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Silicon nitride has been researched intensively, largely in forms, including powder, have now received detailed attention
response to the challenge to develop internal combustion  and the volume of information in the literature is enormous.
engines with hot-zone components made entirely from ceram- Many reviews on SN, have been written. Here, a historical
ics. The ceramic engine programs have had only partial  survey of the subject is presented: The reader seeking mori
success, but this research effort has succeeded in generating a detailed information on specific aspects can find it in the review
degree of understanding of silicon nitride and of its processing  and the selected journal articles referenced. In putting the deve
and properties, which in many respects is more advanced than ~ opment of SiN,, and related materials into historical perspective,
of more widely used technical ceramics. This review examines  the technical difficulty must be confronted of the intertwining of

from the historical standpoint the development of silicon many strands of development, all of which cross-link to a large
nitride and of its processing into a range of high-grade ceramic extent. The solution offered is to pry apart these strands and to tre
materials. The development of understanding of microstruc- each strand separately. The resulting structure separates prime
ture—property relationships in the silicon nitride materials is scientific developments (determination of crystal structures an
also surveyed. Because silicon nitride has close relationships  other intrinsic properties) from those of the development of the
with the SIAION group of materials, it is impossible to discuss main forms of materials and their mechanical and other propertie:

the one without some reference to the other, and a brief  The chronology of events shows that many of these activities too

mention of the development of the SIAIONs is included for  place more or less concurrently in different laboratories and tha

completeness. developments in one area were able immediately to influence thos
in other areas.

I. Introduction (2) Background

(1) Review Structure The recorded terrestrial history of 8i, spans just longer than
Silicon nitride (SgN,) has been studied intensively for more 100 years. It must be assumed that in the earth’s prehistory, whe
than 40 years. There are two major ceramic forms of this material the atmosphere was chemically reducing and rich in ammonia, th
(reaction bonded and sintered) as well as the often overlooked, butcrust contained large quantities of silicon and other nitrides
extremely important, amorphous form normally used as a thin (according to Lord Rayleigh’s estimattsthere is far more
film. Each form has its own characteristic production routes, nitrogen in the rocks of the earth’s crust than in the atmosphere
compositions, microstructures, and properties, and underlying all Evidence for the natural existence o£i8j, in the galaxy and with
the forms are the fundamental physical and chemical properties of possible origins in supernovae comes from detailed analyses ¢
the basic structural unit itself, $,, which, at the atomic and  particles of meteoritic rock;® shown to contain-Si;N,, (nierite),
unit-cell levels, provides the basis for many of the bulk property which appears to have been nucleated on crystals®iEN,,. The
values. The ceramic forms are produced by variations of the earliest report concerning a synthetic §8j” seems to be that of
traditional ceramic powder-processing routes (powder production, Deville and Winler in 18597 there was immediate speculation
shaping, and consolidation), and each of these steps, in determinthat, during the formation of the earth, silicon reacted with
ing microstructural quality, has an important influence on the final nitrogen to form SjN,, and the reaction of the red-hot,8i, with
properties (notably mechanical strength), which can completely water may have been responsible for the formation of ammoni
override those of the more fundamental structural aspects. Practi-and, thereby, the introduction of nitrogen into organic compound:
cally all these features of the production of$j in its various and life. A German patent of 188@lescribes the production of
Si;N, by the carbothermal reduction of SJOAs a structural
material, SiN, is, therefore, of approximately the same vintage as
SiC, probably because of their similar chemistries and productio
routes. Simultaneously with reports of the technical development
appear discussions in the chemistry literature about the chemic
formula and atomic structure of $i,. The properties of a solid
compound of silicon and nitrogen of stoichiometry close to 3:4

Manuscript No. 189742. Received November 1, 1998; approved October 4, 1999, ( Normal” SisN,,) was reviewed by Weiss and Engelhdriit 1910
*Member, American Ceramic Society. and again by Whler” in 1926. Reports of the usefulness ofi$j

N. S. Jacobson—contributing editor

Feature




246 Journal of the American
as a refractory material appeared in the early 1950s: Patepte
filed in 1952 by the Carborundum Company for mechanically
strong articles “. . . consisting of and/or bonded by silicon nitride
...." These were made by the carbothermal reduction of, 81O
the presence of nitrogen and by the direct nitridation of silicon. By
1955, SiN, was an accepted refractory material, with applications
including a bonding phase for SiC and oxide refractories, a mold

wash resisting attack by molten nonferrous metals, and a thermo-

couple sheath material withstandingb0 cycles of rapid (10 s)
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recorded in the Chemical Abstracts system of the Americar
Chemical Society, are summarized in systematic format: The firs
silicon supplement volumes dealing with,Sj, have appeared and
others are plannet.

Silicon nitride is chemically SN,. However, there are some
difficulties in defining SiN, as amaterialsclass, because of
the blurring of the edges by the range of solid solutions (the
“SIAIONs”) between SiN, and ALO; (and other oxides), of
which thea’ andB’ phases have received the most attention. The

heating to 2500°F (1371°C), more than 4 times better than an term SiAION was originally coined to describe materials contain-

equivalent ALO, article?
The development of §N, ceramics as potential high-

ing Si, Al, O, and N (and other metals), of a very wide range of
compositions and crystal structurgslt now generally has the

temperature structural engine materials markedly accelerated inmore-restricted meaning of the solid-solution phases witfthar
the early 1960s, the outcome of a deliberate and structured searct-SizN, crystal structureso(’- andB’-SiAIONs). Because silicon

for new materials with good high-temperature properties, of which and many SiN, powders generally do contain aluminum (with
resistance to thermal shock was most important. This work led to other metallic impurities) in at least trace amounts, there is nc
the development, successful testing, and, in some cases, commeractual clear difference, as materials, between the silicon nitride
cial marketing, of a wide range of i, components for internal ~ and the SIAIONs. Many SN, materials are prepared by liquid-
(piston and gas turbine) combustion engines. The result has beerphase sintering, using AD; as one of the additives, but the
the attainment of a remarkable extent of refinement of understand- products are often regarded as silicon nitrides. However, from
ing of the underlying basic science and production technology (and scientific point of view, the important distinction between a\gj
thus “maturity”) of these materials, which, given subsequent and a SIiAION lies in the extended degree of microstructural

further development, is, at present, probably unsurpassed in thefreedom provided by the incorporation of A, (or other oxides)

structural ceramics aré4.

into the basic Si-N-O system and the wide range of M-AI-Si-N-O

In the 1950s, a series of review articles appeared examining thephases (including glasses) thereby made available. Many of the

usefulness of N ,-bonded refractories and 8l itself for use at

temperatures>2500°F (1371°C), with applications such as
atomic-energy jets and rocketsMany of these articles were also
concerned with SN, whiskers and their potential applications in

Al-O-containing phases crystallize and interconvert readily (pos
sibly more readily than the pure silicates) during sintering of the
materials and, therefore, are important in determining their micro
structures and related properties. There also may be importa

the reinforcement of metals. The period 1955-1964 saw intensive consequences for grain-boundary film chemistries. Because ¢
studies of all aspects of the production and properties of (what these close links with the silicon nitrides, a brief discussion of the

became known as) reaction-bondedNgi (RBSN), which took
place in the United Kingdom at the Admiralty Materials Labora-
tory (Poole; Norman Parr) and the British Ceramic Research

SIAIONs (the “related materials”), primarily for historical com-
pleteness, must be included here. The SIAIONs have been ri
viewed in detail as a separate group of materials, e.g., by Ekstrg

Association (Stoke-on-Trent; Paul Popper) leading to a series of and Nygrer?

patent$? and major conference and journal publicatidds? An
important breakthrough in the development ofNgji ceramics
came in 1961, with the realization that a fully dense (and much
stronger) form could be obtained by hot-pressing\gipowder in
the presence of small amounts of a metal oxide, such as MgO.
Thirteen years later this development led to the production of
dense, pressureless-sinteregh\gi*®*”

In the 1970s, a very large program of development work on
Si;N, materials was started in the United States. It was interna

Il. Aspects of the Fundamental Properties of Silicon
Nitride
(1) Crystal Structure
Early discussions concerned the composition of the compoun
obtained by heating mixtures of SiGnd carbon or by silicon
alone in nitrogen: Sih Si,N,, and SiN, were proposet as

tionally stimulated by the decision of Advanced Research Projects formulas, with “normal” SiN, being shown to have 3:4 stoiehi

Agency (ARPA) of the U.S. Department of Defense in 1971 to
initiate five year development programs with the Ford Motor
Company (Dearborn, MI) and Westinghouse Electric Corporation
(Pittsburgh, PA), with the objectives of demonstrating the practi-
cability of stationary and mobile ceramic-containing gas-turbine
engines, with SN, as the leading candidate materil.

During the past 30 years, during which most of the considerable
development work on §N, has been conducted, primarily by the

ometry. Detailed X-ray diffractometry (XRD) examinations in the
mid-1950s proved the existence of two crystallographic modifica:
tions (@ and B), both appearing to be hexagoralThe c-axis
dimension of the unit cell of the phase was approximately twice
that of thep phase, with the phenacite (B%O,) structure, in
which Be is replaced by Si and O by N. Therefore, there is nothing
unusual in nitrides having crystal structures based on those of tf
oxides?® Each silicon was at the center of a tetrahedron, and eac

ceramics and electronics communities, many different aspectsnitrogen in trigonal and approximately planar coordination by
have been explored. This review examines five major strands of three silicons, so as to link three Siltetrahedra. The structures
this development work: the fundamental physical properties of also can be regarded as puckered eight-membered Si—-N rin

Si;N,, porous SiN, dense SN, amorphous thin films, and
powder production. Much of the work of the earlier period was
summarized in an Admiralty Materials Laboratory repdrand

joined to form sheets, which are, in turn, linked by bridging Si-N
bonds (Fig. 1). The unit cell g8-SizN, consists of SiNg, which
Hardie and JacK assigned to space grolR6./m (Fig. 2). The

later presented at conferences. Publications of 1969—-1978 werestructure ofx-Si;N, was determined to be closely related to that of

brought together by Messer and Murphy of the U.S. Materials and

Mechanics Research Center in their annotated bibliography con-

taining 1386 entrie$® A very useful summary of the electronic
applications of SN, has been provided by Arienzo and Orr-
Arienzd™* of the Research and Technology Division of IBM. In
recognition of the scientific and technological significance of the
silicon nitrides, the Gmelin Institute (Frankfurt am Main, Ger-
many) has reviewed, under the guidance of Sdarpthe entire
scientific literature on SN, appearing up to 1992 for publication
in the silicon supplement volumes of tli@melin Handbook of
Inorganic and Organometallic Chemistrifhe contents of more

B-SigN,, consisting of alternate basal layers @fSi;N, and a
mirror image of B-SigN,, accounting for the doubled-axis
dimension, and a unit-cell composition, $\, s (Space grou|p3,c)
(Fig. 3). However, although th@ structure was almost strain free,
the a structure contained considerable strain, expressed by lattic
distortion and the displacement of atoms from the idealizec
positiong® (the amount of distortion of the Si—-N bond angles in
creating a model ball and pia structure (Fig. 4) is immediately
apparent to those who have struggled with this task). A furthe
feature of the two structures is that the larger voids in each bas:
sheet created by the linking of six eight-membered Si—N rings

than 26 000 selected publications deemed to be of adequate meritalign in thep structure to provide a continuousaxis channel of
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Fig. 1. Outline of SgN, crystal structure.

