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Definition, Function, and Design of Interface in
Ceramic-Matrix Composites

1.1 Introduction

To realize the advantages of operating systems under high-temperature
conditions, it is necessary to master the properties of a large number of
high-temperature materials and components. For example, a significant increase
in the gas temperature will significantly increase the gas turbine efficiency. The
introduction of new materials and new technology has gradually improved the
high-temperature performance of gas turbine engine for more than 70 years, but
the development of cooling methods and solutions has contributed more than
75% to the performance improvement (Li 2018).

Although component cooling methods and engine material properties have
improved significantly, most high-temperature alloys currently operate at
temperatures above 90% of their original melting point. Higher operating
temperatures are required for more efficient engines, which will require higher
component temperatures. As the operating temperature continues to increase,
new materials with higher thermo-mechanical and thermo-chemical properties
are required to meet high-temperature structural applications. Ceramic-matrix
composites (CMCs) are considered to have the potential to provide high
strength, high toughness, creep resistance, low notch sensitivity, and environ-
mental stability to meet the needs of future high-performance turbine engines
(Li 2019).

Figure 1.1 shows the tensile stress–strain curve of monolithic ceramic and
fiber-reinforced CMCs. For a monolithic ceramic material, when it is subjected
to tensile stress, it appears as elastic deformation at low stress level; as the
stress increases, cracks occur in the defect region of the material, and the cracks
rapidly expand, causing the material to undergo brittle fracture. When the CMC
material is subjected to tensile stress, it is elastically deformed before matrix
cracks; as the tensile stress increases, the matrix begins to crack, and the fibers
begin to debond and play a role of crack bridging; as the tensile stress increases
further, the cracks become saturated, and the bridging fibers begin to pull
out; as the tensile stress continues to increase, the fibers begin to break until
the material reaches the highest strength. The fracture modes of monolithic
ceramics and CMCs are different, mainly because the interface plays a role in the
fracture process of CMCs. The interface is a special domain between the matrix
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Figure 1.1 The tensile stress–strain curves of monolithic ceramics and fiber-reinforced CMCs.

and the reinforcement. It is the link between the fiber and the matrix, and also
a bridge for load transfer. The structure and properties of interphase directly
affect the strength and toughness of CMCs.

1.2 The Definition of Interface in Ceramic-Matrix
Composites

CMCs possess good damage tolerance, mainly due to frictional sliding at the
fiber–matrix interface, and the interphase enables frictional sliding to occur
between the fiber and the matrix. The damage tolerance is manifested in CMC
with 1% ductility, and the sensitivity to notches is comparable with that of
aluminum alloys. CMCs also exhibit good room-temperature fatigue resistance.
The fatigue strength (i.e. fatigue failure does not occur when the stress is less than
the fatigue strength) is about 90% of the ultimate tensile strength, but the fatigue
damage increases with temperature. The tensile strength of CMCs is usually
volume-stable as the damage tolerance ability of CMCs decreases the scaling
effect that often occurs in the monolithic ceramic materials due to the weakest
link. Due to crack deflection and crack tip resistance, CMCs can have cracks
that can cause catastrophic failure of monolithic ceramics without fracture.
This thermomechanical performance is particularly suitable for producing large,
static load, and high-temperature structural components.

CMCs can be divided into two types, i.e. oxide materials and non-oxide mate-
rials. Oxide composites include oxide fibers (e.g. Al2O3), interphase, and matrix.
If any of the aforementioned three components contains non-oxide material (for
example, SiC), the composite is classified as non-oxide CMC.

A lot of research and development work is conducted on non-oxide CMCs,
especially SiC fiber-reinforced SiC matrix composite (SiC/SiC CMC) using
pyrolytic carbon (PyC) or boron nitride (BN) as the fiber interface layer.
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Non-oxide CMCs have good high-temperature properties, such as creep resis-
tance and microstructure stability. They also have high thermal conductivity
and low thermal expansion, which show a good resistance to thermal stress.
SiC/SiC composites are very suitable as thermal load components, such as
chamber throat, flap, blade, and heat exchanger. Oxide CMCs (for example,
oxide fiber-reinforced porous oxide-matrix composite without interphase) have
excellent oxidation resistance, resistance to alkaline corrosion, low dielectric
constant, and low price.

Both oxide and non-oxide CMCs exhibit some disadvantages. Non-oxide
CMCs (for example, SiC/SiC) exhibit brittleness at intermediate temperatures
(about 700 ∘C). Brittleness is more severe under cyclic loading conditions as
oxygen enters from the cracks in the matrix and reacts with the interphase and
fibers forming oxidation products, leading to the propagation of the matrix
cracks. These oxidation reaction products limit the friction sliding mechanism
between the fiber and the matrix inside the material, which can improve the
toughness of CMCs. Although this oxidation effect does not occur when the
stress is below the proportional limit stress, design and operation experience
has shown that it is necessary to consider in advance that the overload stress
exceeds the proportional limit stress. Therefore, the local brittleness has become
the main limitation of non-oxide CMCs.

Compared with SiC/SiC, oxide CMCs do not undergo oxidation embrittle-
ment, but have a temperature limit (about 1000 ∘C), which is related to creep
and sintering. Moreover, the interface technology of oxide CMCs is less mature
than that of non-oxide CMCs. The performance data of most oxide CMCs are
obtained in systems without interphase, and the damage tolerance is based on a
porous matrix.

1.2.1 Non-oxide CMCs

SiC/SiC CMCs maintain the advantages of SiC matrix such as high-temperature
resistance, high strength, low density, and oxidation resistance, realize the
strengthening and toughening effect of SiC fiber, and effectively overcome the
fatal disadvantages of monolithic ceramics that are brittle, crack sensitivity, and
low reliability. Compared with superalloys, SiC/SiC CMCs have lower density
(usually 2.0–3.0 g/cm3, only 1/3–1/4 of superalloys) and higher temperature
resistance (>1200 ∘C under non-cooling conditions) (Liu et al. 2018).

After decades of research, a variety of CMC preparation processes have been
developed. Representative processes include chemical vapor infiltration (CVI),
polymer infiltration and pyrolysis (PIP) process, and melt infiltration (MI). The
main difference between the three processes is the densification of the SiC matrix.

(1) CVI process uses a gaseous precursor (for example, trichloromethylsilane) to
pyrolysis and deposit on the surface of the SiC fiber to obtain an SiC matrix.

(2) PIP process usually infiltrates the fiber preform in liquid precursors (such as
polycarbosilane), the precursors are ceramicized by high-temperature pyrol-
ysis, and the infiltration and pyrolysis process is repeated to obtain a dense
SiC matrix.
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(3) Reactive melt infiltration (RMI) is the infiltration of molten silicon into a
porous carbon preform, and the reaction of carbon and silicon generates an
SiC matrix.

(4) Non-reactive melt infiltration infiltrated the molten silicon into the pores of
the matrix, which mainly plays a filling role, and no reaction between silicon
and carbon occurs.

The fundamental physical and mechanical properties of SiC/SiC composites
prepared by different processes are shown in Table 1.1.

In-plane tensile performance is one of the most important mechanical prop-
erties and reflects the strength of the composite material to resist the damage of
external tensile load.

