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AbsCract 

Oxide fiber/oxide matrix composites form an 
important and very attractive subpart of ceramic 
matrix composites because of their inherent stability 
in oxidizing atmospheres at high temperature. In 
particular, mullite fiber/mullite matrix composites 
have the potential of high temperature usage in oxi- 
dizing atmospheres. 

The interface in mullite fiber/mullite matrix was 
engineered by using thick BN (I km) or BN/SiC 
double coating on mullite fibers, such that deforma- 
tion mechanisms conducive to toughness enhancement 
could be brought to play?. SigniJicant improvements in 
the room temperature mechanical properties of these 
mullite fiber/mullite matrix composites could be 
achieved by incorporation of these interfacial coat- 
ings and by using a colloidal processing route to 
make dense mullite matrix. 

Introduction 

Ceramic matrix composites (CMCs) capable of 
maintaining excellent strength and fracture tough- 
ness are required for high temperature structural 
applications. Many of these applications require 
exposure to an oxidizing environment, as such the 
thermodynamic stability and oxidation resistance 
of CMCs become important issues. Nonoxide 
fiber/nonoxide matrix composites generally show 
good low temperature strength, but oxidation resis- 
tance is a major limitation.‘,2 Nonoxide fiber/oxide 
matrix composites or oxide fiber/nonoxide matrix 
composites do not have high oxidation resistance 
because the permeability constant for the diffusion 
of oxygen is high, resulting in rapid oxygen per- 
meation through the oxide matrix.’ It would thus 
appear that in applications where stability in air at 
high temperature is a prime objective, oxide 
fiber/oxide matrix composites should be consid- 
ered because they are inherently stable in air. 

Some oxide/oxide matrix composite systems 
have been investigated.67 A strong fiber/matrix 
bond forms in the oxide matrix reinforced with 
uncoated oxide fibers, such as in the like/like 
systems, (e.g. mullite/mullite)4*5 or in the mixed 
systems, (e.g. A1203/Si02)6 where additional com- 
pound(s) could form at the interface, and the 
overall mechanical properties of those composites 
were not much improved. As a consequence, a 
barrier layer is generally introduced to prevent 
fiber/matrix interaction, and thus, prevent strong 
interfacial chemical bonding. Carbon barrier coating 
has been frequently used in oxide/oxide compo- 
sites.x In this work on mullite/mullite composites, 
we have used BN and BN/SiC duplex coatings as 
interphase materials. We recognize that both BN 
and SIC are nonoxides, but are more oxidation 
resistant than carbon. Ideally, one would like to 
incorporate an oxide coating, but in this prelimi- 
nary work we wish to explore the basic idea of 
mullite/mullite composites. If we can produce 
such composites with a BN or BN/SiC interphase 
without surface cracks, then oxygen ingress will be 
inhibited. The use of a BN coating is desirable 
because of its ease of sliding along the basal planes.’ 

Objective 

The objectives of this work were to use an inter- 
face engineering approach, involving fiber coating, 
microstructure characterization of the interface, 
mechanical test and fractography study, in mullite/ 
mullite systems to weaken the interfacial bond in 
order to achieve oxide/oxide composites with high 
work of fracture and a noncatastropic failure mode. 

Materials and Experimental Procedure 

Mullite fibers, Nextel 480 and Nextel 550, both of 
3M Co., were used in mullite matrix composites. 
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Table 1. Properties of fibers, mullite matrix, and fiber coatings 

Properties 
Nextel Nextel 

480 550 
Mullite Boron Silicon 
matrix nitride carbide 

(3Al,O,ZSiO,) (h-BN) (P-Sic) 

Composition 70wt%Al,O, 73wt%A120, 
28wt%SiO, 27wt%SiO, 
2wt%B20, 

Melting point (“C) 1850 1850 

Density (g/cm3) 3.03 3.03 

Strength+ 1900# 2000* 

(MPa) (Tensile) (Tensile) 

Young’s Modulus (GPa) 220 193 

Coefficient of thermal 
expansion ( 1 0m6/“C) 45 45 

Diameter (pm) 8 x 12 8 x 12 

Reference 10 11 

+: At room temperature. 
#: 51 mm gauge length. 
*: Data of CVD materials. 

