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Abstract

The damage evaluation behaviour of alumina fibre-reinforced mullite ceramic matrix composites subjected to cyclic fatigue was
investigated by means of acoustic emission (AE) monitoring and forced resonance techniques. AE technique provided sufficient

information about the damage initiation and progression in real time whilst the forced resonance (FR) technique allowed the
detection of changes in elastic modulus (E) and internal friction (Q�1) that occurred with increasing number of cyclic fatigue at
room temperature. From the two non-destructive detection techniques results combined with microstructural observations, it is

concluded that the composite cyclic fatigue damage evolution begins with multiple crack formation within the matrix and is fol-
lowed by delamination (interfacial failure). Final failure of the composite is caused by fibre fracture and extensive cyclic sliding
along the fibre/matrix interface. The strong bonding between mullite matrix and alumina fibre caused by the glassy phase within the

mullite matrix determined the fatigue performance of the composite at 1350�C. Regions with glassy phase failed catastrophically as
a result of early fibre fracture. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mullite (3Al2O3.2SiO2) and its composites reinforced
with either fibres or particulates are prime candidate
materials for use in advanced structural and high tem-
perature applications, because of their good thermal
shock and creep resistance, excellent chemical and ther-
mal stability, low thermal expansion and conductivity
and moderate fracture toughness.1

In service, fibre-reinforced CMCs will be subject to ten-
sile, flexural or compressive creep and cyclic fatigue load-
ing (gas turbine airfoils/rotors, heat exchanger, vanes and
combustors) in a high temperature oxidasing environment.
Thus, a better understanding of cyclic fatigue behaviour

and damage mechanisms occur during cyclic fatigue
loading of fibre-reinforced composites is an essential
requirement for long-term structural reliability and
accurate life-prediction procedure, as well as reliable
structural design at room and high temperature.2�10

When a fibre-reinforced composite is subjected to a
cyclic fatigue loading, a variety of damage mechanisms,
such as matrix microcracking, fibre-matrix debonding,
interfacial failure or delamination and fibre fracture can
take place. As the damage progresses in composite, energy
is released in different forms, such as acoustic waves. The
energy or the amplitude of the acoustic waves depends on
type of fracture event which can be detected by monitor-
ing the AE. Each fracture event, such as delamination
or fibre fracture can easily be separated and determined
by analysing AE parameters, including amplitude,
duration, time, number of event, energy, etc.11�14

The objective of this investigation is to asses the
damage mechanisms of the Saffil alumina fibre-rein-
forced mullite CMCs under cyclic fatigue at room
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temperature and 1350�C. The state-of-damage caused
by cyclic fatigue was characterised using FR and AE
monitoring, as non-destructive tests. The first one
involves dynamic measurement of the Young’s modulus
(E) and the internal friction (Q�1) of the specimen sub-
jected to cyclic fatigue. AE analyses were performed
during room temperature cyclic fatigue to establish the
damage initiation and progression in real time.

2. Experimental procedure

2.1. Fatigue tests at ambient and elevated temperature

The room and elevated (1350�C) temperature cyclic
fatigue behaviour of an alumina fibre-reinforced mullite
ceramic matrix composite has been studied. The details
of the manufacturing techniques of the composites
(contain 30 vol.% multidirectional fibres) tested here are
presented elsewhere.15�18 The tests were performed
using an Instron 8500 testing machine fitted with a
Instron 6761R high temperature, turbomolecular pump
vacuum furnace. During the high temperature tests, a
vacuum of the order of 133�10�6 Pa was obtained. All
tests were carried out on unnotched specimens
(45�5�3.5 mm3) using a four-point bending (outer span
is 40 mm and inner span is 20 mm). The stress ratio, R,
(�min=�max) and loading frequency values were kept
constant at 0.5 and 10 Hz, respectively. During the
room temperature fatigue tests, some tests were inter-
rupted periodically (after every 2�105 cycles) to remove
the specimen in order to measure its Young’s modulus
and internal friction using a forced resonance technique.
Fatigue life diagrams (S–N curve) were plotted also
using different stress levels to identify the composite
performance at room temperature and 1350�C. The
damage accumulation due to room temperature cyclic
fatigue was monitored using acoustic emission (AE)

