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Abstract

In this paper a critical examination of the diagrams
of different silicate systems is presented: LAS, MAS
YAS, MLAS and YMAS (A: alumina; L. lithia,
M: magnesia; S: silica; Y: yttria). These systems
have been developed to fabricate ceramic matrix
composites based on a glass ceramic matrix, because
of their low thermal expansion coefficient and good
mechanical properties up to 1000°C. The observations
and microanalyses, by transmission electron micro-
scopy, of different batches of MLAS and YMAS
confirm the complexity of the systems investigated.

Introduction

The new class of materials known as ceramic
matrix composites (CMCs) is concerned with a
ceramic matrix reinforced either by ceramic fibers,
whiskers or particles. But the matrix could be (i) a
monolithic ceramic — such as SiC, Al,Os, Si3N,...
— or (ii) a glass ceramic. The first ones are pre-
pared for CMC materials from the ceramic routes,
that is to say sintering or chemical vapour infiltra-
tion (CVI) processes, and the second ones result
from the glass route which is easier and needs a
lower process temperature. Nevertheless the domain
of applications of glass ceramic matrices is lower
than for ceramic matrices — the 1000°C domain —,
but is of interest for specific applications in parts
for motor aerospace and aircraft engines due to
their strength and low densities (~2-5).

The scope of this paper is to present and to
comment upon the complexity of several glass
ceramic matrices which occur due to the crystallo-
graphic characteristics of many silicate phases
which can arise in a very narrow domain of tem-
peratures and, moreover, which can also lead to
allotropic transformations and/or ionic substitu-
tions in the same temperature domain.

Due to the fact that the lithium aluminum
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silicate (LAS) system has crystalline phases with
a very low thermal expansion coefficient, and
because these phases can appear in a very controlled
way, this system is one that is investigated most
to fabricate CMCs. But we shall see that such a
system is in fact extremely complex. To fabricate
CMC s with SiC Nicalon fibers and a glass ceramic
matrix, several requirements are necessary: the
glass ceramic must be chemically compatible with
the SiC fibers (or alumina fibers) in order to avoid
a resultant fibers degradation. Moreover the
matrix and fibers must have an elastic modulus
different enough and a thermal expansion coeffi-
cient low enough to have a reinforced material
which is not damaged during the process. Finally
such materials have to involve a correct pull-out
process to exhibit a good mechanical strength.
The LAS system is the most suitable but there are
other systems which also seem promising, but with
some advantages and disadvantages:' CAS, MAS,
YAS,... for ternary systems, or BMAS, MLAS,
YMAS,... for quartenary systems. Among these
different systems, we shall discuss the LAS, MAS,
YAS, MLAS and YMAS systems.

The LAS, MAS and MLAS Systems

The Li,0-Al,05-Si0, system gives a wide range
of compositions with the thermal expansion
coefficient ranging from 0 to about 120 1077°C.2
These materials have a very good thermal shock
resistance and consequently they are used either
for cooker panels, saucepans, or for specific optical
devices for space applications such as blanks for
laser gyroscopes or for X-ray telescopes.® But
this thermal expansion coefficient is considerably
affected by the existence of some crystalline
phases: for example, if the alumina content is low,
the materials present a higher thermal expansion
coefficient, while if its content is high, the result is
a material with a zero thermal expansion value.
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There are no recent phase diagrams concerning
the Li,0-Al,0,-SiO, ternary system. The diagram
proposed by Roy and Osborn in 1949* and by
Roy et al. in 1950° is still used (Fig. 1). In this
diagram we can see the presence of many different
silicate phases such as B eucryptite, lithium ortho-
clase, mullite, petalite, 8 spodumene and tridymite.

Also useful are the pseudo binary diagrams
eucryptite-silica which has also been reported
by Hatch,® Roy et. al’ and slightly modified by
Strnad in 1986 7 (Fig. 2), and the pseudo binary
diagram, cordierite-spodumene, proposed by
Karkhanavala and Hummel,? (Fig. 3). For the lat-
ter diagram, we have used the new nomenclature
for « cordierite (pseudo-hexagonal orthorhombic
or low cordierite) and B cordierite (hexagonal or
high cordierite).’ Table 1 shows the crystallographic
characteristics of some silicate phases which could
appear in different M—-M'-Si-O systems.!