approximate diameter (300 pm), whereas, in thestructure,
because of the operation ofcaglide plane, the continuous voids
are interrupted to form a series of large interstices, linked by 140
pm diameter tunnels. Later electron diffraction work on thick
samples of 3-Si;N,?° suggested that the three silicon atoms
coordinating N2¢) sites were not exactly coplanar, and the space
group was probably6,. Neutron time-of-flight studie¥ subse
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concentration of oxygen. l-Si;N, was assumed to be formed by
the reaction (and containing 1.8 at.% oxygen),
12Si+ 0.25Q + 7.5N, = Si;;N150p 5 1)
For ag; = 1, the plot of logpy, as a function of logy, defining
the Si-«-SigN, boundary should have a slope 6f30. The
experimental value of-45 was considered to be in good agree-
ment, justifying the use of this formula to describe thphase®*
Studies of the precipitation of $N, from Fe-Si alloys at temper
atures in the range 550°-770°C led to the description of “higt
oxygen potential” ¢) and “low oxygen potential’§) phases, in
preference to “low-temperature” and “high-temperatffe>® It
was assumed thaB-Si;N, became unstable with respect to
a-SizN, at ~102° bar p,, at ~1400°C. Despite the thermody
namic evidence, doubts about the necessity for oxygen in the onl
a-SizN,, structure were immediately raised by direct measurement
of oxygen content im-SizN,, crystals of various origins. The wide
range of unit-cell dimensions fer-Si;N, (774.91-775.72 pm and
561.64-562.21 pm), which was well outside experimental éfror,
also suggested a possibly wider range of composition than the or
originally proposed.a-Si;N, materials with oxygen levels of
0.45%-0.61% were preparétiand a sample of pure-Si;N,
analyzed by Priest and colleagfiégontained as little as 0.3%
oxygen. These observations were supported by that of Kijima an
colleagues? who found almost zero oxygen. The lowest oxygen
level so far measured is 0.05%bgiving a = 781.8 pm anc: =
559 1 pm, with ara:c ratio of 0.715, in agreement with the 0.715
measured for a macromodel of the/B-Si;N, structure from

quently suggested that, at higher temperatures (to 1000°C), thewhich oxygen is artificially excluded. A clear relationship between
regular tetrahedra were unchanged, but the irregular became moremeasured oxygen content and lattice parameter exists, with uni

uniform.
Careful XRD work had earlier revealed even-more-interesting
aspects of thex-Si;N, structure. Bond lengths in the-SigN,

cell volume increasing with decreasing oxygen content (Fig°5).
Thus, there was no doubt th&tSi;N, could accommodate oxygen
within the crystal lattice, even though oxygen appeared not to b

structure were observed to be variable and much more so than inessential for the stability of the structuté.

the B structure3* and small but definite variations were observed
in the unit-cell dimensions of materials obtained from different
sources and with different particle morphologiésMoreover,
small but definite variations in relative intensities of the 520 and
205 reflections were seen. It was concluded &8i;N, had a
range of homogeneity, which could be explained if it were
assumed that it had a defect structure witl25% nitrogen
vacancies in the N(4) sites, and with partial replacement of
nitrogen by oxygen in N(1) sites, with electrical neutrality being
obtained by an appropriate number of silicon vacancies, ¥f Si

Recent, much-more-detailed examinations, using X-ray photo
electron spectroscopy (XPS) and Auger electron spectroscoy
(AES) of a range of 100 nm dimension, @Si;N, powders have
shown that the oxygen can exist as a surface oxide-rich layer (c
composition close to Si§) of average thickness 100—800 pm,
depending on powder soufte'? and as internal oxygen. Of the
total oxygen content (which, as expected, varies with particle
specific surface area), between 3% and 30% has been estimatec
reside in a surface layer. Therefore, most of the oxygen is normall
internal; this aspect is returned to later.

species. The compositions suggested were thus approximately Early attempts to conver&-Si;N, to 3-Si;N, by prolonged

Sij; NisOp s OF SHESIH'N, O, 5 (giving ~1.5 wt% oxygen).
Density measurements using the flotation technique gave 3:169
0.004 Mgm™3, in good agreement with the calculated value of
3.168 Mgm™2. Supporting evidence that-Si,N, was an oxyni
tride appeared to be provided by direct analyses for oxygen in
SizN, samples of varioua:B ratios, showing up to 2% oxygen for
high-« material, but only 0.2% oxygen for low- material.
Moreover, nitrogen-isotope dilution analyses showed only 96.5%
of the theoretical nitrogen fox material, even though 100% for

annealing at 1800°C (and which failé8)ndicated that more than
oxygen loss was involved in the-Si;N, to B-Si;N, transforma
tion. It was suggesté@>7 that the transformation was impurity
controlled, and later shown readily to take place in the presence ¢
a liquid phase through a reconstructive transformatioithis
process involves breaking and reforming six Si—N bonds in eac
unit cell, with a change in position of one nitrogen and a small
displacement of neighboring atorffs.Because the difference
between the Gibbs function of formation BfSi;N, and that of

B-SigN,.3® These reports triggered a debate over the nature of a-Si;N,, is small (~30 kJmol~* at 25°C) and the activation energy

a-SigN, that was to last for many years.

The complexity of thea-SizN, structure was suggested by
studies of the oxygen partial pressum,() required to produce the
o« andp phases by nitridation of Fe(14%—20%)-Si alloys (the use
of these alloys was chosen to loweg, at the Si-SIN,O phase
boundary, for example, from10~2° bar (10 *8 Pa) (at 1300°C)
to ~102° bar (10 *° Pa), thus facilitating experimental studies).
Conditions relating to the nitridation of pure silicon were then
obtained by extrapolation. Data were obtained only for tempera-

high, the process apparently can proceed readily only in th
presence of liquids (silicon, silicides, or silicates), which lowers
the transformation activation energy. The revefZSi;N, to
a-SizN, transformation has never been observed, but it would be
expected to be too slow to be detected at temperatadg0°C.
The formation and stability o&-Si;N, is apparently thus largely
controlled by kinetic factors.

SizN, does not melt but dissociates into silicon and nitrogen,
with the nitrogen dissociation pressure reaching 1 ba? Pid) at

tures in the range 1200°-1300°C; at lower temperatures equilibria 1880°C:
could not be established, and, at higher temperatures, rapid silicon

volatilization occurred as SiO with the formation of AIN by
reaction with alumina furnace tubing. These experiments allowed

SiNy(s) = 3Si(g.l) + 2N,(g) )

the creation of thermochemical diagrams, and the mapping of the The silicon is also appreciably volatile:

conditions under whiclx- and 3-Si;N, and SpN,O were formed
by reaction of the alloy with nitrogen containing a predetermined

Si(g,l) = Si(g) (3
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Fig. 3. «-Si3N, unit cell. (After Wild et al.>%)

The pressures of silicon vapor over silicon angh\giare shown as SizN, is not easy because of three major problems: the lack o

a function of temperature in Fig. 6. large, high-purity, single crystals efphase ang-phase material;
the high-temperature volatility of g\, during diffusion anneals;
(2) Lattice Diffusion and Defect Chemistry and the limited range of suitable solid sources of silicon anc

Lattice diffusion in SiN, had long been suspected to be very nitrogen isotopes to eliminate the uncertainties of gas-phase—soli
slow because of the difficulties encountered in attempting to sinter Phase boundary reactions. Measurements made on sintered
powders. The generally accepted but unproved assumption washot-pressed-Si;N, are unreliable indicators of self-diffusion in
that covalent materials were “unsinterable.” In principle, lattice the SgN, lattice because of the continuous silicate intergranula
diffusion should also be important for high-temperature creep, and phase. The first measurements of nitrogen diffusion were reporte
the nitridation of silicon particles covered by,Hij, films. Mea in 1976 by Kijima and Shirasakt at the Japanese National
surement of nitrogen and silicon tracer diffusion coefficients in Institute for Research in Inorganic Materials, using samples o
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Fig. 4. Ball and pin model o&-SizN, showing 8- and 12-membered rings
and structural layers ((brown) nitrogen and (blue) silicon).
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Fig. 5. Unit-cell volume ofa-Si;N, as a function of oxygen content.

RBSN and correcting for grain-boundary diffusion. Values'ftt
diffusion between 1200° and 1400°C were found to be

Dy = 3.7 X 1078 exp(—233kdmol YRT)
Dyg = 6.8 X 10" exp(—777kdmol /RT)

m?s?

(4)
®)

The difference between the two activation energies was surpris-
ingly large, and the activation energy for thephase surprisingly
low, suggesting that all appropriate corrections might not have
been made. However, the later availability of high-purity chemical
vapor deposition (CVD§-SizN, allowed a more precise determi
nation to be made of°Si diffusion at the laboratories of the
University of North Carolina, GTE, and Standard ¢ilOver the
temperature range 1400°-1600°Dg;,, was between 0.45x
10 *° and 2x 107 *° m*s %, with an apparent (and again low)
activation energy of-197 kJmoI’l. All these data are plotted in
Fig. 7. Although there are significant differences, the values are
consistent with the recognized lack of mobility of silicon and
nitrogen in the SiN, lattice and suggest that nitrogen diffusion
might be rate controlling in processes requiring the solid-state
mobility of Si;N, units. Many detailed measurements have been
made of the mobility of other elements in amorphougNgithin

m?s !
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Fig. 6. Vapor pressures of silicon over pure silicon andNgj as a
function of temperature.

in the context of the use of thin films as encapsulating or diffusion
barriers in the preparation of electronic componéftdt is
difficult, however, to relate these values to those for diffusion
coefficients in a crystalline material.

Very little is known with certainty about the defect chemistry of
nominally stoichiometrica- and B-Si;N,, although attempts at
gquantitative measurements have been made. The existence
dislocations in densp-Si;N, materials was reported (by Butfér
in 1971), and dislocation behavior g+Si;N, is well documented
from studies of mechanical properties. Disk-shaped features c
~25 nm diameter, assumed to be precipitates of ,SiWere
reported by Jack and colleagues in 1983/ore-recent work has
drawn attention to other types of lattice defecinand 3-SizN,,.
Dislocation loops clearly visible by high-resolution transmission
microscopy (HRTEM) have been found in high concentrations ir
manya-SigN, particles (Fig. 8)although similar vacancy clusters
have not been found iB-Si;N,. The presence of loop-free zones
close to grain boundaries in hot-pressed materials allowed roug
estimates to be made of the nitrogen vacancy diffusion coefficier
and the derivation of a Schottky-type defect formation energy o
680 kdmol~*. This value can be compared with the Si-N bond
dissociation energy o335 kdmol~* and the heat of formation of
Si;N, at 1400°C of 730 kol *.%° On the assumption that
nitrogen diffusion is rate controlling, the nitrogen vacancy diffu-
sion coefficient has been estimated to bel0 8 m?*s™* at
1700°C. All these data are approximate, and the topic merit
much-more-detailed exploration.

