
A

C
T
t
1
t
s
T
C
P

K

1

i
f
t
o
m
t
f
i
t
C

t
D

F

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 2783–2789

Frequency effects on fatigue behavior of Nextel720TM/alumina
at room temperature�

Shankar Mall a,∗, Joon-Mo Ahn a,b

a Department of Aeronautics and Astronautics, Air Force Institute of Technology, Wright-Patterson AFB,
OH 45433-7765, USA

b Technical Development Center, Agency for Defense Development, P.O. 35-5,
Yuseong, Taejeon 305-600, Republic of Korea

Received 8 January 2008; received in revised form 18 March 2008; accepted 4 April 2008
Available online 29 May 2008

bstract

ycling frequency effects on the fatigue behavior of an oxide/oxide ceramic matrix composite, Nextel720TM/alumina, were investigated.
ension–tension fatigue tests were conducted at three frequencies: 1, 100 and 900 Hz to establish stress versus cycles to failure (S–N) rela-

ionships. Cycles to failure at a stress level increased considerably with increase of the frequency from 100 to 900 Hz, but very little from 1 to
00 Hz. Fatigue behavior of Nextel720TM/alumina appeared to be a combination of cycle-dependent and time-dependent phenomena. Surface
emperature of specimens tested at 900 Hz increased considerably relative to that at 1 or 100 Hz (70 ◦C versus 5 ◦C increase). Damage mechanisms

howed an evidence of local fiber/matrix interfacial bonding developed during cycling due to frictional heating at the highest frequency of 900 Hz.
his was not observed at the two lower frequencies. This interfacial bonding may have caused an increase in fatigue life/strength of the tested
MC system at the highest frequency of 900 Hz.
ublished by Elsevier Ltd.
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. Introduction

Continuous ceramic fiber-reinforced ceramic matrix compos-
tes (CMCs) are currently receiving a good deal of attention
or long-term high-temperature applications in the next genera-
ion engines of aircrafts and spacecrafts due to the potential of
ffering increased high-temperature performance and environ-
ental stability relative to metallic materials.1–3 Since CMCs in

hese applications will be subjected to cyclic loading conditions,
atigue behavior needs to be characterized. Fatigue behavior

s influenced by the cyclic frequency besides many other fac-
ors/parameters. Fatigue behavior could become complex in
MCs relative to homogeneous materials due to the presence of

� The views expressed in this article are those of the authors and do not reflect
he official policy or position of the United States Air Force, Department of
efense, or the U.S. Government.
∗ Corresponding author at: AFIT/ENY, Building 640, 2950 Hobson Way, Air
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ber/matrix interface. Holmes and Shuler observed that cyclic
oad ranging from 1 to 85 Hz frequencies caused a tempera-
ure increase in woven C/SiC CMC with increasing frequency
ue to the relative motion at fiber–fiber and fiber–matrix inter-
aces, and a reduction in cycles to failure.4,5 A similar trend
as observed in Nicalon/CAS-II CMC when cycled from 25 to
5 Hz.6 Both of these CMCs had a relatively weak fiber/matrix
nterphase that caused extensive debonding between fiber–fiber
nd fiber–matrix interfaces during cyclic loading conditions. On
he other hand, a Nicalon/SiCON CMC system with a stronger
ber–matrix interface showed no difference between 1 and
00 Hz fatigue life data.7,8

When combined with temperature, cyclic frequency can have
much more complex role in the fatigue performance of CMCs.

n recent studies with woven C/SiC CMC, an increase in failure
ycles was observed at a stress level when frequency increased

rom 0.1 to 375 Hz at 550 ◦C.9 This trend was quite different at
oom temperature where cycles to failure decreased when fre-
uency increased from 40 to 375 Hz but remained almost the
ame below 40 Hz.10 Analysis of damage mechanisms showed

mailto:Shankar.Mall@afit.edu
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.005
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hat the oxidation of carbon fibers was a major difference
etween specimens tested at room and elevated temperatures.
his caused an opposite trend in fatigue life dependence on the
yclic frequency.

Recently, several damage-tolerant oxide/oxide CMCs,
ncluding Nextel720TM fibers reinforced alumina oxide matrix,
ave been studied for applications in high temperature
>1100 ◦C) environment.11–14 A summary of mechanical prop-
rties and damage mechanisms of porous-matrix CMCs is given
n a previous study.15 However, there is no previous investigation
nvolving the effects of high frequency on the fatigue behavior
f oxide/oxide CMCs as far as the authors are aware, which is
eeded with respect to their applications in aeroengines. This
tudy is a step in this direction and it involved the laboratory
oom temperature environment only.