From these three diagrams, the information
from the works of Roy et. al.** and Karkhanavala
and Hummel® concerning the eucryptite, spodumene,
petalite and cordierite phases, and the eucryptite—
silica and cordierite-spodumene pseudo binary
systems, one can say:

Eucryptite: Li,0-Al,0,-2Si0,

— a eucryptite inverts into the high tempera-
ture form, B eucryptite, at 972 £10°C during
an incongruent melting;

— a eucryptite is rhombohedric, with the alu-
minum atoms in 6 coordination;

— it has been shown by Winkler'! and also by
Roy et. al’ that the structure of the B
eucryptite is the same as that of the high
temperature quartz, where the aluminum
atoms are in the A10,-tetrahedra.

Spodumene: Li,0-Al,0,4Si0,

— the spodumene corresponds to the one found
in the nature and to the high temperature
form called B spodumene;

— the a form inverts in the 8 high temperature
form at a maximum temperature of 500°C;

— it is a monoclinic pyroxene, with a tetragonal
type structure.

Petalite: Li,0-ALO,-8SiO,
— petalite is decomposed congruently to a S
spodumene solid solution at 680+ 10°C.

Cordierite: 2Mg0-2A1,0,-5Si0O,
— cordierite can appear in three crystallo-
graphic forms:’
(i) two low temperature forms, the stable low
temperature a cordierite, which inverts
reversibly to the high temperature 8 form at
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Table 1. Crystallographic characteristics of different silicate phases which can appear in M-M'-Si~O systems

Name Formula Crystallographic Lattice parameters
structure - - -
a A b A4 ¢ A4 a B y
Kyanite AlSiO; Triclinic 7-112 7-844 5574 9009 10111 105-99
Al,0,4,5i0,
Sillimanite ALSiO; Orthorhombic 7-49 7-67 577 — — —
Al,0,,5i0,
Mullite AlSi,0,4 Orthorhombic 7-546 7-690 2-884 — — —
3A1,0,,28i0,
Enstatite MgSiO, Orthorhombic 18-23 8-84 5-19— — — —
MgO,Si0,
Protoenstatite MgSiO, Orthorhombic 9-25 874 532— — — —
MgO,SiO,
Clinoenstatite MgSiO, Triclinic 10-00 8-934 517 88 27 7003 9109
MgO,SiO,
Forsterite Mg,SiO, Orthorhombic 4756 10195 5-981 — — —
or Olivine 2Mg0,Si0,
a Yttrium silicate Y,Si,0, Triclinic 659 6-64 1225 94°00  89°20  93°1(¢r
Y,05,25i0,
B Yttrium silicate Y,Si,0, Monoclinic 6-875 8970 4721 — 101°74 —
or Keivite Y,0,,25i0,
Spinel MgALO, Cubic 8:0831 80831 8-0831 — — —
MgO,A1203
a Cordierite Mg,Al,Si504 Orthorhombic 9-721 17062 9-339 — — —
2Mg0,2A1,0,,55i0,
B Cordierite Mg,Al,Sis0y5 ' Hexagonal 9-770 — 9-352 — — —
or Indialite 2MgO,2Al,0,,58i0,
Sapphirine Mg,ALSiOq Monoclinic 9-94 14-40 9-79 — 110°50 —
2Mg0,2Al,05,Si0,
a Eucryptite LiAISiO, Hexagonal 13-48 — 9-00l— — — —
Li,0,Al,0,,28i0,
B Eucryptite LiAlISiO, Monoclinic 5-251 5259 11162 — — 119°83
Li,0,Al,0,,25i0,
a Spodumene LiAlSi,O4 Monoclinic 9-52 8-32 5-25 — 111°20 —
Li,0,Al,0,,4Si0,
B Spodumene LiAlSi,Og Tetragonal 7-538 — 9-156 — — —
Li,0,Al1,0,,45i0, »
Lithium orthoclase ~ LiAlSi;Og Orthorhombic 18-24 10-54 10-57 — — —
Li,0,Al,04,6Si0,
Petalite LiAlSi 044 Monoclinic 15-18 5139 1175 — 112°38 —
Li,0,Al,0,,85i0,
Lithium magnesium  Li,MgSiO, Orthorhombic 6-32 10-66 499 — — —
silicate Li,O,Mg0,SiO,

830°C under hydrothermal conditions, and the
metastable u cordierite which is produced by the
glass crystallization in air at about 850°C;

(ii) one high temperature form which can be
produced by heating the material or by crys-
tallizing the glass at temperatures between
1000 and 1400°C; at 1460°C the material is
decomposed into mullite and liquid, with a
complete melting at 1530°C.