Figure 1.2 shows the tensile stress–strain curve of Prepreg-MI SiC/SiC com-
posites (Corman et al. 2016). The curve can be divided into four stages:

• Stage I is the elastic region, and the strain increases proportionally with the
stress.

• Stage II is the damage region with a large number of microcracks generated in
the matrix of the composite material, and the fibers are debonded. The behav-
ior of matrix cracking and fiber debonding attributes “pseudoplastic” and high
toughness of CMCs.

• Stage III is the damage region with saturation of matrix cracking, and the fiber
is completely debonded from the matrix.

• Stage IV is where the fiber breaks under higher stress.

The stress–strain curve can be used to obtain Young’s modulus, proportional
limit stress, ultimate strength, fracture strain, and other related data of the com-
posite material. The proportional limit stress is particularly important, which
reflects the maximum stress experienced by the matrix before the generation of
matrix microcracks, and is usually defined as the maximum design stress of the
component.

There are many factors affected the in-plane tensile performance of SiC/SiC
composite, i.e. the type of SiC fiber and fiber volume fraction, as shown in
Table 1.2. For the Hi-NicalonTM S and TyrannoTM SA3 reinforced SiC matrix
composites, at the same fiber volume fraction of V f = 34.8%, the ultimate
tensile strength and fracture strain are much higher, and the initial modulus and
proportional limit stress are much lower for Hi-Nicalon S SiC/SiC composite
than those of Tyranno SA3 SiC/SiC composite. For the SiC/SiC composite with
the same fiber and preparation process, i.e. Hi-Nicalon S SiC-SiC MI-CMC
or SylramicTM -iBN SiC/SiC PIP-CMC, the ultimate tensile strength increases
with fiber volume fraction. The in-plane mechanical properties of SiC/SiC
composite are also affected by the temperature. For the Prepreg-MI Hi-Nicalon
SiC/SiC composite, when the testing temperature increases from 25 to 1200 ∘C,
the composite initial modulus (Ec) decreases, i.e. from 285 to 243 GPa; the
proportional limit stress (𝜎pls) remains stable, i.e. between 165 and 167 MPa;
and the ultimate tensile strength (𝜎UTS) decreases with increasing temperature,
i.e. from 321 to 224 MPa; and the fracture strain (𝜀f) is very sensitive to the
temperature, and decreases from 0.89% to 0.31%.
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Figure 1.2 Typical tensile stress–strain behavior of Prepreg-MI SiC/SiC composite.

Table 1.2 In-plane tensile properties of SiC/SiC composite with BN interphase at room
temperature.

Process Fiber type

Volume
fraction
(%)

Elastic
modulus
(GPa)

Proportional
limit stress
(MPa)

Ultimate
strength
(MPa)

Strain to
failure (%)

CVI Hi-Nicalon S 27.7 273 108 273 0.39
Sylramic-iBN 36.4 242± 18 150± 5 430± 6 0.52± 0.017

MI Hi-Nicalon S 30.2 262 154 341 0.63
Hi-Nicalon S 34.8 232 147 412 0.60
Sylramic-iBN 38.9 260± 15 184± 19 468± 30 0.48± 0.03
Tyranno SA3 34.8 254 152 358 0.33

PIP Sylramic-iBN 52.6 161 133 431 0.35
Sylramic-iBN 50.0 164 148 317 0.274

The fiber preform also affects the in-plane tensile performance, as shown in
Table 1.3. For the 3D orthogonal unbalanced SiC/SiC composite, the fiber volume
fraction is the highest along the loading direction (i.e. V fl = 28%), and the ultimate
tensile strength is also the highest (i.e. 𝜎UTS > 575 MPa). For the 3D layer-to-layer
angle interlock SiC/SiC composite, the fiber volume fraction is the lowest along
the loading direction (i.e. V fl = 10%), and the ultimate tensile strength is also
the lowest (i.e. 𝜎UTS = 204 MPa). When the fiber volume fraction along the load-
ing direction increases, the SiC fiber with high modulus can carry more applied
stress, which decreases the stress carried by the matrix and increases the matrix
cracking stress. For the 2D triaxial braid composite, the fiber volume fraction
along the loading direction is V fl = 26%, which is only slightly lower than that of
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Table 1.3 In-plane tensile properties of SiC/SiC composites with different fiber preforms.

Architecture
type

Architecture
description

Volume
fraction in
load
direction (%)

Elastic
modulus
(GPa)

Proportional
limit stress
(MPa)

Ultimate
strength
(MPa)

Average
stress on
fibers at
failure
(MPa)

AI UNI 1D angle interlock
through the thickness,
Y aligned, unbalanced

23 305± 4 322± 7 >472 >2052

BRAID 2D triaxial braid
(double tow)

26 250± 10 245± 14 352± 18 1352

2D5HS 2D five-harness stain,
balanced 0/90 lay-up

19 250 175 463 2362

2D 5HS DT 2D five-harness satin
(double tow), balanced
0/90 lay-up

19 197 142 480 2526

LTLAI 3D layer-to-layer angle
interlock

10 125 89 204 2040

3DO-Un-R 3D orthogonal,
unbalanced

28 275± 9 261± 16 >575 >2053

3D orthogonal unbalanced composite (i.e. V fl = 28%). However, the tensile ulti-
mate strength is much lower than expected due to the characteristics of shear
failure. For the 2D five-harness stain composite, the average stress on fibers at
failure is the highest (i.e. 2526 MPa), which indicates that this fiber preform can
better realize the loading carry capacity of the fiber.

At high temperature (T > 900 ∘C), SiC may undergo either active or passive
oxidation (Roy et al. 2014; Nasiri et al. 2016). At low oxygen pressure (<1 atm),
active oxidation occurs due to the formation of volatile products, as follows:

SiC(s) + 2SiO2(s) → 3SiO(g) + CO(g) (1.1)

SiC(s) + O2(g) → SiO(g) + CO(g) (1.2)

At high oxygen pressure, passive oxidation occurs, and a protective film of SiO2
is formed on the surface according to:

SiC(s) + 3
2

O2(g) → SiO2(g) + CO(g) (1.3)

SiC(s) + 2O2(g) → SiO2(s) + CO2(g) (1.4)

Oxidation can lead to the degradation of CMC performance, and the degra-
dation behavior is much different for different SiC/SiC composites. For the
Prepreg-MI Hi-Nicalon SiC/SiC composite, after exposure at 1200 ∘C in air
atmosphere for 4000 hours, the ultimate tensile strength degrades about 10%.
However, after exposure 1000 hours at 1315 ∘C in air atmosphere, the ultimate
tensile strength degrades about 30%. For the Prepreg-MI Hi-Nicalon S SiC/SiC



8 1 Definition, Function, and Design of Interface in Ceramic-Matrix Composites

composite, after exposure 4000 hours at 1315 ∘C in air atmosphere, the ultimate
tensile strength degrades less than 10% (Corman et al. 2016).

