 4  2 
Po~ = 10 P~i2o 

and PI%o must be ~<10 -s atm. 

For x = 2 (i.e. 1 vol % H2 added) 

Po 2 = 10-6 P~l~O 

and Pn~o must be ~10  -7 atm. 

Forx  = 1 (i.e. 10vo1% H2 added) 

- 8  2 
Po~ = 10 PH20 

and PH:O must be ~<10 -6 atm. 

The calculations offer a possible explanation of 
why a small addition of hydrogen to the nitriding 



gas has such a pronounced effect on nitridation 
rate (Fig. 12). 

4.4.1.5. Nitridation o f  solid silicon by gaseous 
nitrogen. This mechanism, outlined in Section 
4.3.2, leads to a coherent layer of silicon nitride. 
The formation of such a layer is rapid when 
PN2 = 1 atm, but can be delayed, permitting con- 
tinued nitridation of the silicon, if Pz% is reduced 
(e.g. 50 to 200 Torr). 

4.4.1.6. Nitridation of  Fe-contaminated silicon. 
Commercial silicon powders contain typically 
0.9 wt % Fe, of which approximately two-thirds is 
metallic introduced in the grinding process, which 
is usually done in steel ball-mills [65, 66]. There 
is, therefore, no doubt that molten FeSix will be 
present at nitriding temperatures above 1207~ 
[34]. Indeed, because of aluminium, another 
major impurity, liquid would be expected to form 
at temperatures even lower than 1207~ and, in 
fact, this has been confirmed [65]. The evidence 
provided by kinetics data [42] and microstructural 
observations [63] shows conclusively that molten 
FeSi2 is associated with accelerated growth of 
nitride. This fast growth of nitride in the melt 
occurs by a VLS mechanism as proposed by Kaiser 
and Yhurmond [67]. 

A further factor affecting kinetics might be 
movement of the melt in the powder compact. 
From contact angle data [68, 69] and other 
observations [47], spreading of the melt from the 
Fe source out into the compact microstructure, 
as shown schematically in Fig. 10, would be 
expected. The resulting increase in reactive sur- 
face, remaining free of reaction-inhibiting nitride 
growth [67], could explain the observed acceler- 
ated reaction. Such a melt would provide a route 
for silicon to move from the solid to the vapour 
state, where it can react with the nitrogen. 

4.4.1. 7. Nitridation of  SiO originating from the 
surface Si02. The Fe-activated removal of the 
SiOz film as SiO has been discussed in Section 
4.3.3, and although relatively high (10 -2 atm) 
pressures of SiO can be quickly generated, the 
same problems as outlined in Section 4.4.1.2 
above exist as far as its nitridation is concerned. 
The higher Psio does increase the critical Po~ 
to ~ 10 -ts atm and this can be in equilibrium with 
pa2 o ~ 10 -v and PH~ ~ 10-s. In the initial 

stages of the reaction, therefore, sufficient hydro- 
gen might be generated by Reaction 14 to allow 
nitridation of the SiO. 

4.4.2. Phase composition of reaction 
product 

4.4.2.1. Reactions forming ~-Si3N4. The estab- 
lished correlation between the amount of/3-Si3N4 
developed and Fe added [63] is consistent with 
the typical a/~ ratios found in commercial RBSN 
[6, 47, 70]. This is not to imply that a/[3 ratio is 
a function of Fe content only; it does, in fact, 
depend markedly on the particular nitriding tem- 
perature schedule and can be varied between the 
two extreme values. It is accepted that high 
nitriding temperatures favour the growth of 
/3-SiaN 4 [6, 47, 71, 72] and the evidence is that 
the presence of liquid at the reaction temperature, 
rather than the presence of Fe, is significant. 

Liquid favours growth of 13-Si3 N4 probably for 
the same reason as it promotes conversion of a- to 
~-Si3N4. The model by Bowen et al. [73] for 
this phase-conversion during the hot-pressing of 
Si3N4, and the study by Messier et al. [74], 
show that conversion requires liquid. The latter 
workers-were unable to detect conversion in 
powdered high purity CVD o~-Si3N 4 heated at 

1600~ for 6h; the addition of MgO, however, 
promoted some conversion, the MgO-surface 
S iQ reaction producing the necessary liquid at 
1600 ~ C. 

There is also evidence that the reaction between 
N2 and solid silicon leads to ~-Si3 N4, as discussed 
in Section 4.3.2. Therefore, the hypothesis is 
proposed that, during the formation of  RBSN, the 
ma/or growth o f  ~-SiaN4 occurs in the liquid phase 
and, to a minor extent, as the result of  the reac- 
tion between solid silicon and nitrogen. 

The caution to be exercised in the interpretaion 
of experimental data relating to the growth of the 
a- and /3-Si3N 4 must be stressed. For example, 
since it is established that a-Si3N4 converts to 
/3-Si 3 N 4 in the presence of a liquid and at a signifi- 
cant rate at temperatures [75] commonly en- 
countered in studies [72, 76] in which the growth 
of one or other phase is of interest, there is the 
possibility of conversion subsequent to growth. 
Again, Guthrie and Riley [77] found that the 
amount of /3-Si3N4 grown on similar single 
crystal Si slices correlated with contamination 
expected from the alumina envelopes to the 
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reaction zone. That such contamination is of a 
nature likely to provide the liquid to account 
for the observation is beyond dispute [78-80] .  

4.4.2.2. Reactions forming a-Si3N4. It is well 
documented that CVD Si3N4 grows in the ~- 
form [26]* although the morphology is strongly 
dependent upon the experimental conditions [21]. 
In the formation of RBSN, the evidence, discussed 
fully in Section 4.5, points strongly to the for- 
mation of ~-Si3N4 by vapour phase reactions. 
Therefore, the hypothesis is proposed that, during 
the formation of  RBSN, the growth of  ~-Si3N4 
occurs by vapour-phase reactions. 

Since it is known that ~-Si3N4 can be precipi- 
tated from steels, as pointed out by Grieveson in 
the discussion following Blegen's [32] paper, the 
stated hypothesis applies only to RBSN. Whether 
or- or /3-Si3N4 grows in any particular situation 
seems to depend upon the freedom the species 
have to order themselves into the energetically 
favoured ~-SiaN4 modification at the growth 
sites. When growth occurs in liquid, or on a Si 
surface where the independent mobility of reac- 
tants is high, then such freedom does exist. On 
the other hand, freedom is clearly restricted in 
the special situation obtaining when precipitation 
occurs in a host solid, as in the case of growth in 
steel. 

The reason ~-SiaN4 forms invariably from 
vapour-phase reactions may be related to the 
difficulty S-N complexes, formed in the vapour 
state, have in adopting the/3-Si3N4 structure. This 
is a view closely related to that of Henderson and 
Taylor [25]. 

4.4.2.3. Morphology of  reaction product. There 
are many examples in the literature showing the 
typical morphology of/3-Si3 N4 grown in a liquid 
[14, 58, 72, 81], the characteristic feature being 
well-formed crystals of the type shown in Fig. 9. 
There is evidence (Section 4.3.2) that /3-Si3N4 
can also develop as a dense, coherent layer, the 
product of the nitridation of solid Si by N2. 

It is reported that /3-Si3N4 can grow with a 
whisker-like morphology [82] but in this instance 
the experimental conditions strongly suggest 
transformation subsequent to growth. The claim 

that ~-Si3N4 may develop having a "ladder-like" 
morphology [83, 84] is mistaken; the barred 
images frequently seen in optical micrographs 
(cf. Fig. 9) of silicon nitride, and other transparent 
ceramics, are, of course, optical interference 
effects [85]. 

The morphology of a-Si3 N4 is very dependent 
upon the growth conditions [21]. This is not 
unique to Si3N4 but is also a feature of the growth 
from the vapour of, for example, ice [86] and 
SiC [87]. In the case of ~-SiaN4, the whisker 
morphology can develop by a vapour-phase 
reaction involving the SiO molecule, but there is 
no evidence that whiskers cannot be produced by 
other reactions. 

It has been suggested [88] that o~-SiaN 4 needles 
can grow by the VLS mechanism. The fact that 
this would involve a-Si3N4 forming in a liquid 
constitutes an exception to the rule worthy of 
closer study. 

4.5. A model for the reactions occurring 
during the formation of RBSN 

In Section 4.1 the requirements of a model for the 
reactions occurring during the formation of RBSN 
under normal nitriding conditions were defined. 
Such a model is now stated and the evidence for 
it discussed. 

(1) The dominant process is volatilization of Si 
and the vapour-phase reaction with N2; a CVD 
process leading to the formation of ~-Si3 N4. 

(2) Solution of nitrogen in liquid silicon alloys 
occurs with formation of/%Si3N4; essentially a 
VLS reaction process. 

