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A composite consisting of 30 wt% SiC whiskers and a mullite-
based matrix (mullite—32.4 wt% ZrO,-2.2 wt% MgO) was
isothermally exposed in air at 1000°-1350°C, for up to 1000 h.
Microstructural evolution in the oxidized samples was inves-
tigated using X-ray diffractometry and analytical transmission
electron microscopy. Amorphous SiQ, formed through the
oxidation of SiC whiskers, was devitrified into cristobalite at
T = 1200°C and into quartz at 1000°C. AtT = 1200°C, the
reaction between ZrQ, and SiO, resulted in zircon, and
prismatic secondary mullite grains were formed via a solution—
reprecipitation mechanism in severely oxidized regions. Ter-
nary compounds, such as sapphirine and cordierite, also were
found after long-term exposure atT = 1200°C.

I. Introduction

GRAMIC-MATRIX composites toughened by SiC whiskers are
ossible candidates for use in high-temperature environ-
ments~’ Thus, the oxidation behavior of these composites at high
temperatures is of great concém-’ Previous studi€s®****have
indicated that the oxidation behavior and mechanical properties of
SiC-whisker or particulate-reinforced ceramic-matrix composites
are strongly affected by the reaction between the oxidation product
(i.e., SiQ) and the matrix.

Porter and Chokshiand Becher and Tiegsuggested that the
mechanical properties of SiC-whisker-reinforced@®{ are related
to the oxidation of SiC whiskers and to the subsequent reaction of
Si0, with the ALO, matrix. Some studiés™® revealed that the
parabolic rate constants of SiC in an,®, or mullite matrix were

could be affected, because of the zircon formation, by the reactio
between SiQ and ZrQ,. However, very little detailed description
of the resultant microstructures and the oxide-formation mecha
nisms has been provided to date, even though such description
crucial to a full understanding of the oxidation behavior of
composites with SiC reinforcements.

Recently, Linet al*” described the microscopic mechanisms of
the oxidation of SiC whiskers in mullite-matrix and ZyO
containing mullite-matrix composites, mainly based on trans:
mission electron microscopy (TEM) observations of individual
oxidized SiC whiskers at various depths. Those studies focused ¢
the early stages of oxidation, in locations where unoxidized SiC
was still available.

The purpose of the present study is to explore the microstruc
tural variations caused by the interdiffusion and chemical reaction
between the oxide product and the matrix during the long-tern
oxidation of SiC-whisker-reinforced mullite/Zg@omposites. The
microstructures of the oxidized samples of various composite
after exposure in the temperature range 1000°-1350°C, for up |
1000 h in air, were studied using X-ray diffractometry (XRD),
TEM, and energy-dispersive spectroscopy (EDS).

Il.  Experimental Procedure

The matrix of the composite was prepared by the sol-ge
process, starting with the alkoxides of silicon, aluminum, zirco-
nium, and magnesium. The matrix consisted of mullite—32.4 wt%
ZrO,—2.2 wit% MgO. After 30 wt% SiC whiskers (Silar SC-9,
Arco Chemical Co., now Advanced Composite Materials Corp.,

much higher than those expected for the oxidation of bulk SiC, Greer, SC), had been incorporated into the alkoxides, the mixture
because a liquid aluminosilicate phase was formed following the were hot-pressed (Model No. 1-2300, Centorr Furnaces/Vacuu
reaction between the oxidation product and the matrix. Tsai and Industries, Inc., Nashua, NH) in graphite dies lined with graphite
co-worker$>*®reported that various oxidation modes were oper- foil at 1400°C, under 34.5 MPa, for 20 min in an argon atmo-
ative in mullite/ZrQ/SiC composites, depending on the ZrO  sphere. The crystalline phases (determined by XRD) of the
content. Those researchers also found that the oxidation modehot-pressed samples included mullite, tetragonal and monoclini
ZrO,, SiC, and traces of spinel and zircon, as described by
previous study?