technique (see Fig. 1), while the cyclic fatigue failure
mechanisms at room and high temperature were ana-
lysed on a microstructural level using transmission elec-
tron microscopy (TEM, Philips CM 20 and Jeol 4000-
FX) and high resolution scanning electron microscopy
(Hitachi S-4000, Field Emission Gun, FEG SEM).

2.2. Young’s modulus (E) and internal friction (Q�1)
measurements by forced resonance technique

The forced resonance system measures the Young’s
modulus and the internal friction of a material by use of
the free-free resonant beam method.19,20 This is a non-
destructive test, and can be used to assess damage
within a material which otherwise would not be detect-
able without destroying the sample. The basic electrical
set-up of the apparatus used is shown in Fig. 2. A sine
wave signal is sent to the driver, via a switching circuit
and an audio amplifier. The output of the cartridge is
amplified and filtered to remove the low frequency
component and reduce noise. The resulting signal is
measured on the ac voltmeter and analysed using the
PC oscilloscope software. For Young’s modulus mea-
surements, the resonant frequency of the sample is
measured using the frequency counter and the a.c. volt-
meter. For the resonant frequency to be within the
measurable range of 1–10 kHz, the sample dimensions
and mass should be chosen carefully. The mass must be
less than 12 g, as the specimen has to be supported from
a delicate stylus. However, the mass should not be less
than 3 g, as sample coupling problems may occur. The
length to width ratio and the length to thickness ratio
should both be greater than 3:1.21 The specimen surface
should be flat and parallel to within �0.002 mm. The
mass of the sample should be measured to �0.001 g.
Comprehensive information about the technique and
equation used to calculate E and Q�1 can be found in
the literature.22,23

Fig. 1. Schematic representation of 4-point bending cyclic fatigue test

arrangement and AE monitoring system, showing the location of the

high sensitive sensors.

Fig. 2. Schematic diagram of the electrical set-up of the measuring

apparatus used for determining the Young’s modulus and internal

friction using forced resonance technique.
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3. Results and discussion

Fig. 3 is a plot of the nominal maximum stress, �max

applied in 4-point bending cyclic fatigue against the
number of cycles to failure (so called the fatigue life
diagram or S–N curve), at room temperature and
1350�C, for Saffil alumina fibre-reinforced (30 vol.%)
mullite CMCs under a stress ratio (�min=�max) of 0.5 and
a loading frequency of 10 Hz. No fatigue failure was
observed up to 1.5�106 cycles when the maximum stress,
�max was 357 MPa, which is 70% of the 4-point bending

strength of this composite at room temperature, or less.
The graph shows that for �max above 357 MPa, the num-
ber of cycles to failure decreased as �max increased,
although this composite material survived up to 6.5�105

cycles under a �max level of 375 MPa. At 1350
�C, no fati-

gue failure of the composite was observed up to 1�106

cycles when the maximum stress, �max was 280 MPa,
which is 70% of the 4-point bending strength of this
composite at this temperature, or less. In this case, the
number of cycles to failure decreased as �max increased
above 280 MPa, although this composite material sur-
vived up to 6�105 cycles under a �max level of 300 MPa.
The AE results corresponding to the development of
different composite microstructural damage mechan-
isms are shown in Fig. 4. Acoustic emissions were
recorded and classified into three stages based on the
energy level of the acoustic events, noting that Saffil
alumina fibres have a higher Young’s modulus (300
GPa) than the mullite matrix (200–220 GPa). Acoustic
events having an energy level higher than 95 mJ were
accepted as fibre fracture, as shown in the top section of
the graph. Events having an energy level between 60 and
95 mJ were attributed to matrix cracking (middle sec-
tion). Saffil alumina fibre-reinforced mullite CMCs tes-
ted here exhibit very low interfacial bonding or no
bonding or contact at all in places;15 consequently,
acoustic emissions at an energy level below 60 mJ were
taken as indicative of interfacial failure (delamination)
as shown in the bottom section of the graph.
The effect of cyclic fatigue at room temperature with

