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FOREWORD

This document is a summary of work performed over a three-year period
under sponsorship of the U.S. Army Research Office. Dr. John Hurt served
as technical monitor. The objective of the research was to investigate the
role of nitrogen substitution in oxide glasses, primarily by determining
the conditions under which oxynitride glasses can be made and by discov-
ering the influence of nitrogen incorporation on glass structure and prop-
erties. The report is organized as a compr~hensive review of what is cur-
rently known about oxynitride glasses and, as such, it contains extensive

descriptions of work done by others integrated with the presentation vf the
author's research.

Accession For

NIIS GRA&I
DTIC TAB
Unannounced

Justification _ ]

aao
q\

By
Disgg;buyion/
Avg}lpbiliyy'COGQS
Avall and/or

Dist Special

L
ﬁll

114

A Ty

P

WAk Wt i, Wl e R il 29




-

e oz

1

i
il
g
%
N

&

k
}
]:
¢

{
i
A
i

CONTENTS

ABSTRACT :ccvcevvecosrornonssesossscceconosscossssssssntssatnsssncsnses i1
FOREWORD. ¢ s cocsvevvcncccacoosocrtssssoossonossssanvoenssocssassncnsns 111
LIST OF FIGURBS..........;.......................................... v
LIST OF TABLES:ccccecssnsoconcovsscocoscssscsassssoscsssnccsrossnnnsa vi
INTRODUCTION. ccveoconctssvossccsnssscacenssonansonnsssssnsnsseancossse 1
Oxynitride Glass Synthesis.....ccccceeceeoennosssssnsacccnsssons 2
Compositional SystemB..ccceescctcssssoossesesssssscssscsssssssnsas 9
Oxynitride Glass PropertiesS...ciccceecccerccvcnsosocscnscssssnsnas 20
Crystallization of Oxynitride Glasses....ecovocecscscssssscnsens 31
Structure of Oxynitride GlasBe@8..cccoocecsocnssccconcssssassoses 36
Applications of Oxynitride GlassesS...ccececercenccoscsvcrroossasne 37
REFPERENCES ¢ ccccoovecsetsceasocsecccssoscocssotsossosnsssessssescncssocns 39
PUBLIATIONS AND TECHNICAL REPORTS:c.cccococscocacccstosssasnsansancs 43

scmmnlc PERSOML.o.-..-.-.-.-.-............o.-.-.-.----.......-- ‘4

shiresc - AR At 05




R L 1 B U

:
£
f
i
&

Figures

w

~N & wn

10

11

12

LIST OF ILLUSTRATIONS

Gibbs Energles for Selected Reactions as a Function of
Te‘”r‘ture.l............!‘...l.l‘.....l....0..'.......00...

Schematic Representation of the 5-313!14 Structure.cccsceceae

Oxynitride Glass Compositional Studies in the Si-A1-0-N
System Superimposed on the Behavior Diagram of Naik et al...

Gla" romns Reaion in Hs-s:l'u-o—l‘ sy.t“ seeccecvcseccene
Glass Fomiu usioll in the Ca~Si~Al-0-N sy.tuo sees0evsescce
Glass Forming Region in Y-S1-Al-O~N System ....c.ctvescvencs

Schematic of the Glass Forming Region in the
Y-Si-Al—O'N sy.te‘~.-o-o..-.o¢noo.oc.ooooto-o..o--nooo.--.--

Variation in Hardness of Y-Si-Al-0-N Glasses with
Nitrog‘n “nt‘nt.I..Q'lli"..l.....'l....‘.'...l.lll'.‘.....

Variation in Physical Properties of Y-Si-Al-0-N Glasses
uth Nitrozen mnt‘nt........lt......--.-O...-....l.........

Variation in Thermal Expansion Coefficient with
Nitrosen Content of Na-Ca=S1—0~N GlagS.cccsceccccsscccsscsse

Variation in Glass Transition Temperature with Nitrogen
“ntent of N‘-c‘-si-o* Gh..l......l....Q.I..l.............

Phase Separation in Mg-"' -0-N Glass Light Phase....ccccccc.e

11

13
15
16

18

19

22

24

26

27
33

N A v o N aga g

o Ry a2 e




vk e

Table

w N -

LIST OF TABLES

“'wsitia“ of Y-Si-Al1-0-N Glas8@8.cccoosvessosssnsssvsennen
mch‘nic‘l Propcl'tie! Of Y"Si-Al-O-N Gla..e’ te0secsecsesssoe

Comparison of Y-8i-Al~0-N Properties with and without

Nitrosen"aDoo.‘....oooooc.o‘l.c0..00'0‘.'.oo.‘-oo.-lcc-ooc-

Comparison of Mg-Si-Al-0-N Properties with and
'itmnt Nitrogenl..l...l..l..'....0..‘0'..00.......'.‘.0..'.

Electrical Pro”rtie' of Y‘Si‘Al"O"N Glagses.vccosecrcarcnce

Phases in Y-Si-Al1-0-N Glasses Heated 16 h At 1250°C.ccccvvss:

Crystallization of Y-Si-Al-0~N Glass Heated for 4 h at
1°°°°c Plu’ 16hat lkoo.cl..OCCOOOOI.QOUO."l......‘.....l'

23
25

28

29
30
35

36

VR 5L I s D b A3 iy

(P PNIUS T PR




ORI serscsscnge < e

& R A RS AS ANE R TV 7 A - WM S ot

INTRODUCTION

The effects of nitrogen additions on the properties of oxide glasses
have been investigated sporadically over the years. MNulfinger (1) studied
the physical and chemical dissolution of N, and NH; in glass melts and
found spectroscopic evidence that nitrogen was present as nitride or =NH
groups. The nitrogen content reached a maximum of about 0.7 wtX after the
melt was bubbled with NH; for 5 h at 1400°C. Elmer and Nordberg (2)
introduced 3 wtX nitrogen into a porous borosilicate glass by heating in
ammonia at higher temperatures. That level of nitrogen reduced the ten-
dency of the glass to devitrify under electrolysis and increased its
electrical registivity and viscosity. Those property changes were corre-
lated with infrared spectroscopic measurements showing the presence of =NH
and =N- groups in the glass structure. Harding and Ryder (3) added SijN,
to an amber container-glass to determine the effect of sulfate concentra-
tion on nitrogen solubility, but no properties other than solubility were
reported.

During the past four or five years, there has been a comsiderable
increase in research on nitrogen-containing glasses. The upsurge in
interest in these glasses was originally motivated by their relevance to
the processing of 313N,.-baud ceramics (4, 5) when it was recognized that
at leaat some of the intergranular phages in the ceramics are amorphous
oxynitrides (6, 7). The discovery that nitrogen incorporation alters a
vide range of glass properties (8, 9) shifted the focus of research to
nitrogen-containing glasses themselves, independent of their role in
ceramic processing.

Evidence is accumulating that the observed property alterations result
from the direct substitution of trivalent nitrogen for bivalent oxygen in
the glavs structure. The extra degree of linkage afforded by the nitrogen
produces a tighter, more highly cross-linked glass structure. Thus,
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nitrogen incorporation represents one of the few methods of achieving
compositional substitution in the anion portion of oxide glass networks.