A minor process leading to the growth of 
/3-Si3N4 involves nucleation of Si3N 4 on solid 
silicon and subsequent growth, following surface 
diffusion of Si to the reaction site. 

A characteristic feature of the nitridation reac- 
tion is that the overall dimensions of the "green" 
compact do not sensibly change, despite a 22% 
increase in volume on conversion of Si to Si3N4. 
The reactions stated above are compatible with 
this since they permit the growth of nitride within, 
and unrestrained by, the compact. 

The rate of vaporization of Si and its sub- 
sequent nitridation fits the observed kinetics. The 
vapour-phase nitridation of SiO, the long favoured 

* An apparent exception is wrongly referenced; the correct reference is Nickl and Von Braunmiile, [ 157]. These workers 
observed Si, a-Si3N 4 and, possibly, t3-Si3N 4 in CVD material. Nitridation of  the Si, subsequent to its deposition, could 
have led to the formation of  13-Si3N" . The fine dispersions of  Si in RBSN (Fig. 2) might be vapour-deposited in a similar 
way. 
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route and invoked again recently [89, 90], is 
inadmissible on the grounds of the kinetics argu- 
ment outlined in Section 4.4ol.2. Apart from 
incompatibility with the kinetics, the observed 
growth morphologies are not consistent with a 
predominantly SiO/N2 reaction. "Whiskers" 
would be expected to be the product of such a 
reaction, and yet none were seen in a sample, 
pre-treated to remove surface SiO2 but otherwise 
nitrided normally, to yield 90% c~-Si3N4 [91]. 
There is additional similar evidence more appropri- 
ately discussed in Section 6. 

The model is also consistent with observed ~//3 
ratios which, for commercial RBSN, usually fall 
in the range 1.5 to 9.0. The thesis of the following 
discussion is that the dominant vapour-phase 
reactions produce ~-Si3N4, with ~-Si3N4 being 
formed by VLS and, to a minor extent, by solid 
Si/Nz reactions. The nitridation of solid Si by N2 
is an essential element of the model developed 
by Atkinson e t  al. [42] which explains, for the 
nitridation of pure silicon, the response of kinetics 
and microstructure to changes in temperature and 
nitrogen pressure. It is known (Fig. 12) that the 
kinetics for a commercial powder respond to 
changes in pN2 in a generally similar way, indi- 
cating that a similar nucleation and growth mech- 
anism operates. According to the Atkinson model, 
under normal conditions (i.e. pN 2 = 1 atm), the 
amount of nitride formed in this way would be 
small. The proportion of/~-Si3N4 will, therefore, 
be largely determined by the liquid present and 
the relative rates of the vapour- and liquid-phase 
reactions. As discussed in Section 4.3.3, below the 
melting point of Si, the amount of/3-Si3N4 grown 
correlates well with the Fe content of the powder, 
and the proportion of I~-Si3N4 commonly found 
in commercial RBSN is consistent with this. 

That liquid-phase reactions are dominant in the 
formation of /3-Si3N4 is contrary to the view, 
expressed elsewhere [76, 92], that 13-Si3N 4 

may develop from a vapour-phase reaction involv- 
ing Si and N2. Such views seem to stem from the 
unacceptable assumption that the dominant 
a-Si3 N4-forming reaction is between SiO and N2. 

It has been argued [89] that the formation of 
13-Si3N4, at a temperature below the Fe/Si eutec- 
tic, is indicative of its formation in the absence of 
liquid. Although, for the reasons outlined above, 

some /3-Si3N4 growth will be formed in the ab- 
sence of liquid, it is significant that there is evi- 
dence of  local melting in a commercial silicon 
powder following argon-sintering at 1150~ [65], 
that is, below the Fe/Si eutectic temperature. 

In addition to the major processes, the follow- 
ing less important effects deserve consideration. 
Although under normal nitriding conditions the 
SiO/Nz reaction is not significant, it might become 
so when nitridation of volatilized native SiO2 
(Section 4.4.117) in the very early stages of the 
reaction could lead to the observed [45, 47, 90] 
a-Si3N4 whisker growth. 

Changes in 02 and H20 contents and flow rates 
of the nitriding gas also influence processes. A Po~ 
of less than 5 x 10 -3 atm in the nitrogen would 
have little effect on nitridation (Fig. 3, Table III 
and [76]). It would lead to an increase in Psio 
within the compact, but since this cannot be 
nitrided, it is of little consequence. Rate of dif- 
fusion of the SiO from the compact, with conse- 
quent weight losses, will depend upon conditions 
existing at the compact/nitriding gas boundary 
(Section 4.3.3 and Fig. 7b). At a Po~ higher than 
5 x 10 -3 atm oxidation of the compact would 
proceed to such an extent that SiO2 would form 
on the Si particles thus preventing their nitridation. 

Addition of HzO will affect the course of the 
reaction since not only is SiO generated but its 
nitridation is assisted by the parallel formation 
of H2 (Section 4.4.1.4). An enhanced rate of 
formation of ~x-Si3N4 whiskers would, there- 
fore, be expected. The data (Fig. 3, Table III 
and [76] ) confirm the enhanced rate of formation 
of ~-Si3N4, but as far as the growth morphology 
is concerned there is no definite confirmation. As 
in the case of the 02 additions, above a critical 
Primo, SiQ will form in the compact, although in 
this case the situation is complicated by the 
possible accumulation of H2. 

The diffusion of gaseous contaminants into 
the compact and of reaction products out, 
together with parallel nitridation reactions, are 
responsible for the observed gradients in density 
and phase composition and for overall a//3 ratio 
[54, 75, 76, 89, 93]. These transport processes 
will be a complicated function of compact size, 
geometry, changing permeability, gas-phase com- 
position and flow rate past the compact*. The 

* An attempt by Dr J. H. Merkin, Department of Applied Mathematics, University of Leeds, is currently being made to 
model mathematically some features of a nitriding compact. 
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novel experimental approach by Lin [94] might 
offer a means of systematically studying what is, 
undoubtedly, an extremely complex situation. 

Increasing interest is being shown in making 
additions of H2 to the nitriding gas, the major 
effect of which is outlined below. Under typical 
nitriding conditions, where 02 and H20 may well 
be present in amounts up to lO00ppm, the Psio 
inside the compact would probably be in the range 
10 -s to 10 -3 atm, that is, 2 to 4 orders of magni- 
tude higher than Psi. With added hydrogen the 
SiO/N2 reaction will, therefore, proceed at a fast 
rate compared to the Si vapour/N2 reaction and to 
the /3-Si3N4-forming reactions (Section 4.4.1.4). 
The result is the exceptionally fast reaction rate 
(Fig. 12), high a//3 ratio and changed microstruc- 
ture, compared with those for RBSN made 
normally [95]. 

4.6. Interpretation of various experimental 
data in terms of the model 

We now consider miscellaneous nitridation data 
obtained in the course of  various studies and 
which can be partly rationalized in terms of the 
model. Since the data were not obtained specifi- 
cally to test the model, adequate control was not 
exercised over what would now be regarded as 
significant variables. Nevertheless, the general 
trends in behaviour are clear. 

Fig. 12 and Table IV show hitherto unpub- 
lished [158] kinetics and other data relating to 
two commercial-type powders nitrided under 
various conditions. Both powders were derived 
from the same ingot material but ground differ- 
ently. The first (Table IV), ground in a steel mill, 
is typical of that used to obtain much of the 
published data relating to RBSN. The other 
powders were ground in a porcelain mill wi th  

alumina grinding media. The different Fe contents 
reflect the different grinding operations. 

The overall reactivities of the two powders is 
not very different, the specially ground powder 
reacting the faster (curve 2) almost certainly 
because of a smaller measured mean particle size. 
The long linear part of curve 1 is thought to 
reflect reactions promoted by the Fe-rich liquid 
phase. 

Two important observations can be made. 
Firstly, avoiding the introduction of Fe by the 
milling process need not impair powder reactivity, 
and, secondly, curves 2 to 4 show that the specially 
ground powder responded to changes in the 
pressure of the nitriding atmosphere in a similar 
way to that shown by the very high purity 
powders (Section 4.3.2). This implies that in both 
cases the dominant nitriding mechanisms are 
similar. It is probable that the powder having the 
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Figure 12 Nitridation kinetics for (1) commercial Si 
powder, (2)-(6) specially ground Si powder. 

