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bstract

ullite fiber/mullite matrix composites are attractive because of their inherent oxidation resistance at high temperatures. Mullite has better creep
esistance than alumina. However, chemical interactions between oxides are often very severe; with the result no gain is made over monolithic
ullite in terms of toughness. Even in the absence of chemical bonding, a strong mechanical bond component may be present. This originates from

adial compressive stress due to thermal expansion mismatch and/or the surface roughness of interface. Thus, the microstructure and behavior of the
nterface region are the key factors in obtaining an effective control of damage in composites and enhancement of toughness. This body of work on
ullite/mullite composites shows the feasibility of producing fully dense, tough oxide/oxide composites by interface engineering. Coatings such
s BN alone or SiC/BN double coating function effectively for mullite fiber/mullite matrix composites in that they provide a nonbrittle fracture and
ncreased work of fracture at room temperature. It would appear that for use at high temperatures in air, one needs to identify structural analogs of
N among oxides.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Mullite fiber/mullite matrix composites form an impor-
ant subpart of the oxide fiber/oxide matrix compsites.1–3

ullite-based composites are attractive because of their inher-
nt oxidation resistance at high temperatures and their favorable
hermal shock and damage tolerance properties. In fiber rein-
orced ceramic matrix composites, the local response of the
ber/matrix interface during fracture is of great importance.
he microstructure and behavior of the interface region are

he key factors in obtaining an effective control of damage
n composites and enhancement of toughness. When a crack

oves through a matrix containing unidirectional fibers, a
ariety of failure mechanisms may come into play as shown
n Fig. 1:

matrix fracture;
interfacial debonding at the crack tip, followed by crack
deflection;

interfacial debonding in the crack wake, followed by crack
deflection;
frictional sliding between the fiber and matrix;
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fiber failure;
fiber pullout.

It has been amply suggested that reinforcement with con-
inuous fibers such as carbon, alumina, silicon carbide, and

ullite fibers in brittle matrices can result in toughening.3

t is not necessary for all these failure mechanisms to oper-
te simultaneously for a given fiber/matrix system and often
n many composite systems only one or two of these tough-
ess contributions will dominate the total fracture toughness.
nterface engineering approach involves incorporation of fiber
oatings that can bring into play energy absorbing processes
uch as crack deflection and fiber pullout, and thus make the
omposite damage-tolerant. It would appear that the debond-
ng of the fiber/matrix interface is a prerequisite for phenomena
uch as crack deflection, crack bridging by fibers, and fiber
ullout.

. Criteria for interfacial debonding

There are two main criteria for interfacial bonding. Both of

hem are difficult to use in practice. We indicate a third one that
s relatively simple and involves only radial stress (i.e., normal
o the fiber/matrix interface) component. A brief description of
hese criteria follows:

mailto:kchawla@uab.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.008
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processing temperature, fiber pullout may not occur because
ig. 1. A schematic of different failure mechanisms that may come into play
hen a crack moves through a matrix containing unidirectional fibers.

.1. Strength-based criterion

Debonding of the fiber/matrix interface appears to be a pre-
equisite for phenomena such as crack deflection, crack bridging
y fibers, and fiber pullout. Cook and Gordon first proposed
rack deflection or the formation of a secondary crack at a weak
nterface.4 For the case of a fiber/matrix system having identi-
al elastic constants (i.e., identical materials), Cook and Gordon,
stimated the strength of the interface necessary to cause a diver-
ion of the crack from its original direction. For any given crack,
ither a triaxial state of stress (plane strain) or a biaxial stress
plane stress) is present at the crack tip. The applied principal
tress component, σy, has a very high value at the crack tip,
hich decreases sharply with distance from the crack tip as it
ust be because the surface of a crack is a free surface. σx, the

tress component normal to the fiber/matrix interface, is 0 at the
rack tip. σx then rises quickly to a maximum a short distance
way from the tip and then quickly decreases with distance in
fashion similar to that seen with σy. If the fiber/matrix tensile

nterface strength is less than the maximum value of σx, fracture
hould occur at the interface ahead of the approaching crack tip.
ook and Gordon estimated that if the interface had strength of
bout 1/5 or less than that of the main stress component, σy, it
ill debond in front of the crack tip. Again, it should be noted

hat they studied a system with identical components.

