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Acoustic fatigue in aircraft is typically characterized by random, high-frequency excitation that results in fully
reversed bending in panels. Because of the expense of testing panels inan acoustic environment, traditionalmethods
have � rst tested small cantilevered coupons on electrodynamic shakers to determine the strain vs number of cycles
to failurebehavior. A numberofvariableshavebeen studied to providefailurecriteria for thespecimens. Developing
criteria are examined for a relatively new class of materials, ceramic matrix composites, which are characterized
by having a brittle matrix, which has a stiffness that is a signi� cant fraction of the � ber value. Also discussed are
experimental techniques that reduce the scatter associated with such data.

Introduction

A COUSTIC fatigue research has predicted the fatigue life of
aircraft designs for the last several decades.1 Full-scale air-

craft structures and components have been studied analytically and
experimentally in reverberantrooms and acousticprogressivewave
tubes (APWT). The simulated random acoustic loading generated
in these facilities is used to generate the endurancedata, closely re-
producingthe strain-timehistory found in service.2,3 However,with
the rising cost of acoustic testing, cantilevered beam and coupon
specimen testing on a vibration table has evolved.4 These vibra-
tion excitation methods are useful in developing stress vs cycles-
to-failure (S/N) curves and strain vs cycles-to-failure (e /N) curves
for new materials and structural con� gurations. Shakers have also
been used to test joining methods such as rivets, adhesive bonding,
and welding. One weakness of these tests is that the load condition
is one-dimensional whereas the stress in a panel is typically two
dimensional. The boundary condition at the clamp may also affect
the data because most panels will not have truly � xed edges. Thus,
corrections are still required to apply the beam data to predictions
of panel life.5

Vibration-induced fatigue has typically been detected by a de-
crease in fundamental frequencyof a cantileveredrectangular spec-
imen.The instantaneousbendingstressdistributionfor a rectangular
beam is shown in Fig. 1. The maximum and minimum stressesover
time occur at the top and bottom surfaces. The excitation origi-
nally used was a constant amplitude sine wave, but with the advent
of modern shaker controllers was changed to a random excitation.
Random excitation gives shorter fatigue lifetimes than sinusoidal
excitation at the same rms level. A number of analytical meth-
ods have been proposed to convert the results from sine tests to
equivalent random lifetimes. This is desirable because the random
results tend to agree better with data collected from panels and
aircraft in service. Unfortunately, from the standpoint of scientif-
ically studying the underlying micromechanics of damage accu-
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mulation, a random excitation is more dif� cult to use because the
input power spectral distribution is only known in an average (rms)
sense.

Althoughthe fatiguetestingof specimenssubjectto in-planeload-
ings has been widely used, there are many problems to be solved
when developing life prediction methods for specimens tested in
fully reversed bending. Traditional methods used to establish fail-
ure in isotropicmaterials such as metals did not provide an accurate
means of de� ning failure for new, high-temperaturecomposite ma-
terials. Also, unlike metals, ceramics do not yield plastically under
high loading, and they are usually highly susceptible to � aws. The
designer typically predicts the life of a part undergoing a variable
loadpro� le usingsomevariationofMiner’s rule,with allowancesfor
othereffectsthat are not presentduringcoupontesting.These effects
includemultimodaleffects,multidimensionalprincipalstresses,ox-
idation, environment, etc.

Resonant Frequency Effects
The fundamental frequency f of a rectangular cantilever iso-

tropic beam in a standard clamp is

f (Hz) = 11Ï E I / q AL 4 = 11hÏ E /12 q L4 (1)

where

E = Young’s modulus, psi
I = second moment of area with respect to the centroidal axis

as shown in Fig. (1)
q = density, lbm/in.3

A = area of the beam cross section
L = length of the beam, in.
h = depth of the beam, in.