T A B L E IV Data relating to the nitridation (1350 ~ C) of commercial type silicon powders (cf. Fig. 12) 

Curve % wt % Fe % ot-SiaN 4 fl-yield (%)* pN2 (Torr) piz2 (Torr) 
Si reacted content 

1 63 0.9 83 10.7 760 - 
2 67 0.3 73 18.1 760 - 
3 75 0.3 75 18.8 200 - 
4 80 0.3 84 12,9 50 - 
5 96 0.3 84 15.4 720 40 
6 85 0.3 85 12.8 95 5 

Mean fl-yield = 14.8% 

*See Fig. 8 for definition. 
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higher Fe-content would have responded to 
nitriding gas pressure changes in a similar way, but 
this was not checked. 

Little can be deduced from the /3-yield values 
given in Table IV since the total conversions are so 
variable. However, it is significant that the mean 
value of approximately 15% falls within the typical 
range referred to in Section 4.1 for a commercial 
Si powder, and is consistent with the Fe content. 
It has to be appreciated that the form and distrib- 
ution of the Fe is very different in the two 
powders and so a simple correlation between 
amount and/~-yield would not be expected. 

A more convincing demonstration of the link 
between liquid-promoting impurities (Fe and A1) 
and ~-Si3N4 development is provided by Table V 
based on data obtained [70] for various commer- 
cial RBSN materials and referred to earlier. 5 is 
exceptional but, as stressed before, there are other 
a//3-determining variables which have been ignored, 
principally the nitriding schedule adopted, for 
which no information is available. 

Fig. 13, based on Longland's [56] studies, 
again illustrates a correlation between liquid and 
high/3-yield. The data for c~-forming powder show 
that high conversions can be obtained with high- 
purity Si lightly contaminated with Fe; in this 
special case the Fe is believed to be uniformly 
distributed over the surface of the particles, 
encouraging vaporization of Si and high o~-yield. 

5. The mechanical properties of RBSN 
In the previous sections nitridation reactions were 
discussed, which, together with an appreciation of 
the mechanical properties of RBSN reviewed 
below, provide the background for the consider- 
ation, in Section 6, of the reaction-bonding 
process. 

An important step in working systematically 
towards improving mechanical strength of a 
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Figure 13 Dependence of a/t~ ratio on fiquid-forming 
impurity content, t~ 98 wt % Si; 1.45 wt % A1; 0.3 wt % Fe: 
1370~ 760TorrN 2. o High purity Si; 200ppmAl; 
40 ppm Fe: 1370 ~ C, 50 Tort N~ (the low pressure avoiding 
early inhibition of the reaction). 

material is identification of the critical defect, a 
microstructural inhomogeneity, such as a pore, an 
inclusion or a microcrack. The methods used to 
accomplish this have their origins in the work of 
Inglis [96], Griffith [97] and Sneddon [98]. This 
led to the equation for the stress (oc) necessary to 
extend a penny-shaped, sharp-fronted crack of 
radius a, in a material subject to uniform stress 
normal to the plane containing the crack, namely 

rrl/2 (2_~_E) 1/2 
Oe - 2 (16) 

in which "[i is the effective surface energy for 
fracture initiation and E is Young's-modulus of 
elasticity. 

This critical flaw theory has subsequently 
been developed, initially by Irwin [99], into 
"fracture mechanics", with the introduction of the 
material parameters Kzc , the critical stress intensity 

T A B  LE V Nitr idation data for various silicon powders  (after Metcalfe [70] ) 

Si powder  Chemical  analysis o f  RBSN 

compact ion  Fe AI 
me thod  Fe + AI 

1 Iso-pressed 0.79 0.43 
2 Iso-pressed 0.48 0.43 
3 Iso-pressed 0.50 0.50 
4 Iso-pressed 0.54 0.50 
5 Iso-pressed 0.74 0.21 
6 Slip-cast 0.51 0.40 
7 Flame-sprayed 2.0 2.0 

1.22 
0.91 
1.00 
1.04 
0.95 
0.91 
4.00 

2.4 
2.2 
3.8 
2.6 
0.56 
2.4 
0.3 
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Figure 14 Young's modulus versus fractional porosity,  u 
mean of  25 values for HPSN [106];  o various values 
[106] ; zx high purity RBSN [107] ; v Jones etal. [90];  �9 
Dalgleish and Pratt  [6] ;  �9 Evans and Davidge [47];  �9 
Barnby and Taylor [117],  

factory, and Go, the critical strain energy release 
rate. These parameters, which are inter-related, 
are frequently referred to in the literature on 
the mechanical properties of RBSN, and full 
discussions of them are given elsewhere [100-  
1041. 

An assumption implicit in methods used to 
identify the critical defect is that the material 
properties at the tip of artificially introduced 
cracks and notches, which are extended under 
known stresses to determine the fracture mechanics 
parameters, are identical with those surrounding 
the actual strength-limiting defect. This is a 
reasonable assumption for homogeneous materials 
such as metals and some ceramics, but of doubtful 
validity for typical RBSN. 

5.1. Young's modulus of elasticity 
An examination of the literature reveals, not 
unexpectedly, considerable spread in values of 
Young's modulus for RBSN. The modulus of 
elasticity of a material will generally depend upon 
the amounts and distribution of the phases present 
but, unlike strength, will be insensitive to sample 
surface conditions, and to the chance occurrence 
of relatively large-scale internal defects. In the case 
of RBSN, however, different processing can lead 
to:different microstructures, and this would be 
reflected in the values of Young's modulus. It 
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must also be recognized that when Young's 
modulus is quoted for RBSN, it is assumed that 
the phase composition comprises only Si3N4 and 
porosity, i.e. it is fully reacted. Published micro- 
graphs leave little doubt that this is not the case 
and unreacted material must, in part, be responsible 
for variability. 

For these reasons, published data can only 
indicate trends, and that is all that is claimed for 
Fig. 14. Here the values are shown plotted on the 
assumption that they can be fitted to a relation- 
ship of the Ryshkewitch-Duckworth [105] type, 
namely 

E = 300 exp ( - -3P)GNm -2 (17) 

In drawing the line, two points have been 
given overriding weight; the value of 300 GN m -2 
which is close to the mean of 25 values compiled 
by Eddington et  al. [106] and the value derived 
from data obtained by Longland and Moulson 
[107]. The reasons for giving overriding weight to 
the latter is that it was for an RBSN made from 
very high purity silicon, and that its microstructure 
was simple, comprising only dense Si3N4 and 
pores [56, 107]. An additional argument in favour 
of the procedure adopted is that the other data 
straddle the line in a reasonable way. 

The exponential form of Equation 17 has 
been criticised on the grounds that it does not 
meet the physical boundary condition E = 0 at 
P = 1. However, Rice [108] regards the principles 
underlying its derivation as basically sound, and 
has extended the theory to embrace the entire 
porosity range. The exponent coefficient in 
Equation 17, namely 3, is not inconsistent with 
the amount and type of porosity characteristic of 
RBSN. 

For a comprehensive discussion of the depen- 
dence of the mechanical properties of ceramics on 
microstructure, the reader is referred to the recent 
review by Rice [109]. 

5.2. Strength at room temperature 
The measured strength of a ceramic is deter- 
mined in part by the material property and in part 
by specimen geometry and surface finish. Also, 
loading rate, loading geometry and nature of the 
ambient need to be considered. These matters are 
fully discussed in the literature and it is only 
necessary here to emphasize that data for RBSN 
are frequently reported without specification of 
test conditions. 



The situation with RBSN is further compli- 
cated because the material property may well be a 

function of distance from the as-nitrided surface 
[54, 75]. Dalgleish [81] found that grinding 
removed strength-controlling defects from the as- 
nitrided surfaces, resulting in strength increases of 
45%. Following a similar procedure, Washburn and 
Baumgartner [110] measured a 17% increase, and 
Godfrey and Lindley [111] a 55% increase, 
although no such effects were observed in later 
studies [90, 112]. Messier and Wong [113] suggest 
that whether or not surface grinding affects strength 
depends upon the particle size characteristics of 
the starting silicon powder. 

The Weibull modulus (rn) too can be sensitive 
to surface finish. For specimens with as-fired 
surfaces, typical values of rn are in the range 14 to 
18, with higher values (~25)  measured for speci- 
mens having diamond-ground surfaces [7]. 

Evans and Davidge [47] observed an apparent 
correlation between strength and e//3 ratio in 
that material with high e//3 (~4)  was about 35% 
stronger than material with relatively low e//3 
(~0.25). However, very different, two-stage 
nitriding schedules were adopted in order to vary 
the oz/r ratio, so it is not possible to relate the 
differences in strength to different nitride phase 
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Figure 15 Modulus of  rupture versus fractional porosity. 
All data taken from Eddington [106].  ~z HPSN; mean of  
40 values; �9 various RBSN. 

composition, per se. Dalgleish and Pratt [6] found 
strength to be independent of o~//3 ratio. 

