Lawrence Berkeley National Laboratory
Recent Work

Title
THE FORMATION AND MICROSTRUCTURE OF Mg-Si-O-N GLASSES

Permalink
https://escholarship.org/uc/item/4jh7cOsf

Authors

Shaw, T.M.
Thomas, G.
Loehman, R.E.

Publication Date
1984-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4jh7c0sf
https://escholarship.org
http://www.cdlib.org/

m:w‘ 1

LBL-17916
Preprint c. o=

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA _"ECEIVED

BERKE! v P

\ 2 This is a: y:Circulating -Copy- -

[ Materials & Molecular JUL 54798:”"
Research Division o HERARY ano
NTS SECTION

Submitted to the Journal of the American
Ceramic Society

THE FORMATION AND MICROSTRUCTURE OF Mg-Si-O-N GLASSES

T.M. Shaw, G. Thomas, and R.E. Loehman

April 1984

TWO-WEEK LOAN COPY

13y be bol

NpLI— ST

© 2

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 Q{



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-17916

THE FORMATION AND MICROSTRUCTURE OF Mg-Si-0-N GLASSES

T.M. Shaw, G. Thomas and R.E. Loehman

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

April 1984

This work was supported by the National Science Foundation under
Grant No. DMR-77-24022 with facilities support through the Director,
Office of Energy Research, Office of Basic Energy Sciences, Division
of Materials Science, U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.



THE FORMATION AND MICROSTRUCTURE OF Mg-Si-0-N GLASSES
T.M.Shaw,* G. Thomas' and R.E. Loehman$

Supported by the National Science Foundation under Grant No. DMR-77-
24022 with facilities support through the Director, Office of Energy Research,
Office of Basic Energy Sciences, Division of Materials Science, U.S. Department
of Energy under Contract No. DE-AL03-76SF00098.

ABSTRACT

Bulk oxynitride glasses in the Mg-Si-0-N system have been prepared by
melting mixtures of Si0,, Mg0 and Si3Ns powders and the microstructures and
compositions of the glasses were analyzed using electron microscopy, energy and
wavelength dispersive x-ray analysis and energy loss spectrometry. The -melting
experiments indicate the presence of a limited glass forming region in the
system. For the melting conditions used, nitrogen was found to be a necessary
constituent of the melts to prevent crystallization on cooling. Extension of
the miscibility gap in the binary Mg0-Si0, system into the Mg-Si-0-N system
results in phase separation in most of the glasses. A partial plot of the
miscibility gap in the Mg-Si-0-N system is established from analysis of the
composition of the phases formed during phase separation of the glasses.

* Rockwell International Science Center, Thousand Oaks, CA 91360,

t Department of Materials Science and Mineral Engineering, University of
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INTRODUCTION

Oxynitride glasses were originally discovered when it was found that
oxide glasses after nitriding with nitrogen or ammonia contained small amounts
of nitrogen.1‘3 More recently, interest in oxynitride glasses has been stimu-
lated by the discovery that they form the bonding layer between silicon nitride
grains in silicon nitride ceramics hot pressed or sintered with additives. This
discovery has prompted attempts to prepare oxynitride glasses by melting mix-
tures of oxides and nitrides in a nitrogen atmosphere. By this method oxyni-
tride glasses containing up to 18 at% nitrogen have been produced in a variety

of different systems.4'11

The Mg-Si-0-N system is one of the most important compositional systems
in the fabrication of silicon nitride ceramics. Magnesium oxide is commonly
used as a sintering aid in the fabrication of silicon nitride ceramics. The
oxide reacts with Si0, on the surface of silicon nitride particles and with the
silicon nitride grains themselves to form an Mg-Si-0-N liquid. On cooling the
liquid solidifies to form an oxynitride glass at grain boundaries. The present
investigation examines bulk glass formation in the Mg-Si-0-N system by
determining the extent of the glass forming region using melting experiments.
The microstructures of the as-cooled glasses are then characterized using
transmission electron microscopy. The results of the investigation are related
to known phase equilibria in the Mg-Si-0-N system.