The stress distribution for bending is linear with the maximum
stress occurring on the outer � bers of the beam and zero stress on
the neutral axis. Thus, if there are no � aws cracks will initiate on
the outer surface of the coupon. Once a crack initiates, it will grow
across and into the specimen at a rate that is dependenton the stress
distribution at the crack tip. Once a crack forms, Eq. (1) will only
be approximately correct but still indicates the variables that affect
the fundamental frequency. One oversimpli� ed way to estimate the
effect of crack depth on the frequency would be to use Eq. (1).
If the crack extends uniformly across the specimen, calculate the
fundamental frequencyusing the depth h at the crack location.Also
calculate a new density by holding the mass of the beam constant.
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The equivalent density would be q 2 = q 1(h1 / h2). Substituting into
Eq. (1) gives a formula for the fractional change in fundamental
frequency as

D f

f ( h1 /
p

q 1 ¡ h2 /
p

q 2

h1 /
p

q 1
) = 1 ¡ ( h2

h1 )
3
2

(2)

Thus, a crack that is 6.8% of the original depth of the couponwill
give a 10% decrease in the natural frequency using this simpli� ed
approach. This is a typical value of the decrease in fundamental
frequency de� ned as failure for metals. Cracks may occur on both
sides of the specimen, and so the actual crack depth on each side
could be half this value, or 3.4%. For a specimen with an original
thicknessof 2.032 mm (0.08 in.) a crack depth of 3.4% corresponds
to 0.0691mm (0.0025in.). Note that this ignoreschangesin Young’s
modulus that may occur in a localized area on the outer � bers of the
coupon and that the actual crack is not of uniform depth across the
specimen. This simpli� ed analysis assumes the loss of stiffness is
proportionalonly to changes in the second moment of inertia.How-
ever, changes in modulus, for example, due to � ber breakage, could
also cause a drop in stiffness.Thus, using a decrease in frequency is
reasonably sensitive to damage in the specimen and provides an al-
ternativeto visual inspectionfor cracks. It has beenused extensively
and has become the standard method for establishing failure.

Currently there is no standardvalue to be used as the correct drop
in fundamental frequencyat which point one would indicate failure.
Values chosen by different researchers range between 2 and 10%
dependingon the material, but this can sometimes result in an order
of magnitudeof the de� ned fatigue life because the slope of the S/N
curve is typically very small. Note that the response to the random
input will always have � uctuations that may be as high as 2%, and
so some type of smoothing is needed. Figure 2 illustrates some
variations in the recorded data. To further complicate the problem,
it takesmany hoursof run time to accumulatehighcycles (>107). As
anexample, to accumulate108 cyclesona ceramicmatrix composite
(CMC) material specimen with a resonant frequency of 300 Hz, it
takes 93 h of run time. With these long run times it can take months
to develop a single (e /N ) curve. The inspections can also require a
great deal of time, especially for new materials where the methods
to determine crack initiation and the failure mechanisms are not
known and have not been developed.Thus, it is critical that correct
failure criteria be used for development of ( e /N ) curves for CMC
materials such as BlackglasTM .

Fig. 1 Rectangular beam specimen and instantaneous bending stress
distribution.

Fig. 2 Curves of 2, 3, and 5% for ceramic matrix composite coupons
at room temperature.

CMC Fatigue Curve Development
Single rectangularcantileveredbeam couponswere used initially

in these fatigue tests. The testing arrangement for these earlier tests
with the rectangular clamping of the beam is shown in Fig. 3. The
beam was mounted on the shaker head with the motion perpen-
dicular to the beam. These beam specimens require rigid clamping
devices to provide the necessary bending moment at the clamped
boundary. The clamping devices should also have suf� cient stiff-
ness to make the torsional and � xture resonant frequencies higher
than the coupon bending resonant frequencies of interest. A more
detailed description of the test coupons and the test setup is found
in Ref. 6. The input excitation bandwidth was centered around the
fundamental frequency of the beam. It was wide enough to include
changes in the frequency while damage accumulated. Early data
obtained for CMC materials were very limited and based on failure
criteria used for metals. The cycles to failure were determined from
the product of the time to failure and the resonant frequency. Fail-
ure was determined by a sharp downward change in the resonant
frequency of the CMC cantilevered beams.

The resonant frequency in testing composite coupons usually
shows as a small reduction during the initial fatigue test. The time
required for this to take place is referred to as settling time. This is
usually followed by a time when the frequency is constant or drops
slowly.The frequencyused in calculatingthecycleswas the reduced
frequency immediately after the settling time. A sharp reduction in
frequency usually follows after some time has elapsed, indicating
crack initiation and some crack propagation. The time it takes for
the small reduction in frequency is usually short and does not affect
the time to failure signi� cantly. When it is not short, the change in
frequency method is not as accurate.

A typical method of de� ning failure in metals is to determine the
time for a sharp resonant frequencyreduction.A shift of about 10%
is generally used. At this time the crack had initiated and started
to propagate. The cracks were usually large enough to see without
magni� cation and enhancement. The failure times for the CMC
coupons were determined from a plot of percent frequency shift vs
cycles to failure (F /N ) as shown in Fig. 4. The entire time recordcan

Fig. 3 Test setup using a conventional clamp.