Although, because of the many variables 
involved, an attempt at detailed rationalization of 
room temperature strength data would be unpro- 
ductive, the following generalizations can be made. 
There is a dependence on porosity, and Fig. 15 
shows data from the literature [106] plotted 
according to the simple exponential form used 
previously [114]. The line is described by the 
following equation: 

oo = 900 exp ( - -7P)MNm -2. (18) 

Least squares analysis of the data was not made 
because the weighting to be given to the various 
values is unknown. For this reason the line was 
drawn by giving overriding weight to the value for 
the hot-pressed material, and adjusting the slope 
to make an apparently balanced pass through the 
other points: the advantage of the simple constants 
was a minor consideration. 

The plot indicates that, after taking its porosity 
into account, the strength of RBSN is consistent 
with that of HPSN. 

At this stage an observation might be made 
relating to the combination of Equations 17 and 
18 which leads to the following relationship for 
the strain at failure (ee): 

ec = 3 exp (--4P) (19) 

This indicates that ee is ~0.3% for the dense 
HPSN and ~0.1% for a RBSN for which P = 0.25. 
Ceramics usually fail at a strain of ~0.1% [115], 
and the underlying physics of the reason for 
Equation 19 merits examination. 

In addition to the clear relationship shown in 
Fig. 15, there are important trends as exemplified 
in the results of Dalgleish and Pratt [6] on which 
Table Vi and Fig. 16 are based. These show 
that, apart from the expected dependence upon 
powder compaction pressure, high mechanical 
strength would appear to be associated with: 

(i) Si powder of small particle size, and 
(ii) low nitriding temperatures. 
In the following section, an attempt is made to 

rationalize these observations in terms of the 
dependence of critical defect size on Fe impurity 
and on processing. 

5.3. The critical defect in RBSN 
Evans and Davidge [47] first suggested that the 
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Figure 16 Modulus of rupture versus temperature (after 
Dalgleish and Pratt [6] ). 

critical defect, which they estimated to be 
~25/am, was a pore formed as a result of the 
melting of a large Si particle. Godfrey and Lindley 
[111] and G o d f r e y [ l l 6 ]  regard the large 
(~200/am) regions which appear "nebulous" 
when viewed under "crossed polars", as meriting 
serious consideration as strength-controlling 
defects. Barnby and Taylor [117] estimated the 
size of the critical defect to be ~ 400/am and its 
possible identification with a number of closely 
spaced pores, or with a region of surface machining 
damage. 

Although there is no consensus concerning its 
size, and little regarding its nature, there does seem 
to be general agreement that the critical defect can 
be caused by local melting. This view is summarized 
by Dalgleish and Pratt [6] as follows: "The strength 
of reaction-bonded silicon nitride is determined by 
the size of the largest pores present, i.e. those 
inherent in the original silicon compact, or those 
formed as a result of silicon melting at tempera- 
tures > 1410 ~ C". Mangels [118] and Wong and 
Messier [119] express similar views and, because 
they regard the exothermic nature of the reaction 
as a principal factor affecting strength, have 
designed multistage nitriding temperature schedules 
to reduce the risk of overheating. 

While it is important to control the nitriding 
process so that exotherm effects do not cause 
melting, there is now strong evidence that the 
major cause of large defects is Fe contamination. 

Marked changes in the microstructures of 

"green" silicon compacts have been observed [65, 
120] following Ar-sintering in the range 1150 to 
1250 ~ C, i.e. under conditions in which exotherm 
effects do not arise. There was clear evidence of 
local melting which was undoubtedly associated 
with Fe particles. It has since been confirmed 
[121] that the impurity is introduced during 
milling of the typical commercial powders. 

During Ar-sintering, or at the beginning of the 
nitriding process, this adventitious Fe reacts with 
the .Si to form a liquid, which migrates into the 
microstructure leaving a pore at the site of each Fe 
particle. As nitridation proceeds, those parts of the 
compact contaminated with Fe develop into the 
"microstructural inhomogeneities" typical of 
RBSN, namely voids, usually ~20/am diameter, 
surrounded by a dense region of mainly/3-Si3N4. 
The dense region is typically of diameter 50 to 
100/am, but the microstructure can be influenced 
over regions of up to 1 mm diameter [65]. It also 
seems likely that the Fe contamination and the 
"nebulous" regions [111, 116] are related, the 
optical scattering being caused by a-Si3 N4 whiskers 
formed at the outset of the reaction (Sections 
4.4.1.7 and 4.5). 

In the light of these observations, the trends in 
Table VI and Fig. 16 can be interpreted as 
follows. The fine powder (3/am) was obtained 
from as-received powder by elutriation, a process 
which also reduced the Fe content. It is probable, 
therefore, that low Fe content and the elimination 
of large Fe particles might be the indirect cause of 
the improved strength, and the absence of large 
voids in the corresponding micrograph in Fig. 17 is 
consistent with this. 

Niwano and Moulson [66] observed a similar 
segregation of Fe accompanying air-classification 
of a specially ground* powder into various size 
fractions, as Table VII shows, the classifier treating 
the denser Fe-bearing particles as relatively large Si 
particles. 

As the nitriding temperature is raised, the Fe/Si 
melt will move out further into the surrounding 
microstructure, as the average Fe/Si compositions 
follow the liquidus in the silicon-rich direction 
[34]. Therefore, since the size of the Fe-induced 
defect would increase with temperature, the 
strength would correspondingly decrease. Con- 

* Note that contamination with AI203 would be expected from the milling and that similar segregation appears to have 
taken place. 
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TABLE VI Nitridation data for various silicon powders 

Curve Mean particle Fe-conc. Compaction Nitriding 
no. size of Si powder (wt %) pressure schedule 
(Fig. 16) (t~m) (MN m -2 ) 

Pn(kg m -3) 

1 3 < 0.1 345 L 2610 
2 3 < 0.1 345 H 2610 
3 8 < 0.4 345 L 2630 
4 8 < 0.4 345 H 2630 
5 3 < 0.1 69 L 2350 
6 3 < 0.1 69 H 2350 

L : 8 4 h a t 1 3 3 0  ~  15ha t1450  ~  
H: 1 2 h a t 1 3 3 0 ~ 1 7 6  
(after Dalgleish and Pratt [6] ;Fe contents from [81]). 

TABLE VII Chemical analyses (wt %) of air-classified size fractions of specially ground (porcelain mill with AI~O 3 
grinding media) commercial Si ingot (after Niwano and Moulson [66] ). 

E As-milled Size-classified fractions 
powder 

> 20 ~m 20-10 ~m 10-5 ~zm 5-2.5 um < 2.5 tzm 

Ti O.12 0.14 
A1 0.99 1.00 
Fe 0.31 0.46 
Ca 0.06 0.06 
Mg 0.01 0.01 
Mn 0.02 0.02 
K 0.03 0.03 
Na 0.02 0.03 

0.08 0.09 0.10 0.03 
0.95 1.04 0.88 0.75 
0.40 0.35 0.28 0.22 
0.05 0.06 0.05 0.07 
0.01 0.02 0.02 0.02 
0.02 0.02 0.01 0.01 
0.02 0.05 0.04 0.04 
0.02 0.04 0.03 0.03 

TABLE VIII Fabrication details (cf. Fig. 18) 

Reference Si powder 

Particle Chemical analysis 
size (wt %) 

Ca A1 Fe 

Nitriding Pn 
process (kg m- 3 

[128] 8 -9  ~zm 0.15-  0.25 
mean 0.30 0.50 
size 

[1141 

0.4--  
0.6 

Commercial Si powder (2 wt % impurities): 
same source as that of powder used by 
Noakes & Pratt [128]. 

[95] 325 0.02-  0 .4-  0 .66-  
mesh 0.8 0.6 0.75 

[95] 325 0.02 
mesh 

0.8 

[ 110 ] N o details available 

0.4 

0.6 

0.66 

0.75 

N~ : commercial 2460-  1.0-  
production schedule 2590 1.5 
(AJM assumes it 
would be 2-stage; 
part below and 
part above 1420 ~ C) 

N~ : schedule 2600 - 
varied to give 
"predominantly 
c~-Si 3 N~" or 
"predominantly 

~-Si 3 N 4" 

N 2 : 2-stage 2300 1.5- 
schedule 2.3 
36h at 1260 ~ C 
24ha t1460  ~ 

1% H 2 + N 2 2300 1.5-  
Same 2-stage 2.3 
schedule as above 
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versely, the lower the nitriding temperature the 
smaller will be the inhomogeneity and the higher 
the ~str.ength: 

Furthermore, the observation by Elias et  al. 

[89] that low strengths are always associated with 
high ~-Si3 N4 contents is not unexpected, although 
the correlation might not be with ~-Si3N4 itself 
but with the Fe (Section 4.3.3). 