Ünal et al. (1995) performed oxidation heat-treatment of the composite bars
in flowing dried oxygen at 1400 ∘C for 50 hours. The cut edges of the bars were
not sealed after machining, and they were directly exposed to the oxidizing envi-
ronment, which represents an application case where the matrix is significantly
cracked or machined surfaces are exposed. Mechanical testing was conducted at
room temperature using a four-point bend fixture with 10 and 20 mm top and
bottom span distances, respectively. Oxidation heat treatment of SiC/SiC com-
posites at 1400 ∘C for 50 hours leads to the formation of the passive oxidation
product of cristobalite (SiO2). However, cristobalite does not seal surface com-
pletely, including pores, and there, it is not protective. Mechanical test results
clearly demonstrate that oxidation reduces both the fracture stress and the cyclic
life, at a given stress level, by about 50%. The degradation of the mechanical prop-
erties appears to be related to the preferential oxidation of PyC present at the
fiber/matrix interface.

Morscher et al. (2000) investigated the tensile stress-rupture behavior
of Hi-Nicalon reinforced MI SiC matrix composites with BN interphase
in air at intermediate temperatures. The rupture properties of Hi-Nicalon,
BN-interphase, and SiC-matrix composites showed significant loss in
load-carrying ability compared with the expected load-carrying ability of
the reinforcing fibers for the same temperatures and rupture times. Oxidation
of the BN interphase and the formation of borosilicate oxidation products cause
strength bonding between individual fibers at locations of near fiber-to-fiber
contact. BN interphase oxidation appeared to be enhanced by the carbon layer
formed at the Hi-Nicalon fiber surface during matrix processing. At higher
stresses, a faster rate for rupture was observed. For this case, through-thickness
cracks existed in the matrix due to the initial loading condition. Oxidation
ingress occurred from around all sides and edges of matrix cracks into the
interior of the composite. Embrittled fibers would fail and shed load onto the
remaining fibers. When the load applied to the remaining, unoxidized fibers
reached a failure criterion load, based on the reduced load-bearing area, the
composite failed. At lower stresses, a slower rupture rate was observed. For this
case, microcracks existed in the matrix due to the lower stress loading condition.
These cracks would be oxidized and the fibers embrittled. As the embrittled
fibers failed due to degradation and strong bonding, the microcracks would grow,
shedding the loads of the embrittled fibers onto pristine regions of composite.

Rouby and Reynaud (1993) investigated the tension–tension cyclic fatigue
behavior of 2D CVI-SiC/SiC composite at room temperature. The loading
frequency is f = 1 Hz, and the stress ratio is R = 0. The fatigue peak stress is
𝜎max = 50–175 MPa, and the maximum cycle number is defined as N = 1 000 000.
At room temperature, the fatigue limit stress is 𝜎lim = 135 MPa, which is 75% of
the ultimate tensile strength. According to the different fatigue peak stresses at
room temperature, the fatigue damage can be divided into three cases:

• Case I, when the fatigue peak stress is higher than the ultimate tensile strength,
the composite is fractured upon first loading to the peak stress.
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• Case II, when the fatigue peak stress is between the fatigue limit stress (75%
of the ultimate tensile strength) and ultimate tensile strength, fatigue failure
occurs within a certain number of applied cycles.

• Case III, when the fatigue peak stress is below the fatigue limit stress, the com-
posite cannot fail within 1 000 000 applied cycles. However, when the fatigue
peak stress is higher than the first matrix cracking stress, the shape of the
stress–strain hysteresis loops changes with applied cycles.

Chawla et al. (1996) investigated the effect of interphase thickness on
tension–tension cyclic fatigue behavior of 2D CVI NicalonTM SiC/C/SiC compos-
ite at room temperature for different loading frequencies. The fibers were woven
into a plain-weave fabric and coated with chemical vapor deposited (CVD),
PyC. The thickness of the PyC interphase is 0.33 and 1.1 μm. The composites
were tested at loading frequencies of f = 100 and 350 Hz, and the fatigue peak
stress is 𝜎max = 120 and 150 MPa. Under the same fatigue peak stress, the fatigue
life with thickness interphase is longer than that with thin interphase, and the
temperature rising of thin interphase is much higher than that of thickness
interphase. The composite with thickness interphase protects the fiber from
interface wear under high loading frequency, leading to the decrease of surface
temperature of composite and increase of fatigue lifetime.

Reynaud et al. (1994) and Reynaud (1996) investigated the cyclic tension–tension
fatigue behavior of 2D woven SiC/SiC and cross-ply SiC/MAS-L (silicon car-
bide/magnesium aluminosilicate-L) composites at elevated temperature in inert
atmosphere. For the SiC/SiC composite, the radial stress at the fiber/matrix
interface is compressive stress; when the temperature increases, the radial com-
pressive stress decreases, leading to the decrease of the interface shear stress,
and the increase of hysteresis dissipated energy. For the cross-ply SiC/MAS-L
composite, the radial stress at the fiber/matrix interface is tensile stress, and
when the temperature increases, the radial tensile stress decreases, leading to
the increase of the interface shear stress and the increase of hysteresis dissipated
energy. At elevated temperature between 800 and 1000 ∘C in inert atmosphere,
the chemical reaction occurs at the fiber/matrix interface, leading to the decrease
of the interface shear stress. After heat treatment at elevated temperature in
inert atmosphere for 50 hours, the interface shear stress decreases through the
hysteresis analysis at room temperature.

Elahi et al. (1996) investigated the tension–tension fatigue behavior of 2D CVI
Nicalon SiC/SiC composite at room temperature and 1000 ∘C in air environment.
The fatigue life at elevated temperature is much less than that at room tempera-
ture. At room temperature, when the fatigue peak stress is 75% of tensile strength,
the modulus decreases 50% at initial stage of cyclic loading, then remains stable,
and the composite experienced 1 540 000 cycles without fatigue fracture, and the
tensile strength remained unchanged, however, the modulus decreased 42%. At
elevated temperature, the fatigue peak stress is 77.4% of tensile strength, and the
modulus decreased 40% during initial cyclic loading, and then degraded slowly
with applied cycles, and when the modulus degradation approached 50%, the
composite fatigue fractured.
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Ünal (1996a,1996b,1996c) investigated the tensile and fatigue behavior of
2D CVI Nicalon SiC/SiC composite at room temperature and 1300 ∘C in N2
atmosphere. The loading frequency is f = 0.5 Hz and the stress ratio is R = 0.1.
The maximum cycle number is defined as 10 000 cycles at room temperature,
and 72 000 cycles at 1300 ∘C. At room temperature, the proportional limit
stress is 𝜎pls = 70 MPa, and the tensile strength is 𝜎UTS = 185 MPa; however, at
1300 ∘C, the proportional limit stress is 𝜎pls = 60 MPa, and the tensile strength
is 𝜎UTS = 225 MPa, and the fracture strain at 1300 ∘C is twice of that at room
temperature, due to the creep damage of fiber. At room temperature, when the
fatigue peak stress is 𝜎max = 105 and 150 MPa, the composite cycled 10 000
without fatigue failure; and when the fatigue peak stress is 𝜎max = 190 MPa,
the composite cycled 422 and fatigue fractured, and the composite modulus
degraded rapidly during initial 100 cycles. At elevated temperature of 1300 ∘C,
when the fatigue peak stress is 𝜎max = 72 and 108 MPa, the composite cycled to
the number of N = 72 000 without failure; and when the fatigue peak stress is
𝜎max = 145 and 188 MPa, the composite cycled to 7100 and 890, respectively.
The creep damage affected the fatigue failure of SiC/SiC composite at elevated
temperature.