(3) Oxidation

Most actual and envisaged applications fogNgi materials
required exposure to high temperatures, generally under oxidizin
conditions (and sliding surfaces can also generate very high loc:

1500 1400 1300 1200 (°C)
'10 - T L ' T H T I
.
15
alpha .
SN | s 5N | el Nitrogen
» -15 beta =~ ~ b
“' —_30a: Tl
\E lalpha
a Ea——
~ 20 | Silicon E
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<
25 . . .
0.50 0.55 0.60 0.65 0.70
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Fig. 7. Silicon and nitrogen diffusion coefficients in8i, as a function

films, particularly arsenic, boron, aluminum, gallium, and oxygen, of temperature.
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Fig. 8. Dislocation loops in amx-SizN, particle: (a) dark field and (b)
bright field. (Courtesy of C. M. Wang.)

temperatures). g\, is thermodynamically unstable with respect
to oxidation under normal oxygen pressures, but is protected
against catastrophic oxidation by a blocking surface oxide film
able to impede oxygen transport to the nitride surface. Passive
oxidation and the ability of §N, ceramics to withstand high
temperatures under oxidizing conditions without excessive oxida-
tion therefore ultimately rests on the integrity and stability of the
surface oxide layer. Two major reactions need to be considered:

2SkN,(c) + 1.50,(9) = 3SkNO(s) + No(g)
AG?L5OO K= —1063 kJmOlil

SigN,(c) + 30,(g) = SiO,(g) + 2N,(g)
AGi500 K= —802 kJm0|7l

(6)

@)

The production of compounds of nitrogen during reactions with
oxygen and water vapor was also reported, suggesting complex
interface reaction&®

Passiveoxidation of pure SjN,, commonly assumed to be
controlled by the slow inward diffusion of oxygen through a
surface SiQ film, leads to approximately parabolic kinetics.
However, there were significant differences between the rates of
oxidation of SN, and silicon (and SiC). §N, oxidized much
more slowly than silicon in the temperature range 1000°-1400°C,
with an activation energy of486 kdmol %, compared with 112
kJmol~*. Detailed TEM, XPS, and AES analyses showed that this
is because the oxide film on silicon was amorphous,SkDt, on
SizN,, there was a nitrogen-containing duplex film consisting of an
outer layer of amorphous Si@nd an interface layer of amorphous
silicon oxynitride (SiN,O) (Fig. 9). The SEN,O was initially
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considered to have an approximately constant,SON,O ra
tio,**~>*but subsequent detailed AES and Rutherford backseatte
ing spectroscopy (RBS) profiling studies indicated a gradec
composition, merging seamlessly with the/$j and SiQ.5% The
Si,N,O layer was clearly associated with the better oxidation
resistance of SN, (as compared with SiC), and it was suggested
that oxygen permeation through the “suboxide layer” was the
oxidation-rate-limiting process, with oxygen permeation and the
substitution of oxygen for nitrogen in the suboxide highly imper-
vious to oxyger>>*as two interlinked steps. More studies of the
behavior of oxygen in the SN,0 layer are now needed. Thicker
films of SiO, on SEN, tend to crystallize, leading to changes in
oxidation kinetics, and this feature also is in need of clarification.
All these processes are highly sensitive to system purity (at th
ppm level)>>*¢and careful control of the experimental environ
ment is essential.

Under low oxygen pressures-0~2 bar (1¢ Pa) at 1000°C),
active oxidation occurs, with formation of the less-stable but
volatile and, therefore, nonprotective StO:

SiN(C) + 1.50,(g) = 3SiO(g) + 2N,(g)

AGis00 k= —204 kdmol™*  (8)
Active oxidation has been less well studied, but is of importance
when SiN, is used at high temperature under “reducing” cendi
tions, which nonetheless contain low pressures of oxygen o
oxygen-containing species, such as&0OH,O. Similar problems

of the nonprotectivity of the product can result in sulfidizing
environments?

(1) Production and General Properties

Early reports and patents referred to the bonding of particulat
materials through the incorporation and nitridation of silicon
powders. The higher-strength reaction-bonded form of single
phase material seems to have been developed mainly in the 195(
from the nitridation of silicon powder, with the intention of
producing SiN, powder?® By reaction with nitrogen, a very
loosely packed silicon powder formed a coherent monolithibl Si
replica of the original shape of appreciable strer§tiThe
potential of the reaction-bonding process for the production o
ceramic components was immediately recognized. During nitrida
tion of the silicon particles, there had been simultaneous bonding
or sintering, of the product nitride. The ability to produce complex-
shaped components without the need for time-consuming an
expensive finishing operations was a major attraction (only
matched subsequently by siliconized SiC materials). The materic
was porous (25%-35%), but strengths were a very respectab
200-300 MPa and appeared to improve slightly at temperature
between 1200° and 1400°C. These facts, coupled with the hig
creep resistance of a material free from glass, an ability tc
withstand thermal shock based on a low thermal expansi@X
10 ® K1), and resistance to attack by a wide range of molter

Reaction-Bonded Silicon Nitride

silicon nitride silica gas

tSi N _O"
2 2

Fig. 9. Schematic of the oxide layer structure on oxidizeg\Si
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metals, made the material immediately attractive for thermocouple bonding proceeded, and why no overall dimensional chang
sheaths and for handling molten alumin@iivioreover, because occurred®® The microstructure of the material, the pore fraction,
the material was formed from two of the most readily available and thea-Si;N,:B-Si;N, ratio seemed to be related to strength
elements in the earth’s crust, silicon and nitrogen, it should have (although this last aspect was less ceff§inlt quickly became
been relatively inexpensive—factors outweighed in practice, how- evident that the nitridation—reaction-bonding process was ex
ever, by the energy costs of a slow, high-temperature process andremely sensitive to impurities in the silicon powder and in the
the difficulties of achieving microstructural quality.RBSN was furnace environment: Reproducibility of product quality was
selected as a major material of the early ARPA ceramic-turbine extremely difficult to ensuré? Contamination of the gaseous
development program for use in the hottest zones of a ceramicatmosphere by water or oxygen and additions of hydrogen ha
gas-turbine engine (although the highest mechanical stresses wersignificant effects on nitridation rate, on the proportiorue®izN,

at the cooler rotor centef}. formed, and on overall microstructure. A major aspect of this
problem was the unavoidable presence of oxygen contamination
(2) Microstructure the nitriding system, present as the $Sifims on the silicon

particles and available as water vapor or oxygen impurity in the
nitriding gas released from hot furnace oxide refractories. This ir
turn inevitably became linked to the question discussed above ¢
the composition of the- andB-Si;N, and the requirement (or not)
for oxygen®® Fluorides had been known from an early date to
accelerate silicon nitridatioff, and iron, a common constituent of
earlier grades of silicon powder (introduced during milling), also
acted (at the ppm level) as a catalyst for silicon nitridation in
general an@-Si;N, production in particulaf.”® The accelerating
mechanisms were difficult to establish, but the consensus was th
these species aided removal of protective surface 8i@s, the
iron by forming liquid alloys with silicon and opening up a
liquid-phase route t®-Si;N,. These particulate metallic alloys
also could be an origin of large microstructural deféét§?

The very-high-purity silicon powders derived from silane were
of great interest in this context. In the early 1980s, a laser-drive!
gas-phase synthesis technique was developed by Haggerty a
colleagues at Massachusetts Institute of Technology for the prc
duction of nanosized, high-purity silicon (and other) powders.
Such~200 nm silicon powders developed nitride films at temper-
atures as low as 750°€:"*The nitride films also formed RBSN
more readily and at lower temperatures than did conventione
silicon powders with oxidized particle surfacEs.Fast, low-
temperature nitridation appeared to be possible because of tl
absence of SiQand SiN, film on the silicon particles; measured
nitridation rates were comparable with silicon evaporation rates
indicating that silicon vaporization was rate limiting.

First suggestions for the microstructure development meche
nisn?® were that thin films of nitride initially formed on solid
silicon surfaces and then spalled off into the voids as a result c
compressive strain to form a microstructure consisting of high-
surface-area flakes (“matte”) of 8i,. This material seemed to be
predominantlya-Si;N,. Above the melting point of silicon, an
increased rate of formation 8fSi;N, occurred. Thus, the material
consisted of two phases: a whiskerlike or fibrous low-density
phase consisting almost entirely @fSi;N, and a harder, higher-
density, more-equiaxed phase, the development of which wa
promoted by higher reaction temperatures and the presence
liquids. The density of the matte was determined by the tempere
ture and time of nitridation below 1410°C: The dengeBi;N,
phase was assumed to result from the nitridation of liquid silicon
The microstructure was thus very strongly controlled by the detail:
of the nitridation program and system purity.

Work establishing major reaction mechanisms was conducte
by Moulson and colleagué%at the University of Leeds, using
high-purity single-crystal silicon wafers. These earlier, detailec

Major problems were encountered with the optimization of the
properties of RBSN, and, in particular, the consistent attainment of
good strength§&® Silicon nitridation is very exothermic~725
kJmol~* at 1400°C), and temperature increases during nitridation
can be considerable. Silicon melts at 1410°C, and premature local
melting of the powder with reduction of the surface area exposed
to nitrogen made it impossible to attain complete nitridation.
Nitrogen (and silicon) diffusion in the @V, crystal lattice is, as
noted above, too slow to give significant rates of nitride formation.
On the other hand, if the temperature is held much below 1400°C,
the reaction of conventional silicon powders becomes very slow
and ultimately effectively stops; completion of nitridation thus
becomes very difficult. The essential requirement for the formation
of a satisfactory product was to allow initial nitridation to proceed
to build up an adequate extent of restraining skeletal microstruc-
ture of bridging SiN,, retaining the particulate silicon, and then to
complete nitridation at a higher temperature, when the molten
silicon particles were unable to fuse. This situation was achieved
initially using a stepped, two- or three-stage time—temperature
schedule. A commonly used program consisted of a slow ramp to
~1300°C, followed by a hold until the reaction rate virtually
ceased, followed by a final period at1450°C to complete
conversion of the silicon to nitride. With the increasing availability
of microprocessors, this type of program developed into those
linking furnace heating to nitrogen uptake rate, to achieve linear
reaction rates over the entire extent of the process. Ultimately, it
became possible to exert very good control over the nitridation
process, although total reaction times remained very long (12—-36
h was common for commercial nitriding furnac&s).