EXPERIMENTAL

Glass Preparation

Starting compositions for melting experiments were prepard by thor-
oughly mixing weighed amounts of Baker reagent grade Si0, and Mg0 powders and
amorphous Si3Ng powders.* Ten grain batches of each composition were melted in

*GTE Sylvania SN402
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shallow molybdenum dishes for 1 - 4,5 hrs at temperatures of 1600°C to 1700°C
using a graphite element furnace. A static nitrogen atmosphere at one atmos-
phere pressure was maintained in the furnace during melting in an effort to sup-
press the loss of nitrogen from the melt. The melts were cooled by turning off
the furnace at the end of the run. Exact cooling rates were not measured, but
generally the melts cooled to.below 1000°C in less than ten minutes. To sup-
plement these experiments some additional compositions were melted using a tung-
sten element furnace. The appearance of quenched melts were noted and inhomo-
geneous melts were remelted to improve mixing. Each melt was checked for cry-
stallinity by x-ray diffraction analysis using a standard diffractometer and
CuK, radiation. Compositions prepared in this investigation are given in

Table 1.

Composition Analysis

Two independent methods were used to analyze the bulk compositions of
glasses after melting. First, nitrogen contents of each glass were measured by
an inert gas fusion technique. Second, to obtain specific compositional data,
several glasses were also analyzed using a JEOL 773 microprobe equipped with a
wavelength dispersive spectrometer to detect 1ight elements (oxygen and nitro-
gen) in the glasses. The spectrometer was calibrated using samples of quartz -
for Si/0 ratios, CVD SigNg4 for Si/N ratios and Mg0 for Mg/0 ratios. Bulk
compositional data were obtained by scanning the probe over an area of about
3 pm x5 um on a highly polished carbon coated surface of the sample. For
greater accuracy, an analysis was performed on several areas of each sample.

To check the local compositions of phases formed in the glasses, carbon
coated ion milled samples were examined using a Philips 400 transmission
electron microscope equipped with energy dispersive x-ray and electron energy
loss spectrometer attachments. The energy dispersive x-ray spectrometer was
calibrated for measurement of Mg/Si ratios in the samples using powdered samples
of high purity forsterite and enstatite dispersed on carbon grids. The energy
loss spectrometer was used for qualitatitve comparison of the relative amounts
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of nitrogen in phases formed in the glasses. Thin areas of the specimens were
selected for the analysis so as to reduce the effects of multiple ‘inelastic
scattering. Generally, areas that gave a first plasmon loss peak that was about
a quarter of the height of the zero loss peak were found to be suitable for
analysis. Spectra were acquired over the 0'- 1 KeV energy loss range. Compari-
sons of the nitrogen contents of the different phases were made by comparing the
areas under energy loss edges after background stripping.

EXPERIMENTAL RESULTS AND DISCUSSION

Melting Experiments

- Figure 1 shows the extent of the glass forming region found in the
Mg-Si-0-N system for the furance conditions and cooling rates used in the pres-
ent melting experiments. The starting compositions, melting temperatures and
time at temperature for each melt are given in Table 1 along with a description
of each melt on cooling. The region of glass formation lies predominantly in
the Si0,-SipNy0-MgSi03 compatibility triangle of the S102-MgO SigNg phase dia-
gram and is centered around the composition A,

The extent of the glass forming region was limited by crystallization
of the melt on cooling and frdthing of the melt during mélting. Partly crystal-
line specimens were obtained from resulted in compositions containing less SigNg
(Melts I and J) or more Mg0 (Melts K and L) than composition A. The binary
S102-MgO phase d1agram12 1nd1cated that compos1t1ons I was completely molten at
the melting temperatures used and therefore crystallized on cooling. The rapid
increase in liquidus temperature with increasing Mg0 content in the Mg0-Si0,
system suggests that the crystallinity in compositions J, K and L is in part due
to incomplete melting. In compositions richer in Si0p or SigN; than A (Melts G
and H) copious frothing occurred on melting. This resulted in glassy materials
which contained a larger number of bubbles on cooling.” Melts A to F all pro-
duced glassy materials which are largely bubble free. However, some bubbling
was initially observed in all these compositions, particularly in the more §i0,
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rich composition (B and C). In this respect, the glass forming region indicated
by the dotted line in Fig. 1 is somewhat arbitrary. Glass formation occurs over
a different range of compositions than those initially determined to be glass
formers by Jack.? Later work on the Mg-Si-0-N system, however, is in good

agreement with the compositions shown in Fig. 113,14 pp important observation

regarding glass formation is that melt I that contained no SigN; readily .
crystallized on cooling. In fact in the Mg0-Si0, system it has been found that

melts containing Mg0 crystallize even when rapidly quenched.13 This clearly _
indicates that nitrogen plays an essential part in promoting glass formation in