The hypothesis that Fe impurity leads to 
strength-limiting defects in commercial RBSN rests 
on circumstantial evidence. Direct evidence could 
be obtained through fractography, and it is unfor- 
tunate that, for RBSN, the topic appears to have 
received little attention. The identification of 
fracture origins in RBSN, though challenging, 
should be undertaken if the mechanical properties 
of the material are to be optimized in a systematic 
way. Where illustrations of fracture surfaces have 
been reported [81, 6, 70] they contain large voids 
which, from their appearance, seem to have been 
formed in the way described by Arundale and 
Moulson [65]. 

Jones e t  al. [90] regard the critical defects as 
intrinsic to the microstructure of RBSN rather 
than impurity induced, and cite the linear strength/ 
partially nitrided density relationships (Section 6) 
to support their argument. On the other hand, the 
following qualitative argument can be advanced to 
reconcile the relationships with Fe-induced critical 
defects. 

If, in Equation 16, ')'i and E increase in propor- 
tion to nitrided density, with a remaining constant, 
then it follows that oc will vary linearly with 
extent of nitridation, as observed. It is known that 
E does vary in the required way [90. 107] and, 
from the earlier arguments, a is likely to remain 
sensibly constant. Nothing is known of ~'i in the 
region of an Fe-induced inhomogeneity, but it is 
reasonable to suppose that it would increase with 
nitrided density ([109],  p.236). The departure 
from linearity observed [90] for a powder having 
exceptionally high (> 1.0%) Fe content could result 
from defect interaction [122]. 

Finally, a small addition of H2 to the nitrogen 
has a marked effect on mechanical properties, and 
this requires explanation. It has been shown 
(Section 4.4.1.4) that SiO nitridation is promoted 
by H2 additions; the rapid active oxidation of the 
Fe-contaminated zones, along with the rest of the 
silicon, and nitridation of the SiO generated, 
would lead to the observed finely textured and 
relatively void free microstructure [95]. 
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Figure 17 Optical micrographs of reacted materials 
(nitriding schedule L: cf. Table VI and Fig. 16). (a) for 
"Curve no. 1": < 0.1% Fe; (b) for "Curve no. 3": < 0.4 Fe; 
(c) for coarse fraction; mean particles size - 3 0 ~ m ;  Fe 
< 0.5 wt % (after Dalgleish [81 ] ). 

5.4. Strength at high temperatures 
High temperature bend strength data are shown in 
Fig. 18 and fabrication process details given in 
Table VIII. Resistance to creep is critical in the 
engineering application of RBSN and a target for 
its acceptance for some components in a vehicular 
gas-turbine is less than 0.5% total strain after 200 h 
at 1260~ under a tensile stress of 70MNm -2 
[1231. 

An excellent discussion of the creep properties 
of RBSN is given by Grathwohl and Thttmmler 
[124] who demonstrate the overrriding impor- 
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Figure 18 Various high-temperature strength data. 

tance, in determining creep, of oxidation processes 
occurring in the interior of RBSN ("internal oxi- 
dation"), following ingress of oxygen via the pore 
system of the ceramic. Internal oxidation of RBSN 
is inhibited through the blocking, by oxide, of 
channels leading from the specimen surface to the 
interior. Whether or not such channels can be 
effectively blocked depends upon their radii, and 
Grathwohl and ThiJmmler conclude that RBSN 
having pore radii mainly below 0.04 to 0.05/Jm 
behave satisfactorily in this respect. They correlate 
tendency to creep with pore size distribution, the 
least creep resistant material being characterized 
by having a broad distribution around a mean size 
of approximately 0.2/1m and the most creep 
resistant having a narrow distribution about a 
mean of approximately 0.03/~m. 

Mangels [123, 95] and Ud Din and Nicholson 
[125] attribute creep to relative grain movement 
facilitated by a grain-boundary glassy phase, and 
Ca and A1 are believed to have an adverse effect on 
creep resistance since they would lower the 
viscosity of this glass. The internal oxidation 
observed by Grathwohl and ThiJmmler would be 
the precursor to grain-boundary oxidation. 

Mangels showed that a small addition of H2 to 
the nitriding gas (N2) led to a material having 
much improved creep characteristics. This improve- 
ment might be a consequence of the evaporation 
or redistribution of the impurities, or of better 
oxidation resistance associated with a finer tex- 
tured microstructure. 

As far as the author is aware, the possibility 
that Fe might affect creep properties has not been 
considered. It may be significant, though, that the 

data obtained by Grathwohl and Thttmmler show 
a qualitative correlation between broadness of 
pore size distribution (and so tendency to creep) 

and Fe content. 
It has been suggested that o~-Si3N 4 is inherently 

more creep-resistant than ~-Si3N4 [114] but 
the experimental basis for this suggestion needs 
re-examination in the light of the more recent 
work. It is probable, for instance, that the pro- 
cessing required to control the ~//3 ratio could also 
change grain-boundary content and composition. 
Similar changes might also be responsible for the 
observation by Parr et al. [126] that a 5wt% 
addition of SiC powder to the Si led to improved 
creep properties. 

The increase in strength at about 1200~ 
(Fig. 18) could also be related to grain-boundary 
glass, and is probably a reflection of the increase in 
7F observed by Coppola et al. [127] in the same 
temperature region. As might be expected, no 
similar increase in strength is observed in material 
fabricated with H2 added to the nitriding gas. 

5.5. Effective surface energy for fracture 
initiation at room temperature 

Evans and Davidge [47] estimated 7i from the 
stress required to extend artificially introduced, 
sharp-fronted, cracks. They obtained a value of 
6 J m -2 (p = 2550 kg m -3), which was insensitive 
to e/~ ratio and to pore size and size distribution. 
A lower value, 4 J m  -2, was measured for lower 
density material (p = 2130 kg m -3 ). 

Barnby and Taylor [117] determined Kic  
values from the stress required to extend both 
natural, sharp-fronted cracks and machined notches 
of  radii in the range 120 to >1500~m.  They 
found a tendency for measured Kic  to increase 
with notch radius and concluded that the narrow 
machined notches (120/1m) behaved as sharp- 
fronted cracks. They estimated a value for 7i of 
approximately 30 J m -2 . 

Dalgleish and Pratt [6] measured the same 
value for 7i of approximately 30 J m -2 for notches 
of radii 320,160 and 80/Jm. For notches of radius 
20 ~m, and for sharp-fronted cracks, they obtained 
a value of approximately 1 0 J m  -2 for 3 ' i (p= 

2610 kg m-3 ) and a lower value of 7 J m-2 for less- 
dense material (p = 2350 kg m-3). Jones et al. [90] 
measured values for ")'i in the range 9 to 14 J m -2 
for partially nitrided material (p in the range 2300 
to 2500 kg m-3). 
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In all studies, except those of Dalgleish and 
Pratt [6], the silicon powders were of "commer- 
cial" type; from information given elsewhere [81 ] 
the powder used by Dalgleish and Pratt is esti- 
mated to have contained ~1 wt% total cation 
impurity. Because of this, the possible influence of 
large Fe-induced voids and microstructura] 
inhomogeneities on measured 7i cannot be ignored. 
For instance, on the basis of an, albeit, over- 
simplified argument the following plausible 
explanation for the difference in % values deter- 
mined from the extension of sharp-fronted cracks 
on the one hand, and relatively blunt notches on 
the other, can be offered. 

A normal commercial silicon powder contains 
about 1 wt % Fe, and assuming the Fe particles, or 
Fe-bearing particles, have a mean size the same as 
that of the Si particle (~ l 5 tim), and to be three 
times as dense, they will be spaced, on average, 
about 100/~m apart. As indicated, then, in Fig. 19, 
a sharp crack will almost certainly miss an inhomo- 
geneity, whereas in the case of a notch of radius 
greater than approximately 20/~m, there is a large 
chance that one will lie in the notch root surface. 

From the previous discussion (Section 4.4.1.6), 
and from the appearance of the microstructure 
surrounding the void shown by Dalgleish and Pratt 
[45], it could reasonably be argued that the KIc 
value for the contaminated zone might be higher 
than that for the background material. At the very 
least it is likely that the complex, inhomogeneous 
microstructure encountered in the region of the 
larger radius notch root would influence the stress 
necessary to initiate fracture. 

In this context the observation by Thompson 
and Pratt [114] 

lOOpm 

1 
1 2 

that "the fracture path showed 

3 4 

Figure 19 Schematic illustration of the distribution of 
Fe-induced defects with respect to machined notches. 
(1) sharp-fronted crack; (2) notch radius 20 #m; (3) notch 
radius 80/~m; (4) notch radius 160/~m. 
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some cleavage of the dense grains, but generally 
followed the low-density regions" is worthy of 
note. The dense regions would reasonably be 
identified with the dense Fe/Si melt-out zone 
referred to earlier (Section 5.3). 