. Experiments

.1. Materials and specimens

The oxide/oxide CMC, used in this study, was Nextel720TM/
lumina manufactured by COI Ceramics, San Diego, CA in a
orm of 2.8 mm thick plate. Composite composed of uncoated
extel 720 fibers (manufactured by 3M) in 8HSW, 0◦/90◦ woven

ayers, with a density of ∼2.78 g/cm3 and fiber volume frac-
ion of approximately 44%. Nextel720TM fiber is a meta-stable

ullite having the chemical composition of Al2O3: 85% (by
eight) and SiO2 of 15% (by weight). This mullite fabric pre-

orm was infiltrated with the matrix precursor of alumina by
sol–gel process. Nextel720TM/alumina CMC was made by a

acuum bag process under low pressure and low temperature
ollowed by a pressureless sintering technique. Representative
icrographs of the untested as-received material are shown in
ig. 1. Fig. 1(a) shows 0◦ and 90◦ fiber tows as well as numer-
us matrix cracks. These were shrinkage cracks formed during
rocessing due to mismatch of thermal expansion coefficient
etween matrix and fibers. Matrix porosity was ∼24% and such
orosity level makes the matrix sufficiently weak and the com-
osite damage tolerant. The porous nature of the matrix can be
een in Fig. 1(b).

The CMC plate was cut into dog bone-shaped specimens
sing a water jet. Test specimens for fatigue testing had thick-
ess, width and gage length of 2.8, 10.2 and 30 mm, respectively,
nd total length of 150 mm for 1 Hz tests, and 2.8, 6.4 and 20 mm
ith total length of 64 mm for 100 and 900 Hz tests. Speci-
ens for the monotonic tensile test had the same dimensions

s that of 1 Hz tests. Fracture surfaces of failed specimens were
old-coated and examined using a scanning electron microscope
SEM).

.2. Test details

All tests were conducted at room temperature in air under

mbient laboratory environment. Monotonic tension tests were
erformed under the stroke control mode with a constant dis-
lacement rate of 0.05 mm/s. Strain in the monotonic tension
ests was measured using an extensometer with 7.62 mm gage

l
l
d
c

ig. 1. Photomicrographs of cross-section of as-received Nextel720TM/alumina:
a) fibers and matrix cracks and (b) porous matrix.

ength. However, it could not be used during fatigue tests
ue to vibration and instability at cyclic frequency of 100 Hz
r higher. All test operations and data collection were com-
uter controlled. Fiberglass tabs were attached to the grip
ortion of each specimen to prevent sliding of the speci-
en.
Three cyclic frequencies were used: 1, 100 and 900 Hz.

atigue tests were run for the maximum of 105, 107 and 108

ycles at 1, 100 and 900 Hz, respectively, if the specimen did
ot fail. These were thus the run-out limits of the fatigue test in
his study. Fatigue tests at 1 Hz were conducted on a standard
ervo-hydraulic test machine. Fatigue tests at 100 and 900 Hz
ere conducted on a servo-hydraulic high-frequency fatigue

est machine ((25 kN, 1000 Hz High-Cycle/Frequency Fatigue
est System, MTS Corp.). All fatigue tests were run under the

oad control mode with a stress ratio (minimum load/maximum

oad) of 0.05. The temperature increase on the specimen surface
uring the fatigue test was monitored through an infrared (IR)
amera.10
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Fig. 2. Typical monotonic tensile stress–strain curve.

. Results and discussion

.1. Tension

A typical stress–strain curve from a monotonic tensile test
t room temperature is shown in Fig. 2. This shows initially
linear region up to about 60–70 MPa, which represents the

amage state before any appreciable amount of matrix crack
as developed. The latter region of stress–strain curve shows
slightly decreasing slope, which indicates further increase of
atrix cracks and internal flaws with increasing applied load.
he average ultimate tensile strength (UTS), tensile failure strain
nd Young’s modulus from three replicate tests were 145 MPa,
.25%, and 70 GPa, respectively.