Composite samples measurind0 mmx 6 mm X 3 mm were
exposed isothermally in air, at temperatures ranging from 1000° t
1350°C, for up to 1000 h. Before exposure, all of the surfaces wer
ground on SiC sandpaper from 240 grit to 600 grit, in sequence
and polished with 3sm diamond paste on nylon cloth. Samples
were inserted into a box furnace (Model No. 51333, Lindberg
Corp., St. Louis, MO) preheated to the desired temperature. Th
exposed samples, as well as the hot-pressed samples, were ct
acterized by XRD, as described elsewhEr&oth cross-sectional
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and plain-viewed samples were investigated, using analytical TEM

(Model No. EM 420, Philips Research Laboratories, Eindhoven, ’
The Netherlands), as described elsewhérg&he Cliff—Lorimer
standardless ratio technigifavas used to estimate the composi
tions of the various oxidation products. The technique was
performed on the TEM, equipped with an ultrathin window EDS
detector (Model No. 9900, EDAX International, Prairie View, IL).
For the measurement of the unknown compositions, all of the
compounds were presumed to be composed of various stoichio-
metric oxides, such as MgO, AD;, SiO,, and ZrQ.

Ill.  Results and Discussion

(1) XRD Analyses

Table | shows the relative XRD intensities of various phases in
the hot-pressed and exposed samples. The reaction of the oxidatior
product(s) and the matrix was insignificant at 1000°C, even though
SiC whiskers were completely oxidized at the outer surface. At
temperatures 0f~1200°C, the reaction of the oxide layer of SiC
whiskers with the matrix produced new phases. The formation of
ternary sapphirine and/or cordierite phases was caused by the
reactions among MgO, AD5;, and SiQ, while the reactions
between ZrQ and SiQ, and between MgO and AD, resulted in
zircon and aluminum—magnesium spinel, respectively. The amor-
phous background intensity at 26°26 < 30° in the XRD spectra
at 1350°C for 260 or 1000 h was caused mainly by the amorphous
aluminosilicate phase, formed through the reaction of,5KD,O5,
and other impurities, while the background in the same angles
from the sample after exposure at 1000° or 1350°C1fdn was
caused by the amorphous SiOxidation product.

(2) TEM Observation

(A) Deuvitrification of Silica: When SiC-whisker-reinforced
mullite-matrix composites were exposed to high-temperature oxi-
dizing environments, SiC whiskers in the outer region were
oxidized via an oxygen-inward diffusion mechanism. The oxida-
tion of SiC whiskers is expressed by the following reaction:

SiC+ 30, — SiOysilica) + CO 1)

Fig. 1. (a) Quartz, marked “Q,” in the sample after exposure at 1000°C
for1000 h (A= (1210) and B= (0001) in the inset SADP) and (b) twinned
a-cristobalite, marked “C,” in the sample after exposure at 1200°C for
500 h.

The oxidation product of SiC whiskers was amorphous ,SiO
However, after long periods, the amorphous Sdevitrified into
various polymorphic forms of crystalline SjOdepending on the
exposure conditions. Figure 1(a) shows several low-quartz grains,
marked “Q,” in the composite after exposure at 1000°C for 1000 h.
Presumably, those grains experienced the higlow displacive a-cristobalite were caused by tle— « displacive transformation
transformation at~573°C when they were cooled to room tem- at ~200°-275°C*23

peraturé’® Inset at the upper right corner of Fig. 1(a) is the (B) Formation of Aluminum—Magnesium SpinelAs men-
selected area diffraction pattern (SADP) of quartz. The EDS tioned elsewheré&? MgAl,O, spinel with stoichiometric compo
analysis (not shown) revealed that these quartz grains usuallysition uniformly existed in the matrix of the hot-pressed samples a
contain a small amount of AD; in solid solution. At temperatures  separate 0.2 pm) grains. Figure 2 shows that a significantly
=1200°C, cristobalite formed within the SjQayer. Figure 1(b) larger amount of MgAJO, spinel in the outer oxide layer of the
shows the micrograph of low ei-cristobalite, with its SADP inset sample formed after exposure at 1200°C for 500 h. The formatio
at the upper right corner. Cristobalite was very unstable under the of spinel required a sufficient amount of MgO, probably supplied
electron beam, presumably because of beam heating. Twins inby exsolution from the mullite matrix and/or long-range diffusion