At this early stage it is not clear whether any nitrogen-containing
glass will find wide commercial use. However, several areas of application
are suggested by results obtained so far, among them refractory glass-
ceramics, leach-resistant glasses, hardened optical windows, and joining

compositions for ceramic-ceramic seals.

Oxynitride Glass Synthesis

The preparation of oxynitride glasses is more complex than preparation
of conventional oxide glasses for a variety of reasons. Prime among them
is the need to maintain reducing conditions while melting and homogenizing
80 as to enhance nitride solubility and to prevent nitrogen loss through
sample decomposition. Typically, mixtures of oxide and nitride powlers are
melted under N, or Ar atmospheres (9, 10), although gel glasses have been
nitrided in ammonia (11), and there is one report of oxynitride glass
synthesis in air (12). 1In the case of the air melt, reducing conditions
were probably maintained locally by use of a closed silica crucible.

Direct reaction of Ny or NH3 with silicate melts (1) does not seem as
favorable a technique for oxynitride glass formation as melting of mixtures
of oxide and nitride powders. In the former case, the gases apparently
react wvith the melt only very slowly, and the levels of nitrogen attained
are much lower than with other methods. Dancy and Janssen (13) studied the
direct dissolution of N, in synthetic metallurgical slags made from mix-
tures of CaO, A1203, and 810,. Those melts, which were similar in compo-
sition to the oxide portions of some oxynitride glasses (10), dissolved
between 0.25 and 2.5 wtX N; at 1550°C under 1 atm N,. Incorporationm of
gaseous nitrogen was very slow, requiring about 24 h to reach apparent
equilibrium. By contrast, when S14N, was added to the melt aloung with the
Ny, reaction was rapid and much higher nitrogen contents were found (~ 4
wtl). Contrary to the authors' claim that the 814N, promotes saseous Ny
dissolution by maintaining reducing conditions in the melt (13), the most
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likely explanation for the enhanced nitrogen content is simply that the
S14N,; 1itself dissolved in the melt.

The dissolution kinetics of 8-813N4 in a Mg-51-0~N liquid were inves-
tigated by Tsai and Raj (14). Their study is not directly applicable to
oxynitride glass synthesis because the composition they chose (containing
38 wtX 813N4) was outside the glass-forming region. Nevertheless, the
results provide some insight into the preparation of oxynitride glasses
using SijN,. In Tsal and Raj's system, dissolution was driven by a
chemical reaction that produced a crystalline species, i.e., B-813N4(c) +
8102(1) > 812N20(c). The rate-limiting step in this process must be the
slowest of three sequential steps: (1) interfacial reaction at the Si4N,-
liquid interface (dissolution), (2) transport of silicon and nitrogen
through the liquid, and (3) interfacial reaction at the Si,N;0-1liquid
interface (precipitation). Their analysis, which was based on X-ray dif-
fraction and electron microprobe experiments and morphological examination
of reactants and products using TEM, led Tsai and Raj to conclude that the
kinetics were controlled by the rate of dissolution at the Si;N,-liquid
interface. If that conclusion is correct, the experimentally determined
activation energy for dissolution, ~ 621 kJ nol'l, is the sum of the heat
of solution of ﬂ-813N4 in the liquid and the activation enthalpy for move-
ment of atoms across the interface. So large a value for the activation
energy is thought to result from a large endothermic heat of solution of
Si4N, 1in the Mg-S{~0-N liquid (15).

It {s not clear how general this result is. Oxynitride glasses are
made by dissolving a variety of nitrides, and even when SijN, is the
nitrogen source, the amorphous or a~forms are usually chosen. Only the
first two of the three steps discussed above, the Si,N4-1liquid interfacial
reaction and the transport of the Si and N through the liquid, occur when
oxynitride glasses are made. If diffusion rates for Si and N do not vary
greatly with liquid composition and if dissolution is not much affected by
the crystalline form of the 813R4, then the ‘nitial interfacial reaction
would be rate-limiting in oxynitride glass synthesis using 813N,




Gel glasgses, which below the sintering temperature are guite porous
and contain high concentrations of hydroxyls, have been converted to
oxynitride glasses by treatment with ammonia (11). Nitrogen councentrations
have been achieved that are almost as high as those obtained by dissolving
golid nitrides in silicate melts. The mechanism of nitrogen incorporation
is believed to be condensation reactions of hydroxyl amnd alkoxy groups with
ammonia to produce -Si-NH, groups and water (11). Further condensation
between -$i-NH, and OH~Si- groups leads to nitrogen that is threefold

coordinated by silicon.

Oxynitride glass stability is affected by both the furnar tmosphere
and by the composition of the melt. For example, the JANAF & 8 (16)
list the Gibbs energies of formation for the following specie: -« may be
present during oxynitride glasa synthesis.

(1) 38L(2) + 2§,(g) > S14N, Ac;(19oo K) = -24.289 kcal
(2)  S1(1) +0,(8) - 510, (%) AG; (1900 K) = -136.321 kcal
(3)  S1(1) +1/20,(8) + 510(g) AG; (1900 K) = -60.237 kcal

The reactions can be combined to yield the overall reaction (4)
4) 813NA + stoz(x) + 02(3) +  4S8i0(g) + 2 Nz(g),
AG° (1900 K) = -80.338 kcal

The AG® values are given for the typical processing temperature of

1900 K. Reaction (4) shows that decomposition of oxynitride melts is
promoted by increasing either the 813N4 or S§10, concentrations or the
oxygen partial pressure. Melting in flow systeums in which $S10(g) is con~
tinuwusly removed favors melt decomposition, whereas static atmospheres
that maintain & high Pg,, tend to increase melt stability. Likewise,
melting under high nitrogen overpressure favors compositional stability in
the melt. Because of the very large negative AG: values for Ca0 and




Al,05, those specles will not participate in any oxidation~-reduction
reaction, and therefore they do not appear in the equilibrium expression.

At equilibrium AG® = -RT %a K, where the equilibrium constant K for
reaction (4) is given by

4 _ 2
Psi0 Pnz .
3N, 2 %

The A's indicate activities and the P's are partial pressures in

atmospheres.

To illustrate the effect of atmosphere, consider a CaSi{AlON melt made
from 50 wtZ S105, 10 wtX Al,043, 20 wtX Ca0, and 20 wtX SisN,. Assuming
that the mixture behaves ideally, = (0.0998 and = (0.5821.
Suppose that the oxygen partial pr::iu:l; in the furnac:s ::mosphere 1s 1073
atm and the 1’Nz is set at 2 atm by an external nitrogen source. Solving
the equilibrium expression gives Pgy, = 12.6 atm, indicating that under the
given conditions the melt will decompose by outgasing considerable
quantities of Si0O. Because of the very large negative aG°

3
and Al,03, those species will not participate in any oxidation-reduction

values for Cal

reactions; therefore, they do not appear iu the equilibrium expression.