The literature to date indicates that carefully 
designed experiments, on well-defined material, 
must be carried out before % values representing 
an intrinsic material property of RBSN can be 
accepted with confidence. This opens to question 
the validity of using currently available KIc values 
to estimate the size of the critical defect. 

6. The reaction-bonding process 
In discussing the reaction-bonding mechanism it is 
necesssary to consider separately two types of 
nitriding atmosphere, namely nitrogen, and nitro- 
gen with added hydrogen. It will also be helpful 
to discuss the topic in three parts: the first 
describing general observations concerning the 
development of the mechanical properties as the 
nitriding reaction proceeds; the second describing 
what is known of the bonding mechanism in the 
absence of the impurities present in "commercial" 
silicon powder and the third with studies on 
commercial type powders. 

6.1. General  observat ions  
Jones and Lindley [129] observed a linear relation- 
ship between the developing bend-strength (ac) of 
the ceramic during nitridation, and the partially 
nitrided compact density (Pn). They also demon- 
strated that oe was sensibly independent of the 
"green" compact density (pg). At first sight this 
latter observation is surprising because the impli- 
cation is that for two compacts to have the same 
a~ value, they need only have the same Pn value; 
the fact that essentially they might be three-phase 
composites comprising very different amounts of 
the various phases being of minor significance. Fig. 
20 shows a typical linear relationship and Table IX 
phase compositions before and after nitriding of, 
respectively, "high" and "low"pg compacts: 

The phase compositions can be readily calcu- 
lated using the following relationships: 

Cp = 1--0.281pg--0.148pn (20) 

Csi = 1.072pg--0.643pn (21) 

CsN = 0.791 (Pn -- Pg) (22) 

in which Cp, Csi and CsN are, respectively, the 
volume fractions of porosity, silicon and silicon 
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Figure 20 Strength versus nitrided density for "high" 
(hgd) and "low" (lgd) compacts (after Jones and Lindley 
[1291). 

nitride. It is perhaps significant that, although in 
Table II the phase compositions differ consider- 
ably in the amounts of Si and Si3N4, there is only 
a small difference in fractional porosities. 

Jones and Lindly argue that, because the three 
major strength-determining parameters (Equation 
16), E, 3'i and c would be expected to be different 
for two compacts having different phase compo- 
sitions, their observations implied that "there 
exists a subtle relationship between E, 7i and c and 
the structure of  the partially nitrided compacts, 
differences in one parameter between the two 
materials being compensated for by corresponding 
differences in one or both of the other par- 
ameters". Because different silicon powders exhibit 
their own particular straight line Ore//gn relation- 

TABLE X Dielectric property data for RBSN 

pkg m-3) Frequency Relative tan 8 Reference 
(GHz) permittivity 

2300 9-12 6.17 0.017 [138] 
2500 8.52 5.54 0.0036 [139] 
2500 9.8 5.6 0.002 [137] 
2556 9.37 5.92 0.006 [140] 
2240- 4.98- 0.008- 
2490 10.0 6.15 0.004 [141] 

ships, it was argued that such relationships could 
simplify the approach toward optimizing the 
mechanical properties of RBSN. 

It was further shown [93] that mechanical 

strength could be sensitive to the precise nitriding 
conditions. In particular, % depended upon 
whether the nitriding gas (N2) was in a "static" 
condition around the samples or whether it flowed 
past them. On the other hand, whereas additions 
of 02 and H20 to the nitriding gas might influence 

the nitriding reaction, their effect on strength was 
of no practical significance until additions as high 
as ~ 1 vol % were enough to cause the formation of 
Si2N20 and SiO2 [76]. 

As far as identification of the bonding mechan- 
ism and of the strength-controlling defect were 
concerned, there was no firm knowledge. It was 
generally assumed, largely on the basis of the 
arguments mentioned in Section 4.2, that the 
bonding involved the steady development of an 
a-Si3N4 whisker mat, and that the weakest links 
in the structure were voids formed by the melting 
of the largest silicon particles remaining when the 
nitriding temperature was taken above the melting 
point of silicon [47]. 

6.2. Studies using high-purity Si powders 
Long]and and Moulson [107] studied develop- 
ment of Young's modulus during nitriding of 
specially prepared [42] high-purity Si powder 
with the aim of understanding the mechanism of 
the reaction-bonding process. It was believed that, 
from such an understanding, there could be a 
logical progression towards the elucidation of 
bonding processes during nitridation of the 
chemically more complex Si powder compacts. 
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Figure 21 Theoretical (a) and experimental (b) E/p n data 
(after Longland and Moulson [107] ). 
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Fig. 21 shows that a well-defined linear 
relationship e• between E and Pn, similar to 
those observed for the reaction-bonding process 
starting with the less pure commercial Si powders 
[90]. This suggests that the bonding mechanism 
is similar in the two cases. 

A satisfactory description of the rate of devel- 
opment of E with fin is provided by the three- 
phase composite model developed by Cohen and 
Ishai [130]. This leads [107] to the following 
equation for Young's modulus of the porous 
Si3 N4-Si  composite (EpsN_si) in terms of the 
modulus for Si3N4 (EsN) and the phase compo- 
sition of the composite: 

[ (coTl  
ePsN-si = /;SN 1 - \ l - Z ~ s i /  ] 

1+ 
G 

- 1 --  Csi v3 

m is the modular ratio, Esi /EsN , in which Esi 
100GNm -2 and ESN ~ 300GNm -2. By substi- 
tution of the Equations 20 to 22, the dependence 
of EpsN_si on pg and Pn can be found. 

Fig. 21 shows that, although the model provides 
a good description for the rate of development of 
E with p~, as far as the absolute values of E are 
concerned, it needs refinement. 

The microstructures (Fig. 22) show the nitride 
phase at a very early, and later, stage of its 
development. It is clear that "whiskers" play no 
part in the bonding, and that the morphology of 
the growth is similar to that of the a-Si3 N4 growth 
observed by Guthrie and Riley[131] and of the 
CVD a-Si3N4 deposits [21,26].  

6.3. Studies using commercial Si powders 
The view that the bond in RBSN resides in an 
interpenetrating mat of a-SiaN 4 was first proposed 
by Parr and his colleagues [126]. Thompson and 
Pratt [14], on the other hand, considered the 
strength of the material to be largely dependent 
upon the amount of contact between dense grains 
of SiaN4, with the low-density a-mat regions being 
the weakest parts of the structure. They based 
their opinions on their observation of fracture 

Figure 22 High purity Si powder compact partially nitrided 
at 1370 ~ C in N2 at 50 Tort: (a) SEM of nitride growth in 
neck region after 0.5 h; (b) polished section (optical) 
showing growth after 3h and porosity developing in 
silicon (see also Fig. 5). (After Longland [56] ). 

paths and on the dependence of E on porosity 
(Fig. 14), which they considered incompatible 
with a steadily thickening whisker model. 

Recently Jones et  aL [90], placing strong 
emphasis on the linear oc/Pn and E/on  relation- 
ships for partially nitrided material, considered 
that the strength develops through the formation 
and densification of a whisker mat formed by the 
vapour-phase nitridation of SiO. However, as 
shown in Section 6.2, linear E/pn  relationships are 
also observed when whisker growth is absent, and 
more recent studies [56] have shown that for 
this high purity material the same seems to apply 
for the developing strength. 

These observations, together with the argu- 
ments concerning kinetics and morphology 
(Section 4.5), must leave the "whisker bond" 
hypothesis open to question, while supporting the 
"intergranular bond" model proposed by' 
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Thompson and Pratt [114]. The micrograph by 
Ud Din and Nicholson [125], showing the appar- 
ent separation of grains of Si3N4 after high tem- 
perature creep, might also be cited in support of an 

intergranular bond; it is unlikely that such a well- 
defined grain boundary would be seen were the 
material to be bonded essentially by a thickened 
whisker mat. 

Although the microporous a-Si3N4, regarded as 
a characteristic feature of RBSN microstructure, 
would suggest a whisker mat, it could also be 
consistent with the deposition of massive c~-S i3N 4 . 

During the nitriding of commercial Si powders 
many extrinsic microstructural features would 
develop, for example VLS needles and whiskers 
formed in the early stages of the reaction, and 
these would present a complex substrate for 
deposition of the pyrolytically formed massive 
Si3N4. It is likely, therefore, that under such 
conditions a microporous deposit might be formed 
rather than the dense material deposited in the 
geometrically simpler and chemically purer 
systems. 

Even though the developed microstructures 
may be comparable, only the correct model for 
their generation can guide future research and 
development effort reliably. 