.2. Energy-based criterion

An energy-based criterion has been proposed for interfa-
ial debonding by He and Hutchinson.5 If Γ i is the interfacial
debond) energy and Γ 2 is the fracture energy of the second
aterial or fiber in Mode I, then interfacial debonding and slid-

ng will occur rather than brittle cracking through the fiber, when
he following inequality is satisfied:
i ≤
(

1

4

)
Γ2 for α = 0 (1)

o
c
i
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here α is the elastic mismatch parameter and is defined as:

= E′
2 − E′

1

E′
2 − E′

1
, where E′ = E

(1 − υ2)
(2)

here E is the elastic modulus and υ is the Poisson’s ratio for
ach material of interest. For debonding and sliding to occur, the
nterfacial energy, Γ i must not exceed an upper bound relative
o the fracture energy of the second material, Γ 2. Unfortunately,
eliable Γ i and Γ 2 are usually not readily available for many
ystems, making this criterion difficult or impossible to use when
xploring new material systems.

. Importance of interfacial characteristics for
ebonding

A rough fiber/matrix interface results in strong mechanical
eying, which can prevent interfacial debonding and fiber pull-
ut. A smooth interface, on the other hand, results in weak
eying, which is conducive to fiber pullout. Fig. 2 shows a
chematic of a periodic roughness at the fiber/matrix inter-
ace. Many investigators have found that interfacial roughness
as a pronounced effect on the interfacial sliding stress. The
adial strain at the fiber/matrix interface consists of two parts:
ne is due to the thermal mismatch between the fiber and
atrix, which can be either tensile or compressive, and the

ther one comes from the roughness induced clamping, which
s always in compression or zero. The important point to note
ere is that even when the coefficients of thermal expansion
f the coating, fiber, and matrix are such that a radial ten-
ile stress exists at the fiber/coating interface, fiber pullout
ay not occur because of a strong mechanical bonding due

o a roughness induced clamping at the fiber/matrix. Thus, in
MCs having an extremely rough interface, the pullout would
ot be expected, and they would likely fail like monolithic
aterials.
The two sources that contribute to the radial stress component

cting normal to the fiber/matrix interface are:

(i) thermal mismatch induced radial compressive stress;
ii) mechanical gripping induced by the fiber surface roughness.

In ceramic matrix composites, interfacial roughness induced
nterface stresses, especially the radial stress, will affect the
nterface debonding, the sliding friction of debonded fibers, as
hown in Fig. 1, and the fiber pullout length. Fiber pullout is
ne of the important energy dissipating fracture processes in
ber reinforced ceramic or glass matrix composites. An absence
f strong chemical bond and a purely mechanical bond at the
ber/matrix interface is highly desirable for the fiber pullout

o occur. Even when the coefficients of thermal expansion of
he coating, fiber, and matrix are such that a radial tensile stress
xists at the fiber/coating interface after cooling from an elevated
f a strong mechanical bonding due to a roughness induced
lamping at the fiber/matrix interface. The radial stress result-
ng from the surface roughness of the fiber during fiber pullout,
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F dicated by f and m, respectively. A is the amplitude of the interfacial roughness.
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ig. 2. Schematic of periodic interfacial roughness. The fiber and matrix are in

hould be added algebraically to the radial thermal stress, i.e.,
he effect of surface roughness of the fiber along the debonded
nterface on the radial stress at the interface needs to be con-
idered together with the thermal stresses. The sense of the two
an be the same or opposite. The surface roughness of the avail-
ble oxide fibers can be varied significantly. In ceramic matrix
omposites, roughness-induced interfacial gripping, especially
n the radial direction, will affect the interface debonding,
he sliding friction of debonded fibers, and the fiber pullout
ength.1,3

The objective of this paper is to show that by applying
he principle of interfacial engineering in mullite fiber rein-
orced mullite matrix composites, one can get fully dense but
ough, damage tolerant composites. Thus, approaches involving
porous matrix or interlace are not considered here. Thin film

oatings on fibers are used to modify and control the interface
ehavior in CMCs. In particular, BN can be a weak interphase
etween the mullite fiber and mullite matrix because of its
raphite-type layer structure.6–8 A major disadvantage of BN
oatings is their poor oxidation resistance at high temperatures.
here are two ways around this problem. One possible way is to
se a thick BN coating so a portion of the coating can be sacri-
ced during processing. The other possibility is to protect the BN
oating it by a second coating with better oxidation resistance,
uch as SiC, i.e., use SiC/BN double coating. That still retains a

onoxide interphase in an oxide fiber/oxide matrix composite. It
hould be recognized here that both BN and SiC/BN coatings are
onoxides and thus susceptible to oxidation at high temperatures
n air.

Fig. 3. A mullite fiber/mullite matrix composite processed without an interphase
coating. The etched cross-section shows that mullite fiber in the center was lost
after processing.
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Mullite fiber/mullite matrix composites were made via a
sol–gel route. Mullite gels can be single-phase or diphasic
according to the scale of component mixing, depending upon
the nature of the alumina and silica precursors. Single-phase
ig. 4. A cross-section of the composite showing the mullite matrix (M) and
ullite fiber (F) with the double coating of SiC and BN in between.