As a second example, consider the same melt composition, but this time
assume that the oxygen partial pressure is 10713 atm because of equilibrium
between the furnace atmosphere and a hot graphite furnace element, and that
Pnz = 20 atm, a value attainable in some furnaces used in oxynitride glass
synthesis. Solving the equilibriwa expression for this example gives Pg
= 3.99 x 1073 atm, which 1s over four orcars of magnitude less than in the
firet case. Thus, through proper control of the furnace atmosphere, an
otherwise unstable composition can be prepared as a good oxynitride glass.

Chemical ~omposition algo strongly influences melt stability. From
empirical studies, it is known that some combinations of ingredients make
good oxynitride glasszes, whereas other combinations are uansuccessful
because they produce frothy melts. For example, A1203, MgO, or Ca0 in
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combination with 8102 and Si3N, can be formed into homogeneous, bulk
glasses that contain only occasional bubbles. However, if Ti0; or P,05 is
added to a melt countaining SiN, or ALN, an extreme frothing reaction leads
to foamed or cellular structures in the quenched products. These
observations can be rationalized by considering the following oxidation
reactions for SigN, and AIN (16):

(5) SigN, + 305() + 3510,(1) + 2N,(g)
AG° (1900 K) = -384.674 kcal

This overall reaction results from combining reactions (1) and (2),
above. In a similar fashion, one obtains (1)

(6) 4AIN + 30,(8) ~ 2A1203 + 2N2(g)

AG° (1900 K) = -203.926 kcal

for the oxidation of AIN. Only the AG° (1900 K) values are quoted here for
purposes of illustration. Gibbs energies at other temperatures can be
obtained from tabulated data (16).

If reactions (5) and (6) are normalized so that the stoichiometry is
expressed in terms of one mole of oxygen gas, their standard Gibbs energies
can be plotted as function; of temperature on an Ellingham diagraa (17), as
illustrated in Figure 1. The oxidation or reduction tendencies of
reactions can be determined by the relative positions of their ac®
values in Figure 1. For example, Mg is oxidized by Al,03, but not by

Ca0. This can be seen by comparing the reactions at a given temperature,
for example 1473 K.

(7) Mg +0, » g0 AGG (1473 K) = =209 kcal
(8) 2/3A1,0, + 4/3A1 +0, -AG3 (1473 K) = + 192 keal
6
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OF TEMPERATURE

-

A S Ko s BB o aee




Summing, 2/3A1,0, + 24g >  2Mg0 + 4/3AL; AG;: -17 kcal. The
negative Ac§ indicates that the overall reaction is favorable as written.
A similar calculation for Mg + Ca0 + MgO + Ca gives a positive

Acg, indicating an unfavorable reaction as written.

The positions of the AG® versus T lines for oxidation reactions (5)
and (6) allow one to predict the stabilities of melts made from 81,8, or
AIN and various oxides. At a given temperature, any oxide whose AG; lies
above that for reaction (5) (i.e., any reaction with a less negative AGg)
will oxidize SigN4, while at the same time being reduced by the SiN4. Any
oxide whosge AG% lies below that for reaction (5) (i{i.e., more negative

AG;) at a given temperature will be stable in cootact with Si3N,.

Thus, Al,03, Li,0, Ca0, and MgO will be favorable components for
oxynitride glass synthesis according to this oxidation-reduction criterion
(as has indeed been found experimentally). However, Fe,04, TiO,, P,05, and
MnO are predicted to oxidize SijN, in a melt, leading to frothing or
bloating as N, is evolved. As already mentioned, such frothing has been
obgserved experimentally in the case of TiO; and P,0q additions to melts
containing Si,N, (18). A similar analysis can be made for other nitrogen
sources such as AlN, CasNy, and LigN.

The suitability of various crucible materials for oxynitride glass
preparation can be explained, in part, by these same thcr-odynaiic argu-
ments. In general, metal oxides will be reduced by the melt if their
AG: values are less negative than those of the oxynitride glass ingre-
dients. Thus, the metals from which those oxides are formed are potential
crucible materials, provided their melting points are greater than the

glass processing temperature (about 1650°C for many compositions), and
provided the metal will not react with the melt to form stable compounds.
This analysis predicts, for example, that Mo, W, and Nb would be suitable
crucible materials, whereas Ta and Zr wuld be oxidized by typical melts.
Molybdenum crucibles, in fact, have been used extensively in oxynitride
glass preparation, and limited tests on W and Nb indicate they aleso would
serve (18). Tantalum, on the other hand, appears to be oxidized by oxyni-
tride melts (18). All these results are as expected, based on the
thermodynaaic calculations of oxidation-reduction behavior.

Mt adlin . ade A et el n -
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Boron nitride is another crucible material that has been used for
oxynitride glass synthesis. The AG° calculated from published data (16)

for the reaction

(9) 4/3BN + 02 > 2/3!1203 + 2/3N2
is AG; (1900 K) = -104.60 kcal, where the value at 1900 K has been chosen
to allow comparigon with the examples given in reactions (1) through (6).
In the temperature range of interest, SiN,, AlN, and most oxides that have
been used successfully in oxynitride synthesis have AG; values more
negative than that for reaction (9), which explains why, in neutral or
reducing atmospheres, BN can be used as a coantainer for oxynitride melts.
Fote that some grades of hot-pressed BN contain a few percent free B,03 or
calcium borate that can dissolve into the melt during heating. Whether
this is a problem, of course, depends on the glass composition and its
intended use.

Other candidate crucible materials are suggested by the data in Figure
1. PFor example, graphite appears suitable for melts containing 810, at
teaperatures below 1550°C, but above 1550°C the reaction 510, + 2C + 81 +
2C0(g) is favorable. Wusirika and Chyung (19) reported using graphite
crucibles at temperatures as high as 1800°C. However, tests in our
laboratory showed that graphite reacts strongly at 1600°C with oxynitrﬁle
melts (10). The origin of the discrepancy is not known.

Compositional Systems

A wide variety of oxynitride compositions have been made by the
techuique of reacting a solid nitride with a silicate-based melt. Some of
those that have been reported are listed below.

Ca~81-0-N Ca-81-A1-0-N Na-Ca-$1-0-N
La-$1-0-N La-81-A1-0-N Na-B-81-0-N
Mg-S1-0-N Mg-81-A1-0-N Ca-B~S1-A1-0-N
81-A1-0-N Li-81~-A1-0-N Sc-81-A1-0-N
Na-Ba-Al-P-0-N Y-81-A1-0-N

9
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All but one of these gystems have S1, 0O, and N in coumon, and about half
also contain Al. The occurrence of Si, 0, and N in those glasses is a
reflection of the structural similarity of 3102 and Si4N, on 8 local atomic
scale. In both compounds, the local atomic arrangement consists of four
anions tetrahedrally coordinated around each Si atom. The main difference
is in the coordination of the anions: in $i0y, the oxygens are each linked
to two silicons, whereas in Si;N;, the nitrogens are each bonded to three
silicons. Figure 2 illustrates this point by means of a schematic
representation of the crystal structure of B-813N4, in which the full
circles represent silicon and the open circles represent nitrogen.