A fundamental feature of the silicon powder nitridation reaction
is that the only reduction in void space in the compacted powder
is the consequence of the molar volume expansion on conversion
of silicon to SiN,. There is no sintering in the normal sense, and
the volume expansion is accommodated entirely within the pore
structure of the nitriding powder. The density and molar volume of
the silicon and SN, are 2.32 and 3.19 Mm 2 and 0.363 and
0.440 cnimol™ %, respectively, and the overall reaction 3i¢-
2N,(g) = SigN,(c) thus results in a molar volume change of
+0.077 cnmol~* (+21.2%). Through the initial fixation of the
microstructure of the compacted silicon powder by a bridging
nitride network, the microstructure of the silicon imprints itself
strongly on that of the gN, formed. Microstructural flaws—
regions of low density and larger than average voids—become
similar strength-controlling defects in the RBSN. The strength of
the material was thus controlled by a combination of overall void

fractiorP* and the largest void size. The intrinsic chemical reac studies had also identified the importance of silicon evaporatiol

tivity of elemental silicon appeared to compound the problems, ; iyt g
and aspects such as the conditions under which the silicon powderand the formation and growth of nitride nuclei (Fig. 10). The vapor

L ; —2,o—1
had been prepared could be of significance for microstructural pressure of silicon (and rate of evaporation-dt mgm *s " at

. o .~ 1350°C) was more than adequate to sustain observed reacti
quality and strength of RBSN. The S|_I|con-p_owder-processmg rates. Apparently, an important aspect of the nitridation reaction i
stage must, therefore, be near-perfect if maximum strength and

- : . the nucleation and development oS}, on silicon surfaces, with

ggﬂfe'f/foﬂg}gs (Weibull modulus) in the RBSN are to be vapor-phase transport primarily from noncontacting silicon sur-
' faces. The interlinking and bridging of nitride growth points then

o ) fixes a skeletal structure and the component external dimensior
(3) Nitridation Mechanisms (those of the compacted silicon powder), to be filled in subse
Considerable attention was soon focused on the details of thequently during succeeding stages of nitride production (Fig. 11)
nitridation mechanism in order to understand better how reaction This essentially is the classical evaporation—condensation mech
occurred, why reaction rates were so irreproducible, how the nism for sintering without shrinkage, with evaporation of silicon
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Fig. 10. Formation of SiN, crystals on single-crystal silicon. (Courtesy
of A. J. Moulson.)

and condensation of §,; it would also be consistent with the
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provides an important basis for sintered RBSN materials becaus
of the higher green densities attainable in the reaction-bonde
material compared with compacted;ISj, powder’® Recent stud

ies have been made using a fluidized-bed system as the basis o
possible route to the large-scale production of lower-cog Si
powder®®-8* TEM examinations of nitrided, presintered silicon
powder led to the suggestion that nitrogen penetration of th
silicon—silicon grain boundaries occurs; stress-induced spalling c
Si;N, particles to expose fresh silicon surfaces was then postulate
to occur, which agrees with the earliest suggestions for the silico
nitridation mechanism. Much work remains to be done in this
complex area, particularly if mathematical modeling is to be
satisfactorily achieved, and new techniques are being applied |
these investigation& 84

IV. Dense Silicon Nitride

(1) Hot-Pressed Silicon Nitride

(A) Production Compacted SN, powder does not densify
appreciably under normal ceramic processing conditions; hot

development of the considerable intrinsic strength of the material, pressing pure SN, powder at 1750°-1900°C simply leads to the

which is otherwise difficult to explain on a pure spalling model.
More recent, elegant TEM studies of developingN\gifilms on

silicon particles have also provided useful evidence regarding forming additive (ALO;),

process mechanisms.
As with the question of the nature of theSi;N ,, there has been

production of a porous material with properties similar to those of
RBSN2®® In 1956, SiC was successfully sintered with a liquid-
88 and workers at the Plessey Co.

laboratories in the United Kingdom attempted a similar procedure
with Si;N,. Oxide and nitride additives were tested, of which BeO,

much controversy with regard to the role (if any) of the gaseous MgsN,, Al,O; and MgO were the most effective at allowing
suboxide SiO in the nitridation reaction. In theory, SiO can be densification ofa-Si;N, powder at<23 MPa at 1850°C’ The
nitrided to SN, but only in the presence of an effective sink for best materials had room-temperature strengths@d0 MPa and
the low pressures of oxygen releasedl( 2° bar (10 *° Pa)). In retained~400 MPa at 1200°C. XRD examinations indicated a
principle, silicon can act as this sink (thus recycling the oxygen as mixture ofa- andB-Si;N,. Strength depended markedly oni$j
SiO), but it has been questioned whether kinetically the reaction purity, and higher-purity powders gave improved hot strength an
can be fast enough (because of the low fluxes engendered by thecreep resistance. It was judged that material prepared fror
low pressures of SiO¥ The need for the sink may, therefore, also  99.9%-pure SN, had sufficient creep resistance at 1200°C to be
explain the faster nitridations obtained in the presence of hydro- acceptable as a gas-turbine blade material. Although its therma
gen’® In contrast, in the presence of excess oxygen, nitridation shock resistance was not as good as that of a Nimonic 90 alloy,
rates are slowed, and 8i,O becomes a significant product, Wwas better than those of high-density,@% and SiC.

although, because of the self-purging action of silicon, it is Questions were raised about the densification process, notab
possible to nitride compacted powders in air. Although it is the intriguing role of the MgO additive, its ultimate location, and
generally accepted that volatile silicon species are involved in the the interlinking of densification with thex-Si;N, to B-Si;N,
nitride formation reaction, the reason for the stepped increase intransformation. An immediate suggestion was that the function o
nitridation rate when the temperature is increased has not beenthe MgO was to react with oxygen present in the system, either &
satisfactorily explained, and the 8, spalling model may have  a coating on the SN, particle surfaces, or in the-Si;N, lattice
applicability. and, thereby, forming magnesium silicaf&s:

Although research interest in the lower-strength RBSN has now
declined in favor of higher-strength sintered materials, work is
continuing in the nitridation mechanism and the production of
Si;N, powders for sintering. The reaction-bonded form also

2MgO + SiO, = Mg,SiO,(forsterite 9)

4Si;; N150p () + M@,SIO, = 2MgSiOy(enstatite
+ 15SiNL(B) (10)

Densification began between 1500° and 1600°C, which corre
sponded closely to the liquidus temperatures of 1543° and 1557°
in the Mg-SiQ binary system and indicated that covaleniN\gi
could be dissolved in standard silicate systems. At temperature
>1600°C, conversion o&-Si;N, to B-Si;N, was rapidly com
pleted, and, on cooling, the MgSjQnominally enstatite) re
mained mainly as an intergranular glass (and, therefore, not readi
detectable by XRD examination). Much of the subsequent earl:
development work on hot-pressed;!$j conducted using MgO
additive was to provide the fundamental understanding of micro
structure—property relationships in dense, hot-pressg,Sand
which was 15 years later applied in the development of sintere
SigN,.

(B) Microstructure Considerable attention focused on the
a-SizN, to B-SizN, “grain refinement” process, proceeding simul
taneously with densificatiof? It was initially suggested that the
lower stability ofa-SigN, at temperatures-1400°C might accel
erate densification, although it might not have been a requiremen
The multiphase microstructures, consisting @fSi;N, grains,
embedded in an amorphous or partially crystalline matrix, pro-
vided an excellent opportunity for optimization of materials

Fig. 11. Partially nitrited silicon powder, showing residual inner particle
porosity. (Courtesy of A. J. Moulson.)
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properties for specific applicatiof8.A further aspect of funda
mental importance was that the growth of {i;N, grains was
strongly anisotropic, with the-axis growth rates generally being
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(C) Mechanical Properties As a result of the early interest
in hot-pressed SN, as a high-temperature gas-turbine material,
attention was directed to high-temperature strength and cree

much faster than those normal to the prism faces. Where grainresistance. The major factor controlling hot strength appeared to &
growth was controlled by diffusion of silicon and nitrogen through the intergranular glass derived from the densification aid anc
the liquid phase, change of liquid-phase composition, modifying which, as indicated above, became the subject of intensive inve
silicon and nitrogen diffusion rates, also affected grain-growth tigation. The importance of intergranular glass had been show
rate. It also was evident that tifteSi;N, morphology and fraction very early by the complete loss of strength at 1400°C in nitride
of larger, elongated grains could be controlled by the presence of prepared with 5% MgO: In contrast, RBSN with no intergranular
B-Si;N, seeds. Equiaxe-Si;N, grains were produced from  glass showed no loss of strength at 1408°@t high tempera
phase-purep-Si;N, powder, but, with predominantly-phase tures, a viscous liquid must separate thgNgigrains (a “molasses
Si;N, powder, a low fraction oB-Si;N, particles, acting as nuclei,  and sand” picture) and that the grain-boundary phase was a silica
gave larger, elongatef-Si;N, grains in a matrix of finer- or glass. High-temperature strength and creep strength were co
B-SizN, grains (shown in Fig. 12Moreover, because prism plane trolled by the intergranular glass and were very sensitive to it
growth rates are controlled by $8i, liquid interfacial energies, composition; maximum creep resistance was estimated to requi
grain aspect ratio in particular was strongly controlled by liquid- <100 ppm calcium impurity® The importance of cavitation at
phase composition. Thus, the;Sj, microstructure could be varied  grain junctions for tensile creep behavior was quickly estab.
over a very wide range by careful control of starting powder lished?”~*°°with the opening of the cavities into cracks and the
a-SigN,:B-SigN, ratio, particle size and size distribution, and interlinking of these cracks leading ultimately to failure. High-
liquid-phase volume and composition. The degree of control temperature failure by creep rupture through the viscous flow o
available over microstructure, in turn, had important implications the glass and the accumulation of damage in the form of cavitie
for the control of mechanical properties. More-recent detailed was also likely to determine the maximum application tempera:
work in this area has also shown the importance of the size of ture. During tensile creep, the volume fraction of cavities in-
deliberately adde@-Si;N, seed particle8* creases; in contrast, compressive creep under similar conditior
Because of the importance of the intergranular glass for high- leads to very little cavitation, and the creep rate is orli%o of

temperature strength, considerable efforts were made to achievethat of tensile creep. This pattern has been modeled in terms of tw
glass crystallization through controlled postdensification anneal- quite different behaviors. Tensile creep produces cavitation &
ing. This was, in large measure, very successful, and significant multigrain junctions, flow of silicate, expansion of the microstruc-

improvements in strength, at room temperature>tb100 MPa)
and high temperaturex800 MPa at 1300°C) were obtaingd?®

ture, and deformation. During tensile creep, thgNSigrains
remain essentially undeformed. In compression, cavities cann

although it also quickly became evident that there were theoretical form, and solution—recrystallization of the;Hi, is responsible for

limits to the extent of crystallization possibié.

10pn

B 6 - cb
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Fig. 12. Rod microstructures if-Si;N,: (a) etched surface (Courtesy of
M. J. Hoffmann.) and (b) deliberately over-etched (Courtesy of P.
Andrews.).

deformation. Conventional TEM, using lattice imaging, initially
showed only clean grain boundarit8,but later work was able to
detect the presence of 1-2 nm glass films between mgisl, 8ivo-
and three-grain boundaries, with the exception of low-angle
subgrain boundaries and twin interfaces, irrespective of the add
tive system'°? As described in the following section on sintered
Si;N,, knowledge and understanding of grain-boundary composi
tions became refined to a remarkable degree.