Eucryptite-silica

— from these diagrams and the authors’ com-
ments,’ there exists the possibility that a
complete series of solid solutions occur
between B eucryptite and B spodumene at
high temperature;

— crystals of a spodumene are formed in the
375-500°C range;

— spodumene is stable only until 500t 15°C;
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— petalite is found to invert completely to 8
spodumene at about 700°C.

Cordierite—spodumene

— the pseudo binary system cordierite-spodu-
mene® is also of interest;

— it shows that o cordierite, o cordierite solid
solution, B cordierite, 8 spodumene, 8 spodu-
mene solid solution (which is partially
metastable) are identified phases, but with
also the presence of corundum, mullite and
spinel; '

— the spinel phase could probably be a solid
solution of Li and Mg spinels.

The MAS (MgO-Al,0,-Si0,) system was origi-
nally investigated by several authors, Rankin and
Merwin in 1918, modified by Bowen and Greig in
1924 and Greig in 1927 and was reported by
Prokopowicz and Hummel in 1956.!2 Some
details have been more recently reported by Osborn
and Muan,"® Jouenne' and Partridge et. al.? (Fig.
4). There is little information regarding the MLAS
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Fig. 5. Isothermal section at 1230°C for the pseudo ternary
diagram of the SiO,-LiAl0,-MgAl,0, system (MLAS)."®

(MgO-Li,0-Al,0,-Si0,) system,'>!>!¢ (Fig. 5). It
is based on cordierite (2MgO-2A1,0,-5Si0,) and
protoenstatite (or clinoenstatite (another allotropic
form) according to different authors) (MgO-Si0,),
with other crystal phases: cristobalite (SiO,),
forsterite (2MgO-Si0,), mullite (3A1,0,-25i0,)
and spinel (MgO-Al,0,), and with the nucleating
agents for cordierite based materials: TiO, or a
combination of TiO,-ZrO,. As for LAS, it was
found by Barry et. al.'’ that following the formation
of the nucleating phase (a magnesium alumino-
silicate structurally similar to the petalite), a number
of intermediate phases appears prior to the deve-
lopment of the cordierite at about 1150-1250°C.

At high temperatures the relationships between
spodumene and cordierite are very complex and
involve also corundum, mullite and spinel, while
at low temperatures, there exists a complete series
of metastable solid solutions between u cordierite
and B spodumene.

In Ref. 18 details on the preparation of MLAS
glass ceramic materials from a glass powder are
given either by a traditional route (melting, nucle-
ation and crystallization) or by simultaneous sin-
tering and crystallization. The last method is
largely cost-saving as it reduces the time at the
fabrication temperature due to the difference in
the viscosity. The interest of such a system
(MLASYS) is the ability to adjust the properties such
as the thermal expansion coefficient, softening
temperature, viscosity or the dielectric constant
according to the chemical composition. Moreover
it has been proved that the addition of MgO to
Li,0-AlL,0,-Si0O, glasses modifies the nonbridging
oxygen, and consequently affects the bond
strength, with a direct consequence on the glass
transition temperature (T,) of the MLAS."

In the two pseudo ternary systems LAS and
MAS, there exists equivalent crystallographic
phases where cations can be located in a position
of insertion. So it could be possible to combine
the low values of the thermal expansion coefficient
of LAS with the excellent mechanical properties of
MAS. From the pseudo binary diagram,? there is
effectively a large domain where there are both 8
spodumene solid solution and B cordierite. More-
over due to the similar sizes of Li* (0-68 A) and
Mg?* (0-78 A) there is a possible substitution
which reinforces the glass ceramic phase.'>?
Recently it has been shown that, in the presence
of boron, there is also a substitution of boron for
aluminum in the B eucryptite structure.?!

The YAS and YMAS Systems

Systems based on Y,0; are interesting because of
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Fig. 6. Isothermal sections for the ternary diagram of the
Y,04-Al,0,-Si0, system (YAS).

its refractory nature and its oxidation resistance.
Although the Y,0;-AL04-SiO, (YAS) system is
extremely important for the understanding of
sialons and B Si;N, based ceramics containing
AlLO, and Y,0, as sintering additives,” there is
little information on this phase diagram. One can
also note that this system was also investigated to
develop YAS glass microspheres for radiothera-
peutic applications (the *°Y isotope being acti-
vated in situ by neutron bombardement, while Al,
Si and O are not affected).?

Bondar and Galakov proposed a ternary dia-
gram in 1964, (Fig. 6), which was reinvestigated
more recently by O’Meara et al. in 1987, (Fig.
7). The crystalline identified phases are mainly
yttrium disilicate (Y,0,-2Si0,) under the two forms
a and B (a being the main crystalline product),
YAG (3Y,0,,5A1,0;) and mullite (3A1,0;,2510,).
However, Y,0;, Al,O;, and some other phases are
unidentifiable using classical X-ray tables.