the Mg-Si-0-N system. The most successful glass forming composition was A,

which produced a completely bubble-free glass after melting for one hour,

Measurement of the nitrogen contents of the glasses by the fusion
technique indicated that about 30% of the nitrogen initially added was lost on
melting. In contrast, electron microprobe analysis indicated that only about 5%
of the nitrogen was lost during melting along with small amounts of Mg0. Re- |
sults obtained using the microprobe were reproducible to within t1 wt% of Si3Ng,
and microprobe analysis of samples of known composition (for example SioNs0)
were accurate to within 1 wt% of SigNg. Also, a recent analytical study15 that
compared inert gas fusion with ion chromatography for nitrogen determinations of
oxynitride glasses showed that the former technique considerably underestimates
actual nitrogen contents. In view of these observations, it is felt that the
microprobe analysis provided a more accurate measurement of the compositions of
the glasses. The compositions for glasses A - F, after melting, are marked on
the phase diagram in Fig. 1. The results indicate that only small composition
shifts occurred during melting.

Characterization of the Glasses

On cooling melts, A, B, C and D produced opaque glasses. Microstruc-
tural examination revealed that the opacity was caused by phase separation in
the glasses. For example, a low magnification view of the microstructure of -
glass A is shown in Fig. 2. The microstructure consists of groups of droplets

4
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of a minor phase (appearing in light contrast in Fig. 2), dispersed in a
continuous matrix of a second glassy phase. EDS spectra from the two phases
(Fig. 2b) indicated that the discontinuous phase contained mainly silicon and
virtually no‘'magnesium, whereas the matrix phase contained significant amounts
of both elements (Fig. 2c). Similar spectra obtained from the matrix and minor -
phases in'glasses’B, C and D indicated that in each glass the discontinuous
phase consisted mainly of Si0, while the matrix‘phase contained both Si0, and
Mg0. The only other element detected (nitrogen and oxygen being undetectable by
EDS due to x-ray absorption.by the beryllium detector window) was a trace amount
of chlorine in the magnesia-rich matrix phase of the glasses. This probably
came: from the amorphous Si3N, powders used to prepare the glasses.

" Preferential etching of the S$i0, bhase occurred during the ion milling
of thin foils of glasses A - D. This hindered the preparation of uniformly
thinned specimens of the glass for TEM obsgrvatidns. In most cases the Si0,-
rich phase was almost completely etched from the microstructure, leaving holes
in the foils. However, from the size and shape of the holes, an estimate of the
amount and morphology of  the Si0,-rich phase in the glasses could be obtained.
For comparison, low magnification views of the microstructures of glasses A, B,
and C are shown in Figs. 3a, b, and c, respectively. From the size of the holes
in the foils it can be seen that glasses B and C contain Conﬁiderab]y more Si0p-
rich phase than glass A and that the amount of the:SiOZ-rich phase increases
with the Si0, content of the glasses. The scale of the phase separation in all
three glasses is unusually coarse. However, it is quite distinct from the
macroscopic liquid unmixing observed at melting temperatures in immiscible
silicate 1iquids.16’17 This suggests that at the melting temperatures used in
the present experiments, glasses A, B and C, were all homogeneous liquids and
that phase separation occurred as the melts were cooled. It is po§sib1e that a
combination of the moderate coo]ihg rates‘USed in the present experiments and
high miscibility températures cohtributed to produce the coarse phase-separation
observed. | ' | |
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In order to obtain more precise'information about the extent and shape
of the miscibility gap in the Mg-Si-0-N system, quantitative microanalysis was
used to examine the compositions of the Si0,- and Mg0-rich phases in glasses
A - D. Each glass was annealed at 850°C (just above the glass transition tem-
perature) for 2 hrs to equilibrate the glasses at the same temperature. The
ratio of magnesium to silicon in each phase was then determined in the TEM using
energy dispersive x-ray analysis. |

A problem encountered in this analysis was the sensitivity of the MgO0-
rich phase to radiation damage. When a high intensity electron probe was
focused on areas of the matrix phase, extensive bubble formation occurred in the
exposed region after only a short time. Similar behavior has been observed in
gltassy pockets in Si3N4 cer‘amics,lg'19 and it has been suggested that damage is
caused by ionization of atoms in the glass under the influence of the electron
beam.18 EDS analysis showed that accompanying the damage in the MgO-rich phase, .
there was a loss in magnesium from the exposed region. This loss resulted in
considerable errors in the analysis of Mg/Si ratios in the glasses when long
counting times were used. To avoid this problem a low intensity beam was used
to record all spectra and, for each phase, spectra were first recorded at 60
second intervals to check for changes in composition with exposure. Counting
times were selected for which no change in composition could be detected and
were then used to record subsequent spectra,

To further improve the analysis, spectra were recorded from 10 differ-
ent regions of phases in each glass, typically using 250 second counting times
and a low intensity beam. Using this technique, values of Mg/Si count ratios,
that were reproducible to within t 2% for each phase could be obtained.