�max ¼ 332 MPa (i.e. 65% of the 4-point bending
strength of this composite at this temperature) on the

Fig. 3. Nominal maximum stress, �max applied in 4-point bending

cyclic fatigue versus the number of cycles to failure (the so-called S–N

curve or fatigue life diagram) for Saffil alumina fibre-reinforced (30

vol.%) mullite CMCs at room temperature and 1350�C, under a stress

ratio (�min=�max) of 0.5 and a loading frequency of 10 Hz.

Fig. 4. AE events for the 4-point bending cyclic fatigue of Saffil alumina fibre-reinforced mullite CMCs at room temperature, showing the devel-

opment of microstructural damage mechanisms based on the energy level of AE hits.
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Young’s modulus (E) and internal friction (Q�1) of
Saffil alumina fibre-reinforced mullite CMCs is shown
in Fig. 5. After 1.4�106 cycles, the Young’s modulus had
decreased by 7%, whereas the internal friction had
increased by 350%, indicating the higher sensitivity of
Q�1 to microstructural damage. After each period of
2�105 cycles, E decreased by 1.1%, whilst Q�1 increased
by almost 60%. The steady decrease in E was attributed
to progressive interfacial debonding and microcrack
generation as the number of cycles is increased. The
sharp increase in Q�1 after 4�105 cycles is evidence for
the onset of more extensive microstructural damage,
such as matrix microcracking and fibre/matrix delami-
nation, resulting in the creation of new internal surfaces
within the composite. The AE parameter considered as
a function of the number of fatigue cycles was the
cumulative energy of the event. It is seen that acoustic
events with a relatively low energy occurred during the
early stages of cyclic fatigue (between 50�103 and
200�103 cycles). These are most likely associated with
the onset of matrix microcracking. Note, however, that
no AE data were obtained during cyclic fatigue between
2�105 and 8�105 cycles, because individual event ener-
gies were too low to be detectable above the background
noise threshold. This suggests that internal friction is a
very sensitive parameter for indicating the occurrence of
cumulative microstructural damage comprising very low
energy individual damage-causing events, such as inter-
facial failure/delamination. Between 8�105 cycles and
1.2�106 cycles, AE data were again obtained but at a
higher cumulative energy level. These higher energy
events represent fibre fracture.

Fig. 5. The effect of 4-point bend cyclic fatigue at room temperature with �max ¼ 332 MPa on the Young’s modulus (E) and internal friction (Q
�1)

and AE cumulative event energy of the Saffil alumina fibre-reinforced mullite CMCs.

Fig. 6. FEG SEM micrographs of composites subjected to cyclic fati-

gue until failure, showing (a) less fibre/matrix bonding and/or greater

fibre pull-out after 4.4�105 cycles at room temperature with �max ¼

390 MPa and (b) greater fibre/matrix bonding and/or less fibre pull-

out after 4.1�105 cycles at 1350�C with �max ¼ 320 MPa.
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Microstructural observations to characterize the
cycles fatigue damage evaluation at 1350�C showed
that pull-out length of the fibres is shorter than that
identified at room temperature, as shown in Fig. 6. This
suggests that, at this temperature, there might be a regio-
nal interaction or partial reaction between glassy phase
within the mullite matrix (presence of this glassy phase in
mullite matrix was determined in our previous study)16