To maximize SiN, densification rates, yet maximize the
viscosity of the residual intergranular glass, detailed attention ha
been paid to system composition. Marked differences in behavic
were found in materials prepared from variougNgi starting
powders, caused by contamination by metal oxides. This high
lighted the need for very-high-purity $\, powders. Of the major
impurities found in earlier grades of 8i, powder, CaO was
particularly deleterious, because, in the CaO-Mg@NSiSIO,
system, the ternary eutectic temperature is reduced1825°C,
with simultaneous reduction in intergranular glass viscoSty.
Assuming that the grain-boundary liquid composition was that of
the eutectic, for a given overall composition, the liquid content
would increase with increasing CaO content. Even for a crystallin
grain-boundary phase, there would be marked loss of strength .
the eutectic temperature (as evidenced at the melting point ¢
silicon in SiC-Si material®?). The need for high-temperature
strength therefore meant that the$j powder had to be of high
purity with respect to calcium, sodium, and potassifmt°®

Evaluation of strength at 1400°C as a function of MgO-SiO
molar ratio showed a minimum in strength at ratios between 1 an
2 (Fig. 13), ascribed to the composition of the;Ngj-ternary
eutectic (1515°C) join with a ratio of 137 and significantly
lower than those of the binary eutectics in the MgO-Sé@stem
because of the nitrogen dissolved and bonded in the liquid (Fic
14). An important consequence was that it was necessary to kno
also the oxygen (“Sig) content of the starting SN, powder,
particularly if small amounts of densification aid oxide were being
used; as described above, powder oxygen contents varied cons
erably according to production method and history of the powder
The oxygen content was of particular importance for those systen
where it was necessary to avoid also the formation of oxidizable
intergranular crystalline phases, as in the case of rare-earth-oxit
densified materials. In this system, the ideal starting compositiot
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8 r r r . oxide film. The development of a model for oxidation of mul-

7 £ ] tiphase SJN, was based on important observations of Cubicciotti
o and Lad'* at the laboratories of Stanford Research Institute.
=, 6F . ] Oxidation kinetics were apparently unaltered after removal by
g 5 E E grinding of the surface oxide film from partly oxidized Si-Mg-N-O
&£ 4 material. The oxidative weight gain continued more or less a:
> 3 E though the film continued to exist (Fig. 15), implying that the
S 3 E rate-controlling step was not the inward diffusion of oxygen
— 2 F 3 through the silicate film, but the outward diffusion of cations in the
N intergranular glass. Elemental analyses across sectioned, partia
1E E oxidized MgO-containing materials showed the concentratior
0 A " L L gradients and the depletion of intergranular cations toward th

0 0.2 0.4 0.6 0.8 1 surface of the materidf:®> As a consequence, oxidation also
. . o influenced high-temperature creep rates, with the loss of inter
Fraction of alpha silicon nitride granular phase, and compositional changes resulting from th

in starting powder incorporation of SiQ oxidation product and the loss of cations

by outward diffusion, leading to a general stiffening of the
materialt*6:117

The influence of the intergranular glassly phase, its volume, an
its composition in controlling oxidation became the basis for many
o . . . e detailed studies of all major densification systems. Later work
must lie within the SiN,—SLN,0-Y,Si,0, compatibility triangle developed the cation diffusion model to consider the oxidation o
near the §N, comner, and careful control of the,8;:Si0, ratio multiphase SIN, materials as interlinked steps: the simultaneous
was needed” o , . creation and dissolution of the incipient protective Sifim.

Realization of the significance of intergranular glass viscosity Eyiernal and internal oxidation of P, occurs in the surface
quickly led to the exploration of the more-refractory and crystal- region by the arrival of oxygen, with the formation initially of
lizable Y,0,-SiO, system as a replacement for the MgO-5iO  gi0,. Subsequent reaction of the Si@ith the metal cations and
system, providing higher eutectic temperatures and more-viscousxide (or nitride) anions diffusing from the intergranular glass
liquids.™* Using Y,O,, strengths of 500-600 MPa could be  qccyrs; to form silicate liquids of much higher permeability toward
retained at 1400°C. A range of similar systems containing the 5yyqen?® These two processes are regarded as establishing :
rare-earth lanthanide oxides was also thoroughly investigdted.  gquilibrium SiQ, thickness, which then controls the inward supply
The Be-Si-N-O system should be ideal, because !t_applrzoaches thesf oxygen to the SN,; the overall reaction-rate constant is a
single-phase, solid-solution $8I,~Be,SiO, composition;** but, composite of terms for outward cation diffusion and inward
because of the toxicity of BeO, it was never considered seriously oxygen diffusion**® However, refinement of models for these
as a densification aid. For long life at high temperatures under processes is needed.
load, creep becomes important, and, as was the case for short-term  yidation also involves molar volume changes. Examples o

strength, creep rates were related to the viscous grain-boundaryyzos_based materials are given in Tabl&?P. Stresses that result
glass phase. Tensile creep rates were 5-10 times faster thafom the surface oxidation of Sil, to SLN,O or Si0, must be
compressive creep, controlled by a combination of grain-boundary 4ssymed to be relaxed at the free surface, but stresses resulti
sliding, elastic deformation, and diffusional creep. from the internal oxidation of nitrides located within the material
(D) Oxidation As is the case with pure silicon and SiC, subsurface zone (and particularly at temperatures below th
oxidation of pure SiN, was negligibly slow at temperatures eutectic) cannot be accommodated so readily. The effect of th
<1200°C*** However, hot-pressed materials containing metal- volume expansion and the tensile stresses generated was to ca
oxide sintering additives oxidized much more quickly, particularly destruction of the outer layers of the material through surfac:
as grain-boundary-phase eutectic temperatures were reached. Theracking and spalling. Problems of this type were first reported by
surface oxide film now consisted of SjOwith metal silicates the Westinghouse group for materials made in the Si-Y-N-C
containing the sintering aid. The variations of oxidation rates with system, for which the presence of the quaternary nitrig®.¥
additive system and with overall composition within a given Si;N, is most undesirable because of its large volume expan
system led to the identification of cation diffusion to the surface sjon?* For this reason, the practicality of using,®; as a
under its chemical potential gradient as an important rate- densification aid was initially placed in doubt. However, identifi-
controlling step of the reaction mechanism. Impurity elements cation of the cause of the catastrophic breakaway oxidation i
(such as the calcium referred to above) of very low concentration certain temperature brackets and the involvement of quaterna
in the SgN,, grain boundaries became concentrated in the surface nitrides enabled steps to be taken to prevent it by accurate contr

Fig. 13. Fracture toughness as a function ®fSi;N, content of the
starting powder. (After Lang®)
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Table I. Molar Volume Changes during the Oxidation of
Some Nitride Phases

Nitride Products Molar volume increase (%)
SigN, SiO, 86
SigN, Si,N,O 20
Y ,Si;O5N, Y ,Si,0,, SiO, 30
YSIiO,N Y ,Si,0,, SiO, 12
Y 5(SiO,)sN Y ,Si,0,, SiO, 4

of the Y,04:SiO, ratio.**? Similar effects were reported by other
groups for SiN, materials densified with the use of rare-earth
oxides, such as N@®; and DyO,; which could also form
grain-boundary crystalline quaternary nitridé8 The use of MgO
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that, in the confined space of the graphite die, loss gNSby
evaporation had been restrained, and overall densification wa
therefore, able to occur. In 1977, Mitomd at the National
Institute for Researches in Inorganic Materials in Japan, reporte
that they were able to obtair90% density using 1 MPa of
nitrogen pressure. Giachello and colleagtist the Fiat labora
tories in ltaly, then showed that the use of very high nitrogen
pressure could be avoided if the compactegNgipowder con
taining the sintering additive (MgO, for example) was immersed in
a bed of loosely packed $i, powder. In this way, the equilibrium
vapor pressures of nitrogen, and equally importantly silicon, coulc
be established over the component to suppress the outward flux
of silicon vapor and nitrogen gas, leading to evaporation and por
growth. However, an outer skin of materiatl mm thick, failed

to densify. This layer was deficient in MgO, and the longer the
sintering time and the higher the temperature, the less Mg(

as a densification additive was soon largely replaced by that of \emained in the sample. At these high temperatures500°C)
Y05 because of the better high-temperature properties available 5,4 under the low oxygen pressures of the sintering environmen

in the Y,O5-densified materials.

More-recent work has focused attention on providing surface

protective barrier layers that inhibit oxidatioA? However, there

has been only limited success, because, at the high temperatures
interest, the barrier layer itself, even if it retained its mechanical
integrity under thermal cycling, tended to react with the underlying

nitride or its oxidation products. Early work in this direction had

investigated silicate glazes, but these effectively behaved similar to
a silicate oxidation product and provided no improved protection.
Thus, there remains a need to develop surface films of improved

resistance to reaction at high temperatures with the substrate.
Because of interest in the potential use ofNgi in coal

gasification and similar low-oxygen environments, oxidation and

metal oxides also became significantly volatile, and loss of the
essential liquid-forming additive occurred if steps were not taker
to prevent it. In this case, incorporation of MgO into the surround-

q g powder bed (with BN powder to prevent simultaneous sinter-

ing of the bed) led to attainment of densities>e®6% at 1800°C.

At 1650°C, 98% density could be obtained in 5 h at 1 baf @8)
nitrogen pressure, using the powder bed technique to give
sintered SN, of 500 MPa strength. Sintered silicon nitrides of
high density are now readily obtained using a powder bed oftel
supplemented with several bar nitrogen overpressures for goc
measure.

(B) Densification Mechanisms Studies of the liquid-phase

corrosion work on dense silicon nitrides now has been extended Sintering mechanism through application of the classical Kingery
through detailed studies to the use of a wide range of gaseousmodels for liquid-phase sintering led to the belief that, following

atmospheres, including the oxidizing of ¢@nd H,S. Earlier
work with RBSN had suggested that oxidation in pure Qs
considerably slower than in dry dif® a feature demonstrated also
in the oxidation of SiC by CQ'?® However, many of these

particle rearrangement, the major stage Il rate-controlling step we
either the diffusion from particle—particle contact points or solid—
liquid interface reactions (solution and crystallizatid#. With

Y ,O; additive, diffusion through a viscous nitrogen-containing

systems appear to involve the faster active oxidation or sulfidation liquid appeared to be rate controlling. With MgO additive, inter-

of SigN, through reactions of the type
2SiN, + 6CO, = 6Si0O(g) + 6CO(g) + 4N,(g) (11)

SisN, + 3H,S = 3SiS(g) + 2Ny(g) + 3Hx(g) (12)

face reactions appeared to be rate controlling, although thi
interpretation of data has been regarded as too simple because
changes in system composition and microstructure during sinterin
and difficulties of interpreting log—log plof$® A wide range of
sintering additives for SN, now has been explored, generally

Because these reaction products are volatile, protective barrierbased on systems successfully developed for hot-pressing. Tho
layers may not be formed, and corrosion may continue at a rate most commonly used were MgO and@s, often with incorpora

governed by the supply of oxidaht? All these processes require
much-more-detailed investigation.