The Mg/Si ratio fixes a line in the phase diagram along which the com-
position of a phase must lie. To further fix the composition of the phases in a
glass it is necessary to know how the nitrogen is partitioned between the two
phases in a given composition. The composition of both phases in a glass may be
calculated if the average composition of the glass, the Mg/Si ratios for each
phase and the relative amounts of nitrogen in the phases are known.

. b
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'To determine the relative nitrogen contents of the Mg- and SiOé-rich
phases in glass A energy l1oss spectra were recorded from the two phases; typical
spectra are shown in Figs. 2d and 2e. Both spectré contain prominent oxygen K
edges; the'nitrogen edges, however, are only clearly seen after background
stripping and magnification of the spectra. The relative areas of the nitrogen
edges after stripping indicate that there is approximately twice the weight
fraction of nitrogen in the continuous Mg rich phase that there is in the $10,-
rich phase. ' - '

The resu]ts of the energy loss ana]ys1s, combined with the EDX measure-
ments of Mg/S1 ratios in each phase and miocroprobe analysis of the average com-
position the glasses, a1low the composition of both phases in glass A to be de-
termined. By assuming that the nitrogen content of the Mg-rich phase in the
other glass compositions ié, similary twice that in the S$i0,-rich phase, the
compositions of the pnases in glasses B, C and D can also be estimated. A sum-
mary of the estimated compositions and measured Mg/Si ratios for the phases in
glasses A, B, C and D is given in Table II. As the miscibility gap in the Mg-
Si-0-N system undoubtedly results from extension of the binary'MgO-SiOZ misci-
bility gap into this system an additional point on the miscibility surface at
850°C can be obtained by eXtrapo]ating the miscibility gap in the Mg0-3i0;, sys-
tem to 850°C. The extrapolation indicates that the'binary'MQO—richvphase has a
“composition close to that of enstatite. The experimenta1 data in Table II and
the extrabdlated composition for binary Mgé rich phase allow the partial plot of
the miscibility gap shown in Fig. 1 to be constructed

Although the pos1t1on of the m1sc1b111ty gap is on]y approximate the
results show that at 850°C g1asses A - D separate into a minor phase with a
composition close to the Si0,-SipN,0 tie line and a matrix phase whose composi-
tion lies close to the MgSiO§-512N20'tie line. Both phases cbntain nitrogen but
more is segregated to the MgO rich phase.” The shape of the miscibility gap sug-
gests that additions of S13N4 tend to restr1ct the extent of the m1sc1b111ty gap
in the Mg-Si-0-N system,

As a further test for the position of the miscibility gap, compositions
E and F were prepared and examined for phase separation (see Fig. 1 for the com-

; 7
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positions of glasses E and F). Electron microscopy showed that glass E, whose
composition after melting lies within the experimentally determined miscibility
gap, phase separated on a fine scale during cooling., Glass F, with a composi-

tion outside the miscibility gap, was completely clear and, even after annealing .
for 2 hrs at 850°C, showed no evidence of phase separation. The consistency of
these results with the experimentally determined miscibility gap suggests that -

miscibility boundary shown in Fig. 1 may be used with some confidence to predict .
immiscibility in Mg-Si-0-N glasses. It is interesting to note that in an inves-
tigation of an Mg0 hot pressed silicon nitride , Clarke et al. observed phase
separation in the glassy intergranular phase.20 The compositional analyses of
those phases agree very well with those predicted by the experimentally deter-
mined miscibility gapzo’21 presented here., The results of the present experi-
ments, therefore, further support the conc]usiqns that the intergranular phase

in the compositions prepared by Clarke et'a],'fie in the S$i0,-MgSi03-Si,Ny0
compatibility triangle of the Mg-Si-0-N system. -

In addition to the phase separation just discussed, a few crystalline
particles were found in some of the glasses. The particles were most common in .
glasses B and C and a typical example from glass B is shown in Fig. 4a. The
corresponding electron diffraction patterns indicated that the particles were
twinned crystals of elemental silicon. This observation was further confirmed
by the finding that EDS spectra from the particles contained only a peak cor-
responding to silicon (Fig. 4b). Small dark particles were frequently associ-
ated with the silicon crystals (arrowed in Fig. 4a). EDS spéctra from the small
particles showed that they contained Si, Ti, Cr and Fe (Fig. 4c). These were
thought to come from impurities in the starting powders used to prepare the
glasses.