A different type of bond and microstructure is 
developed when hydrogen is added to the nitriding 
gas. In this case the interpenetrating and steadily 
thickening a-Si3N4 whisker mat does represent a 
reasonable model for the reasons given (Section 
4.5). Also, because the nitridation of SiO is now 
the dominant reaction, the second-order effects 
associated with the flow rate of the nitriding gas 
are no longer observed [132]. 

7. Summary of a proposed model for the 
formation of RBSN 

(1) In normal nitriding of commercial silicon 
powder compacts, strength develops through the 
continuous deposition of massive ot-Si3N4, 
following the vapour-phase nitridation of Si 
vapour. 

(2) Voids and microstructural inhomogeneities 
occur locally throughout the ceramic as a direct 
consequence of the melting of Fe/Si alloys formed 
from the Fe or Fe-bearing particles. 

In attempting to control the microstructure of 
RBSN it is important to appreciate that the pre- 

cursors to these defects originate during the 
Ar-sintering stage and~ because of the presence of 
other impurities, at temperatures as low as 
1150~ C. 

(3) During nitridation, well-formed /3-Si3N4 
crystals grow in the impurity-contaminated zones. 
The j3-Si3N 4 content of a completely nitrided 
compact is related to the amount of impurity, 
through its control of the amount of liquid formed 
during nitridation. 

(4) The strength of the ceramic is limited by 
the impurity-associated microstructural inhomo- 
geneities. This dominating effect explains why the 
strength of most commercial RBSN materials is 
relatively independent of the many differences in 
processing parameters which will have been 
encountered. 

(5) The addition of H2 to the nitrogen changes 
the reaction to one involving the nitridation of 
SiO, with a corresponding change in the mor- 
phology of the nitride from the "massive" CVD 
o~-Si3N 4 form to the "whisker" form. 

(6) The improvements in mechanical properties 
associated with the "hydrogen-fired" material have 
their origin, at least in part, in the redistribution 
and evening-out of concentrations of impurity. 
This occurs because the reaction involving SiO 
proceeds at a much faster rate than that involving 
Si vapour, the /3-Si3N4-forming reaction rate 
remaining sensibly unchanged. 

8. The optical and electrical properties of 
RBSN 

Commercial RBSN has a total porosity of 
approximately 20% and there is a fine dispersion 
of unnitrided material distributed thoughout the 
ceramic (Fig. 2). This is usually referred to as 
"silicon" but will, at least in part, comprise alloys 
of silicon with iron and, possibly, other cation 
impurities associated with the starting silicon 
powder. Therefore, it is not sensible to discuss in 
any detail the electrical and optical properties of 
such a heterogeneous material and only reasonable 
to offer some general observations which help 
towards an overall appreciation of them. 

Because silicon nitride "thin" films, usually 
regarded as amorphous, find application in semi- 
conductor technology, there is an extensive litera- 
ture covering their properties which is reviewed by 
Milek [133]. The band-gap of crystalline Si3N4 is 
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reported to be approximately 4.0eV, with the 
optical absorption edge extending over the wave- 
length range 200 to 300nm [133]. Since the 
visible spectrum ranges from approximately 350 to 
750nm, it should be transmitted by bulk SiaN4, 
and massive CVD Si3N4 is transparent [134] ; it 
would be expected, therefore, that polycrystalline 
Sia N4 be white and opaque. While both RBSN and 
HPSN are opaque they are not white, commercial 
RBSN being typically dark grey and HPSN nearly 
black. 

The characteristic dark grey colour of commer- 
cial RBSN is, in part, due to Fe, and this is appar- 
ent from a comparison of the straw colour of 
materials fabricated from high purity silicon with 
that of materials made from similar silicon powder 
but contaminated with small amounts (~ 100 ppm) 
of Fe from the comminution and size-classification 
processes [135]. It is possible that the darkening 
arises as a result of Fe in solution in the SiaN4 
lattice, in a way similar to that encountered in Fe- 
contaminated A1203 [136]; the blackness of 
HPSN might then be expected because of the 
severely reducing, hot-pressing conditions, namely 
1650 ~ C in a graphite die. 

The refractive index of amorphous thin films of 
SiaN4 is approximately 2.0 [133], and it would 
be reasonable to assume, for the present, the same 
value for a- and/3-SiaN4. 

As already mentioned, there has been interest 
in the dielectric properties of "thin" films of 
SiSN4 for many years, but only recently in those 
of the ceramic forms. This latter interest has arisen 
because of the potential use of RBSN in radomes, 
an application which demands a material easy to 
fabricate to close dimensional tolerances, with 
good thermal shock resistance and acceptable di- 
electric properties [137]. In service, radomes may 
be rapidly heated by air friction to 500~ in 
about 30 sec, and current developments require the 
material to withstand heating to 1000~ in the 
same time and yet still retain good and controlled 
transparency to microwave radiation. It is clear 
why interest is shown in the temperature coef- 
ficients of relative permittivity and tan 6 but, at 
present, it is not known how they are affected by 
fabrication variables. It is generally accepted that 
poor dielectric properties are associated with 
incomplete nitridation and, since the electrical 
properties of silicon are so sensitive to very small 
amounts of cation impurity in solution, it is not 

surprising that the literature relating to dielectric 
losses of "commercial" RBSN presents a confused 
picture. From the brief discussion of optical 
properties, it is evident that electrical property 
data determined for dark grey or black silicon 
nitride should be treated with caution. However, 
the situation might improve quickly now that 
greater interest is being taken in high purity 
starting powders. 

In the context of radome development, the 
first reference to the microwave permittivity of 
RBSN was made by Wells [138], although it was 
not until the early 1970s that an acceptable low 
tan 6 (<0.01) was reported by Westphal and Sils 
[139]. Since then low values of dielectric loss, 
summarized in Table X, have been measured by 
various researchers [137, 140, 141]. Estimates of 
the relative permittivity for theoretically dense 
material can be made from data for porous 
materials using formulae discussed, for example, 
by Tareev [142]. 

The temperature coefficient of relative permit- 
tivity is found to be approximately 10ppmK -~ 
[139] but, for materials showing the higher 
dielectric losses, coefficients ranging from between 
+3  and + 3 5 4 p p m K  -a are reported [140]. This 
type of behaviour is not uncommon in dielectric 
materials [143] and is likely to be a reflection of 
strongly temperature-dependent charge transport 
processes; these are directly responsible for the 
dielectric losses, with internal polarization against 
phase boundaries producing the permittivity 
effects. 

Recently, Thorp and Sharif [144] measured 
the dielectric properties of hot-pressed silicon 
nitrides and found, at room temperature, a relative 
permittivity of approximately 9.5 over the 
frequency range 102 to 101~ Hz. Relative permit- 
tivities for CVD Si3N4 of 7.5 to 8.8 at 9.37 GHz 
have been reported by Perry [145] and, from 
measurements on thin films, Chu et al. [146] 
estimated a value close to 9.0 (1 MHz). 

In summary, then, and to a first approximation, 
silicon nitride is to be regarded as an insulator 
having band-gap, refractive index and relative 
permittivity values of approximately 4.0 eV, 2.0 
and 9.0, respectively. More precise values will only 
become available when careful measurements are 
made on bulk materials, of well-defined chemical 
purity and stoichiometry, most probably fabricated 
by vapour-deposition techniques. As far as RBSN 

1044 



T A B L E  IX Phase composition data: cf. Fig. 20 (after Jones and Lindley [129] ) 

Material Green "Green" Weight Conversion Nitrided structure " Nitrided density 

density structure gain (%) Vol % Vol % Vol % (Mg m-3) 

(Mgm -3) Vol% Vol% (%) Si Si sN 4 pores Theoretical Measured 

Si pores 

"hgd" 1.56 67.0 33.0 12.9 19.3 54.1 15.8 30.1 1.77 1.77 
"lgd" .1.34 57.5 42.5 33.3 49.9 28.8 35.3 35.9 1.80 1.78 

is concerned, its high porosity will always be a 
complicating factor. 

9. Thermal properites of RBSN 
Thermal properties of ceramics are important 
because, with mechanical properties, they deter- 
mine characteristic resistance to failure by thermal 
shock and steady state thermally induced stress. 
It is mainly for this reason that considerable effort 
has been devoted to measuring the thermal expan- 
sion, diffusivity and conductivity of RBSN. Specific 
heat has been measured since it is involved in the 
relationship between thermal diffusivity and 
conductivity. 

Thermal expansion coefficient is a deceptively 
difficult property to measure accurately, particu- 
larly when it is low, as with silicon nitride. In the 
case of RBSN, the high surface area associated 
with the fine scale porosity poses additional 
problems. For example, the author has observed 
anomalous dimensional changes in the temperature 
range 20 to 150~ when measuring the thermal 
expansion of some specimens, a behaviour strongly 
indicative of moisture adsorption/desorption 
effects [147, 148]. These difficulties, together 
with the fact that RBSN is currently not a well- 
defined material, are in part responsible for the 
range of values quoted in the literature [138, 
149-151] and there is little point in attempting 
to assign a firm value for the expansion coefficient 
until careful measurements are made on well- 
characterized material. For the present the author 
adopts the value, quoted in Table II, of 3.0 x 
10 .6 K -1 for the mean coefficient from room 
temperature to approximately 1000 ~ C. 