.2. Fatigue
Applied maximum stress versus cycles to failure relation-
hips (S–N curves) of the tested Nextel720TM/alumina CMC for
hree frequencies of 1, 100 and 900 Hz are shown in Fig. 3. The

ig. 3. Stress vs. cycles to failure (S–N) relationships of Nextel720TM/alumina
t frequencies of 1, 100, and 900 Hz.
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verage ultimate tensile strength is also indicated in this figure.
ig. 3 shows that there is, in general, a frequency effect in the

ested composite. Cycles to failure at a stress level increased with
ncrease in the cyclic frequency from 1 to 900 Hz. For example,
ycles to failure at 1, 100 and 900 Hz were about 600, 6000 and
reater than 108 at the maximum stress of 120 MPa, respectively.
urther, it is to be noted that the slope of these S–N relationships

s decreasing with increase of cyclic frequency from 1 to 100 Hz.
n other words, the effect of frequency is diminishing at higher
tress levels, and it is almost negligible at stress levels greater
han ∼130 MPa between 1 and 100 Hz. On the other hand, the
atigue strengths at 107 cycles at 100 and 900 Hz are about 100
nd 125 MPa, respectively. Overall, data in Fig. 3 indicate that
ycles to failure increased considerable with increasing cyclic
requency from 100 to 900 Hz, but not much between 1 and
00 Hz.

Frequency effects of the tested CMC system can be looked
nto also by plotting the test data as a function of failure time
i.e. S–T relationship) as shown in Fig. 4. If cycles to failure had
een totally independent of frequency (i.e. cycle dependent), the
hree lines in Fig. 4 should have been parallel and the distance
etween them would have been proportional to the difference
n applied frequency. This is not the case in the present system.
his again shows that cycling frequency had an effect on the

atigue life. In general, time to failure under fatigue condition
f Nextel720TM/alumina CMC system appears to increase with
ncreasing frequency from 1 to 900 Hz. Overall, if the results
rom Figs. 3 and 4 are considered together, the fatigue behavior
f Nextel720TM/alumina CMC system appears to be a combi-
ation of cycle-dependent and time-dependent phenomena.

For comparison, fatigue data of C/SiC CMC tested at 4, 40
nd 375 Hz from a previous study10 are plotted along with the
resent study’s data of Nextel720TM/alumina CMC in Fig. 5.
his comparison is shown after normalizing the applied max-
mum fatigue stress by the ultimate tensile strength of each
aterial. Fig. 5 shows the almost opposite trend of frequency on

ycles to failure, i.e. cycles to failure decreases with increasing
yclic frequency for C/SiC while it increases with increasing

ig. 4. Stress vs. time to failure (S–T) relationships of Nextel720TM/alumina at
requencies of 1, 100 and 900 Hz.
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was similar in all three frequencies. It shows a brushy appearance
of failure which is typical feature of brittle fracture commonly
seen with woven (fabric) ceramic matrix composites. How-
ever, there were differences in the damage mechanisms between
ig. 5. Normalized stress vs. cycles to failure relationships of
extel720TM/alumina at 1, 100, and 900 Hz and C/SiC tested at 4, 40

nd 375 Hz10 at room temperature.

yclic frequency for Nextel720TM/alumina. However, there are
ome differences, i.e. this effect is not present or relatively small
t the low frequencies.

Mechanisms responsible for the reduction in fatigue life due
o increase in frequency for C/SiC were investigated in the pre-
ious study.10 Specimen surface temperature increased during
atigue due to the internal heat generation from sliding fric-
ion between constituents of the composite. The increase was
irectly related to frequency. There was a difference in the inter-
acial damage of fibers between 4 or 40 and 375 Hz. There was
lear evidence of oxidation on fiber surfaces which occurred
uring fatigue at the highest frequency of 375 Hz which possi-
ly occurred due to the higher temperature inside the specimen.
his oxidation caused weakening of interfacial strength result-

ng in reduction of cycles to failure at 375 Hz. It should be
entioned that the increase in specimen surface temperature
as in the range 100–170 ◦C at 375 Hz while it was less than
0 ◦C at 4 or 40 Hz in the C/SiC CMC.10 Therefore, mech-
nisms for the frequency effects in the present CMC system,
extel720TM/alumina were investigated including the tempera-

ure change due to cyclic frequency. These are discussed next.