Table I. X-ray Diffraction Intensities for Various Phases in As-Hot-Pressed and Exposed Samples

Phase and intensity

Conditions Mullite t-ZrO, mZrO, sict Spinel Cristobalite Quartz Sapphirine Cordierite Zircon AmorpFous
As hot-pressed S S m S vw
1000°C/260 h s Vs m VS VW w
1000°C/1000 h s S S S vw w w
1200°C/500 h s Vs m s VW Vs s t
1350°C/1 h s S w S w vw t w
1350°C/20 h m Vs w Vs m m m VS s
1350°C/260 h w w w w w VW VS S s
1350°C/1000 h VW VW VW VW VW w Vs Vs s

Tvs = very strong, s= strong, m= mediate, w= weak, vw= very weak, and t= trace.*Including - andB-SiC. SRecognized from the background intensity at 2020 =
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(a)

Fig. 2. Several spinel grains in the outer oxide layer of the sample after
exposure at 1200°C for 500 h; inset SADP was in the [011] zone=(A
(022 and B = (200)).

across the sample. In the stoichiometric spinel, only one-eighth of
the tetragonal interstitial sites and one-half of the octahedral
interstitial sites were occupied. Therefore, a solid solution of
various elements in spinel was expected. The solid solution of
MgO in MgAl,O, spinel was negligible, but an appreciable
amount of ALO, was soluble. According to previous studfés?®

the composition of the spinel had a wide range, from MgQO,

to Al,O,. Thus, the chemical formula of that spinel can be
expressed as Mg@Al ,O;. The formation of Mg@AI O, spinel
after exposure at = 1200°C resulted from the reaction

MgO + nAlL,O; — MgO-nAl,Os(spine) 2)
The aluminum-magnesium spinel had a very representative com-{
position of (in wt%) 23.2 MgO, 69.9 AD,, and 6.9 SiQ. This
composition corresponded to MgIOL8AL O, with some SiQ in
solid solution. In contrast, no silicon was detected in the spinel A
by EDS analysis of the hot-pressed sample, as mentionedFig. 3. (a) Needlelike sapphirine in the sample after exposure at 1200°C
elsewhere? for 500 h; SADP was indexed as the monoclinic symmetry, for conve-

(C) Formation of Sapphirine: Because the XRD spectrum of  nience, indicating the 1Tc structure in the [1QQjone (A= (020),, and
sapphirine is very similar to that of MghQD,, spinel, it is difficult B = (012)y). (b) High-resolution micrograph, showing the sapphirine-1Tc
to distinguish between the two spectra by the XRD analysis only. Structure, with (01Q) twin planes.

However, sapphirine was easily recognized under TEM, as well as

EDS, because of its special features. In the present study, sap-

phirine was found in the samples after exposure at 1200°C for periodicity of the unit cell alon@* and the streaking caused by the

500 h and at 1350°C for 1 h. The formation of sapphirine is related stacking disordef? In the present study, high-resolution TEM

to the spinel by the following reaction: techniques were attempted to explore the stacking sequence on
. . . atomic scale, and the result indicated that the sapphirine found we

2MgAl,O4(spine) + SiO,(silica) — basically the twinned 1Tc form (Fig. 3(b)).
2MgO-2A1,0,-SiO,(sapphiring  (3) Barbier and Hyd& described sapphirine as a regular inter-

growth at the unit-cell level of the slabs of the spinel and

The 2:2:1 ratio is only approximate. The actual composition of clinopyroxene structures. The ideal stoichiometric sapphirine ca

sapphirine has a very wide range, which can be expressed by abe written as follows:

general formula: MgAl 5, Sig 75040, With 1.5= x = 5.627?8In

the present study, the composition of sapphirine was estimated

using the Clif—Lorimer method. The measunedalue range was

2.8-4.8.