. Materials and experimental procedure

3M Company has developed a series of oxide fibers.9 This
eries of fibers, called the Nextel fibers, mainly consists of
lumina and mullite-type fibers. Nextel ceramic oxide fibers
re continuous and polycrystalline. These fibers are typically
ransparent, nonporous, and have a diameter of 10–12 �m. Two

ullite-based fibers from this series, Nextel 480 and Nextel 550

ere used. Nextel 480 fibers have 70 wt.% Al2O3, 28 wt.% SiO2,

nd 2 wt.% B2O3 and are currently not produced. BN coatings
n Nextel 480 were produced by CVD. Nextel 550 fibers have

ig. 5. An indentation induced crack deflection at the BN coating in the as-made
omposite.

F
c
t
f
c
a
w

eramic Society 28 (2008) 447–453

0 wt.% Al2O3, 30 wt.% SiO2, i.e., compared to Nextel 480,
oria is missing.

Two of the most common interphases used in fiber com-
osites are carbon (C) and boron nitride (BN). These materials
ave intrinsic low fracture toughness. The graphitic form of car-
on has easily cleavable basal planes. This makes it ideal as a
eak interface for crack deflection. The problem with carbon

s that it is readily oxidized at temperatures above 400 ◦C in
ir. Boron nitride also has a layer structure like that of graphite.
oron nitride, although a nonoxide, is more oxidation resis-

ant than carbon, but its oxidation resistance is a function of its
toichiometry.

Double coatings of BN (inner)/SiC (outer) double layer were
roduced by CVD.

An interfacial testing system with a flat-bottomed, diamond
ndenter was used to obtain the interface characteristics. Three-
oint flexural tests were done to examine the load-displacement
haracteristics of the composites.
ig. 6. (a) Stress vs. displacement for a mullite fiber (Nextel 550)/mullite matrix
omposite with no coating and double coating of SiC/BN. The composite with
he double coating shows a damage-tolerant behavior. (b) Stress vs. displacement
or a mullite fiber (Nextel 480)/mullite matrix composite with no coating and two
omposites with different coating thicknesses of BN. The uncoated composite
nd the composite with 0.3 �m BN coating show catastrophic, brittle fracture
hile the composite with 1 �m BN coating shows a damage tolerant behavior.
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els are prepared from aluminum and silicon alkoxides or salts;
hey have molecular-scale mixing because of a polymerized-
xide network formed by hydrolytic condensation. Diphasic
els involve mixing of sols of boehmite and silica or mixing of
ne colloidal component with alkoxide or salt of other. The two
outes are quite different, mainly because of the different scales
f component mixing. The single-phase and diphasic gels show
ifferent types of mullite crystallization behavior during heat-
ng. Single-phase gels have a very short interdiffusion distance
ecause of the molecular-scale mixing, and therefore, mullite
rystallization can occur at temperatures as low as 1000 ◦C. In
iphasic gels, however, the diffusion distance is much longer,
o mullite crystallization does not occur until above 1250 ◦C.
etardation of mullite crystallization in the diphasic gels pro-
ides a useful processing window.10 This is a key point. With
iphasic gels, >95% of theoretical density (TD) can be obtained
hrough one of the following two methods:

Sintering times of more than 1 h between 1200 and 1300 ◦C,
with carefully controlled heating;
Sintering for 1 h with a low heating rate (2◦ C/min) and a high
compaction pressure (441 MPa) for a green body.

Compared to this, in single-phase gels, crystalline mullite
orms at very low temperatures, which makes densification diffi-

ult because of the high degree of covalent bonding in crystalline
ullite. The result is that the densities obtained at the same

ot pressing temperature are much lower than with the viscous-
hase processing.
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Fig. 7. Fiber pullout (a) in thick BN-coated and (b) SiC/
eramic Society 28 (2008) 447–453 451

. Results and discussion

As expected, no fiber pullout was observed in the uncoated
ullite/mullite composites as shown in Fig. 3. A cross-section

f the composite showing the mullite matrix (M) and mullite
ber (F) with the double coating of SiC and BN in between

s shown in Fig. 4. We used two types of coatings, a thicker
N (1 �m) and a BN/SiC double coating. The thicker coating
llows for a part of the coating to be sacrificed by oxidation
uring processing. The objective of using an SiC coating was
o provide oxidation protection to BN during processing. The
fficacy of BN coating to deflect an oncoming crack is shown in
ig. 5. The crack, introduced by means of an indentation, can be
een to deflect at the BN coating and go around the fiber rather
han penetrate it. In the BN interphase, which is isostructural
o C, the orientation of the basal planes parallel to the substrate
urface is attributed to low surface energy perpendicular to the
asal planes. The orientation of (0 0 0 2) BN basal planes parallel
o the fiber surfaces is the favorable for the damage tolerance
f composites properties.11 It enables easy sliding along these
lanes thus producing a weak fiber/matrix interface.