Ünal et al. (1995) investigated the oxidation on flexural fatigue behavior of 2D
CVI Nicalon SiC/SiC composite. After 50 hours oxidation at 1400 ∘C, the flexural
strength at room temperature decreases from 370 to 189 MPa, and the fatigue
limit stress decreases from 283 to 130 MPa, due to the formation of SiO2 strong
interface bonding between the fiber and the matrix.

Mizuno et al. (1996) investigated the tensile and fatigue behavior of 2D CVI
Nicalon SiC/SiC composite with 0.1 mm PyC interphase at room temperature
and 1000 ∘C in Ar atmosphere. At room temperature, the proportional limit
stress is 𝜎pls = 80 MPa, and the tensile strength is 𝜎UTS = 251 MPa; and at elevated
temperature in Ar atmosphere, the proportional limit stress is 𝜎pls = 100 MPa,
and the tensile strength is 𝜎UTS = 260 MPa. The tensile strength and failure
strain at elevated temperature are higher than those at room temperature, due
to the degradation of interface shear stress at elevated temperature in inert
atmosphere. However, at elevated temperature in air atmosphere, the tensile
strength and fracture strain are both lower than those at room temperature,
and the pullout length at the fracture surface is also shorter than that at room
temperature, due to the formation of strong interface bonding after interface
oxidation. For the cyclic fatigue testing, the loading frequency is f = 10 Hz at
room temperature, and f = 20 Hz at elevated temperature, and the stress ratio
is R = 0.1, and the maximum cycle number is defined as 10 000 000. At room
temperature, the fatigue limit stress is 𝜎fls = 160 MPa, which is higher than the
proportional limit stress (i.e. 𝜎pls = 80 MPa); and at elevated temperature, the
fatigue limit stress is 𝜎fls = 75 MPa, which is much lower than the proportional
limit stress (𝜎pls = 100 MPa). The degradation of fatigue limit stress at elevated
temperature is attributed to the fiber creep and interface wear.

Zhu et al. (1996, 1997, 1998, 1999) and Zhu and Kagawa (2001) investigated
the tensile and fatigue behavior of 2D CVI SiC/SiC composite at room tempera-
ture and 1000 ∘C in Ar atmosphere. At room temperature, the fatigue limit stress
is 70–80% tensile strength, which is much higher than the first matrix cracking
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stress. Under cyclic fatigue loading, the propagation of matrix cracking is affected
by the bridging fibers, and the stress intensity factor decreases due to the bridging
effect of the fiber. However, at 1000 ∘C in Ar atmosphere, the fatigue life decreases
greatly, and the fatigue limit stress is 𝜎pls = 75 MPa, which is about 30% of the
tensile strength at elevated temperature.

Zhu (2006) investigated the effect of oxidation of fatigue behavior of 2D CVI
SiC/SiC composite. After oxidation for 100 hours at 600 ∘C, the PyC interphase
between the fiber and the matrix disappears, leading to 13% degradation of
fatigue life; and after oxidation for 100 hours at 800 ∘C, the strong interphase of
SiO2 appears between the fiber and the matrix, leading to the shorter fatigue life
at room temperature.

Zhu et al. (2004) investigated the low-cyclic fatigue behavior of 3D Tyranno
SiC/[Si–Ti–C–O] composite at room temperature. The loading frequencies were
f = 0.02, 0.2, and 20 Hz, and the fatigue stress ratio was R = 0.1 and −0.1. At
low loading frequency, the stress corrosion is the main reason for the low-cyclic
fatigue failure; and at high loading frequency, the PyC interphase is easy to wear,
and the interface debonding length increases with cycles for interface wear, which
increases the load carried by the fibers and also decreases the fiber strength, lead-
ing to the final fatigue fracture.

Kaneko et al. (2001) and Zhu et al. (2002) investigated the effect of loading fre-
quency on fatigue life of 3D CVI and PIP Tyranno SiC/SiC composites at room
temperature. The fibers were coated with nano-scale carbon to decrease inter-
face bonding between fiber and matrix. This coating acts to increase strength and
toughness of the composites. The fatigue tests were carried out under load control
with a sinusoidal loading frequency of f = 20 and 0.2 Hz (PIP SiC/SiC composite)
and f = 20, 0.2, and 0.02 Hz (CVI SiC/SiC composite) and a stress ratio of R = 0.1.
There is no difference in fatigue life between 20 and 0.2 Hz for the CVI SiC/SiC
composite, but the fatigue life at 0.2 Hz is slightly lower than that at 20 Hz for the
PIP SiC/SiC composite, and the fatigue life at 0.02 Hz is much lower than those at
20 and 0.2 Hz for CVI SiC/SiC composite. The fatigue life for PIP SiC/SiC com-
posite is time-dependent at 20–0.2 Hz. For CVI SiC/SiC composite, the fatigue
life is time-dependent at 0.2–0.02 Hz, but cyclic-dependent at 20–0.2 Hz. Mod-
ulus reduction of PIP SiC/SiC composite saturates after 10 cycles, however, for
CVI SiC/SiC composite, the modulus gradual decreases with number of cycles.
Because of low sliding stress of PIP SiC/SiC composite, the fatigue strength of
PIP SiC/SiC composite is much higher than that of CVI SiC/SiC composite.

Ruggles-Wrenn et al. (2011, 2018) investigated the effect of loading frequency
and environment on the fatigue performance of 2D CVI Hi-Nicalon SiC/SiC,
CVI Hi-Nicalon SiC/[SiC-B4C], and MI Hi-Nicalon SiC/SiC composites. The
CVI Hi-Nicalon SiC/SiC composite was processed by CVI of SiC into the fiber
preforms. Before the infiltration, the fiber preforms were coated with BN fiber
coating (∼0.25 μm thick) to decrease bonding between the fibers and the matrix.
The CVI Hi-Nicalon SiC/[SiC-B4C] composite had an oxidation inhibited
matrix consisting of alternating layers of SiC and B4C. Prior to infiltration, the
fiber preforms were coated with PyC fiber coating (∼0.4 μm thick) with boron
carbide overlay (∼1.0 μm thick) to create a weak fiber/matrix interface. The fiber
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preforms of MI Hi-Nicalon SiC/SiC composite were coated with a CVI BN inter-
phase coating, then a CVI SiC coating of initial matrix was applied to rigidize
the preforms and to protect the fibers, followed by slurry infiltration of SiC
particulates and infiltration of molted Si to fill in the remaining porosity. Under
cyclic fatigue loading at 1200 ∘C in air or in steam condition with the loading
frequency of 0.1, 1.0, and 10 Hz, the fatigue life decreases with increasing loading
frequency. The material performance degraded rapidly in steam condition. After
cyclic fatigue loading in air condition without fatigue failure, the tensile strength
at room temperature remained stable, and Young’s modulus decreased up to
22%, which indicated that the fiber remained undamaged under cyclic fatigue
loading, and the matrix cracking occurred.