The YAS system has been investigated, more
recently.” Ten glasses were fabricated at 7<1800°C,
each one corresponding to a specific composition.
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Fig. 7. Ternary and binary diagrams of phase equilibria of
the Y,0;-A1,05-Si0, system (YAS).%

Among them only one gave a partially crystallized
material. These authors were able to give some
information and comments on the ternary diagram.
As for the LAS system, the thermal expansion
coefficient varies significantly with increasing the
Y,0, content, while it decreases as SiO, is added.!
One of these compositions was also investigated
later by other authors.! Their attention was
focused on the fact that for the four polymorphic
transformations of the Y,Si,0, phase, three diffe-
rent temperatures are reported for each transfor-
mation according to three different authors,
(Table 2).2? Moreover they found that the triclinic
a form inverts in the B monoclinic form at
1285°C. In order to obtain good mechanical
behaviour they proposed to sinter these materials
above 1300°C to induce B Y,S1,0,, otherwise brit-
tle fracture behaviour will occur, which is an
undesirable effect for CMC applications' as there
is a change in the atomic volume associated with
the allotropic transformations.?®

Due to the fact that the distribution of the

Table 2. Yttrium pyrosilicate polymorphic characteristics”*

Transition Temperature of Reversibility References
(volume change) transition °C
a-> B
triclinic monoclinic 1190 + 50 No Felsche, 1970%
(+6-233%) 1225+ 10 No Ito & Johnson, 1968%
1225 Yes Liddell & Thompson, 1986%
By 1350 + 30 No Felsche, 1970%
monoclinic monoclinic 1445 + 10 No Ito & Johnson, 1968%°
(-0-198%) 1445 Yes Liddell & Thompson, 1986
y—o 8 1580 + 30 Yes Felsche, 1970%
monoclinic orthorhombic 1535+ 10 Yes Ito & Johnson, 1968%
(-1-733%) 1535 Yes Liddell, Thompson, 19862

(B> 6:-1.984%)
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Y,Si,0, particles in these glasses is sufficiently
uniform and dilute, Arita et al® have recently
investigated the nucleation and crystallization of
different glass compositions in the system
Y,0;~Al,05~-Si0,. They found that it is very sensi-
tive to the initial composition of the glass, that
Al O, enhances the sinterability of such a system,
and that some specific heat treatment allows us to
crystallize all or part of the amorphous phase: that
may result in improving their mechanical behaviour
and particularly their creep resistance, and will be
useful to know for further investigations.

There is no published quaternary diagram on the
YMAS system. To our knowledge the only infor-
mation on the two ternary MAS and YAS systems
comes from Refs 30 and 31. Regarding the process
and the relationships between the process and
crystallographic phases appearing, one can make
the following points.

In- these materials there are mainly a Y,Si,0,,
cordierite (2Mg0O-2A1,0,-58i0,), and some spinel
crystals. Up to 1200°C, the cordierite and o
yttrium silicate ratios evolve very slightly, while
for a temperature greater than 1230°C, the ratio
of a Y,S1,0, decreases significantly while the B
Y,Si,0, phase appears; this also corresponds to a
decrease in the density (4-30 — 4-03).%° If there is
the presence of yttria, then the low temperature
cordierite crystallizes. If the sintering temperature
is well chosen (>1200°C) and the heating rate fast
enough to have a short treatment period at
T>1200°C to avoid the crystallization of the
B Y,Si,0, phase, then the densification is complete
within few minutes. So such materials must be
fabricated in compromised conditions: at a tem-
perature not too high, but high enough to have a
good microstructure and a density not too far
from the theorical one. As it has been shown in
Ref. 1, in the case of the SiC—-YAS composites,
the rupture of SiC;—-YMAS also becomes less
catastrophic with some pull-out if the temperature
process is higher than 1250°C.

Materials and Techniques

Materials investigated in this paper were experi-
mental CMCs with glass ceramic matrices rein-
forced with Nicalon NLM 202 SiC fibers (Nippon
Carbon, Japan). Two types were studied.