.3. Temperature

An increase in temperature of the specimen/component is
xpected when subjected to fatigue at high frequency. This is
specially true in materials with internal damage which can
e present initially or could develop during the application of
atigue load. Fig. 6 shows typical specimen surface temperature
hanges as a function of number of applied cycles for the three
est frequencies: 1, 100 and 900 Hz. There was an increase in
emperature on the specimen surface during the fatigue in the
resent CMC system, which has also been observed in other
MC systems in the previous studies.4,6,10 Increase in tem-

erature at 1 Hz with applied stress of 125 MPa and at 100 Hz
ith applied stress of 115 MPa was almost negligible (i.e. about
◦C) during the fatigue test. However, the surface temperature
t 900 Hz increased with accumulating fatigue cycles, and this
Fig. 6. Specimen surface temperature change vs. number of cycles.

ncrease was more than 70 ◦C before failure. The surface tem-
erature increase at 900 Hz for the two stress levels of 120 and
30 MPa show slightly different trends. The rate of temperature
ncrease at 130 MPa was faster than at 120 MPa, which indi-
ates that there was faster damage growth at higher stress level
s expected. In general, temperature increase in CMCs during
atigue is attributed to the internal friction caused by the rela-
ive motion between constituents of the composite.10 Since the
rictional heating in the composite is generally dependent on the
atrix crack density, and the number and length of debonded
ber/matrix interfaces, the present results of temperature evo-

ution suggest that the tested system had similar damage and
amage evolution during cycling at the two lower frequencies
f 1 and 100 Hz while it was different at the highest frequency
f 900 Hz.

.4. Damage mechanisms

Fig. 7 shows a typical fractured portion of specimen which
Fig. 7. Typical fractured specimen.
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Fig. 8. Photomicrographs of Nextel720TM/alumina at two frequencies: (a) matrix region for 1 Hz, (b) matrix region for 900 Hz, (c) fiber region for 1 Hz, (d) fiber
region for 900 Hz, (e) interface between fiber and matrix for 1 Hz and (f) interface between fiber and matrix for 900 Hz.
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pecimens tested at 900 Hz and 1 or 100 Hz at the micro-
copic levels in contrast to the macro-level, shown in Fig. 7.

icrophotographs of fractured surfaces for composites tested
t the lowest and highest frequencies, 1 and 900 Hz, are com-
ared in Fig. 8. Similar photomicrographs from 100 Hz tests
re not shown because they showed similar features to those of
Hz tests. Fig. 8 shows that there were distinctive microstruc-

ural features on the fracture surface, which can be attributed
o frequency effects. Fig. 8(a) and (b) shows a typical compari-
on between fracture surfaces in the matrix region of specimens
ested at 1 and 900 Hz, respectively. This comparison showed a
elatively smooth matrix region with little debris in the case of
Hz tests while 900 Hz tests showed relatively rough fracture

urfaces with more attached debris.
The present oxide/oxide CMC system had low fiber/matrix

nterfacial strength. This was obvious at the low frequencies
f 1 or 100 Hz as shown in Fig. 8(a). This is also evident on
he fibers which were separated from the matrix as shown in
ig. 8(c). Fibers from specimen tested at the low frequencies
f 1 and 100 Hz had relatively smooth surface and they were
eparated individually in clean manner, Fig. 8(c). On the other
and, fiber surfaces were relatively rough with attached matrix
ebris in the case of the high frequency of 900 Hz, Fig. 8(d).
herefore, some mechanism responsible for the enhancement
f fatigue life/strength at high frequency possibly developed
uring the cycling in this case. Fig. 8(e) and (f) shows pho-
omicrographs of the fiber/matrix region where fiber and matrix
re still together from specimens tested at 1 and 900 Hz, respec-
ively. The fiber in this region, in a specimen tested at the low
requency of 1 Hz, was relatively smooth and fibers and matrix
ere cleanly separated from each other. These are typical fea-

ures of a weak fiber/matrix interface. On the other hand, this
egion in high frequency samples showed some local bonding of
he fiber/matrix interface. This suggests that interfacial bonding
trength was greater in the high frequency samples than in the
ower frequencies tests of 1 and 100 Hz. This bonding between

atrix and fiber must have developed during cycling at the high
requency of 900 Hz.