The creep property of CMCs is closely related to their constituents and
preparation process. For different fiber-reinforced same matrices, the creep
property of composite is consistent with the reinforcing fiber. The higher the
creep resistance of the fiber, the better the creep resistance of the composite
(Morscher 2010). For Tyranno SA, Hi-Nicalon S, and Sylramic-iBN reinforced
MI-SiC matrix, the creep resistance of SiC/SiC composite is consistent with
that of fiber, i.e. Tyranno SA<Hi-Nicalon S≤ Sylramic-iBN (Bunsell and Berger
2000; DiCarlo and Yun 2005). For the same fiber-reinforced different densifi-
cation process matrix, for example, Sylramic-iBN reinforced MI, CVI, PIP SiC
matrix, the creep resistance of PIP SiC/SiC composite is the worst, mainly due
to the matrix microcracks during fabrication, which decreases the load carrying
capacity of the matrix. For the same densification process matrix reinforced by
the same fiber, if the matrix components are different, the creep performance
of the composite will also be different. For example, for the CVI-G and CVI-H
matrix reinforced by Sylramic-iBN fiber, the creep fracture time of the former
is only 25 hours at 138 MPa, and the latter is 250 hours, because the matrix of
CVI-G is silicon rich, leading to the more prone to creep of the matrix.

Morscher et al. (2008) investigated the retained properties, damage develop-
ment, and failure mechanisms of 2D MI Sylramic-iBN/BN/SiC composite under
tensile creep and fatigue loading. The results show that the retained room tem-
perature tensile strength and modulus decrease with the increase of stress and
time. Under different experimental conditions, the failure mechanisms of degra-
dation are different. Under high stress and short time, the oxidation-induced
unbridged crack growth emanating from composite surface causes load redis-
tribution in intact region and local stress concentration at matrix crack tip, and
eventually one of these cracks develops into fracture pattern with time. Under low
stress and long time, the fiber strength degradation is probably due to an intrinsic
creep-controlled flaw growth mechanism or attack of the fibers from Si diffu-
sion through the CVI SiC portion of the matrix. However, the matrix cracking
stress increases after creep or fatigue test because of the increase of the residual
compressive stress of the matrix after the test. For example, for the original com-
posite, the residual compressive stress of the matrix is about 50 MPa, but after
tensile creep, the value increases to more than 100 MPa, which is mainly related
to the relaxation of the matrix during creep. After unloading, the fiber gener-
ates greater compressive stress on the matrix. Therefore, it is necessary to apply
more stress to the formation and propagation of matrix cracks to overcome the
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existing compressive stress. Although creep or fatigue tests increase the matrix
cracking stress, they also increase the number and depth of matrix cracks, which
eventually lead to material damage evolution.

In the combustion environment, the fatigue and creep performance and degra-
dation mechanisms are much different from those under air environment. Kim
et al. (2010) and Sabelkin (2016) investigated the fatigue and creep performance
of 2D MI Hi-Nicalon S SiC/BN/SiC composite under combustion environment
and compared with the performance at elevated temperature in air condition.
The fatigue life was greater in air condition, approximately by an order of mag-
nitude than in the combustion environment at the same applied peak stress. For
example, the fatigue life at the same applied peak stress of 125 MPa was signif-
icantly higher in air condition than in the combustion environment, i.e. 58 838
versus 8329 cycles. The creep life decreases about 86% in combustion environ-
ment, due to the higher water vapor content in the combustion environment than
that in the air condition. The higher water vapor content accelerates the oxidation
of BN interphase. At the same time, under the burning of the combustion flame,
the compression stress is generated on the front side of the sample, and the tensile
stress is generated on the back side. These local thermal stresses reduce the stress
threshold of the formation and propagation of the matrix crack, which makes the
matrix more prone to crack, providing the channel for the diffusion of oxygen and
aggravating the degradation of composite properties.

The degradation behavior of SiC/SiC composites in combustion environment is
also affected by the combustion flame temperature and the surface texture of the
composite. Bertrand et al. (2015) investigated the tension–tension fatigue behav-
ior of 2D CVI Sylramic-iBN/BN/SiC composite under combustion environment.
Fatigue tests were performed at a stress ratio of 0.1 and loading frequency of 1 Hz.
The combustion environment was created using a high-velocity oxygen fuel gun,
which impinged the flame directly on the one side of specimen when it was sub-
jected to cyclic load. The flame-impinged surface of the specimen was heated
top the average temperature of 1250, 1350, and 1480 ∘C. The SiC/SiC composite
achieved a run-out of 25 hours at 46% and 33% of tensile strength under com-
bustion environment at 1250 and 1350 ∘C, respectively. However, run-out was
not achieved at 1480 ∘C due to erosion and degradation of material. Oxidation
embrittlement occurred near the surface on both flame side and backside of the
specimen, but more on the flame side. It appears that the make-up of the mate-
rial, i.e. uneven surface texture, contributed to the increased temperature locally
which contributed to the erosion and degradation of the material. The surface
texture can be modified with the use of environmental barrier coatings.

1.2.2 Oxide/Oxide CMCs

Oxide/oxide composites possess low density, high-temperature resistance, and
oxidation resistance (Zok 2006; Yang et al. 2018). Compared with SiC/SiC com-
posites, oxide/oxide composites have better environmental stability (Lebel et al.
2017; Singh et al. 2017a,2017b), which can serve in the combustion environment
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Table 1.4 Properties of oxide fibers.

Fiber Company Mass fraction (%)
Diameter
(𝛍m)

Strength
(MPa)

Modulus
(GPa)

Density
(g/cm3)

Al2O3 SiO2 Other

Nextel 312 3M 63 25 B2O3 10–12 1700 150 2.7
Nextel 440 3M 70 28 B2O3 10–12 2000 190 3.1
Nextel 550 3M 73 27 — 10–12 2000 193 3.0
Nextel 610 3M > 99 <0.3 Fe2O3 10–12 3100 380 3.9
Nextel 650 3M 89 — ZrO2, Y2O3 10–12 2550 358 4.1
Nextel 720 3M 85 15 — 10–12 2100 260 3.4

FP DuPont 99 — — 15–25 1400–2100 350–390 3.59
PRD-166 DuPont 80 — ZrO2 15–25 2200–2400 85–120 —

Altex Sumitomo 85 15 — 10/15 1800 210 3.3
Nitivy ALF Nitivy 72 28 — 7 2000 170 2.9

Saffil ICI 95 5 — 3 1030 100–300 2.8–3.3

of 1000–1400 ∘C for a long time (van Roode and Bhattacharya 2013; Askarine-
jad et al. 2015; Kiser et al. 2015; Lanser and Ruggles-Wrenn 2016; Behrendt et al.
2016).

The preparation methods of oxide/oxide composites include sol–gel method
(Sol–Gel), CVI, RMI, PIP process, gel casting (Gelcasting) process, elec-
trophoretic deposition (EPD), etc.

The reinforcing fibers of oxide/oxide composite include Al2O3 and Al2O3-SiO2
ceramic fibers. Among commercial oxide fibers, NextelTM series produced by 3M
Company of the United States is the most mature and widely used (Wilson and
Visser 2001). In addition, there are FP and PRD-166 series of DuPont company,
Altex series of Sumitomo company of Japan, Nitivy ALF series of Nitivy company,
and Saffil series of ICI company of the United Kingdom. The basic properties of
commonly used oxide fibers are shown in Table 1.4 (Krenkel 2008).