Nextel 480 is a polycrystalline mullite fiber, while 
the as-received Nextel 550 is not crystalline mullite 
but a mixture of a-alumina and amorphous silica 
with mullite composition, which can be trans- 
formed to mullite when heated above 1200°C. 
Fiber coating of BN on Nextel 480 was applied by 
at Synterials Co. (Herndon, VA) using a propri- 
etary CVD technique, and the double coating of 
BNiSiC on Nextel 550 was applied by 3M Co. (St. 
Paul, MN) via a proprietary CVD technique. In 
the double coating, the outer layer was Sic.” The 
nominal compositions and some properties of the 
materials used are summarized in Table 1. “-19 

Conventional mullite powders need tempera- 
tures above 1500°C for considerable densification 
because of the low interdiffusion rates of silicon 

Fig. 1. Etched surface of uncoated Nextel 480imullite com- 
posite fabricated with a commercial mullite powder as the 
matrix material. Note the extensive fiber (F)/matrix (M) 

interaction and fiber deformation, 
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and aluminum ions in crystalline mullite.‘*.‘9 Such 
high processing temperatures could cause severe 
damage on the fibers. 4 The composite fabricated 
from the commercial mullite powder with 
uncoated Nextel 480 fiber showed fiber deformation 
and extensive interaction between the fiber and 
matrix, see Fig. 1. Note that large matrix grains 
had grown into the fiber due to the high process- 
ing temperature and pressure required for densifi- 
cation of the commercial mullite powders. The 
mullite matrix used in this work was obtained via 
a powder synthesized in our laboratory by a 
diphasic gel route using a boehmite (AlOOH) 
powder (Dispal llN7, Remet Chemical Corp., 
Chadwicks, NY) and an amorphous silica sol (SP- 
30, Remet Chemical Corp.) as precursors. The gel 
was prepared by dispersing the boehmite powder 
in distilled water to get a boehmite sol, which was 
then mixed with the silica sol to have the stoichio- 
metric mullite composition (71.8 wt.% Al,O, and 
28.2 wt.% Si02), followed by gelling at room tem- 
perature. The gel obtained was dried at 70°C and 
ground into powder form. All the composites were 
fabricated by slurry impregnation method.22 Con- 
solidation of composites was done by hot-pressing. 
The composites were fabricated by infiltrating 
uncoated and coated fibers, Nextel480, with a slurry 
of the matrix powder prepared with isopropanol 
and an organic binder, and unidirectionally laying 
the infiltrated fibers on mylar tapes. After drying, 
the prepared tapes were cut, stacked, and heated 
at 700°C for 2 h in air to remove the binder and 
the hydroxyl in the boehmite. Consolidation of 
composites was done by hot-pressing at 1300°C 
and 35 MPa for 1 h in vacuum. A part of the hot- 
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pressed composite was cut and heat treated at 
1320°C for 1 h in N,, to cause produce complete 
crystallization of the mullite matrix, since it was 
found that the matrix in the as-hot-pressed com- 
posite did not crystallize. The details of processing 
have been reported elsewhere.23,24 

Optical and scanning electron microscopes were 
used for general characterization of the micro- 
structure of the composites. Secondary ion mass 
spectrometry (SIMS) was used to identify the 
coatings in composites. Strength of composites 
was measured in three-point bend tests at room 
temperature using rectangular bar-shaped speci- 
mens with fiber direction parallel to the length of 
the specimen. Work of fracture (WOF) and the 
critical stress intensity factor of the composites 
were measured at room temperature using 
Chevron-notched bar specimen in three-point 
bend tests. The frictional shear stress in the BN 
coated Nextel 480/mullite composite was mea- 
sured using an interfacial testing system (ITS). 
The details of this method have been published in 
Ref. 25. 

Results and Discussion 

Characterization of the interface 
Figure 2(a) shows the cross-section of the BN 
coated Nextel 480 fiber, with coating thickness 
being about 1 pm. SIMS characterization verified 
that there was boron present, see Fig. 2(b). BN 
structure was turbostratic.26 The microstructure of 
the BN/SiC coated Nextel 550 fiber, Fig. 3(a), 
shows that the fiber was fairly uniformly coated 
with two layers, BN and Sic, with thickness of 
about 0.1 and 0.2 pm, respectively. SIMS charac- 
terization also illustrated the presence of the dou- 
ble coating in the composites, Fig. 3(b and c). 
Such a thick (1 pm) BN coating was used to 
survive the processing conditions in order to provide 
a desired weak interface. By the same token, the 
outer SIC coating was used to protect the BN inner 
layer from oxidation during composite fabrication. 