Conductivity is, perhaps, the most difficult 
thermal property to measure accurately. This is 
because there is a factor of only approximately 
104 in conductivity value between the most 
conducting and most insulating materials. It is, in 
consequence, not easy to confine heat flow to any 
particular predetermined path in "steady state" 
experimental arrangements, and the problem is 

severely aggravated at high temperatures. Added to 
this is the difficulty in assuring good thermal 
contact between one material and another, and 
this requirement is usually a feature of steady 
state measurement techniques. 

For many years the laboratories of the British 
Ceramic Research Association have been involved 
both in the development of RBSN and in perfec- 
ting techniques for accurate measurement of 
thermal properties of ceramics. It is for these 
reasons that the author has drawn exclusively on 
data from that source. 

Fig. 23, showing the variation of specific heat 
with temperature, is derived from a paper by 
George [152] ; the band embraces his own results 
and those he obtained from the literature. The 
form of the curve is what would be expected for 
solids in general [153]. 

George also developed a method for measuring 
thermal diffusivity based on timing the passage of 
a transient heat pulse through a small disc speci- 
men, following illumination of one face by a laser 
flash. The thermal diffusivities of ten RBSN 
materials were measured over the range 300 to 
700 K and then transformed to conductivity values 
by using the measured values of density and 
specific heat. The materials covered nitrided 
density and a//3 ratio values of 1990 to 2840 kg m -3 
and 0.1 to 4.0, respectively. 

The studies revealed the expected trends, 
namely for conductivity to decrease with tempera- 
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Figure 23 Specific heat of RBSN (after George [152 ] ). 
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ture and increase with density. The amount and 
distribution of unreacted material was observed to 
be a major influence on conductivity. 

Later, using the same technique, Barratt and 
Ruddlesden [154] extended conductivity measure- 
ments to 1000 ~ C. Fig. 24 shows their data for a 
typical RBSN made from a commercial silicon 
powder. 

As in the case of the other properties of RBSN, 
a reliable correlation between thermal properties 
and other material parameters will have to await 
the availability of well-defined and characterized 
material. 
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Figure 24 Thermal conductivity of a RBSN (commercial 
Si; weight gain on nitriding= 64.66wt%; Pn= 
2560 kg m -3 ) (after Barratt and Ruddlesden [ 154 ] ). 

10. Suggested further research and 
development work 

From this review, lines along which research and 
development work might profitably be extended 
may be identified. It is convenient to separate 
them into those concerned with the science of the 
fabrication and properties of RBSN. and those 
more directly concerned with the development of 
a better material. 

10.1. Basic science relating to  RBSN 
(1) There is need for data on mass and charge 
transport processes in silicon nitride: these will be 
obtained from a combination of studies of electri- 
cal conductivity, galvanic cell emf and mass 
diffusion. Single crystals would be ideal for such 
studies but the author is not aware of any serious 

attempts to provide them. In the absence of single 
crystals, well characterized CVD Si3N4 would be 
the next preferred material. 

(2) Nitridation studies on specially prepared 
high-purity powder, and single crystal silicon 
material, should be continued with the object of 
improving understanding of the effects of 
commonly occurring metallic impurities, and also 
of the role of gaseous contaminants (02, H2 O)in 
the N2 and, particularly of the mechanism whereby 
H2 affects the reaction so markedly. Strong 
emphasis should be placed on microscopy. 

(3) Although extensive electrical property data 
exist for "thin" film silicon nitride, there is little 
relating to bulk material to serve as a firm basis for 
comparison with those for nitride ceramics in 
general. 

For such studies, single crystals would be ideal 
but, as none is yet available, measurements on 
CVD material and high purity RBSN would be 
worth making. Research in this area could be 
justified in its own right and useful properties 
might emerge if impurity effects are understood 
and controlled. 

(4) Little is known of the processes controlling 
high-temperature corrosion and, in particular, of 
the effects of impurities in the ceramic and of the 
composition of the corroding atmosphere. Experi- 
ments could be designed to produce data of value 
to the science of material degradation in general, 
apart from their particular relevance to the success- 
ful exploitation of RBSN in high-temperature 
engineering. 

(5) In the many studies of room-temperature 
strength, sparse attention has been given to frac- 
tography. This offers the only direct means of 
identifying the critical defect in RBSN. Efforts 
should also be made to establish the nature and 
origins of the diffuse regions visible using polarized 
light microscopy. 

(6) Understanding seems to be improving of the 
processes determining high-temperature creep 
behaviour. Now that high-purity RBSN can be 
made and control exercised over fabrication 
variables, studies might profitably be undertaken 
with the object of correlating creep behaviour with 
fracture face composition, using Auger analysis. 

(7) Sip-casting silicon powder, which is currently 
exploited, could be an effective way of forming a 
uniform powder compact having optimum charac- 
teristics for the nitriding stage. The technology 
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would benefit from studies of the rheology of 
silicon powders, giving due regard to the silica 
layers covering the particles. 

10.2. Fabrication technology and properties 
of RBSN 

(1) An accepted principle of ceramics technology 
is that, for effective control to be exercised over 
microstructure, and hence properties, careful 
attention must be given to "starting powders". 
Unfortunately, this has not been generally adhered 
to in development, to date, of RBSN. 

Concerted efforts should now be directed 
towards the tailoring of silicon powders to opti- 
mize their forming characterisitcs, the course of 
the nitriding process and the final microstructure. 

Studies should embrace availability of silicon 
ingot, comminution and adjustment of powder 
composition. Attention to the overall economics 
of powder preparation is essential, though the 
potential of the material in advanced engineering 
must also be borne in mind. 

(2) Pressing faults and microstructural changes 
which occur during Ar-sintering are possible 
precursors to strength-limiting defects in the 
nitrided material and need to be controlled. 
Therefore, studies should embrace the "green" 
powder compact, before and after Ar-sintering. 

(3) Studies of the nitriding of powder compacts 
should be extended with the object of generating 
data relating to transient temperature gradients 
arising from the reaction exotherm, and to per- 
meability changes as the reaction proceeds. With 
the help of mathematical modelling it is then 
possible to extract the values of the relevant 
parameters and use them for extrapolation to the 
industrial scale. 

These simulation/modelling procedures, which 
are part of the standard chemical engineering 
practice, offer a logical route towards designing 
appropriate basic experiments, and eventually 
optimizing industrial nitriding schedules and 
furnace loadings. 

(4) The technologically important properties of 
RBSN would be improved if ways could be found 
to in fill the porosity after fabrication. It should be 
possible, for example, to infiltrate liquid silicon to 
develop a microstructure similar to that of REFEL* 
silicon carbide. The author is ware that ad hoc 
attempts have been made to achieve this but, so 

far, apparently, without success. The chances of 
success would be improved if systematic and care- 
fully designed experiments were carried out calling 
upon, and if necessary generating, the necessary 
basic data. 

Developing means to increase the density of the 
surface regions of RBSN should not prove too 
difficult, and the rewards would certainly justify 
the effort. 

(5) The full exploitation of RBSN would be 
encouraged if reliable joining techniques could be 
developed. Studies should embrace silicon nitride/ 
silicon nitride and silicon nitride/metal joins. 

Note added in proof 
In a recent paper [159] the influence of H2 
additions to N2 on the strength, structure and 
composition of RBSN is discussed. This paper 
also brings together many of the ideas developed 
by Dr Lindley and his colleagues at The Admiralty 
Marine Technology Establishment in their com- 
mendable efforts to understand the mechanism of 
reaction-bonding and to optimize mechanical 
properties. It would seem appropriate here to 
summarize below the points at which their ideas 
differ from those developed here, and where they 
coincide. 

(i) The AMTE group considers the SiO/N2 
reaction as the dominant one in the normal 
nitriding (i.e. in N2) process; this is at variance 
with the arguments developed here. 

(ii) The author considers that all vapour phase 
reactions lead to ~-Si3 N4 (or amorphous Si 3 N4); 
the AMTE group favours Si vapour leading to 
/3-Si3 N4. 

(iii) The views coincide regarding the nature of 
the reaction (but not of the mechanisms) and 
reaction product when H2 is added. 

(iv) The AMTE group regard the strength- 
limiting defect as an intrinsic feature of the 
microstructure of RBSN, whereas t h e  present 
author favours extrinsic, Fe4nduced defects. 
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