Nextel 312 of 3M Company is the first continuous alumina fiber in the world.
Its composition contains Al2O3, SiO2, and B2O3. Due to the appearance of glass
phase in the fiber, its creep performance is significantly affected, which limits
its maximum service temperature. To improve the high-temperature stability of
the oxide fiber, 3M Company further reduced the content of B2O3 in Nextel 312,
and developed Nextel 440, which can be applied to the condition at temperature
below 1000 ∘C, for example, thermal insulation environment. Nextel 550 fiber
contains only γ-Al2O3 and amorphous SiO2, and its service temperature is further
improved, but it is generally used in the condition at temperature below 1200 ∘C
due to the crystallization temperature of the fiber. To meet the requirements of
high-temperature stability of CMCs for hot section components in aerospace, 3M
Company has developed Nextel 610 fiber. Nextel 610 is almost completely com-
posed of α-Al2O3. At room temperature, it has tensile strength up to 3100 MPa.
A small amount of SiO2 is added to Nextel 610. At high-temperature, it can react
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with Al2O3 to form mullite and wrap it on the surface of Al2O3 grains to prevent
the growth of Al2O3 grains. Therefore, Nextel 610 still has a strength retention of
more than 90% in the high-temperature environment of 1200 ∘C, but the fiber is
easy to creep fracture at temperature above 1300 ∘C. To improve the creep resis-
tance of the fiber, 3M Company developed Nextel 720TM fiber. Nextel 720 contains
45% 𝛼-Al2O3 and 55% mullite. Mullite has extremely excellent creep resistance,
so the creep resistance of fiber is greatly improved. In addition, 3M Company
also developed Nextel 650 fiber, which is mainly composed of 𝛼-Al2O3. Adding
a small amount of ZrO2 and Y2O3 can inhibit the growth of grains and reduce
the creep rate. Nextel 650 fiber has better high-temperature tensile strength than
Nextel 720, and better creep resistance than Nextel 610.

The matrix materials of oxide/oxide composites mainly include alumina
(mainly 𝛼-Al2O3), mullite (3Al2O3-2SiO2), yttrium aluminum garnet (Y3Al5O12
[YAG]), lithium aluminum silicon (LAS), barium aluminum silicon (BAS)
glass, etc.
𝛼-Al2O3 has moderate sintering temperature, high melting point, excel-

lent mechanical properties, chemical corrosion resistance, and excellent
high-temperature oxidation resistance and is widely used as the matrix material
of oxide/oxide composites (Ben Ramdane et al. 2017). Ruggles-Wrenn et al. (2006,
2008a,2008b,2008c), Ruggles-Wrenn and Szymczak (2008), Ruggles-Wrenn and
Braun (2008), Ruggles-Wrenn and Laffey (2008), Ruggles-Wrenn and Whiting
(2011), Lanser and Ruggles-Wrenn (2016), and Ruggles-Wrenn and Lanser
(2016) conducted a large number of performance tests on alumina matrix
oxide/oxide composites prepared by ATK-COI Ceramic Company, and the
results showed that their overall mechanical properties are excellent, but their
high-temperature creep resistance is poor. It is easy to cause creep damage of
composite materials at elevated temperature.

Mullite (3Al2O3-2SiO2) is a series of minerals composed of aluminosilicates.
It has high melting point, low density, small linear expansion coefficient, stable
high-temperature physical and chemical properties, and excellent creep and ther-
mal shock resistance.

The design of oxide/oxide composites mainly uses two basic principles. One
is to use an interface layer, generally using a fiber coating; the other is to use a
sufficiently weak matrix such as a porous matrix. The fracture behavior of com-
posites is the result of competitive fracture between fibers, interface layers, and
the matrix. Tough composites are designed to achieve crack deflection at or near
the fiber/matrix interface.

LaPO4 is the most common weak oxide interface layer that meets require-
ments of crack deflection. LaPO4 has a high melting point (>2000 ∘C), its bonding
with oxides, especially alumina, is weak, and it can coexist stably with oxides
such as alumina at high temperatures. Morgan and Marshall (1995) tested the
sapphire/LaPO4/alumina composite system and found that the matrix cracks did
not penetrate into the fiber, but deflected at the LaPO4/fiber interface. Keller et al.
(2003) found that the Nextel 610/Al2O3 composite with LaPO4 interface layer has
higher strength and service temperature. After heating at 1200 ∘C for 100 hours,
the strength loss of the composite with interface layer is about 28%. After heating
at 1200 ∘C for 1000 hours, the strength retention of the composite still exceeds
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60%. However, the strength loss of the composite without interface layer after
heating at 1200 ∘C for five hours is more than 70%. The fracture surface of Nextel
610/LaPO4/Al2O3 composite shows that the fiber is pulled out from the alumina
matrix, and LaPO4 exists on the pulled fiber surface. However, the composites
without interface layer show brittle fracture, and no fiber is pulled out.

The porous interface layer has a pore structure, and the micropores can effec-
tively deflect matrix cracks, thereby consuming the fracture energy of the com-
posite material. Holmquist et al. (2000) carried out research on sapphire/porous
ZrO2/alumina composites. Microcracks existed in the matrix, while the fibers
remained intact, which proved that the porous ZrO2 coating is an effective weak
interface layer.

Fugitive coating refers to a type of coating that the interface layer can be
removed during the preparation of the composite material. The carbon interface
layer in the oxide/oxide composite can be removed by oxidation before or
during use, leaving gaps at the fiber/matrix interface. Keller et al. (2000) showed
that fugitive carbon interface layers can provide weak interface layers for
sapphire/YAG and Nextel 720/calcium aluminosilicate (CAS) composites.

In the design of oxide/oxide composites, a relatively weak matrix is currently
widely used to replace the fiber/matrix interface layer. In porous matrix compos-
ites, cracks in the matrix are deflected in the matrix at the fiber/matrix interface.
Compared with a dense matrix, the porous matrix does not cause stress con-
centration on the fiber surface to break the fiber. Although the bond between the
fibers and the matrix particles is strong, cracks generally develop toward adjacent
pores and eventually reach the fiber surface in the pores, resulting in deflection.

Steel et al. (2001) investigated the tensile and tension–tension fatigue behavior
of PIP 8HSW Nextel 720/alumina composite at room temperature and 1200 ∘C
in air atmosphere. The fatigue tests were under load control with the loading
frequency of f = 1 Hz, stress ratio of R = 0.05, and the maximum applied
cycle number of N = 100 000. At room temperature, the tensile strength
is 𝜎UTS = 144 MPa, and the fatigue limit stress is 𝜎pls = 102 MPa, which is
70% of tensile strength. At 1200 ∘C in air condition, the tensile strength is
𝜎UTS = 140 MPa, and the fatigue limit stress is 𝜎pls = 122 MPa, which is 87% of
tensile strength. The fatigue damage mechanisms at elevated temperature are
similar with those at room temperature; however, the fiber creep also affects the
fatigue damage.