The most common polytypes in sapphirine are sapphirine—1Tc However, in the present cases, spinel was embedded in sapphirir
and sapphirine-2M. The former has a one-layered structure alongas shown in Figs. 4(a) and (c). Figure 4(a) is the bright-field image
b*, with b = 0.72 nm; the latter has a two-layered structure, with and Fig. 4(c) displays the dark-field image obtained by tH0)2
b ~ 1.44 nm?° Figure 3(a) shows the image of the sapphirine in diffracted spot of spinel. This image implies that spinel may be the
the composite after exposure at 1200°C for 500 h. The sapphirine precursor of sapphirine, as mentioned above. The SADP in Fic
had a characteristic needlelike shape, with the needle axis parallel4(b) indicates that the orientation relationships between spinel an
to a*. Twin boundaries also were revealed. For convenience, the sapphirine aré110, || (100 ,,pnand {110}, || {010} ¢.ppn

Mg.AlsSi,O,(sapphiring —
2MgAl,O,(spine) + 2MgAl,SiOs(clinopyroxene (4)

SADP of the sapphirine (inset in the upper right corner) was
indexed as having a monoclinic unit cell. However, the unit cell
was identified as triclinic twinned sapphirine—1Tc, with a (010)
twin plane. The superlattice spotslof 2n + 1 were weaker than
the basic spots of = 2n. However, they displayed the true

In the present study, we also found that sapphirine structure
were unstable under strong heating of the electron beam. Tt
clinopyroxene became amorphous under the intensive electrol
beam heating, and the spinel was simultaneously transformed in
micrograins.
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Fig. 4.
including spinel and sapphirine, indicating that [1J,0] [100],pnan
(;10)sp ” (Olo)sapph (A :_ (220)5;)7 B.: (220)5517(: = (_Ozo)sa‘pph D =
(412)s,pp); () dark-field image obtained by the@),, diffraction spot.

(a) Spinel grain embedded in sapphirine; (b) SADP from the area,

(D) Formation of Cordierite: There are two common poly-
morphic forms of cordierit€>2high cordierite, with a hexagonal
crystal structure, and low cordierite, with an orthorhombic crystal
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cordierite. Measured distortion indexes indicate that the cordierit
exposed at 1200°C for 500 h or at 1350°C for 260 h was hexagon:
(corresponding t& = 0.07 orA = 0.00), whereas that exposed at
1350°C for 1000 h was orthorhombid (= 0.19).

Figure 5 shows the microstructures of the cordierite formec
under different exposure conditions. Figure 5(a) displays the
hexagonal cordierite (marked “C”), along with several needlelike
sapphirine grains in the sample, after exposure at 1200°C fc
500 h. A defect-free and homogeneous microstructure was ol
served. The cordierite formed at 1350°C for 260 h is shown in Fig
5(b). This cordierite had a characteristic tweedlike microstructure
The “threads” lay on the {110} or {2110} planes, as indicated by
the streaking in the SADP. Figure 5(c) shows that the cordierite ir
the composite after exposure at 1350°C for 1000 h usuall
contained defects, such as dislocations, elongated loops, dipole
and w-type boundaries, as described by van Roermund an
Konert3® Subgrains in cordierite also were observed in the preser
study. The SADP in Fig. 5(d) shows the split diffraction spots
caused by the low-angle-2°) boundary. Spherical Zr(particles
frequently were observed embedded in cordierite. The,Z¢ded
as a nucleating agent of cordierite, as is the case in the cordierite
ZrO, glass-ceramic systef{=>°

The sequence for the phase transformation of cordierite durin
oxidation atT = 1200°C can be described as follows: hexagonal
cordierite — modulated hexagonal cordierite> orthorhombic
cordierite. This sequence is consistent with the result reported b
Putnis3* At temperatures between 1050° and 1445°C, the firsi
crystallization product of the stoichiometric magnesium—cordierite
invariably was hexagonal cordierite, which eventually trans-
formed, on annealing, to orthorhombic cordierite via an interme:
diate modulated structure.