and alumina fibre, leading a partially strong bonding in
this particular area, and this might result a fibre failure, as
shown in Fig. 6. Fig. 6 shows FEG SEM micrographs of
fracture surfaces of samples subjected to cyclic fatigue
until failure at (a) room temperature and (b) 1350�C, at
a different maximum stress which caused failure after
4�105 cycles at both temperatures. Comparing the frac-
ture surfaces indicates that at room temperature there is
less fibre/matrix bonding and/or greater fibre pull-out
than at 1350�C. This suggests that at 1350�C, there is
a local interaction between the glassy phase within the
mullite matrix and Saffil alumina fibre, leading to

particularly strong bonding in this region resulting in
fibre failure.
Fig. 7(a) shows a region where strong bonding
between the glassy phase within the mullite and Saffil
alumina fibre took place (after 6�105 cycles) resulting in
fibre fracture in this region. In the absence of any glassy
phase or intimate contact between the matrix and fibre,
matrix microcracks can be arrested as shown in Fig. 7(b),
increasing the number of cycles to failure. As shown in
Fig. 3, the specimen tested at 1350�C exhibits a shorter
cyclic fatigue life than those tested at room temperature.
This behaviour was attributed to the development of
strong localised bonding at elevated temperatures, pre-
venting fibre pull-out and resulting in brittle fracture of
the composite.24 FEG SEM observations showed that
where the bridging of matrix cracks by fibres occurred,
catastrophic failure of the composite at 1350�C was
prevented, as shown in Fig. 8(a). This mechanism
enhances fatigue resistance at high temperature. How-
ever, repeated sliding along the fibre-matrix interface

Fig. 7. FEG SEM micrographs of composites subjected to cyclic fati-

gue at 1350�C (cycles to failure=6�105 at �max ¼ 300 MPa), showing

locally strong bonding between the glassy phase within the mullite

matrix and the Saffil alumina fibre, causing (a) fibre failure and (b) the

arrest of matrix microcracks, owing to the absence of intimate contact

with the Saffil fibre (total cycles to failure is 6�105).

Fig. 8. (a) FEG SEM micrograph, showing fibre-bridging in a sample

subjected to cyclic fatigue at 1350�C (after 6�105 cycles) and (b) bright

field TEM micrograph, showing the extensive damage of the interface

between the mullite matrix and the Saffil alumina fibre which occurs at

1350�C.
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caused wear in this region, resulting in extensive inter-
face damage, as shown in Fig. 8(b).

4. Conclusion

The state-of-damage in Saffil alumina fibre-reinforced
RBM CMCs subjected to cyclic fatigue was investigated
by means of acoustic emission (AE) monitoring and
dynamic forced resonance (FR) techniques. FR measure-
ments showed that after 106 cycles, the Young’s modulus
decreased by 7%, whereas the internal friction increased
by 350%, indicating the higher sensitivity of Q�1 to
microstructural damage. The sharp increase in Q�1 after
4�105 cycles is evidence for the development of significant
microstructural damage, such as matrix cracking and
delamination, resulting in the creation of new internal
surfaces within the composite. The TEM and HRSEM
results showed that the occurrence of locally strong
bonding between the mullite matrix and the Saffil alu-
mina fibre (caused by regions of glassy phase within the
mullite matrix) is what determined the fatigue perfor-
mance of the composite at 1350�C. Regions with a
glassy phase failed catastrophically as a result of fibre
fracture, whereas the absence of intimate contact
between the mullite matrix and the Saffil fibres resulted
in crack arrest. A longer fatigue life at room tempera-
ture corresponded to less fibre/matrix bonding and/or
greater fibre pull-out, while at 1350�C the converse was
apparent. According to the AE and FR results plus the
microstructural observations, it appears that the com-
posite cyclic fatigue damage evolution begins with mul-
tiple crack formation within the matrix and is followed
by delamination (interfacial failure). Final failure of the
composite most probably occurs by fibre fracture with
extensive cyclic sliding along the fibre/matrix interface.
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