SiC; ~-MLAS composites were CMCs developed
by Adérospatiale (Etablissement de Bordeaux
France). The matrix was produced by a chemical
sol-gel route. After drying the slurry of a
0-5Mg0-0-5L1,0,-A1,0,4S10, initial composition
which impregnated SiC bundles, tapes are formed,
stacked and then densified in a hot press under

pressure, in the 1200-1300°C domain.!*? Two
temperatures were used, 7)) and 7, (T, > T)). The
phase crystallization is in fact obtained in control-
ling the pressing temperature (7, or T,) as well
as the cooling rates. The stability of the matrix
depends upon the crystalline nature of the matrix
phases. In the presence of the B eucryptite solid
solution, the stability is limited to 1050°C in the
MLAS system (and only to 950°C in the LAS sys-
tem), (see for example Figs 1 and 5). Above this
temperature there is the B eucryptite — B spodu-
mene transformation which modifies the thermo-
mechanical equilibria as the thermal expansion
coefficients « are different. Then the new composite
possesses new properties (e, o, ....)*> As-received
materials were plates 120 X 100 X 3 mm?® with
either a 1D texture or a (0-90°),, cross—ply texture,
with n = 2 or 3 and s meaning for symmetry (Fig.
8(a)).

SiC,-YMAS composites were fabricated by
ONERA (Etablissement de Palaiseau, France)
either by a chemical route from organometallic
salts and a colloidal sol, or by a glassy route from
oxide melting. The initial chemical compositions
were always a mixture of oxides: Y,0;-MgO-
Al,0;-S10,. Two composites were particularly
investigated: Composite A for which the binder
burnout is realized in a specific furnace at 700°C
under air, while for Composite B it occurs during
the hot pressing cycle at 500°C under vacuum.

S
RN
%, %o

\d

the 1D SiC;-YLAS (b) composites.
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Composite A is pressed under 10 MPa from
1000°C until 1300°C for 1 hr and then ceramised
at 1200°C. Composite B, preloaded under 2 MPa
from 500°C, is heated under vacuum until 500°C
and pressed under 10 MPa when the maximum
temperature, is reached (about 1300°C), and then
ceramised at about 1200°C as for Composite A,
the vacuum being maintained only until 700°C.
Composites A are densified to 98% of the theoreti-
cal density and composites B up to the theoretical
density. As-received materials were plates 100 X
100 X 3-5 mm’ with a 1D texture (Fig. 8(b)).

All the specimens were cut with great care and
very slowly using diamond wheels: either plates for
rupture and creep experiments, or small samples
inserted into cylinders of 3 or 2-7 mm in diameter
and then cut. These last specimens were mechani-
cally ground up to 50-100 um, a dimpler was used
to thin them up to about 10 um and finally ion
milled under argon (6 kV) at liquid nitrogen tem-
perature (Gatan Duo Mill, Pleasanton, USA).

Microstructural investigations were performed:
(1) by X-ray analysis; (i1) by transmission electron
microscopy with a Jeol 200 CX and with a Top-
con EM 002B: these two TEM operating at 200
kV, were equipped with a Kevex EDS microana-
lyser and were used to perform TEM, HREM and
microanalysis studies; (iii) by scanning electron
microsocopy with a Jeol 840 GLS with a Tracor
5200 EDS system, and a Zeiss DSM 60 with a
Kevex system and (iv) by an electronprobe ana-
lyzer Jeol 6300 F.

Results

Because of their very fine microstructure the com-
posites have been investigated by scanning and
transmission electron microscopies with micro-
analysis. The identification of the different present
phases was confirmed regularly by X-ray analysis,
EDS spectra and from the diffraction patterns.

SiC; -MLAS
Although the 1D and 2D SiC;-MLAS composites
were elaborated in similar conditions, the as-
received materials themselves differ, by several
points. From observations and images of the
MLAS matrix by scanning electron microscopy, it
appears for the 2D materials white (W), grey (G)
and dark grey (DG) areas, while for the 1D mate-
rials in addition there are black zones (B), (Figs
9(a) and (b)). All these phases seem to be not
uniformally distributed inside the matrix.

The white phase was analyzed as mullite
(AlS1,0,;) as it coincides to crystals, generally
elongated (Fig.10) and richer in aluminum than in

Fig. 9. Scanning electron micrographs of the MLAS matrices of
the 1D (a) and 2D (b) composites (W = white: mullite, G = grey:
cordierite, DG = dark grey: spodumene, B = black: carbon).

silicon, with the correct ratio. The mullite crystals
appear square section like. They are spread
throughout the matrix with no particular orienta-
tion. The mullite needle shape is not so clearly
observed in the 1D composite compared to the 2D
ones. Moreover, the amount of mullite crystals is
greater in the 2D than in the 1D materials. TEM

Fig. 10. TEM micrograph showing a mullite (M) needle in
Bragg’s conditions.
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observations realised on the 1D composites show
that these needles are sometimes surrounded by
large crystals identified as 8 spodumene.