Typical raw load versus fiber-end displacement 
curves from single fiber pushout tests are shown in 
Fig. 4 (a and b). Note that after fiber pushout, 
which coincides with load drop, the curve rises 
with upward concavity. This is because the 10 pm 
flat-bottomed indenter is very close in dimension 
to the minor axis of the fiber and soon after fiber 
pushout the indenter starts loading the matrix. 
Figure 5 shows the stress versus fiber-end displace- 
ment curve after correcting for the contribution of 
the load train compliance to the total measured 
displacement. The load train compliance is deter- 
mined from load versus displacement curves 

Fig. 2. (a) Cross-section of a BN-coated Nextel 480 fiber, show- 
ing the coating thickness 1 pm, (M: matrix, F: fiber); (b) B+ 
mapping by SIMS in a BN-coated Nextel48Oimullite composite. 

obtained by subjecting the sample to compression 
at various points along the wedge by means of a 
500 pm diameter stainless steel rod. Typical values 
for the compliance of the ITS system and wedged 
continuous fiber reinforced ceramic composite 
sample are between 4 and 6 pm/N.27 Also shown 
is the best fit of the data (from the initiation of 
debonding to the point of fiber pushout) using the 
progressive fiber debonding and sliding model of 
Hsueh.28 It should be pointed out that the predic- 
tions of the strength-based model of Hsueh are 
equivalent to those of the energy-based model of 
Kerans and Parthasarathy.27,29 The frictional shear 
stress in the present system was about 50 MPa. 

Mechanical properties 
The density, fiber volume fraction, and phases of 
the composites are listed in Table 2. It can be seen 
from this table that the matrix in the as-hot- 
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Fig. 3. (a) Cross-section of a SiC/BN coating Nextel 550 fiber, 
showing the double coating, (M: matrix, F: fiber); (b and c) 
SIMS analysis of the surface of a SiCiBN-coated Nextel 5501 
mullite composite, showing the presence of boron and silicon. 

pressed composites did not transform to crystal- 
lize mullite at the hot pressing temperature. 
However, a complete mullite crystallization of the 
mullite matrix was achieved after the heat treatment 
(see the section on Materials and Experimental 
Procedure). 

The bend strength, work of fracture, and criti- 
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Fig. 4. (a and b) Typical raw load versus fiber-end displace- 
ment curves from single fiber pushout tests. Note that after 
the fiber pushout, which coincides with load drop, the curve 
rises with upward concavity. This is because soon after 

debonding the indenter starts loading the matrix. 
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Fig. 5. Stress versus fiber-end displacement curve after cor- 
recting for the contribution of the load train compliance to 
the total measured displacement. Also shown is the best fit of 
the data (from the initiation of debonding to the point of 
fiber pushout) using the progressive fiber debonding and 

sliding model of Hsueh.25 

cal stress intensity factors for mullite/mullite com- 
posites are listed in Table 3. As can be seen, 
significant improvements, especially in fracture 
toughness, were obtained in the interface engi- 
neered mullite/mullite composites. 

The composite with 1 pm BN coated Nextel 
480 exhibited damage tolerant characteristics with 
a load-bearing capacity even beyond the maximum 
load, as indicated by a gradual load drop which 
continued up to a significant amount of displace- 
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Table 2. Density, fiber volume fraction, and phases of the 
composites 

Nextel480/BN/mullite Nextel55O/BN/SiC/mullite 

Density(%)# 
Fiber volume 
fraction, Vt 
Phase 
As-HP+ 
HP+HTt 

90 85 
0.41 0.33 

a+s+m* a + s* 
Mullite Mullite 

#Relative densities to the theoretical composite densities 
calculated using a rule of mixture. 
’ As hot pressed. 