The simplest oxynitride glgu would be a Si-0-N composition that might
be made by reacting a mixture of 510, and SiN4. Direct melting of the
compounds 1s difficult because, temperatures greater than 1800°C are
necessary for §i10, to be fluid enough for 81,N, dissolution and for the
reaction to be practicable. Above 1800°C the decomposition pressure of
Si,N, is very high and the melt is unstable. Under reducing conditions at
thogse temperatures, 810, decomposes to give S10(g) and 07, further desta-
bilizing the melt. For example, a mixture of SisN, and 810, powders heated
between 1850°and 1900°C in an open Mo crucible under a 2-ata static N,
atmosphere gfvn an inhomogeneous, frothy, cellular mass on quenching
(18). A similar result was reported by Wusiriksa and Chyung (19). Decom—
position can be suppressed by using high overpressures of anitrogen 1if
S$10(g) loss also is prevented.

Alternatively, it is conceivable thst a sol-gel method aight be
devised to prepare a Si-O-N glass that would permit densificatioa at
temperatures lower than required for direct melting. However, no such
glass has been reported to date.

The oxynitrid. glasses that are next simplest from a compositional
standpoint contain 81, O, N, and one other cation. Examples are Si-A1-0-N
(19,21), Ca-81-0-% (10), Mg-81-0~N, (10,22) and La-Si-O-N (23). They all
have been mede successfully by reacting the relevant metal oxide with 810,
and 8i4N, or AlN. Oune function served by the metal oxide in these systems
is to resct with 810, to form a eutectic liquid in which the nitride can

10
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FIGURE 2 SCHEMATIC REPRESENTATION OF THE §-SigN, STRUCTURE
Filled circles are Si; open circles are N.
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dissolve without decomposing. The nitride, in turn, seems to promote glss
formation. For example, quenching of Ca0-$i0, or Mg0-S10, melts at rates
common in ordinary glass preparation gives a crystalline product. Disso-
lution of 10 to 20 wtX SiN,; in either melt, followed by the same quench,
produces stable oxynitride glasses that contain up to 7 atX nitrogen (10).
This is direct evidence for the stabilization of glass network structures
by silicon nitride. The Ca-Si-0-N and Mg-Si-0-N glasses are milky because
of phase separation on a fairly coarse scale. Their aicrostructural
features are discussed in a later section.

The La-Si-0-N glasses were made using a 30-atm overpressure of Ny to
suppress uelt decomposition while heating at 1700°C (23). A nitrogen
content of 18.2 atZ was reported for one La-Si~0-N glass (23), a value more
than double that attained for oxynitride glasses prepared without high
nitrogen overpressures.

Small batches of Si-Al1-0-N have been found to froth extensively when
melted in open crucibles under onme or two atm Ny {10). Figure 3 shows the
compositions attempted, superimposed on the behavior diagram of Naik et al.
(20). All the numbered compositiona in the figure were liquid at 1650°C,
and the frothing did not seem to vary with composition. Some of the same
compositions have been reported to give good dense glasses when confined by
a hot-press die during melting (4). Wusirika and Chyung (19) prepared
500 g specimens of S1-A1-0-N glass without evidence of excessive decoapo—
sition by melting and casting into graphite molds under Ny. In particular,
they list a glass similar to composition 9 in Figure 3 . The greater
stability of larger melt volumes can be understood if decomposition and
frothing occur primarily at the free surface of the melt. As the mass of oo
the glass batch increases, the ratio of the surface area to the volume of R
the melt decreases, 80 the decomposition per uuit mass of the melt is
proportionally less with larger batches. The importance of minimizing the
free surface of oxynitride melts is shown by the observation that the
concentration of bubbles in a Mg-S1i-Al-0O-N glass was greater when it was
nade in a wide, shallow crucible than when it was prepared in a narrow,
deep countainer (18).
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FICURE 3 OXYNITRIDE GLASS COMPOSITIONAL STUDIES IN Si-Al-O-N SYSTEM SUPERIMPOSED
ON BEHAVIOR DIAGRAM OF NAIK st al. (Reference 20)
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Inclusion of A1,05 in oxynitride compositious seems particularly to
favor glass formation. In almost all cases, the effect of adding Al,04 to
a M-S1-0-N melt (where M indicates a cation other than Al or Si) 1is to
increase the nitride solubility and to widen the glass—forming region. The
chenical and structural compatibility of Al,0; and SijN; 1is also
demonstrated by the easy substitution of A1t and 02~ in the silicon
uitride structure to form B '-S1AlON, 316__‘A1xoxu8__‘, where 0 < x < 4.2
(24). Part of the explanation for the favorable effect of Al;04 on
oxynitride glass formation may be the similar sizes of the SiN, and AlQ,
tetrahedra, which must allow them to substitute easily for each other.
{The Si-N bond distance and the tetrahedral Al-0 bond distance are each
1.75 A (Zi)]. As already mentioned, the aluminuw-free Ca- and Mg-oxyni-
tride glasses are phase separated; addition of a few wt Al,0, suppresses
the phase-separation and gives clear glasses.

Figures 4 and 5 show the Mg~S1-~A1-0-N and Ca-Si-Al-0-N glass-forming
regions superimposed on their respective oxide ternary phase diagrams. The
amount of SijN, that will dissolve in a given ¥g0-A1,04-5810, or Ca0-Al,03-
510y composition to produce the fllustrated glass—forming regions is about
10 to 15 wtl. However, much higher Si;N, solubilities (up to 30 wtl) are
observed for compositions in the low-Si0, portiouns of the phase diagrams.
Figures 4 and, 5 show that the glass-forming regions roughly correspond to
the region of the given oxide ternary that is liquid at 1600°C and below.
That correspondence is a fairly general result; i.e., oxynitride glasses
fora in many silicate systems that are liquid below about 1600°C and in
which 8148, (or some other nitride) dissolves without significant
decomposition. In the low-510, portions of Pigures 4 and 5, the glass-
forming regions extend into compositions that would not be liquid below
1800° or 1850°C if no SiN, were present. This is because, in those low-
810, reglons, SijN, substitutes for 810, to saintain approximate
equivalence in the liquidus temperature.

Two effects are found for ~ompositions outside the boundaries of the
glass~forming regions. In the direction of decreasing 810, content, even-
tually a point is reached at which crystallization occurs, even for large
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FIGURE 4 GLASS-FORMING REGION IN THE Mg-Si-Al-O-N SYSTEM (Reference 10)
All compositions contain 10 wt% SigN,.
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SA-8118-3

FIGURE 5 GLASS-FORMING REGION IN THE Ca-Si-Al-O-N SYSTEM
All compositions contain 10 wt% SigNg.
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Si,N, additions. Frothing and melt {nstability, however, are observed in
compositions in which the Si0, + SijN, content is high. The filled circles
in Figure 4 which 1ndica£e frothing, are for specimens that contained 10
wtX Si4N,. For SigN, concentrations greater than 20 wtX, frothing is
observed further into the center of the glass-forming region delineated in
the diagram.