The dark-grey phase corresponds to the main
phase only in the 1D materials: these areas are
richer in silicon than in aluminum. Inside this
phase the presence of magnesium is also detected.
The presence of Mg is always detected whatever
the phase is analyzed: mullite was even containing
very few percent of Mg. By considering the Si/Al
ratio and the diffraction patterns, the dark-grey
phase was identified as B spodumene (LiAlSi,Og)
or to a solid solution of B spodumene whose
lithium cannot be detected, and where the magne-
sium ratio is not always the same in the whole
specimen. The 1D composite investigated in TEM
confirms that the main phase is 8 spodumene with
quite large grains (Fig. 11). In the 2D materials, B
spodumene zones appear only as inclusions dis-
persed in the grey phase.

These inclusions, recognised as 8 spodumene,
have also been observed in 2D as-received
SiC; ~-MLAS composites, having a size greater than

100 nm.** The grey phase corresponding to the
main phase in the 2D materials is the one richest
in magnesium. Although the amount of magne-
sium is always lower than the theoretical value pre-
dicted from B cordierite formula (Mg,Al,SisO4)
this phase has been recognised as B cordierite or as
a solid solution of B cordierite. These results of
cordierite in the 2D material need further comple-
mentary investigations. In the 1D material B
cordierite crystals have never been observed alone
but always near to 8 spodumene crystals (Fig. 12).

Finally in the 1D materials one also observes
black zones corresponding to areas with a very
high concentration of carbon. This probably
comes from the decomposition of organic com-
pounds used during the fabrication of these com-
posites as no carbon is used to coat the silicon
fibers during the process route. Observations in
TEM agree with this presence of carbon. Figure 13
shows carbon patches inside a 8 spodumene grain.

With regard to the fiber/matrix interface one
observes several phases and turbostratic carbon
layers. Close to the fiber side, EDS analysis gives

Fig. 11. Large grain of B spodumene observed in the 1D
SiC;—~MLAS composite.

Fig. 12, Close mixture of B8 cordierite (CO) and 8 spodumene
(S) grains in the 1D composite.

Fig. 13, Presence in the 1D composite of large carbon patches
(C) inside spodumene grain (S).

Fig. 14. Interface (I) between SiC fiber (F) and MLAS matrix
(M) exhibiting mainly turbostratic carbon.
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more silicon and oxygen and at the matrix side
there is also a quite extended area along which the
matrix appears to have reacted,* (Fig. 14). In these
materials the interphase areas have a thickness
which can vary from 10 to 100 nm.

SiC;-YMAS

Figures 15(a) and (b) present the scanning elec-
tron micrographs of each composite. The phase
containing yttrium appears in white. Large grains
of that phase are present in Composite A. After
microanalysis they have been identified as an
yttrium silicate compound.®® Due to the probe size
(2 um®) it has not been possible to identify the
small white grains as yttrium silicate. The black
areas (Fig. 15(b)) show a phase rich in aluminum,
magnesium and silicon elements, without the pres-
ence of yttrium. Composite B presents a more homo-
geneous microstructure without the presence of
large grains. Globally the microstructure of these
two types of composite is too fine to be analyzed
at that scale because of the classical probe size
used. Observations of Composite A reveals the
existence of two main phases appearing in black

Fig. 15. SEM micrographs of the SiC;-YMAS composite
prepared by the sol-gel route (a) and by the glassy route (b).

Fig. 16. Matrix formed by a network of yttrium silicate crys-
tals with dendritic shape (dark) inside cordierite phase (clear),
in Composite A.

and white. The dark crystals are distributed in a
complex network and are elongated with a dendritic
shape. Most of the yttrium phase is located in these
zones (Fig. 16). The yttrium silicate has been identi-
fied as the high temperature form. The white areas
generally correspond to more homogeneous zones.
They are formed with cordierite crystals (the high
cordierite) with a hexagonal symmetry (Fig 16).

For Composite A, some areas with a totally diff-
erent microstructure also appear. An example is
shown in Fig. 17. In that case, elongated and
square shaped crystals are present in a phase
which corresponds to a mixture of cordierite and
yttrium silicate. These crystals were identified as
mullite (AlSi,0,;). Moreover some spinel crystals
(MgAl0,) are often observed within the cordierite
or in the grain boundaries (Fig. 18)

Composite B exhibits the main microstructural
features as Composite A. However, mullite crys-
tals are rarely observed and the matrix appears
finer and more homogeneous. In addition it has
been observed that the cordierite crystals contain

Fig. 17. Example of mullite crystal inside a mixture of
yttrium silicate and cordierite in Composite A.
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Fig. 18. Spinel crystals inside cordierite grain in Composite A.