(2) Sintered Silicon Nitride

(A) Production Early attempts to sinter g\, powder under
standard sintering conditions failed to yield material of signifi-

cantly increased density or strength. It was recognized that this was
mainly the consequence of the low lattice mobility of silicon and

nitrogen and the high-temperature volatility oflSj, which led to
microstructural coarsening but no density incre=8elhis classi

cal “evaporation—condensation” mechanism for sintering, similar
to surface diffusion, led to changes in particle shape and void

distribution but no loss of void volum&® Even with the use of the

tion of Al,O3. Although the amounts of additive used were usually
similar, sintering temperatures had to be 200°-300°C higher tha
those used for hot-pressing, and 1850°-1900°C were not uncon
mon. Important additional processing conditions for the attainmen
of high density were identified as thorough mixing and homoge-
nization of the powder (involving attritor milling over many hours)
and the use of very fine200 nm) SiN, powder.

Many studies have been made of the influence of gas pressu
on densification, including the staged application of pressure. |
was realized that there were conflicting microstructural require:
ments for densification and subsequent property attainment. Fe
rapid densification, a fine-grained equiaxed microstructure wa:
needed to give maximum viscous flow grain-boundary sliding anc

standard liquid-forming additives successfully developed for hot- fapid solution—crystallization. For good mechanical propertie
pressing, only small density increases were attainable. The phys-(e-g-y toughness and strength), a high-aspect-ratio (although fin

ical loss of SN, from pore surfaces in the component by

grain microstructure was requiré@® A critical point in the

decomposition to silicon vapor and nitrogen gas appeared also todensification process was a relative density-@f.91 of theoreti-

counter the tendency for pore shrinkage to occur.

cal, when pore closure occurred. Above this density, high ga

The accidental discovery at the Westinghouse laboratories by Pressures could be applied to accelerate sintering (gas-presst

Terwilliger and Lang&*°*3tin 1976 that SjN, powder could be

sintering). The exact timing of pressurization was important, a

sintered without the need to apply mechanical pressure was awas heating rate in the first stage to achieve early pore closure (ar

major step in the development of high-densityNgj ceramics. A
graphite die “hot-pressing” experiment using MgO-dopegNSi

loss of surface area) and to minimize mass loss by evaporatiol
Onset of pore closure was also favored by high temperature:

powder was conducted at a higher than normal temperaturedespite the higher volatility, and this controlled temperature-
without the application of the usual pressure, but significant pressure schedules. Significant densification rates were obtaine
shrinkage of the SN, powder cylinder occurred. The reason was by controlled increases of the gas pressure to 10 MPa. Thi
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two-stage technique allowed the production, using 3%—6% sinter-
ing additive, of materials with grain sizes0.5 um, aspect ratios
of ~5, and room-temperature bend strengths-d4000 MPa.

As a further refinement of the production process to improve
purity and thereby microstructural quality, the processing of
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strength was important. Weak interfaces favored high toughnes
but the debonding of very large grains resulted in the develop-
ment of fracture origins and loss of strength. Current best room
temperature values foK,. and strength for as-formed sintered
materials are in the region of 7-10 MR&’? and 1100 MP&30-142

powders under clean-room conditions has been explored. This has However, the microstructural design of these materials mus

been directed especially at reducing foreign-particle defects, and
one pilot study has reported significant10%) strength improve-
ments over those obtained from standard laboratory conditiths.

(C) Mechanical Properties As with hot-pressed §N,, de
velopments that led to markedly improved properties were opti-
mization of theB-Si;N, grain size and aspect ratio. Microstructural
development was as discussed in Section IV(1)(B) above, con-
trolled by the properties of the $, powder (-SigN,:B-SisN,
ratio andB-Si;N, particle-size distribution), additive composition,
and sintering temperature and time. The composition of the
intergranular glass was clearly important for the development of
microstructure; examination of the changes of lanthanide (Ln)
element in a LpOs—Al,O, sintering system showed a marked
influence of lanthanide size on grain aspect ratio and grain-size
distribution, indicating its influence on N, plane interfacial
energies->® Most SiN, materials were prepared usingSi;N -
rich powders that transformed during sintering@esi;N,, with
aspect ratios comparable to whiskers if there was no strong steric
hindrance. Such high-aspect-ratpSi;N, materials could be
regarded as whisker-reinforced ceramics, and the ro@li&;N ,
grains acted to toughen the material.

For maximum fracture toughness and strength, a high propor-
tion of high-aspect-ratioB-Si;N, grains was required. Early
studies on hot-pressed ;8i, had shown a marked correlation
betweenB-SizN, grain aspect ratio and fracture toughness (Fig.
16)**° and, as expected, a similar correlation existed for sintered
SizN,. This was achieved by control 8£Si;N, nuclei density and
B-Si;N, particle size, and the highest-strength materials were
obtained from SiN, powders containing a high proportion of
phase. Starting powders containing a high proportiof3-&i;N,,
gave fine-grained but equiaxg¥#Si;N,, of lower toughness and
strength. Extensive work showed that fracture toughné&sg (
could be increased from-3 MPam¥? using starting powder
containing 70%a-Si;N, to 6 MPam*? using starting powder
containing 100%x-Si;N,. B-Si;N, grain aspect ratios of10:1
were achieved by controlled annealing treatméftsSi,N, con
taining large-diameter>1 pm) elongated3-Si;N, grains devel
oped toughness of10 MPam*/2 Therefore, such materials could
be regarded as early examples of ceramic-reinforced ceramic-
matrix composites, for which close control of interfacial bond

38i0, MgSiO, Mg,Si0, 6MgO
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Fig. 16. Si;N,~MgO system. (After Lang&®d)

also take account of the effects of silicate phase composition ar
content on creep, fatigue, and oxidation resistdf€eOther
practical advantages of high toughness values are resistance
machining damage and improved fatigue behawgg,increasing
with the volume fraction of elongated grains, and scaling with
(grain size}’? an effect attributed to crack wake mechanisms, suct
as crack bridging, grain rotation, and grain pullout.

As with other whisker/fiber composites, thg-Si;N,-glass
interfacial bond strength and the suppression of debonding led t
increased transgranular fracture and reduced toughness. This w
also controlled by intergranular phase composition, with decreas
ing MO:AIL,O, ratio and increased nitrogen content leading to
increased interfacial bond strengt:***Improvements in tough
ness resulting from the development of large grains minimizec
reductions in strength as the size of the larger elongated grair
increased: 1983-1993 saw significant improvements in strengt
and fracture toughness.

A combination of fine grain size and intergranular glass alsc
allowed high-temperature superplastic behavior to be devel
oped!*® An additional aspect of superplasticity was that, as a
result of alignment of the high-aspect-rafeSi;N, grains during
superplastic forging treatments, highly anisotropic microstructure
could develop. As a possible result of reduction in flaw size anc
steepR-curve behavior, bend strength value® GPa and very
high fracture toughnesses8 MPam™*?) were achieved when
the stress was applied perpendicularly to the pressing diretdfon.

(D) Grain-Boundary Chemistry Considerable attention has
been directed to the nature of the grain-boundary films in sintere
Si;N, using HRTEM**7~*° |t had long been recognized for
hot-pressed N, that glass films at grain faces and junctions were
important for high-temperature creep behavior (and posed th
question of why they were not squeezed out during hot:
pressing®). It became evident that amorphous films derived from
the liquid-phase sintering additives were present at almost a
SizN, grain faces (Fig. 17)High-purity SEN, densified with SiQ
alone produced films 1.0 nm thick, independent ofNgi grain
orientation and Si@volume fraction (the excess was present at
grain edges and corners). Materials densified with liquid-forming
metal oxide additions had grain-boundary thicknesses and comp
sitions characteristic of the additive system, and there was stror
dependence of film thickness (typically in the range 0.5-1.5 nm
on chemical composition. Subsequent annealing treatments lea
ing to crystallization of “bulk” grain edge material may have, in
turn, led to changes in interface chemistry and film thickness.

These observations provide support for the Cl&tké>?steric
model for an equilibrium film thickness, controlled by a balance of
forces: attractive van der Waals and repulsive steric forces resul
ing from distortion of the SiQ tetrahedra in the SiOglass. To
these can be added an electrical (“double layer”) force, influence
by the presence of charged species (cations). Increasing cati
concentration is believed to lead to increased electrical doubl
layer forces and an increase in film thickness (by 30% for 0.2¢
vol% additions of CaO); it is evident that small changes in
interfacial chemistry strongly affect the grain-boundary film thick-
nesses and may lead to degradation of high-temperature properti
Recently, evidence has been obtained that these film thickness
can be perturbed (to the extent in some cases of comple
squeezing out) as a result of redistribution of the grain-boundar
liquid during high-temperature plastic deformatitii.This work
reflects a remarkable analysis for the variations in chemica
composition of a material on the scale<ofl nm, but nonetheless
vitally important for an understanding of the mechanical propertie:
of SigN,.
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Fig. 17. SisN,~SiN, boundary in hot-pressed 8i,, showing the amer
phus film. (Courtesy of C. M. Wang.)

V. Silicon Nitride Powders

The need for high-purity §N, powders for hot-pressing and
sintering was recognized since the significance of impurity cations
for the high-temperature strength of hot-pressegNgSiwas first
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nitridation, carbothermal reduction of SjQinder nitrogen, and
high-temperature decomposition of silicon diimitfe:

3SiG, + 6C + 2N, = a-SizN, + 6CO

(at 1450-1500C) (14)
3Si+ 2N, = a-SisN, (at 1300-1400C) (15)
SiCl,(1) + 6NH; = Si(NH),(s) + 4NH,CI(s)
(at’C) (16a)
3Si(NH), = SisN,(amorph + N,(g) + 3H,(g)
(at 1000C) (16b)

The carbothermal reduction of Sj@owder under nitrogen was
the earliest used method for8i, production and is now consid
ered by some as the most-cost-effective industrial route for th
production of high-puritya-SizN, powder; it is now a standard
commercial process. It also has been possible to develop tt
fluidized bed technique as a route to the larger-scale production ¢
material*®° The nitridation of silicon powder was developed in the
1960s, following the “rediscovery” of §N, and was the first
large-scale method for powder production. Earlier grades M Si
powder made by this route, as indicated above, suffered fror
contamination by impurities (silicates and iron) in the silicon
source powder. The development of the long-known but little-use:
silicon amide routt®* relied on the increased availability of
low-cost silicon tetrachloride. Silicon diimide decomposition gives
initially amorphous SjN,, which is converted to the-Si;N, form
by heating under nitrogen at 1400°-1500°C; this is now the
second-most-important route for commercial production.

Each form of powder has its own characteristics and trac
impurities, some of which may be introduced as contaminant

appreciated®*1%° Other essential requirements for a sinterable from the milling of agglomerates. Comparative reviews made o
powder, it was quickly realized, were a small mean particle size production methods and general powder properties have esta
(<200 nm)+2815%3 narrow particle-size distribution, an equiaxed lished that the wide differences in8i, densification behavior are
morphology, and the absence of agglomerates. Other importantrelated to powder characteristics, of whiehSi;N, content,
factors affecting sinterability and microstructural quality were the ultimate crystallite size, and oxygen content are important fac

a-SigN,:B-SigN, ratio (90%—-98% being optimum) and the carbon
and oxygen contents.

tors®? A selection of typical properties and compositions for

SizN, powders is shown in Table II.