Zawada et al. (2003) investigated the tensile, shear, fatigue and creep behavior
of 2D Nextel 610/Al2O3-SiO2 composite at room temperature and 1000 ∘C in air
atmosphere. The fatigue loading frequency is f = 1 Hz, stress ratio is R= 0.05, and
maximum applied cycle is N = 100 000. At room temperature, the fatigue limit
stress is 𝜎pls = 170 MPa, which is 85% of tensile strength; at 1000 ∘C in air atmo-
sphere, the fatigue limit stress is 𝜎pls = 150 MPa, which is 85% of tensile strength.
At elevated temperature, when the fatigue peak stress is between 𝜎max = 100
and 150 MPa, the modulus decreases 5–10% during first 1000 cycles, and then
the modulus remains constant till the maximum applied cycle number, which
indicates that there is no obvious damage accumulation under cyclic fatigue load-
ing. The energy dissipation for each cycle is very low, only 3–5 kJ/m3. When the
fatigue peak stress is 𝜎max = 150 MPa, the strain range remains unchanged with
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increasing cycles, which indicates that there is little damage accumulation during
cyclic fatigue loading. After experiencing 100 000 cycles under 𝜎max = 150 MPa at
elevated temperature, the tensile strength at room temperature is the same with
that of original specimen; however, the modulus decreases mainly due to matrix
cracking. The oxide/oxide composite has good fatigue and oxidation resistance
at high temperatures.

Mall and Ahn (2008) investigated the effect of loading frequency on
tension–tension fatigue behavior of 2D Nextel 720/alumina composite at room
temperature. The fatigue tests were controlled under load with the stress ratio of
R= 0.05, and the loading frequency of f = 1, 100, and 900 Hz, and the correspond-
ing maximum cycle number is N = 100 000, 100 000 000, and 100 000 000. When
the loading frequency increases from f = 1–900 Hz, the fatigue life increases
with loading frequency. When the fatigue peak stress is 𝜎max = 120 MPa, the
fatigue cycle number is N = 600, 6000, and 100 000 000 for the loading frequency
of f = 1, 100, and 900 Hz. Fatigue behavior of Nextel 720/alumina appeared to
be a combination of cycle-dependent and time-dependent phenomena. Surface
temperature of specimens tested at 900 Hz increased considerably relative to
that at 1 or 100 Hz (70 ∘C versus 5 ∘C increase). Damage mechanisms showed an
evidence of local fiber/matrix interfacial bonding developed during cycling due
to frictional heating at the highest frequency of 900 Hz. This was not observed at
the two lower frequencies. This interfacial bonding may have caused an increase
in fatigue life/strength of the tested CMC system at the highest frequency of
900 Hz.

Ruggles-Wrenn et al. (2008a) investigated the effect of loading frequency on
fatigue life of 2D Nextel 720/alumina composite at 1200 ∘C in air and in steam
environment. In air condition, the loading frequency is f = 0.1 and 1 Hz, and
the fatigue peak stress is between 𝜎max = 100 and 170 MPa, and the maximum
applied cycle number is N = 100 000; in steam atmosphere, the loading frequency
is f = 0.1, 1, and 10 Hz, and the fatigue peak stress is between 𝜎max = 75 and
170 MPa, and the maximum applied cycle number for the loading frequency of
f = 0.1 and 1 Hz is N = 100 000, and the maximum applied cycle number of the
loading frequency of f = 10 Hz is N = 1 000 000. In air condition, the loading fre-
quency of f = 0.1 and 1.0 Hz has little effect on the fatigue life, and the fatigue limit
stress is 𝜎pls = 170 MPa, which is 88% of the tensile strength. After fatigue loading,
the residual strength remains unchanged, however, the modulus decreases about
30%. In steam condition, the loading frequency affects the fatigue life. When the
loading frequency is f = 10 Hz, the fatigue limit stress is 𝜎pls = 150 MPa, which is
78% of the tensile strength. After fatigue loading, the residual strength decreases
about 4%, and the modulus decreases about 7%. When the loading frequency
is f = 1 Hz, the fatigue limit stress is 𝜎pls = 125 MPa, which is 69% of the tensile
strength. After fatigue loading, the residual strength decreases about 12%, and the
modulus decreases about 20%. However, for the loading frequency of f = 0.1 Hz,
the fatigue limit stress is lower than 75 MPa. On the fracture surface, there exists
a lot of fiber pullout for the loading frequency of f = 10 Hz, and few fiber pullout
for the loading frequency of f = 0.1 Hz.
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1.3 The Function of Interface in Ceramic-Matrix
Composites

In CMCs, the interphase is usually used to control the bonding strength between
the fiber and the matrix. The mechanical behavior of CMCs depends not only
on the properties of the fiber and the matrix, but also on the interface bonding
strength between the fiber and the matrix. If the bonding strength between the
fiber and the matrix is too high, the stress concentration will make the fiber
unable to carry load uniformly, resulting in low strength of CMCs. At the same
time, due to the lack of energy absorption mechanism in the process of fracture,
the toughness of CMC is low. Therefore, only when the bonding strength between
the fiber and the matrix is moderate, the fiber can not only effectively bear the
load, but also consume energy through debonding and pulling out in the process
of fracture, so as to realize the strengthening and toughening of CMC. Because
of the existence of the interface layer, the CMCs can have ductile fracture. The
toughening mechanisms of CMCs include crack deflection, fiber debonding, fiber
bridging, and fiber pullout. Fiber pullout is the main toughening mechanism of
composite materials. Through the friction energy consumption in the process of
fiber pullout, the fracture work of composite materials increases, while the energy
consumption in the process of fiber pullout depends on the fiber pullout length
and the sliding resistance of debonding surface. The sliding resistance is too
large, the fiber pullout length is short, the toughening effect is not good, and the
strength is low. The pullout length of the fiber depends on the strength distribu-
tion of the fiber and the sliding resistance of the interface, while the sliding resis-
tance mainly depends on the interface layer and the surface roughness of the fiber.

Under tensile loading of CMCs, matrix cracking and interface debonding occur,
and the fiber and matrix stress distribution can be determined using the shear-lag
theory.

When the stress in the matrix approaches the matrix strength, matrix will
crack. When the interface completely debonds, the stress in the matrix cannot
approach the matrix strength, and the matrix cracking approaches saturation.
During matrix cracking evolution, the process includes the first matrix cracking
and the saturation of matrix cracking.

For the CMC system, the core of its strengthening and toughening is the
optimal design of interphase. The interface phase has two basic functions. One
is mechanical fuse function that is to deflect crack growth to protect the fiber,
which is the most basic function of the interphase. The second is the load transfer
function, which transfers the load to the fiber through shear. In addition to the
aforementioned two basic functions, the interphase also plays a buffer role, which
is to absorb the residual thermal stress generated due to the mismatch of the
thermal expansion coefficient of the fiber and the matrix. In order to achieve this
function, the interphase must be thick enough to have a compliant. Because most
CMCs are used in high-temperature oxidizing atmosphere, the microcracks
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in the matrix will accelerate the diffusion of oxidizing atmosphere to the
internal interphase and fibers, which requires the interphase to have oxidation
resistance.

1.3.1 Effect of Interphase on Sliding Resistance

The introduction of interphase can change the roughness of debonding surface,
the interphase can change the interaction surface between fiber and matrix,
and the increase of interphase thickness can weaken the engagement strength
in the process of sliding, and reduce the frictional resistance of sliding. If the
interphase thickness exceeds the roughness amplitude, the friction stress can
be almost eliminated. In addition, the crystallization of the interphase after
high-temperature treatment will increase, for example, the graphitization of
the PyC interphase after heat treatment will increase, which will also help the
interface slip and reduce the slip resistance.