Cordierite grains had a rodlike appearance, presumably “inhel
ited” from that of sapphirine, as shown in Fig. 5(c). The axes of the
rodlike cordierite crystals in Fig. 5(c) are parallel ¢. This
orientation implies that cordierite was formed from sapphirine,
simply by the incorporation of additional SipOsupplied by the
further oxidation of SiC whiskers. Thus, the formation of cordi-
erite can be illustrated by the following reaction:

2MgO-2Al,05SiO(sapphiring + 4SiO,(silica)
— 2MgO-2Al,055SiO,(cordierite  (5)

(E) Formation of Anorthite: SiC whiskers contained
calcium-rich inclusions in the core regiéhCaO was produced by
the oxidation of these calcium-rich inclusions; however, it did not
exist in its free state in the exposed samples but was dissolved in
the SiO,, a product of the oxidation of SiC whiskers. The melting
point of the SiQ was lowered by dissolving CaO or other
impurities. This impurity-bearing liquid phase was retained as
glassy phases after the samples had been cooled to room temp
ature. However, CaO and the aluminosilicates also could react t
become anorthite (Cas$i,Oy).

Anorthite has two or three polymorphic forrfi$it experiences
the series of Ct> I1 —P1or |1 — P1 transformations when
cooled from melts to room temperature. The €11 transforma-
tion is caused by Al,Si ordering, whereas the 4 Pl is a
displacive ordering of the Ga cation at ~240°C. Twinned
anorthite grains, shown in Fig. 6, were found in the sample afte
exposure at 1200°C for 500 h. From the inset SADP, the grain
were identified as Panorthite?**?with the twin plane parallel to
(010). Different domains in the anorthite phase had a simila
crystallographic orientation but with angle differences of severa
degrees (mosaic structure). Also shown in Fig. 6 is a glassy pha:
(marked “G”) abutting the anorthite and containing a significant

structure. The hexagonal-to-orthorhombic transformation involves amount of CaO.

the Al,Si ordering, which is characterized by the splitting of the

(F) Formation of Zircon: Zircon formation was caused by

(211) peak of the hexagonal cordierite into (151), (241), and (311) the reaction of ZrQ and the oxidation product, SiO

of the orthorhombic cordierite in the XRD spectrum. Distortion
indexes A, were defined by Miyashir and measured by Putnis
and co-workers$***who foundA = 0 in the hexagonal cordierite
and A =~ 0.25 in the orthorhombic cordierite, with intermediate

ZrO, + SiO, — ZrSiO,(zircon) (6)

Figure 7 shows a zircon grain with an imbedded residual,ZrO

values for the continuous Al,Si ordering sequence from high to low particle. The morphology of zircon and Zy@uggests that zircon
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(c)

Fig. 5. (a) Hexagonal cordierite, marked “C,” in the sample after exposure at 1200°C for 500 h; (b) modulated cordierite in the sample after expo:
1350°C for 260 h; (c) orthorhombic cordierite in the sample after exposure at 1350°C for 1000 h; (d) SADP of the orthorhombic cordieritesn(Q20)A
and B = (002)).

Fig. 6. Anorthite (marked “An”) in the sample after exposure at 1200°C
for 500 h; SADP was identified as a mixture of Ghorthite and P1
anorthite, with the twin plane parallel to (010) A (020) and B=(022); Fig. 7. Zircon grain with an embedded residual Zr@article in the
region marked “G” is a glassy phase). sample after exposure at 1350°C for 1000 h.




1802

Fig. 8. Prismatic secondary mullite formed in the sample after exposure
at 1350°C for 1000 h.

formation is caused by inward diffusion of the'Si The formation
mechanism of zircon is described as follofv:*

(1) Silica diffuses to the surface of ZgO

(2) zircon forms, according to the chemical reaction in Eq.
(6).
(3) Silicon and oxygen diffuse inward through the zircon layer
to the interface of zircon and ZgDwhere the reaction continues.

Journal of the American Ceramic Society—Lin et al.
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(G) Formation of Secondary Mullite: Figure 8 shows several
prismatic mullite grains and a glassy phase that formed at the out:
part of the oxide layer after exposure at 1350°C for 1000 h. Ir
contrast, mullite grains were equiaxed, with no glassy phase in th
as-hot-pressed composites, as mentioned elseWwhdree pris
matic morphology, together with the grain-boundary glassy phase
suggest that these prismatic mullite grains were secondary ar
formed via the solution—reprecipitation mechani§i® As the
oxidation of SiC whiskers proceeded, the average compositio
changed in the direction of increasing Si@ecause impurities,
which were incorporated into SiOand/or mullite, caused the
change in chemical potential of these phases, interdiffusion be
tween SiQ and mullite could occur, whereby aluminosilicate
compounds were formed. Furthermore, impurities lowered the
eutectic point of the mullite and SiOAfter a liquid phase had
formed at the interfaces, the solubility of the solid phase increaset
thus expediting matter transport, followed by rapid grain growth.
Consequently, prismatic secondary mullite grains formed only
near the severely oxidized surface.