Fairly extensive compositional studies also have been done on the
Y-8i-A1-0-N system (9,25). Compared with Ca-~Si-Al-0-N and Mg-Si-Al-0-N
glasses, those containing yttrium soften at higher temperatures, the glass-
forming regilon is less extensive, and not as much nitrogen can be
incorporated {up to 7 atX N (8-10)]. Those differences probably occur
because the Y,03-Al;03-5Si0, system is more refractory than either Mg0O-
A1,03~8105 or Ca0-Al;03-5105, and thus the compositional region liquid
below 1650°C is less extensive. Figures 6 and 7 are two representations of
the glass-forming region in Y-Si-Al-0-N. Figure 6 contains actual
compositions as reported in reference 9. Figure 7 portrays the glass
forming region in a different compositional gpace, which relates the Y-Si-
Al-0-N glasses of Figure 6 to other compositions that have been studied. A
nuaber of properties aeasurements have been made on the Y-Si-Al-0-N
glasses; they are discussed in a later section.

Other M-Si~Al-0-N glasses that have been made are La-Si-Al-0-N (10),
Li-81-A1-0-N (10), Ba~S1-Al-0-N (10), and Sc-Si-Al-0-N (18). None of them
has been investigated as thoroughly as have the Y-, Mg—~, and Ca~Si~Al-0-N
glasses. The La~ and Sc-Si~Al-O-N glasses resemble those made with
yttrium, and because they are all are fairly refractory, it is somewhat
difficult to make them with nitrogen contents greater than about 7 atX
using only moderate furnace overpressures. The Li-Si-Al-0-N glasses, on
the other hand, more nearly resemble those made from Ca and Mg.

Preparation of oxynitride glasses containing sodium and boron, either
singly or in combinstion, presents some common problems. The Gibbs ener-
gles of formation of Na,0 and B,03 are counsiderably less negative than
the AG) for the oxidation of SigNy [Eqn (5) and Figure 1]. Thus on ther-
modynaaic grounds, we would expect 814N, in the melt to be oxidized to
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FIGURE 6 GLASS-FORMING REGION IN THE Y-Si-Al-O-N SYSTEM (Reference 9)
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(Reference 10)
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5105, and the Nay0 and By03 to their respective elements. We should
observe Na loss from the melt because of its high vapor pressure (1 atm at
about 890°C) and possibly loss of S10(g) if the S14N, is only incompletely
oxidized. Jankowski and Risbud (22) observed severe outgasing when B,03,
$10,, and Si3N, were heated directly in a graphite crucible under Ny.
Decomposition was less severe when they presynthesized a sodium borosili-
cate glass in air, ground it to a powder, and then heated a mixture of the
glass and SiyN, in a Mo crucible. However, vigorous bubbling occurred
during melting, and analysis showed that the resulting glass contained less
nitrogen, sodium, and boron than the starting mixture.

Frischat and Schrimpf (26) developed a three-step melting procedure
for preparing Na-Ca-Si-0-N glasses that compensated for alkali loss during
heating. They first made a Na,0-Ca0-510, glass and then melted a mixture
of that glass powder and SisN, under Ar. The melt was quenched, chemically
analyzed, and then the composition was adjusted for alkali loss by adding
the necessary ingredients. The mixture was remelted at 1150°C under vacuum
to remove bubbles. The relatively low temperature of the last melting was
probably responsible for the greater level of alkali retention. No mention
is aade in the paper (26) of nitrogen loss as a result of either of the
last two meltings, but nitrogen contents as great as 6 atl are reported.

The Na-~Ba-Al-P-O-N glass prepared by Wilder (27) deserves apecial.
meution. As far as the writer is aware, it is the only oxynitride glass
made to date that does not contain any silicon. As discussed previously,
because of structural similarities between 510, and SigN,, there is easy
substitution of nitrogen for oxygen in silicates, and it appears likely
that in those materials nitrogen enters the glass network. Phosphorus
peantoxide-based glasses have as their fundamental structural uait a PO,
tetrahedron in which one of the phosphorus-oxygen links is a double bond
(28). The question, then, is how nitrogen aight substitute into such a

structure.

A little iavestigation reveals that there is a large and rich chem-
istry of compounds that contain P-N and P=N bonds in which the phosphorus-
nitrogen double boud length is about 1.55 to 1.61 A, and the single bond
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length is 1.75 to 1.80 A (29). In compounds such 'as the polyphosphazenes a
single phosphorus can be linked to both nitrogen and oxygen, so there might
be a structural analogy between Si(O,N),' and P(O,N)a units. However, the -
analogy is imprecise because the anions are not tetrahedrally coordinated
to phosphorus in the polyphosphazenes. Furthermore, those compounds decom-
pose at temperatures below 1000°C. A more likely explanation for the
stability of the phosphorus oxynitride glass (27) is that it contains
aluminum. Aluminum phosphate (B~berlinite) is isostructural with silica
and contains alternately linked Aloa and PO, tetrahedra in which all
corners are shared (30). The existence of a large number of Si-Al-0-N
compounds based on the AIN Wurtzite structure (4) in which oxygen and
nitrogen are tetrahedrally coordinated to aluminum suggests that, in the
Na-Ba—-Al-P-0-N glass, nitrogen is bonded to aluminum rather than to
phosphorus to give a conmected assembly of A1(O,N); and PO, tetrahedra.

Chyung and Wusirika (12,19) reported over forty different oxynitride
glass compositions based on M-Si-A1-0-N in which the M-component varied
from one to three different cations. Most also were made using AlFj as a
fining agent. The only exceptional difference between their glasses and
the simpler materials already discussed was that some of Chyung and
Wusirika's (12,19) melts were done in air in closed silica crucibles.

Oxynitride Glass Properties

The first extensive studies (8-10) of oxynitride glass properties
revealed that very significant changes are produced by nitrogen incorpor-
ation. Since then, investigations have been extended to other systems,
giving results that essentially confirm the original observations.

Spacifically, addition of nitrogen to form oxynitride glasses has been
found to increase the glass transition temperature (Tg), the hardness, and
the fracture toughness in smounts proportional to the nitrogen concen-
tration. Ths thermal expansion coefficient (c) exhibits a decrease with
increasing nitrogen content, although the effect is not as great in all
compositions that have been examined. Figure 8 (8) shows that the
afcrohardness of a group of Y-Si-Al-0-N- glasses increases by sbout 30X as
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SA-8116-4

FIGURE 8 VARIATION IN HARDNESS OF Y-Si-Al-O-N GLASSES
WITH NITROGEN CONTENT (Reference 8)
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the nitrogen content increases from 0 to 4.4 wtX. Figure 9 (9) illustrates
the variation in expansion coefficient, Tg, microhardness, and fracture
toughness with nitrogen content for a similar group of Y~S§i-Al-0-N glasses
whose specific compositions are given in Table 1. The scatter in some of
the data of Figure 9 has been attributed to a second-order effect resulting
from differences in Y, Si, and Al contents in samples with similar nitrogen
concentrations.

Table 1

COMPOSITIONS OF Y-Si~Al-O-N GLASSES
(Sample Numbers Correspond to those given in Figure €) (9)

Sample Glass Composition (atl)*
Number Y Si Al N
6 10.3 17.6 11.7 54.0 6.5
7 6.4 19.0 9.9 57.6 7.0
8 5.6 20.3 8.1 60.3 5.7
9 9.8 19.9 S.4 60.4 4.5
10 8.9 20.9 2.8 65.8 1.6
11 16.6 15.0 3.2 63.6 1.5
12 12.7 18.6 6.7 57.6 4.4
13 15.2 14.3 7.9 57.6 5.1
14 9.6 18.8 7.5 57.8 6.3
15 16.6 15.0 3.2 65.1 0

*as analyzed (BReference 9).