One possible explanation for these aforementioned differ-
nces (i.e. rougher fiber and matrix surfaces along with some
ocal fiber/matrix interfacial bonding in 900 Hz samples) is that
here was relatively faster internal sliding between fibers and

atrix or among fibers at 900 Hz, which was also evident from
he surface temperature measurements. This could have gen-
rated much higher temperature inside the material especially
n the sliding contact regions at 900 Hz. Halbig et al. have
uggested that microcracks in C/SiC CMC system could gen-
rate internal temperature close to 1100 ◦C due to the internal
riction.16 The intense local increase in temperature possibly
aused some reaction in the fiber/matrix interfacial region. Wan-
aparhun et al. have reported a possibility of interfacial reaction
f a Nextel720TM/alumina composite in water vapor at 1100 ◦C
sing X-ray photoelectron spectroscopy.17
To investigate the possibility of an interfacial phenomenon,
he Nextel720TM/alumina composite was also tested at 1200 ◦C
t a frequency of 1 Hz and compared with the samples tested
t room temperature with the same frequency. Fig. 9 shows the

c

ig. 9. Photomicrographs of Nextel720TM/alumina tested at 1200 ◦C and 1 Hz:
a) fracture surface and (b) fiber region.

racture surfaces of the composite tested at 1200 ◦C. This figure
gain shows a relatively rough fracture surface in both matrix and
ber regions with more attached debris, similar features to those
een in 900 Hz tests at room temperature, Fig. 8(b), (d) and (f).
n addition, several fiber surfaces in specimens tested at 1200 ◦C
lso showed local bonding due to some reaction between matrix
nd fibers at the elevated temperature, Fig. 9(b), a similar feature
resent in 900 Hz tests at room temperature. It is also interesting
o note that the fatigue run-out limit for 105 cycles at 1200 ◦C
nd 1 Hz was about 78% of the ultimate tensile strength, which
as greater than its counterpart at room temperature (∼72%).
hus it appears that high cyclic frequency and high temperature
ave similar effects in the Nextel720TM/alumina.

Thus damage and failure mechanisms in the Nextel720TM/
lumina CMC system with weak interface under cycling loading
onditions as affected by frequency can be summarized as
I. In the initial stage: when the composite was subjected
to fatigue, at low or high frequency, fibers were easily
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separated from matrix and sliding between fibers and matrix
as well among fibers at their interface occurred.

II. In the intermediate stage: in 900 Hz tests frictional temper-
ature rise accelerated causing interfacial reaction between
fiber and alumina matrix leading to local bonding. As a
result, damage progression was inhibited/decelerated tem-
porarily or for some period causing the enhancement of
fatigue life/strength. This intermediate stage occurred above
a certain temperature which was attained in the 900 Hz
tests. This did not happen at the two lower frequencies
of 1 and 100 Hz in the present study. Further, the increase
in the fiber/matrix interfacial strength due to local reac-
tion between fibers and matrix at 900 Hz was insufficient
to cause any embrittlement which could have resulted in
a reduction of fatigue life/strength with planar fracture
surfaces.18

II. In the final stage: bundles of fiber initially failed and then
eventually the composite failed irrespective of low or high
cyclic frequency, and this failure was of typical brittle nature
as commonly seen in CMCs.

. Conclusions

The influence of cycling frequency on the tension–tension
atigue behavior of Nextel720TM/alumina, an oxide/oxide CMC,
as investigated at room temperature by conducting tests at 1,
00 and 900 Hz. The fatigue life of the composite increased
ignificantly with increase of frequency from 100 to 900 Hz.
n the other hand there was relatively very little increase in the

atigue life with increase in cyclic frequency from 1 to 100 Hz at
ower stress levels and practically none at higher stress levels (i.e.
reater than 130 MPa). The surface temperature of specimens
ncreased by about 70 ◦C at the highest frequency of 900 Hz,
ut only slightly (∼5 ◦C) at the two lower frequencies of 1 and
00 Hz.

The possible cause of the increase in fatigue life/strength
t the highest frequency was explored by analyzing the failure
nd damage mechanisms, and by comparing fatigue behav-
or at room and elevated (1200 ◦C) temperatures at a low
requency. There was no difference in the failure and dam-
ge mechanisms with the change of frequency from 1 to
00 Hz. However, there was development of fiber/matrix inter-
acial strength due to local bonding from the frictional heating
uring fatigue at the high frequency of 900 Hz. This interfa-
ial strengthening phenomenon was similar to that observed

n specimens tested at 1200 ◦C. This suggests that interfacial
eaction between matrix and fibers due to frictional heating
ay have inhibited/decelerated the damage progression tem-

orarily leading to an increase in the fatigue life/strength of

1

Ceramic Society 28 (2008) 2783–2789 2789

extel720TM/alumina CMC system at the highest frequency of
00 Hz.
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