(3) Transformation Routes in the MgO-AD,-SiO, Phase
Diagram

Significant compositional changes, which occurred in the oxi-
dized regions of the composites, had an effect on the long-terr
oxidation of the composites. The transformation routes followec
during the long-term oxidation of SiC-whisker-reinforced mullite/
MgO—partially stabilized ZrQ composites can be described as
follows. The original matrix was composed of mullite
(3A1,04,2SiQ,), spinel (MgALO,), and a small amount of sap
phirine. The composition is designated point A in the,®J—

Zircon was found only in samples exposed at temperatures SiO,—MgO ternary phase diagram, as shown in Fig.af@d is

=1200°C. AtT = 1000°C, the diffusion rate of SiQvas too low
for any appreciable reaction between Zranhd SiQ.

The residual ZrQ particle in zircon suggests an incomplete
reaction between ZrOand SiQ; thus, the silicon diffusion rate in
zircon probably is very slow, even at 1350°C. The low diffusion

located very close to the alkemade line connecting mullite anc
spinel. On the surface of the exposed sample, the amount gf SiC
increased because of the oxidation of SiC whiskers; MgO wa
enriched by long-range diffusion or exsolution from mullite grains.
Thus, the composition moved from points A to B, located inside

rate in zircon can be explained by the dense crystal structure of the spinel-sapphirine—mullite triangle.

zircon, which consists of four zirconium atoms and four SiO

This movement from point A to point B indicates that spinel and

tetrahedra in a unit cell. Zircon forms at the expense of zirconia, a sapphirine are two predominant oxidation products in the early

high-diffusivity path of oxygen. This reaction explains why the
oxidation rate of composites could dramatically decrease follow-
ing the formation of zircort>1¢

MgO-ALO, /7 \
(spinel)
21352 20°

(Sapphirine)

Perici
ericlase .00 +oce

N

q
4Mg0 -5Al,03- 2Si0,

stage, as observed earlier. Then, with the approximately fixed rati
of AlL,O; and MgO, further increase in Sij@nade the composition
move along the line BS. Depending on the extent of oxidation, twc

o, 3AL,0; - 2510,

. ’; d
N v /18802200y, &Y /s
MgO 2Mg0-Si0,  MgO.Si0, lés%s 16332 5°-75i0,
2800° + (forsterite) {enstatite) 1713%5¢
1850 £40°

Fig. 9. Al,0;-Si0O—MgO ternary phase diagram, showing compositional changes in the exposed composite.
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different situations could occur: If the new composition was point
C inside the mullite—cordierite—sapphirine triangle, then sap-
phirine and cordierite would coexist in the oxide layer, as in the
sample exposed at 1250°C for 500 h. With further oxidation of the
SiC whiskers, the composition would shift to point D inside the
mullite—cordierite—silica triangle. Thus, cordierite would be the
only MgO-ALO4,-SiO, compound in the severely oxidized sur
face, as in the sample exposed at 1350°C for 1000 h.

IV. Conclusions

(1) Inthe exposed samples, amorphous_Si®med because
of the oxidation of SiC whiskers. After extended exposure, the
amorphous SiQ devitrified into cristobalite aff = 1200°C or
quartz at lower temperatures.

(2) The matrix was stable at 1000°C. At= 1200°C, the
reaction between ZrQand SiQ, resulted in zircon, and prismatic
secondary mullite grains seemed to form via the solution—
reprecipitation mechanism in the severely oxidized samples.

(3) During exposure af = 1200°C, the reaction between
MgO and ALO, produced an aluminum—magnesium spinel.-Fur
ther addition of SiQ to the spinel caused the formation of
sapphirine and/or cordierite.

(4) The significant compositional changes, which occurred in
the oxidized regions of the composites, clearly affected the
long-term oxidation of the composites.
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