Messier (25) prepared Y-Si-Al-O~N glasses with high nitrogen con~
tents. Microhardness measurements gave results similar to those of
Shillito et al. (8) and Loehman (9). The elastic modulus, measured by an
ultrasonic technique, showed a trend towsrd increasing modulus with higher
nitrogen contents. Those data are summarized in Table 2.
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Table 2

MECHANICAL PROPERTIES OF Y-Si-Al-0-N GLASSES (25)

. Elastic
Composition (a/o) Densitg Microhardness Modulus Poissons
Specimen Al Si Y 0 N__(g/cm”) (Kmoop, 100 g) (GPa) Ratio

a 6.3 18.7 12.5 56.2 6.3 3.82 919 + 66 141 0.288
b 13.3 13.3 13.3 46.7 13.3 3.94 1058 % 56 157 0.315
h 10.0 15.0 15.0 45.0 15.0 4.00 1058 + 48 186 0.291
*
As batched.

Figures 10 and 11 (26) show that the properties variations in oxyui-
tride glasses are not confined to a single compositional system. The
expansion coefficient and Tg exhibit the same trends in Na-Ca-Si-0-N
glasses as they do in the yttriumbased materials. The only obvious, and
not surprising, difference is that the Tg values are lower and the expan-
sion coefficients are higher in glasses made from Na—-Ca-Si-0-N than they
are in the more refractory Y-Si-Al-O~-N glasses.

One method of assessing the effects of nitrogen additions more
directly is to compare the properties of pairs of glass compositions that
are nearly the same except for the nitrogen content. Table 3 gives the
results for two Y-S1-Al-O-N glasses. Table 4 is another comparison of
properties for a more extensive series of glass compositions in the Mg-Si-
Al-0-N system. The data in both Tables 3 and 4 are consistent with the
results of Figures 8 through 11; i.e., the addition of nitrogen to oxide
glasses promotes an increasse in Tg, density, and microhardness and causes
a decrease in the thermal expansion coefficient. The only exception 1s
that for the NG 30/30-0 pair, the oxynitride has a lower density than the
oxide 3lass. That reversal in the trend to increased density with
nitrogen addition is explained by the observation that the oxide glass,
NG 30-0, was partly crystalline, vhich increased its density relative to
the glaass.
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Table 3

COMPARISON OF Y-Si-Al-O-N PROPERTIES WITH AND WITHOUT NITROGEN (9)

x . Expansion -1
Compositions Tg(°C) Coefficient (°C”1) Density (g/cm’)
11 900 68 x 1077 3.92
15 830 75 x 1077 3.83

*See Table 2 for elemental composition.

Table 4

COMPARISON OF Mg-Si-Al-U-N PROPERTIES WITH AND WITHOUT NITROGEN (10)

: R Vicker's
Sample Composition (wtX) Density Kari:ias
Number MgO 510, Al,03 Si3N, (g/cm”) Tg(°C)  (kg/mm")

o NGM26 14 56 20 10 2.593 865 686

NGM26~-0 16 62 22 0 2.389 691 621
NGM27 23 47 20 10 2.700 839 703
NGM27~0 26 52 22 0 2.621 785 676
NGM28 18 56 16 10 2.533 864 773
NGM28-0 21 62 17 0 2.509 805 604
NGM30 20 42 28 10 2.657 845 731
NGM30-0 22 47 31 0 2.665 781 641

*Before melting. : : “

There is evidence that nitrogen increases the chemical durability of
oxynitride glasses. Three specimens of Y-Si-Al-O-N glass were continu-
ously exposed to 95°C distilled water for 350 h in a Soxhlet apparatus.
The sample weight losses after that time were 0.111% (Sample 7, Table 1),
0.0161 (Sample 11), and 0.011X (Sample (9). These values compare with a
weight loss of 0.04 wt? found for fused silica under comparable conditions
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(31). The relatively high weight loss for Sample 7 was attributed to
increased solubility resulting from partial crystallinity.

The Na—~Ba-Al-P-0O-N glass prepared by Wilder (27) exhibited a greater
than two order of magnitude increase in leach resistance compared with
similar compositions without the AIN. Weight loss in 20°C deionized water
was reduced from 6.0 x 1078 g/cn2 gec to 8.3 x 10710 g/cnz sec when
the Na-Ba~P-0 glass was prepared with at least 1.5 wtX ALN. By contrast,
addition of 5 wt? Al,04 was required to reduce the dissolution rate of the
Na-Ba-P-0 parent glass into the same 10710 g/cll2 gec range (32).

The 18 atX La~Si-0-N glass prepared under high N, pressure (23) was
reported to have been highly resistant to attack by alkali solutions when
soaked for 18 hours at 95°C. -

There have been several investigations of the electrical properties
of oxynitride glasses. Elmer and Nordberg (2) reported an increase in
resistivity by about a factor of 40 at 350°C in a glass to which 3 wt¥
nitrogen had been added. The specimen was prepared by heating a 982 S10,,
22 B,03, porous glass in ammonia before it was consolidated into a dense
glass. The authors hypothesized that nitriding increases the resistivity
because nitrogen ties up part of the sodium ions present as an impurity
and thereby lowers the effective charge carrier concentration. No direct
evidence for such Na* immobilization was presented, however.

Leedecke and Loehman (33) studied the electrical behavior of some of
the same Y-Si-Al-0~N glasses listed in Table 1. Table 5 presents the
parameters that were calculated from their data.

It can be seen that all the glasses exhibited high resistivities.
They are, in fact, one to three orders of magnitude greater than the
highest resistivity glasses measured by Elmer and Nordberg (2), probably
because of the lower alkali content of the Y-Si-Al-0~N glasses. By
contrast with Elmer and Nordberg's results (2), the specimens listed in
Table 5 showed an incresse in conductivity on nitriding (compare Samples
8G-11 and SG-11/0). The other slectrical behavior of the Y-Si-Al1-0-N
glasses was complex, and there was no apparent dependence on the nitrogen
contents of the various specimeuns.

29

i
i
i
3
£
M
X.