Fig. 19. Zirconia crystals inside cordierite phase in Composite B.

Fig. 20. HREM micrograph of the fiber/matrix interface, in
Composite B.

some small inclusions (~20-100 nm) identified as
zirconia (Fig. 19). At this scale, the matrix appears
totally crystallized.

HREM observations at the fiber/matrix inter-
face show a light contrasted layer (Fig. 20). Its
thickness is about 20-30 nm in both composites.
The nanostructure of the interface is similar to
that one observed by Monthioux® in another type

of glass ceramic composite (SiC;-MLAS), with a
layer of turbostratic carbon The sharp interface
observed in the matrix side of the carbon layer
and the diffuse interface observed on the Nicalon
SiC fiber. support the concept of a carbon layer
growing in the fiber.

Discussion

SiC;-MLAS

The glass composite we had for the MLAS matrix
— 0-5Mg0O-0-5L1,0-1A1,0,-4810, — is supposed
to give as the first major phase, B eucryptite sohid
solution. As an immiscibility dome between SiO,
and Li,O-Al,0; exists, one can have either a glass
with the expected composition or a glass which
can be richer or poorer in SiO, than expected.
This leads to a B eucryptite solid solution in the
LAS system whose composition can be quite far
from the theoretical formula Li,O-Al,0,-2Si0,.%’

The B eucryptite phase is subjected to micro-
cracking and therefore has poor mechanical prop-
erties.!® It is why one seeks to invert B eucryptite
into B spodumene in this system. This transforma-
tion is possible whenever a glass composition has at
least 3-5Si0, for IMgO and 1Li,0* By heating the
previous solid solution at 1050°C the transformation
takes place and a B spodumene solid solution
appears. This phase is suitable for thermomechanical
applications generally because no microcracking
appears. Moreover, it has recently been shown that
this phase can be corroded easily by boiling sulfuric
acid or by molten sodium nitrate.”

The precursor phase can have a composition in
quite a large range, so it is not surprising that for
the B spodumene a solid solution with different
ratios of elements can crystallize.

At higher temperatures the MAS system (Fig. 4)
considers the formation of B cordierite which also
has no stable composition, particularly in magne-
sium. But substitution between Li* and Mg** are

uite easy as they have a close ionic radii (Li":0-68
}; Mg?*:0-78 A).

The presence of mullite crystals is evident in
both the LAS and MAS systems (Figs 1 and 4) as
they contain its existence domain.

The noticeable differences between the 1D and
2D materials in terms of majority phases is
perhaps shown in the pseudo binary diagram
cordierite-spodumene (Fig. 3). To our knowledge
this is the only one which makes a junction
between the LAS and the MAS systems. Its exis-
tence shows that liquid phases are available at
temperatures in the ternary diagrams taken sepa-
rately. According to this diagram and depending
upon the predominant phase in a cordierite-
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spodumene mixture two different situations can
arise. On one hand if we have more cordierite than
spodu- mene a heat treatment will lead to even
more cordierite and then to mullite. On the other
hand a mixture richer in spodumene will give even
more spodumene and less cordierite.

The association of cordierite and mullite was
also predicted in Refs 13 and 14. It was noticed
that in the MAS diagram the cordierite is able to
melt incongruently by giving mullite at a tempera-
ture between 1355 and 1465°C.

In conclusion, the 1D SiC;—MLAS matrix
seems to belong to a system which has at the
beginning more B spodumene than B cordierite,
whilst for the 2D matrix it is the opposite. The
materials evolution during creep tests confirm this
assumption, as the 1D was evolving towards the
B cordierite disparition to the benefit of 8 spodu-
mene.!” Concerning the 2D materials, no evolu-
tion between spodumene and cordierite has been
reported as yet, but great enhancement of mullite
crystals has been evident.

SiC; -YMAS

Whatever the YMAS composites (A or B) one
considers that the matrix contains two major and
two minor phases, that is to say cordierite and
yttrium silicate for the major and spinel and mullite
for the minor. Besides this, zircone inclusions have
been found in composite B. This can be easily
explained by the oxide used in order to enhance
the crystallization in the glassy route.