Oxygen is present in each particle as internal oxygen and as a All these methods involve low-cost raw materials and yield

nanometer surface layer of SiSi,N,O. High-surface-area pow
ders have a higher oxygen content and a greater proportion of
surface oxygen. However>50% of the oxygen is within the
particle and is not removable by HF washing or high-temperature
treatment under hydrogéR:*>”*>®Because oxygen is involved in
liquid formation with the densification additives, the amount

high-purity highe-SizN, powders, but the need for very careful
control over the production process and subsequent milling an
purification steps ultimately result in high prices-40-300
US$/kg) for the relatively small quantities of powder currently
required. The cost of materials represents 30%—50% of the cost
a sintered SN, component, and the high cost of;8j, powder is

present needs to be accurately known. Carbon may be present asne reason for the slow acceptance of\giceramic components
SiC and can lead to loss of the oxygen at high temperature throughin the market:5*
the reaction In principle, the reactions of vapor-phase species, which can b
obtained in a very pure state, should yield equally high-purity
SiC(s) + 2SiO,(s) = 3SiQ(g) + CO(Qg)

SizN, powders and avoid the need for extended milling. Later
) ) attempts to produce nanosized powders usg l@ger and plasma-
There was no disagreement about desirable powder characterenergized reactions of silane and ammonia:
istics; however, there was a choice of production routes. The three

commercially used for powder production were silicon powder

(13)
3SiH,(g) + 4NHs(g) = SisN,(amorph + 12H,(g)

17

Table 1.  Typical Silicon Nitride Powder Properties™

Route

Property Silica/carbon Silicon/nitrogen Diimide
Specific surface area (g %) 12 22 12
a content (%) 99 98 98
dso (Lm) 1.63 0.63 0.65
Oxygen (%) 2.2 1.9 1.7
Carbon (%) 0.8 0.2 0.1
SiC (%) 25 0.5 <0.2
Chlorine (ppm) <10 40 500

TReferences 159 and 160.
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Particle sizes of the amorphous product are typically 10—25 nm, device field®**">*"%and much of the success of silicon-integrated

from which equiaxedx-Si;N, is produced by crystallization at
1400°C*®* Production rates are, however, very slow, and the
commercial viability of this route seems questionat§fe?c®

VI.  Amorphous Thin Films

Because pure g\, powder could not be sintered to full density,
CVD methods successfully applied for the production of thin-
section Si¢®” were also explored in the case of,Sj. One
immediate objective was to provide dense, stable, crystatib@0
wm coatings to seal the surfaces of porous RESNLater work

was directed at the production of thicker deposits as precursors for
thin-wall components for applications at high temperature. Con-
siderable efforts were made over an extended period at Iaboratorieq0

in Japan®® and in the United Staté&>*"*to develop this route to
the production of dense, high-purity polycrystalling$j, which

was expected to have good high-temperature strength and oxida:
tion resistance because of the complete absence of intergranula

glass.

Amorphous and crystalline (normally phase) SiN, could be
produced at temperatures1200°C from a range of silicon-
bearing reactants, such as $jtbiF,, and SiC), and NH;, (reac
tions (18) and (19) below). Thin polycrystalline films formed using
this method at=1200°C and at low rates<(35 nmh~*) were
generally theoretically dense Si;N,, of grain size 0.1-um, and

uncracked. Later work showed that, provided the reactant gas

pressures were sufficiently low (less tharD.1 bar (16 Pa)),
much thicker &4 mm) uncracked deposits of polycrystalline CVD

circuits has been due to the properties ofNgi combined with
those of SiQ. From ~1960-1970, amorphous j8i,, usually in
the form of 100—200 nm films, was extensively developed as ¢
high-dielectric-strength material and as impervious dielectric films
to replace or supplement SjCfilms in semiconductor device
production and use, which permitted multistage production of
integrated-circuit components containing controlled doped layer
(Fig. 18). Amorphous SN, is now widely used as a passivation
layer or a barrier to alkali or moisture diffusion, as a masking laye!
to prevent oxidation or diffusion in underlying materials in
patterned areas, and as a final protection layer to finished device
because of its hardness and radiation resistaftce.

The amorphous form of @\, has the fundamental SjNand
NSi; structural units of the crystalline forms, but lacks the
nger-range ordering. There is also a tendency for its stoichiom
etry to depart from the 3:4 ratio. The density of amorphouslSi
is less than the crystalline forms, but increases with productiol
temperature and can reaeh3 Mgm™3 (95% of the value for
|E:rys.talline SiN,). The most important properties of amorphous
SizN, are its low permeability toward sodium, oxygen,® and
hydrogen (because of the rigid covalent structure), high electrice
resistivity (13 'm), hardness, and good resistance to chemica
attack”*17®Very thin amorphous films can readily be obtained
by the direct nitridation of silicon by NEat temperatures up to
950°C. However, this reaction is self-limiting t610 nm thick-
nesses because of the low diffusivity of nitrogen igh\§i Thicker
films can be obtained readily by CVD reactions of N&hd SiC),
or SiH, with nitrogen carrier gas:

SisN, could be obtained on graphite formers at rates of up to 0.4 4NH;(g) + 3SiCl,(g) = SizN,(amorph + 12HCI(g) (18)
mmh~*. The quality and microstructure of the product depended
critically on the production conditions of temperature, reactant gas 4NH,(g) + 3SiH,(g) = SikN,(amorph + 12H,(9g) (19)

partial pressure, and total gas pressure and flow rate. It was also

shown to be possible to produce CVBSi;N, by this method in SiCl, is thermally more stable and, therefore, more useful for the
the presence of TiGlvapor”? However, the CVD form of SN, higher temperature and faster production of thicker deposits
has, to date, remained undeveloped for structural applications, Below ~1100°C, smooth films are obtained, but films of thickness
mainly because the low pressures of reactants necessary result in>200 nm tend to develop cracks, particularly during annealing an
slow rates of material production and the limitations in the crystallization at~1500°C.

dimension and shape capabilities of the CVD technique.
In contrast, the CVD production of very thin amorphough\gi

Amorphous SiN, films are generally nonstoichiometric, and
the compositions are best represented g 5i,, where z is

films rapidly became extremely important in the semiconductor between 0 and 0.1, and the N:Si ratio is between 0.5 and 1.6. Tt
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Fig. 18. Schematic showing stages in the use of gNgimask in the construction of a recessed oxide pattern on a silicon surface.
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structural hydrogen is important for density, etch rates, and fact, earlier been expressed about feSIAION homogeneity
permeability. CVD has been the most common production method range by creep measuremettd suggesting that the compositions
used, conducted either at atmospheric pressure (APCVD) or atalong the ALO,—Si;N, join contained glass and that materials of
pressures between 10and 10 ? bar (10 and 1®Pa) (LPCVD). composition 3M:4X had minimum creep rates. Other Al-Si-N-O
Until ~1974, the standard_ deposition reaction us_ed4$nhﬂ NH; phases were subsequently identified in thgN$+SIO—Al,O4

at 1 bar (16 Pa) pressure in a cold-wall reactor with temperatures AIN system, and phase behavior relationships were mapped out
between 700° and 900°C to give deposition rates >0 detail 182184.185The high-temperature reaction of,8j, and ALO,
nmmin~*. More-modern LPCVD hot-wall reactors use dichlorosi usually gavep’-SiAION and an SiQ-rich “X-phase,” a “nitrogen
Ian_e3 (SICEH,) a%d NI—%gt 700°-800°C with pressures of 18- mullite” of approximate composition $Al (0, N, 185187X-phase

10 . bar_ (10_.1 Pa)." " This method is now routinely used in  ejteq at~1670°C and, therefore, in principle, provided an inbuilt
conjunction with complex molecular excitation systems, such as liquid-phase-sintering system for SIAION compositions based of
plasma enhancement (PECVD), laser enhancement (LECVD), andstarting powders in the i,~SiO—~Al,O,~AIN pseudoquaternary
ultraviolet photon enhancement (PHCVD), as well as microwave system (and lacking in the simpler,8i,—SiO, system), allowing
and electron cyclotron resonance, for the high-speed and Iarge-hot_ ressing to be conducted 'th04t the need fo’r oxira met:
scale production of §N, films on silicon and other substrates (to oxidlz addliti%/e The amOlLJjnt of VXV-Iph;se could be decr:ased as‘

reduce stress levels in CVD l, flms on a silicon substrate, ) X A
5-50 nm buffer layers of pyrol;tic Sipare normally first put result of the evaporation of Siat temperatures-1800°C%2 In

down). With PECVD, deposition temperatures can be as low as Practice, densification by pressureless sinteringB6fSIAION
200°—300°C with 102 bar (1 Pa) 30 kHz to 13 MHz glow materials was more readily achieved through the use of met:

discharge energization, giving growth rates of the order of tens of Oxide additives, such as MJ€&" and Y,0,, developed for hot-
nmmin~ 2. pressing, and these and related additives became included

powder formulations.
The production of SIAION phases containing other metal oxides
VI SIiAIONs was established in 1972.Reactions of SN, with, for example,
Al,O; and LiL,O, provided ap’-SIAION and a phase with the
The solid solubility of ALO; in the B-Si;N, lattice was a-SisN, crystal structure ’-SIAION). Oxides providing the
discovered independently at about the same time (1971-1972) ina-Si;N, structure were those of lithium, magnesium, calcium,
the United Kingdom at the University of Newcastle-upon-Tyne yttrium, and lanthanides oZ > 58. The a’-SIAIONs had the
(Jack and Wilsoff) and in Japan (Oyam&). One of the reasons  general composition §8i;5 s mAl msmOnNae_rny, Wherex is
for exploration of this system was to determine if a material could determined by the valence of M and typicallydi®.**° Because of
be produced that would combine the good thermal-shock resis- the established role of YO, as a densification aid for hot-pressing
tance of SiN, with the sinterability of ALO,. The major product of Si;N,,*°° the Y-Si-Al-O-N and rare-earth oxide systems were
of the reaction between AD, and SiN, had theB-Si;N, crystal explored in considerable detafl°
structure, a low thermal expansion coefficient, and appeared to be A distinguishing feature of the’-SIAION—3'-SIAION system
more readily densified by hot-pressing. It was at first proposed that js that thex' to 8’ phase transformation is fully reversible, and the
the B’-SIAION region extended along the Bi,~AI;O;N and o phases have characteristic morphologies: Fhphase forms
Al;05-Si;N, joins and filled the region between thefland that it the elongated grains typical @Si,N, and gives increased
the readier densification behavior was influenced by the lattice ¢ .octure toughness, whereas thephase grains tend to be small
vacancies in a defect structure. This range of lattice substitution and equiaxed. Th’e mechanical properties of these material
appeared to be possible because of the similarities in bond Iengthstherefore can be controlled by the-SiAION:B’-SIAION ratio
between Si-N (175 pm) and Al-O (175 pm) and between Al-N L . 21101104 .
. - 77 and, in turn, by production conditior$: 'A further impor
(187 pm) and Si-O (162 pm). However, after initial uncertainties tant feature of thex'-SIAION—3'-SIiAION relationship is that the

resulting from compositional drift caused by loss of volatile

material (SiO and ) at reaction temperatures in the region of ¢ phase appears to be more stable at lower temperatures. T
1750°-1800°C2° the phase composition (based on a unit cell of phase composition can be controlled by heat-treatment procedur
SigNg) was shown to be §j_,ALONg ,, retaining the 3:4 when rare-earth oxides are used as sintering aldg. Becausé the
metal:nonmetal ratio, it values in the range 0—4.2 (equivalent Phase can accommodate metal oxides, whereas, in genergl, the
to ~70 wt% AL,O,), and the single-phase form continued not to be Phase does not do so readily, metal oxides are rejected to tt
readily sintered® Much detailed work conducted mainly at intergranular regions during the'-SiAION to B'-SIAION trans-
Newcastle and Stuttgart and published four years later (1975—formation, a process expressed by the general phase equation
1976)"°*82established tha’-SIAION extended only along the