0.1 0.2 0.3 

Displacement, mm 

: As hot pressed and heat treated. Fig. 7. Load-displacement curves obtained in Chevron-notch 
* a, s and m denote &alumina, amorphous silica, and mullite, tests for Nextel 550/BN/SiC/mullite composites in as hot-pressed 
respectively. and hot-pressed + heat-treated conditions. 
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Fig. 6. Loaddisplacement curves obtained in Chevron-notch 
tests for Nextel 480/BN/mullite composites in as hot-pressed 

and hot-pressed + heat-treated conditions. 

ment without complete failure during the test, as 
seen in Fig. 6. After heat treatment leading to 
complete mullite crystallization of the matrix, this 
composite still showed a non-catastrophic failure, 
also shown in Fig. 6. The loss of fiber strength 
resulted from the heat treatment was responsible for 
the load drop to a certain level after heat treatment. 

Similar to the composite with 1 pm BN coated 
Nextel 480 fibers, the composite with SiC/BN 

125 , I I I 1 

25 

- HP 

SiCIBN-coated 

double coated Nextel 550 fibers showed a non- 
brittle failure, see Fig. 7. 

Scanning electron micrographs of the fracture 
surfaces obtained in three-point bend test of the 
mullite/mullite composites are shown in Figs 8, 9 
and 10. The BN coating in Nextel 480/mullite was 
found on the pulled-out fiber surface with some 
peeling-off or separation from the fiber, see Fig. 8. 
This indicates that both the interfaces of matrix/ 
coating and coating/fiber were weakly bonded. 
This is not surprising inasmuch as hexagonal BN 
shears easily. The pulled-out fiber surfaces in the 
BN/SiC coated Nextel 550/mullite composite were 
mostly clean and smooth, see Fig. 9. An SEM 
picture, Fig. 10, showing one of the holes formed 
in the matrix of Nextel 550/mullite composite as a 
result of the fiber pullout, reveals that the Sic and 
BN layers were intact in the matrix and a strong 
bonding was formed between the matrix and the 
Sic coating. This can be attributed to a relative 
strong bonding between Sic and matrix. Also, the 
BN thickness in double coating is very thin (-0.1 
pm). This indicates that, unlike Nextel 480/BN/ 
mullite in which the fiber pullout could occur at 

Table 3. Mechanical properties of the composites 

Composite 

Nextel 480/mullite: 

Uncoated 

Vf ~tw,(MPQ) WOF (Jlm2) K,, (MPa mm) 

As-HP 0.45 104 56 1.8 

HP+HT 0.45 106 41 1.9 

As-HP 0.41 322 2410 11.6 
BN-coated 

AP+HT 0.41 258 1630 8.5 

Nextel 550/mullite: 

Uncoated 

BN-coated 

As-HP 0.47 87 18 1.5 

HP+HT 0.47 71 12 1.4 

As-HP 0.33 182 733 7.1 

HP + HT 0.33 223 308 6.0 

As-HP: as hot pressed; HP+HT: as hot pressed and heat treated. 
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Fig. 8. Fracture surface of BN-coated Nextel 480knuIIite 
composites: (a) hot-pressed and (b) hot-pressed + heat- 
treated, arrows showing the separation or peeling off of the 

BN coating. 

the interfaces of either matrix/coating or coating/ 
fiber, the fiber pullout occurred along the interface 
of the fiber and BN coating only. 

Fig. 9. Fracture surface of BN/SiC coated Nextel 5SO/mullite 
composites: (a) hot-pressed and (b) hot-pressed + heat-treated. 

Conclusions 

The fiber/matrix interaction in mullite fiber/mullite 
matrix composites during processing can be effec- 
tively controlled by interface engineering approach. 
These engineered interfaces consisting of thick BN 
or a double BN/SiC coating coupled with the col- 
loidal processing to consolidate the mullite matrix 
at a relatively low temperature, allowed us to make 
mullite fiberfmullite matrix composites showing 
high work of fracture and a noncatastropic failure 
mode at room temperature. 
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Fig. 10. Fracture surface of SiC/BN coated Nextel 550imullite 
composite showing a hole formed in the matrix as a result of 
fiber pullout. Note the double coating left in the matrix dur- 
ing fiber pullout and the strong bonding between the matrix 

and the Sic coating. 
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