1.3.2 Effect of Interphase on Thermal Misfit Stress

Interphase can adjust the thermal residual stress (TRS) between the fiber and the
matrix. The thermal expansion coefficient and thickness of interphase affect the
TRS (Kuntz et al. 1993).

Ignore the influence of the geometry and the elastic constants of the fiber; the
fiber radial TRS can be determined using the following equation.

𝜎r = EmΔTΔ𝛼 (1.5)

The factors in Eq. (1.5) are defined as follows: ΔT = T −T0, where T0 is the
stress-free temperature (e.g. the fabrication temperature) and T is the temper-
ature at which the stress is determined. Usually, ΔT < 0, when T0 is the fabri-
cation temperature. Δ𝛼 = 𝛼m − 𝛼f, where 𝛼 is the thermal expansion coefficient
and the subscripts f and m refer to the fiber and the matrix, respectively. The
radial stresses become negative (pressure) when 𝛼m >𝛼f or positive (tension),
when 𝛼m <𝛼f. Em is Young’s modulus of the matrix. Faber (1997), Kuntz et al.
(1993), Davis et al. (1993), Brennan (1990), and Kerans (1996) developed meth-
ods to calculate the TRS; however, these calculations were conducted without
considering the thickness of the interphase.

For the SiC/PyC/borosilicate glass composite, the modulus of interphase is
about 80 GPa, and the thickness is about 80 nm. The thermal expansion coef-
ficient of PyC interphase has a significant effect on the axial and circumferen-
tial residual stresses in PyC, and the effect on the radial residual stresses can be
ignored. The thermal expansion coefficient of interphase has a significant effect
on the TRS in fiber and interphase, but the effect on matrix TRS is small (Kuntz
et al. 1993).
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1.4 The Design of Interface in Ceramic-Matrix
Composites

Interphase plays an important role in CMCs, but not all high-temperature mate-
rials can be used as interphase materials, which need to meet three conditions:
(1) Low modulus. The low modulus can reduce the mismatch of thermal expan-

sion coefficient and modulus between the fiber and the matrix, thus reducing
the physical damage of fiber.

(2) Low shear strength. Because the interface is the place where the matrix
cracks deflect, the interphase should have low shear strength, which can
realize the crack deflection, fiber pullout, debonding, and other toughening
mechanisms.

(3) High thermal and chemical stability. It can prevent the fiber from being dam-
aged in the process of composite preparation, and it can exist stably in the
process of composite service.

There are few interphase materials that can meet the above conditions. This
kind of materials is usually composed of layered crystal materials. The bonding
force between layers is weak, and the direction of the lamellae is parallel to the
fiber surface. Commonly used are PyC interphase and BN interphase.

1.4.1 PyC Interphase

PyC is a traditional and common interphase of CMCs, and it is the first interphase
that can produce toughness in ceramic fiber-reinforced CMCs. The in situ growth
of carbon interphase on the fiber surface can make the weak interface between
the fiber and the matrix, thus improving the fracture toughness of the composite.
The toughness of the composite increases with the increase of the thickness of
the interphase, but the load transfer between the matrix and the fiber decreases
with the increase of interphase thickness. Therefore, the interphase thickness is
generally 0.1–0.3 μm.

The use of a PyC interphase can significantly improve the performance of com-
posite materials at room temperature or in a high-temperature inert atmosphere,
but PyC begins to oxidize at 400 ∘C in air atmosphere, and CMC materials are
mostly used in air atmosphere. The PyC interphase is not an ideal interphase.
Generally, the PyC interphase requires the matrix to have a high dense level, so
that the fiber does not directly contact the outside oxidizing atmosphere, or one
or more dense protective layers are deposited on the PyC surface. In the case of
cracking occurrence, the PyC interphase is still easy to damage.

Filipuzzi and Naslain (1994) and Filipuzzi et al. (1994) studied the interphase
oxidation in Nicalon SiC/PyC/SiC composites. Carbon is oxidized to generate
CO and CO2 gas. After the gas is released, a gap is left between the fiber and the
matrix, causing adjacent fibers and the matrix to oxidize and generate SiO2. Oxy-
gen diffuses along the voids that occur during the oxidation of the fibers and the
matrix, resulting in continuous oxidation of the composite material until the SiO2
generated by the oxidation of the fibers and the matrix closes the voids. Accord-
ing to the oxidation rate constants of Nicalon fibers and SiC matrix, Luthra (1994)
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calculated the time required to close the voids and found that it increase with the
increase in the thickness of the interphase.

Non-oxide CMCs are designed to operate below the proportional limit stress,
but it should be considered that they sometimes operate at temperatures above
the proportional limit stress. When this happens, oxygen diffuses along the
matrix cracks and oxidizes the PyC interphase.

1.4.2 BN Interphase

In addition to PyC, BN is the only fiber coating capable of slow failure in
non-oxide composites. It should be noted that not all BNs are the same. When
deposited at low temperature, the generated BN is amorphous; when deposited
at high temperature (for example, above 1500 ∘C), BN generally has an ordered
hexagonal crystal structure (which can make CMCs exhibit tough behavior).
The deposited BN must contain carbon or oxygen; and the silicon-doped BN has
higher oxidation resistance.

As CMCs with PyC interphase, the toughness of CMCs with BN interphase
increases with coating thickness. The optimal thickness range of BN interphase
should be 0.3–0.5 μm, which is thicker than PyC interphase.

Since the oxidation products of BN are liquid boron oxide rather than gaseous
oxide, it is expected that the oxidation rate of BN in dry air or oxygen is much
lower than that of carbon. The oxidation depth of the BN coating of the SiC-Si
matrix composite material observed in the experiment is very shallow. When the
oxidation is performed at a temperature range of 700–1200 ∘C for 100 hours, the
oxidation depth is only in the order of 10 μm or less. The oxidation depth of BN
coating is much shallower than that of PyC coating. In dry oxidizing environ-
ments, BN coatings perform better than PyC coatings.

Oxidation experiments in a humid environment show that the oxidation prop-
erties of BN coatings are similar to those of carbon coatings. When the matrix
is cracked, oxidants (oxygen and water vapor) can quickly diffuse through the
matrix cracks and oxidize the fiber coating. Generally the thickness of the coat-
ing does not exceed 1 μm. As a result, the coating will oxidize rapidly, only a few
minutes at an experimental temperature above 900 ∘C (Jacobson et al. 1999), and
this damage will quickly spread to the fibers.

1.5 Conclusion

In this chapter, the definition, function, and design of interface in different
fiber-reinforced CMCs are given. The interphase plays an important role in the
mechanical behavior of non-oxide and oxide/oxide CMCs at room and elevated
temperatures. The interface phase has two basic functions: one is mechanical
fuse function that is to deflect crack growth to protect the fiber, which is the most
basic function of the interphase. The second is the load transfer function, which
transfers the load to the fiber through shear. In addition to the aforementioned
two basic functions, the interphase also plays a buffer role, which is to absorb the
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residual thermal stress generated due to the mismatch of the thermal expansion
coefficient of the fiber and the matrix. The characteristics of PyC interphase and
BN interphase used in CMCs are also analyzed.
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