SisN,—~AlLO; join from z = 0 toz ~ 4.2 (Fig. 19).Doubts had, in a'-SIAION < B'-SIAION + Ln,Os-rich intergranular g(lgg)s

Because of the release of glass on conversion o&tHaiAION

3510, 6/13(3A10,5i0)  3A1,0, to B’-SIAION, the high-temperature properties of the SIAIONs

T T o may deteriorate. However, in principle, the transformation pro-
T - vides a mechanism for optimizing phase content and microstruc
’f /) 13 ) ture merely by appropriate heat treatments, and a range ¢
I y/a A3AINALDY) hardness, strength, and toughness values can be obtained fron
// / ! 2 = single starting compositioff:
i / / \ - % Thus, the SIAION systems, containing&l;, with the related
3/28i,N,O y / S = _possmllmes fqr the inclusion of other ele.ments in theNGilattice,
b\/\ / B 2, in contrast with the SN,-based materials, have greater phase
DY S S8 complexity and more degrees of freedom to permit the develop
. —1 o ment of specific microstructures and sets of properties. Th
00 02 04 06 08 10° SIAION systems have been examined in parallel withNSi
SizNg 6AIN materials, which do not contain 4D, in establishing the better
Equivalent % Al understanding needed to obtain optimum processability and pro

erties of these materials. There remains much work to be done |
Fig. 19. Phase relationships in the SIAION system. (After J&tk. both classes of this system.



260 Journal of the American Ceramic Society—Riley Vol. 83, No. 2

VIIl.  Ceramic Applications engines running at very much higher temperatures than wer
possible with conventional metallic engines, thereby achieving
significantly higher thermodynamic efficiency, lower engine
weights, and improved fuel consumption. This extremely demand
ing application required high hot strength, creep, thermal shock
and oxidation-resistant materials of high reliabilityz!$j and SiC

were identified as prime candidates for development. SiC prove
to be more difficult to produce to full density and had low fracture
toughness: The theoretical advantage of its better thermal-shot
resistance through higher thermal conductivity did not, in practice
adequately offset these disadvantages. Therefog®,Siecame

' the major engine hot-zone candidate material: SiC—silicon com

. i > posite materials were, however, extensively developed as purr
nanopowder is~50-200 US$/kg. Additional factors tending to g1 materials, gas-turbine combustion chambers, and industri

increase production costs are the necessity for very caref,Si  poqt exchangers. A selection of sinteredNgi components is
powder processing and blending stages to secure the denseshown in Fig. 21.

homogeneous, and fibrous sintered microstructures necessary for
achieving maximum mechanical property values and reproducibil- .
ity: The cost of the very-high-temperature controlled atmosphere (2) Automobile

sintering also has to be taken into account. High-quality, = Much of the work conducted on i, in the 1960s and 1970s
micrometer-sized silicon powder, which is widely used in the was directed at the introduction of dense-sintered and porol
metallurgical area, is much less expensive (4 US$/kg), but this RBSN hot-zone components into a new range of advance
factor is offset by the length of time required for the controlled gas-turbine and reciprocating engines, with projected significantly
nitriding process at 1200°-1450°C. Cost limits the use gNSi higher operating temperatures and efficienci&sMany test en
based materials to applications where the performance benefit is sogines were developed and satisfactorily evaluated, but majc
great that it justifies the premium price or where the size of the barriers to the incorporation of $i, components into standard
ceramic component is so small that raw-material cost does not engines were the costs of processing and the severe technologit
dominate the overall price. However, a wide range of niche problem of the mass production of complex ceramic component
markets now has been established for RBSN and dense-sinteredvitfllgg very high degree of reproducibility and long-term reliabil-

(1) Overview

Two sets of important features underpin the applications of
Si;N, ceramics: the intrinsic properties of good resistance to
thermal shock and refractoriness and the other specific qualities
characteristic of material type. For sintered;N\gj, these are a
fibrous and fine-grained microstructure giving high fracture tough-
ness, high strength, and very good tribological and wear charac-
teristics, and, for RBSN, an intrinsic and extremely useful complex
shape fabricability (Fig. 20).

Cost is always an important factor determining applications
and, at the present time, the price of high-purity sinterablélSi

Si;N, materialst*®*95 ity.
SisN, was first commercially developed in the 1950s, initially The control of reproducibility and reliability is not a problem
as a refractory bonding phase; nitride-bonded SiC refractories unique to SjN, ceramics: It has its roots in the fundamental
continue to be a very important commodifif, with world sales aspects of the ceramic-powder blending and sintering processe
approaching 20 000 tonnes/year. If only 5% of this material is However, because of the inherent difficulty of sinteringNGi
considered to be a $N, bonding phase, this is, strictly speaking,
the single biggest application forl,. In contrast, the worldwide
annual output of sinterable i, powder is currently estimated to
be between 300 and 350 tonnes, to which can be ad@&dtonnes
of RBSN. The resistance to attack by molten metals gNgis
also appreciated and leads to applications for RBSN components
in molten aluminum handling and castifg.
However, the major driving force for the development off\Gi
ceramics in the 1960s and 1970s was, without doubt, the enticing
prospect of high-efficiency ceramic gas-turbine and reciprocating

Fig. 20. RBSN: (left) presintered silicon and (right) nitrided component.
(Courtesy of Morgan Matroc, plc.) Fig. 21. Sintered SN, components. (Courtesy of Ceradyne, Inc.)
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powder to full density and the retention of the essential micro-
structure of the silicon powder in RBSN, both forms of this
material are particularly unforgiving of defective powder process-
ing.

The original ceramic engine programs were expensive and have
been estimated to have cost several thousand million dbifars
during almost 40 years of effort, at the end of which there was no
commercial ceramic engine. That a complete ceramic engine did
not materialize was, in part, the result of the lack of adequate
reliability and high materials cost§*?°°set against the severe
difficulties of making any type of major change in engine design
or component material. Thus, the early programs have been
regarded, in a very strict sense, as failli¥sNonetheless, routine
and large-scale use is now made by some manufacturers of
automobile diesel engines of small, dense, sintergd Stompc
nents, e.g., glow plugs, swirl chambers, and turbocharger rotors,
where stresses and temperatures are relatively low and the conse
qguences of failure not catastrophic for the engine as a whole. Table
Il lists some applications of §N, in production (diesel or
spark-ignited) reciprocating engines. Fig. 22. Si;N, springs. (Courtesy of NHK Spring Co., Ltd.)

The range of SN, components now used in engines of many
types would not have been the case without the improvements to
the materials and their processing generated by these intensiv
development programs. In terms of understanding theNSi
ceramics and, particularly, the dense, sintered forms of material,

enard-metal bearings. Applications include abrasive environment
in oil drilling, vacuum pumps, and sterilizable and unlubricated

1176
can today be regarded as the most mature of all the technical 4€Nt! drills:
ceramics. _
The largest current market for 8I, components is in recipro (4) Metal Working
cating (diesel and spark-ignited) engirf€8 Most of these com The possibility of high-speed metal cutting was demonstrated il

ponents are manufactured in the United States and Japan, althouglthe 1970s, and §\, and SIAION cutting tips entered commercial
considerable development work also has been conducted in Ger-production in the 1980s. Sintered,Nj, cuts cast iron, hard steel,
many and other European Union countries. In the United States, and nickel-based alloys with surface speeds up to 25 times thos
the driving force for the use of ceramic-engine components has obtainable with conventional materials, such as WC. Considerab!
been emissions reductions, in Japan improved performance. use is made of §N,-based cutting-tool inserts for machining cast
Itis estimated that-300 000 sintered N, turbocharger rotors iron in the automotive industry and for machining nickel-based
are manufactured annuaflj? In Japan, most applications are in  superalloys for the aero industries. The advantages ff,Siver
light-duty engines, in the United States medium- and heavy-duty Al,Os-based materials are its significantly higher toughness and it
diesel engines. These applications are not the very-high- ability to withstand rapid temperature changes. Therefore, silico
temperature applications originally envisaged, but rely on the low nitrides have a small proportion of the ceramic cutting-tool marke
density (and mass and inertia) of the,/$j component coupled (the bulk of which uses fine-grained AD;). Diamond-coated
with high strength and toughness required to withstand impact Si;N, cutting tools also have been evaluatéd.
damage®® Current development work concerns the cautious
further introduction of SN, components to diesel and spark- (5) |ndustrial
ignited engines, in locations where low mass and improved wear
resistance are required, such as exhaust valves, valve sprin
retainers, bucket tappets, rocker arm p#tfsand valve springs
(Fig. 22).

One of the earliest applications for RBSN was as a thermocou
gple sheath materials for use in hot-metal-processing areas, and
small but steady demand continues. A larger market is fo
components used for the handling and die-casting of low-melting
) and reactive aluminum, for which the increasing requirements fo
(3) Bearings aluminum purity make the use of metallic components less
The wear resistance, low friction, high stiffness, and low density desirable. Internally threaded shroud nozzles, for inert-gas weldin
of Si;N, has led to the development, in the sintered form, of and cutting torches, developed in the 1980s, also provide a stea
high-temperature and unlubricated roller and ball bearings. Fric- market for RBSN because of its strength and electrical resistanc
tion and rolling contact fatigue rates are low; this givegNgi and its better thermal-shock resistance compared wijDAIOn
bearings longer life than conventional higher-density steel and a smaller scale, specialized kiln furniture of low thermal mass an

Table lll. Silicon Nitride Engine Applications '

Component Year introduced Benefits

Glo-plugs 1981-1985 Faster start-up

Precombustion chamber 1983-1986 Lower emissions, lower noise, faster
start-up

Rocker-arm pads 1984, 1987 Lower wear

Turbocharger 1985-1989 Lower inertia lag

Fuel injector link 1989 Reduced wear, lower emissions

Cam roller follower 1991 Increased injection pressure, lower
emissions

Fuel injector check ball 1992 Reduced wear, lower emissions

Compression brake master 1993 Reduced wear on cylinder wear face

Exhaust gas control valve 1993 Increased acceleration, reduced gas
leakage
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