In both cases, thick BN coating or SiC/BN double coating,
noncatastrophic failure mode was observed. The stress-

isplacement curves obtained in a three-point bend tests for
omposites containing interfacial coatings of BN and SiC/BN-
oated as well as uncoated composites are shown in Fig. 6a and

. Fig. 7a shows the fracture surfaces of the composites contain-
ng 1 �m BN-coated fibers and while Fig. 7b shows the fracture
urface of a composite containing SiC/BN-coated fibers. In both
ases, the phenomenon of fiber pullout occurred; which led to a

BN-coated mullite fiber/mullite matrix composite.
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Fig. 8. Fracture surface of mullite fiber, Nextel 550 (F) with double coating of
SiC/BN in a mullite matrix (M). The interface between BN and SiC is highlighted
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2. Schneider, H. and Komarneni, S., ed., Mullite. Wiley-VCH, Weinheim,
2005.
ith a dotted line. Note the sliding occurred along the fiber/BN coating. The
iC coating remained bonded to the mullite matrix.

igher work of fracture in the coated fiber composites than in the
ncoated fiber composite. The BN/SiC double coating system
onsists of 0.08 �m BN and 0.16 �m SiC-layers. In this case BN
s rather turbostractic,11 and does not undergo any microstruc-
ural change up to 1300 ◦C. An interesting high magnification
icrograph of the fracture surface of mullite fiber, Nextel 550

F) with double coating of SiC/BN in a mullite matrix (M) is
hown in Fig. 8. The interface between BN and SiC is high-
ighted with a dotted line. Note the sliding occurred along the
ber/BN coating. The SiC coating remained bonded to the mul-

ite matrix. The outer thin SiC layer of the double coating system
mproves the oxidation resistance of BN up to 1200–1300 ◦C in
pite of a partial oxidation of SiC to SiO2.

A word of caution is in order here. The application of a coat-
ng on fiber can affect its strength. If the thermal mismatch can
esult in a residual tensile strength in the fiber, it will weaken
he fiber. The tensile strength of Nextel 480 fiber increased
ith increasing BN coating thickness until 0.2 �m. For coatings
reater than 0.2 �m in thickness, the fiber strength decreased.
here are two factors affecting the strength of the coated fiber
imultaneously. One is the smooth boron nitride coating which
eals the surface defects of such fiber, and thus, contributes to
trength enhancement. The second one is the volume fraction
f the coating material which is a weak material. When coating
hickness is below 0.2 �m, the first factor plays a dominant role

n the strength enhancement. When coating thickness is above
.2 �m, the second factor becomes dominant to reduce the fiber
trength.
eramic Society 28 (2008) 447–453

Coatings such as BN alone or SiC/BN double coating func-
ion effectively for mullite fiber/mullite matrix composites in
hat they impart damage tolerant characteristics to mullite
ber/mullite matrix composites. However, both BN and SiC/BN
oatings are nonoxides, and thus are susceptible to oxidation at
igh temperatures in air. Of course, SiC is more resistant to oxi-
ation than BN. What this points to is the need for oxide analogs
f BN that would function as interphase materials at high temper-
tures. Beta-aluminas or micas are possible candidate materials.
ayered oxides having �-alumina and magnetoplumbite struc-

ures should be explored as possible easy cleavage coatings in
ullite-based composites.

. Conclusions

Chemical interactions between oxides are often severe such
that selection of possible mullite-based composites or oxide
fiber/oxide matrix composites, in general, is limited.
Even in the absence of chemical bonding, a strong mechanical
bond component may be present. This originates from radial
compressive stress due to thermal expansion mismatch and/or
the surface roughness of interface.
Coatings such as BN alone or SiC/BN double coating func-
tion effectively for mullite fiber/mullite matrix composites in
that they provide a nonbrittle fracture and increased work of
fracture at room temperature.
Need oxide analogs of BN that would function as inter-
phase materials at high temperatures. Beta-aluminas or micas
are possible candidate materials. Layered oxides having �-
alumina and magnetoplumbite structures should be explored
as possible easy cleavage coatings in mullite-based compos-
ites.
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