Microstructural observations and analyses on
these materials have shown that yttrium silicate is
the only compound which contains yttrium. This
is in good agreement with previous investiga-
tions.’** So it can be supposed that all the Y,0,
reacts with SiO, to form the Y,Si,0, phase.

Diffraction patterns allows us to identify the B
form of that oxide. Because of the temperature of
fabrication, it is in good agreement with the litera-
ture despite the fact that many temperatures are
given for the same allotropic transformation
according to different authors (cf. Table 2).

As yttrine is only in the Y,Si,0; silicate form,
one can consider that alumina and magnesia react
together to give binary or ternary compounds by
reaction with silica as well. This leads us to con-
sider the MAS system.

Moreover if one considers the amount of
remaining silica, alumina and magnesia, it corre-
sponds to a composition close to the sapphirine,
which is present in the MAS ternary diagram.
Unfortunately this phase has not been detected,
but its existence domain is very small (Fig. 4). On
that diagram one also notes that this phase is sur-
rounded by three large domains corresponding to

the three other phases identified in our compos-
ites, 1.e. cordierite, mullite and spinel.

The cordierite is the second major phase with
the yttrium silicate. It has been previously
shown'*! that its formation by sintering begins at
1200°C. From the MAS diagram (Fig. 4) it
appears as the phase existing at the lowest temper-
ature domain. That is the reason why that phase
appears as the most important at that fabrication
temperature.

Very few mullite crystals appear in the YMAS
matrix as silica reacts first to form cordierite
rather than mullite because of its lower tempera-
ture of sintering (1200°C): that is in good agree-
ment with the process temperature. As for the
excess in magnesia, it reacts with alumina to form
spinel above 1000°C.

Conclusion

The development of glass ceramic matrices is
important in the field of ceramic matrix composites
(CMCs) due to their very low thermal expansion
coefficient and their good mechanical strength. So
it requires a good knowledge of the corresponding
pseudo-binary, ternary and quaternary diagrams.
From their accurate analysis one can note many
important difficulties: (i) different silicate phases
can appear in very close domains; (ii) many allo-
tropic transformations exist; (iii) different atom
substitutions can arise and (iv) several crystallo-
graphic parameters of different silicate phases
have the same value. These different points
emphasize the complexity of knowing with accuracy
which phases are present in the materials. Anyway,
during long term applications, these silicate phases
can evolve.

The management (control) of the stability of the
glass ceramic matrices in these multicomponent
systems is an essential step to consider applica-
tions for long durations, such as for motors,
hypersonic structures, etc.... Moreover, for glass
ceramic systems with aluminum or lithium rein-
forced by silicon carbide fibers, such as LAS,
MAS, YAS, MLAS or YMAS systems, the diffu-
sion of aluminum or lithium in the SiC fibers is an
important factor to consider: it can act on the
crystalline phases of the matrix due to change in
composition and can make the fibers even more
brittle. Moreover a matrix with lithium or lithium
components can evaporate during the process.“1

These different points have been illustrated by
investigations in scanning and transmission elec-
tron microscopies with microanalysis, of the
MLAS (MgO-Li,0-Al,0,-Si0,) and YMAS
(Y,0;-Mg0O-AL0O;-8i0,) systems.
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It appears that the matrices in the 1D and 2D
SiC;-MLAS composites are slightly different,
although the composition of the started gel and
the process were the same. This simple fact shows
the difficulty in obtaining any point reproductible
matrices with exactly the same phases and distri-
butions.

This is due to the multitude of possibilities
deduced from the thermodynamic diagrams. In fact
the detectable phases in the two composites are
identical but their size distribution is not. The 1D
matrix shows the following phase distribution: B
spodumene > B cordierite >> e mullite, while in
the 2D it is B cordierite >> B spodumene >
mullite. Consequently when the SiC; -MLAS com-
posites are submitted to creep test, the matrix
which is not totally crystallized, will be subjected
to chemical and morphological evolution. As the
as-received matrices are not exactly equivalent,
different ways of phase evolution will have to be
considered. But depending on which scale we are
working, these phenomena will be considered as
crucial or as minor: for example, if one has to
compare the damage due to a crack running from
one ply to another with regard to a phase trans-
formation.

The main phases in YMAS matrices were S
Y,Si,0, and B cordierite, the secondary ones
being mullite and spinel. It is maintained by a
very complex network acting like a spider’s web
where minor and major phases are sometimes
overlapping. One other advantage of this system is
that no substitution can occur between magne-
sium and yttrium. '

In the two YMAS and MLAS matrices one
expects a more stable YMAS type matrix because
this one is totally crystallized.
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