13

Table 5
ELECTRICAL PROPERTIES OF Y-Si-Al-0-N GLASSES

DC Properties

Activationinerig at Treexponegf, o, Conductivity at,
Sample T > 450°C (x 1077 J) (R * cm) 500°C (8 * cm)
$G-11 2.80 1.53 x 10! 5.94 x 107121
$G-11/0 < 3.32 2.74 x 102 8.73 x 1012
SG12 2.95 5.81 x 10! 5.85 x 10~
SG-13 2.48 2.12 x 109 1.66 x 10710
SG-14 3.11 1.45 x 102 3.26 x 10711

AC Properties

Activation Enerfg at Dielectric Constant at 10 KHz
Sample T < 450°C (x 107 J) 20°C 365°C
SG-11 12 12
SG-11/0 0.99 11 12
8G-12 1.01 10 11
SG-13 0.92 13 13
SG-14 1.02 10 10

Thorp and Kenmuir (34) investigated the electrical properties of
three specimens of Ca-Al-Si-0 glasses containing O, 4.9, and 5.8 atI N and
two specimens of Mg-Al-Si-O glass containing O and 7.6 atX N. They found
an increase in the conductivity and the dielectric constant when n':l.trogen
was incorporated in their glass specimens, similar to the results of
Leedecke and Loehman (33) on the Y-S1-A1-O-N glasses. The Ca-S1-Al-0-N
and Mg-Si-Al-0-N specimens exhibited higher AC conductivities (roughly one
to two orders of magnitude) and somewhat lower dielectric constants (about
10Z to 20Z) than the Y-Si-Al-O~N glasses. RElectrical conduction in all
three systems was attributed to some form of hopping of carriers over a
potential barrier, with no explicit role assigned to the nitrogen. Oun the
basis of all three studies (2, 33, 34), it seems likely that the effect of
nitrogen on electrical conduction is only secondary and that other
constituents such as alkali impurities (2) dominate.
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If the role of nitrogen substitution in oxynitride glasses is the
replacement of bivalent oxygen by trivalent anions, the resulting
increased cross~linking should give rise to a higher melt viscosity.
Jankowski and Risbud (35) added a small amount of CajN; to a commercial
low-melting frit and measured the melt viscosity between 800° and
1200°C. The viscosity ranged from 103 poise at 800°C to 30 poise at
1200°C, with the viscosity of the melt being slightly higher for the
nitrided frit than for the unaltered base glass (~ 160 poise with CajzN,
compared with 138 poise without, at 1000°C). The effect is very small,
and the interpretation 1s somewhat ambiguous because the scatter in the
data was large, the level of nitrogen was very low (0.042 wtl), and the
compositions of the two melts differed slightly other than in the nitrogen
contents. Even so, it is of interest that the trend observed in the
viscosity variation is consisteant with other properties measured for
oxynitride glasses.

Crystallization of Oxynitride Glasses
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One of the early interests in oxynitride glasses was their potential
as precursors for glass-ceramics containing refractory nitride species.
Wusirika and Chyung (12, 19) reported 46 compositions that were investi-~
gated for their crystallization behavior. They found that the oxynitride
glasses were self-nucleating and that heating between 800° and 1400°C pro-
duced fine-grained glass ceramics. All but one of Wusirika and Chyung's
compositions were based on $i0,, Al,04, and 814N, with other added
ingredients, so many of the observed crystalline species were those pre-
dicted by the S1-Al-0-N behavior diagram (24). In particular, for low
concentrations of 514N, (< 20 wtX), they found the X-phase, a compound
with the approximate formula S1,A1,0,,Np (24) (the precise composition has
been subject to dispute), whereas for high SiqN, levels, ﬁ-313N‘ was a
aajor crystalline phase. Other observed species varied with the partic-
ular system studied. For example, in HgO-A1203-3102-813N4, the X~phasge
crystals formed in a f-quartz or cordierite matrix, whereas in Boo-A1203—
810,-514N4, beryl crystals were obtained (19). The glass~ceramic
microstructures appeared to vary with composition. High aspect-ratio
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(approximately 1:10) X-phase needles crystallized in Si-Al-O-N, Li~Si-Al~-
0-N, and Mg-Si-Al1-0-N glasses, but in Ba-Mg-S{i~Al-0~N and Cs-Mg-Si~-Al1l-O-N
the crystallization was spherulitic. The authors attributed the differ-
ence to the larger cationic size of 8a%* and Cs* compared with Mgz"' and
ut. However, other factors may have been involved, and there 1s at least
one report of gpherulitic morphology in a Mg~Si-0-¥ glass (37) (see
below).. Spherulitic crystallization was suppressed and dendritic crystals
formed when 3 wtZ MgF, was added to a Ba0-Mg0—-A1,04-810,~514N; melt 19).

Shaw (36) studied in detail the crystallization behavior of some Mg~
S1-0~-N glasses that had compositions simpler than those just discussed.
Melts with compositions around 59 wtZ 510,, 32 wtZ Mg0O, and 9 wtl 813N,
separated into Si0,~rich and MgO-rich glassy phases on cooling. The
microstructure, shown in Figure 12, consisted of $105-rich droplets
about 3 pm in diameter dispersed in a MgO-rich matrix. Heat treatments
between 1000° and 1300°C crystallized the matrix phase into spherulites of
enstatite without affecting the dispersed Si0,-rich droplets. The plate-
like enstatite ci'ystallites that formed the spherulites were separated by
thin films of uncrystallized glass. Beating above 1300°C caused faceted
grains of enstatite to form adjacent to the §10, droplets by recrystal-
lization of the spherulites. S1,N,0 also was produced by crystallization
of the glassy regions between the enstatite crystallites. Shaw concluded
from his research that the Mg-Si-0-N glasseas might be useful precursors
for new glass~ceramics (36). '

Jankowski and Risbud (37) made a preliminary study of the crystal~
lization of several Si-Ca-Al-O-N and Si-Ca-Al-B-0-N glasses. Scanning
electron microscopy (SEM) of fracture surfaces showed phase separation in
some compositions, although the morphology was apparently different from
that in the analogous Mg-Si-0-N system studied by Shaw (36). A limited
X~-ray diffraction analysis identifiec Si,N;0, crystobalite, and
sillimanite (Al;8105) as crystal species that were present in some of the
Ca oxynitride glasses after heat treatment (37).

Loelman (10) studied the time-temperatuce-transformation behavior of
the Y-S1-A1-0O-N specimens listed in Table 1. Differential thermal
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FIGURE 12 PHASE SEPARATION IN Mg-Si-O-N GLASS
Light phase is SiQ5-rich, matrix is magnesium-rich (Reference 36)
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analysis (DTA) and X-ray diffraction (XRD) analysis of specimens heated
for various combinations of times and temperatures revealed extremely
complex crystallization behavior. The glasses were found to be very
stable to devitrification, withstanding 12 hours or more at 1000°C without
detectable crystallization. The DTA results for most compositions listed
in Table 1 showed multiple exotherms between 1000° and 1300°C that were
attributed to the development of different crystalline species. There was
a general trend to formation of Y,81,0; in glasses exposed to higher
temperatures for longer times, as indicated by XRD analysis of specimens
heated isothermally at 1000°, 1100°, or 1200°C. Intermediate heat treat-
ments gave mixtures of as many as five crystalline species that were iden-
tified as yttrium silicates, yttriunraiuminum silicates, or nitrogen
apatite (¥,51,07;Ny). Substitution of nitrogen for oxygem in the crystal-
line yttrium silicates may have been indicated by slight shifts in their
XRD peak positionms. Thus, the apparent path of crystallization in those
Y-S1-A1-0-N glasses was initial formation of a variety of metastable
phases that later transformed to 1981,04, with nitrogen ending up either
in the residual glassy phase or incorporated in the Y,;Si,0; (10). This
compositional system was deemed promising for forming refractory glass-

ceramics.