The origin of the Si particles is less clear. The silicon nitride
powder used to prepare the glasses contains no free silicon, as it is prepared
by the vapour phase reaction of SiCl, and NH3. The most likely explanation is
that silicon is produced by the decomposition of silcon nitride during melting
according to the reaction

8
J5125A/ jbs



Si N, »Si(2) +N

3y o

2
This reaction is consistent with the frothing observed in the glasses. (A more
complete analysis of reactions that lead to frothing in oxynitride glasses sugg-
ests that this is not the only reaction possible.zz) If the above reaction is
responsible for the silicon particles, the occurrence of crystalline silicon in
oxynitride glases may be quite general and could account for the gray color of
many oxynitride glasses.

Summary

Oxynitride glasses' can be synthesized over a narrow range of compos1-
tions in the Mg-Si-0-N system by melting mixtures of oxides and silicon nitride.
The glass forming region is limited by frothing of the melt towards 5192- and
Si3N4-rich'compositions and by crysta]]izatibn of the melt on cooling in Mg0
rich or nitrogen poor melts. For thé moderate coo]ing rates used in this inves-
tigation silicon nitride was found to be a necessary constituent of the melts:
for glass formation. Microstructural examination showed that most of the
compositions in the glass forming region undergo phase separation on cooling.
The resulting microstructure consists of coarse droplets of a Si0, rich phase
dispeérsed in .a matrix of Mg0-rich glass. Both phases contain nitrogen but more
nitrogen separates to the MgO-rich phase on cooling. The phase separation
results from extension of the m1sc1b111ty gap in the b1nary Mg0 - 5102 system
[into the Mg-Si-0-N system. In addition to phase separatloh the microstructures
of the glasses contained small crystaTJ1ne part1c1es of elemental silicon.

These are throught to come from decompos1t1on of the s1]1con nitride powder
~during melting.. e R ‘ ‘
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Table I

Melts Prepared in the;Mg-Si-O-N System

Composition Wt%

Me]ting

Conditions

Temperature Time

Appearance of Melt

Melt Si0, Mg0  SigNg (°c) Hours on Cooling

A 59.1 31.81 9.09 1700 4-1/2 Gray opaque glass

B 65.0 26.0 9.0 1650 1 Gray opaque glass, some bubbles
C 67.0 24.0 9.0 1650 1 - Gray opaque glass, some bubbles
D 61,91 33.33 4.76 1650. 1 = Gray opaque glass

E 55,0 35.0 10.0 1650 1 Clear blueish colored glass

F¥ 52.5 37.5 10.0 1600 1 - Clear glass

G 70.0 21.0 10.0 11650 1 Frothy glass

H 54.2 29.0 16.8 1600 1 Frothy glass

I 65.0 35.0 0 1700 1 Crystalline opaque

J* 55.0 40.0 5.00 1600 1 Partly crystalline

K 50.0 40.0 10.0 1650 1 Crystalline opaque

L 45,0 45.0 10.0 1600 1  Crystalline opaque

*Melted using tungsten element furnace.
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Table II

Mg/Si Ratios and Compositions of Si0

Phase-Separated Mg-Si-0-N Glasses

and Mg0-Rich Phases in

Composition (Equivalent %)

Mg/Si Ratios Si0,-Rich Mg0-Rich
) : " Phase Phase
Si0,-Rich Mg0-Rich _ '

Glass ~ Phase Phase Mg - N Mg N
A 1.6 x 10-2 0.80 0.01 5.8 28.5 12.6
B * 0.79 0.0 5.6  28.2 12.1
C * 0.76 0.0 6.0 27.6 13.0
D * 0.91 0.0 2.4 31.2 5.3

*Mg not detectable.
14
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Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS

Partial plot of the phase diagram of the Mg-Si-0-N system showing the
glass forming region identified from melting experiments, melt compo-
sitions and the experimentally determined boundary of the miscibility
gap in the Mg-Si-0-N system.

TEM micrograph of phase separation in a glass of composition A. EDS
and EELS spectra from matrix and minor phases are shown in (b), (c),
and (d), (e) respectively.

Low magnification views of phase separation in glasses A, B and C.

TEM micrograph of silicon and impurity particles observed in glass B.
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