Leedecke (38) crystallized four of the compositions listed in Table 1
by heating them in Ar for 16 h at 1250°C. He then measured the electrical
properties of the resulting glass—ceramics. Table 6 lists the crystalline
phases found in the glass ceramics using X-ray diffraction analysis. The
aininum crystallinity was an estimated 50 volX in SG~11 and it increased
in the order SGl3, SG12, SGl4 in the other compositions. The electrical
properties measured for the glass-ceramics were very similar to those
found for the parent glasses. There was no apparent dependence of any of
the electrical properties on nitrogen content, a result similar to that
observed with uncrystallized material.

Complex crystallization behavior was observed by Messier (25) for the
Y-S1-A1-0-N glasses listed in Table 2. The hest treatment, which was more
extensive than that used by either loehman (10) or leedecke (38),
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Table 6

PHASES IN Y-S1-Al-O-N GLASSES HEATED 16 h AT 1250°C

Sample Nunber* Phase Content
SG-11 Y281207; Y28105; glass
$G~-12 Y281,07; Si,N,0; glass
SG-13 Y551,07; Si,N,0; AlgSi,0,4; glass
SG6-14 Y,51,07; Y3Al50;,(YAG); Y,5105; Si,N,05 8lass

*For compositions see Table 1.

consisted of 4 h at 1000°C to nucleate the glass, followed by 16 h at
1400°C to crystallize it. The phases revealed by X-ray diffraction
analysis are presented in Table 7. The density and microhardness values
are similar to those for the uncrystallized specimens presented in Table
2. Because they were heated more extensively, Messier's glasses were
more highly crystalline than those studied by Leedecke (38). Furthermore,
as Table 7 shows, both compositions developed Si4N, phases on crystalli-
zation. That result probably stems from the higher nitrogen countent in
Messier's glasses (25) relative to those studied by other workers.

Thomas et al. (39) also studied the crystallization of Y-Si-Al-0-N
glasses, primarily using transmission electron microscopy for micro-
analysis and for revealing crystal morphologies. They found that glass ) :
formation was enhanced by nitrogen additions, which is consistent with
observations in other systems (10,37), and that crystallization on
quenching the melt occurred only when 2r0, vas added. The main crystal-
line species was identified as Y,81,07, as was also the case in Loehman's :
(10) and Messier's (25) studies. Analytical electron microscopy revealed i
that all the Zr and most of the Al was in the residual glassy phase after :
crystallization, that the Si concentrations were about equal in the
crystals and the glass, and that the Y content of the crystals was about
1.5 times greater than of the glass.
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Table 7

CRYSTALLIZATION OF Y-Si-Al-0-N GLASS HEATED FOR 4 h AT 1000°C
' PLUS 16 h AT 1400°C (25)

Density Microhardness

Specimen* Phase Content (g/ca’)  (Rnoop, 100 g)
a ﬂ-Y281207, 5-Y281207, a-Si3Nb 3.82 950 + 107
b B—s13N4, Y3A15012, Y28105 (2 forms) 3.92 1192 + 227

*See Table 2 for glass compositions.

Structure of Oxynitride Glasses

Very little direct evidence of oxynitride glass structure has been
reported. Most structural models, which are only very rudimentary at
present, are plausibility arguments based on analogous crystalline
structures and on glass properties data. The existence of (SiNk) and
(810N3) tetrahedral structural units in crystalline S14N, and S1,N,0 40)
leads one to postulate that oxynitride glasses containing silicon are
built up of S1(0,N), tetrahedra. As already discussed, the variation of
glass properties with nitrogen content shows an increase in Tg, a decrease
in thermal expansion coefficient, and an increase in hardness and fracture
toughness as the nitrogen content increases (Figures 8 and 11). Those
changes in properties are consistent with a glass structure in which the
degree of linkage has increased because of substitution of trivaleat
nitrogen for bivalent oxygen.

Infrared spectroscopic measurements of several Y-Si-Al-0-N glasses
(9) showed only a broad peak arcund 850-900 cn'l, vhich is in the region ,
of the major Si~N and §1~0 absorption in crystalline Si,N, and $10,, :
tespectively. Thus the absorption spectra indicate that most of the
nitrogen was bonded to silicon. The nitrogen source in those glasses was
ALK, and little infrared activity was observed in the 700 P region

B AT LAY 2o a1
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where the major ALN absorption occurs, which is evidence for reforming of
nitrogen bonds on dissolution of AlN.

Risbud (41) adapted the approach of Stevels (42) to characterize the
network structure of oxynitride glasses by calculating several parameters
related to the degree of linkage in the network. The parameters are:

’ atZ 0 + atZ N
R' = average number of anions per = (at? 5L + 273 aty AD

network forming ion

X' = average number of nonbridging = 2R' - 4
anions per polyhedron

Y' = average number of bridging anions = 8§ - 2R'
per polyhedron

Risbud assumed that nitrogen forms only Si-N bonds and that two-thirds of
the Al atoms are network formers in fourfold coordination, with the
remaining one-third present as modifiers in sixfold coordination. For a
geries of ten actual oxynitride glass compositions, the calculated R'
falls between 2.16 and 2.96, which compares with the 2.25 to 2.75 value
found for many oxide glasses (43). Y', the average number of bridging
anions per tetrahedron, was calculated to lie between 2.08 and 3.68 for
the oxynitride glasses. Obviously, the R' and Y' values depend on what
fraction of the Al is assumed to be in network-foraing sites. However,
under the stated assumptions, the analysis shows Y' increases sharply with
nitrogen content in the 1 to 8 at? N range common for oxynitride glasses,
which 1is in accord with observed trends in physical properties.

Applications of Oxynitride Glasses

Because widespread interest in oxynitride glasses is a relatively
recent phenomenon, few commercial applications have been developed. The
increase in hardness effected by nitrogen additions has been exploited by
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researchers from the Japanese National Institute for Research in Inorganic
Materials to produce scratch-resistant glass for watch crystals. The
possibility of making oxynitride glass-ceramics has been investigated by
several groups, as discussed earlier, but no material of obvious commer-
cial promise has been described to date. Incorporation of nitrogen has
potential for increasing the strength, hardness, and wmodulus of silicate-
based glass fibers (44), a use that would be very important commerically.
A significant increase in leach resistance has been found to result from
nitrogen incorporation in several compositional systems (9,27). Thus, it
may be possible to improve the chemical durability of currently unusable
glasses so that their other desirable properties can be exploited.
Another obvious use of this particular properties improvement is to
increase the leach resistance of glasses for nuclear waste encapsulation
by adding SijN, or AlN.

One final application makes use of the chemical compatibility of
oxynitride glasses and 814N, to give & method for joining Si4N, parts
(45). Complex shapes of SisN, can be bullt up from simpler parts by
reactive joining using oxynitride glasses. The glass i{s compatible with
the ceramics because its composition is chosen to match that of the grain
boundary phase already present in the SisN,. Fourpoint bend strengths in
excess of 60,000 psi have been obtained (46) for joined test bars of

SisN,, & value more than twice as great as any reported previously for
other joining methods.

Additional applications for oxynitride glasses will undoubtedly be
developed as their properties become more thoroughly understood and as
more researchers and technologists become familiar with them. It is clear
from what is known already that oxyunitride glasses have considerable
potential that will ultimately be exploited.
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