Fig. 4 Typical F/N curve.
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Fig. 5 Compilation of six F/N curves developed from typical CMC specimens.

be plotted on a log scale that compresses the time record. Figure 5
shows a compilation of six different F /N curves developed from
CMC specimens. All six specimens are CMC specimens; however,
their resulting F /N curves vary dramatically. The time to failure
for the top left F /N curve is clear. The resonant frequency fell off
very quickly, indicating that crack initiation and some propagation
had taken place. The time to failure is not clear for the remaining
samples shown in Fig. 5. The settling time and the quick falloff of
resonant frequency was not apparent. Both the reduced frequency
and the time to failure were unclear.Visual inspectionsof the metal
coupons tested in the past usually determined that a crack found
in the material was long enough to be found without magni� cation
when a 10% reduction in the resonant frequency was reached. A
( e /N ) curve using a percent shift in frequency was developed for
a CMC sample using a 2, 3, and 5% shift in the starting resonant
frequency. The starting frequency was the reduced frequency after
the settling point. This is the traditional way of establishing the
time to failure in metals. As can be seen in Fig. 2, a slight change
in the percent shift in frequency used to de� ne failure results in a
very different fatigue life. The slopes of the (e /N ) curves are small
compared with those obtained for aluminum and titanium alloys.
This means that much smaller changes in the rms strain result in a
much larger change in the cycles to failure.

Damage Detection
Visual inspections of the metal coupons usually determined that

a crack found in the material was long enough to be found without
magni� cation and that a 10% reduction in the resonant frequency
was reached. Failure in the CMC coupons was determined by the
change in resonant frequencylong before a crack could be observed
visually. Cracks in most of the test specimens were not completely
across the beam. The beams were fractured with a small pressure

applied by hand. The fractured surfaces were jagged. Micrographs
of fractured surfaces were taken and will be discussed in detail in
the next section. The edges of the beam were examined after each
inspectioninterval for cracking.This was carried out to determine if
the crack initiatedat the edgeof the beam; however, a visual inspec-
tion was unable to determine this. The type of failure or mode of
failure should be consistent to produce accurate lifetime prediction
techniques.

In the case of composites, de� ning failure is not as straightfor-
ward as it is with isotropicmaterials. There is a much broader range
in the material responseas it comes from the manufacturer,and this
leads to more scatter in the data. Another problem with composites
is that edge defects from cutting and moisture adsorptioncan cause
premature failure. The composite modulus depends on the volume
fractionof the � bers, the magnitudesof the matrix and � ber moduli,
� ber orientation, and manufacturing � aws such as voids or cracks.
For ceramic matrix composites there are often microcracks from
the manufacturing process. The � ber is often coated with a lower
strengthmaterial to provide � ber slippage to improve toughness,al-
though this will decrease the strength.Current studies are underway
to look at the crack structure,damping, and changes in the torsional
fundamentalfrequencyas damage accumulates.Using a � xture that
holds four specimens simultaneouslywill do this. This should pro-
vide an indicator on the scatter to be found in the material. Also,
by removing individual specimens at set intervals for evaluation,
damage accumulation can be investigated.

CMC Fatigue Curve Interpretation
As was mentioned earlier, the number of cycles to failure is de-

termined from a plot of fundamental frequency as a function of the
number of applied cycles at a given rms strain level. With compos-
ites, however, the point of failure is more dif� cult to characterize
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Fig. 6 De� ning a failure point from an F/N curve.

from this plot. This results in a large amount of scatter in the data
aroundthe derived S/N curve.This paperwill discusssome possible
ways to interpret the F /N curve and reduce scatter.

One possible technique to interpret the F /N curve is to calculate
the coef� cient of determination r 2 value of curve � ts to e /N data
using the assumed standard power law behavior, using different
values of frequency decrease to de� ne failure. The curve � t with
an r 2 value closest to 1 shows the least scatter in the data and,
thus, that frequency reduction would be used. The problem with
this approach is that it assumes that a power law with constant
coef� cientsdescribesthebehavior.It is knownthat low-cyclefatigue
will show different values for the curve � t parameters than those
typically found in high-cycle fatigue, and so this may be forcing
a form to the data that is inappropriate. It also does not address
the problem of the visual interpretation that is used to decide when
the settlingperiod has ended. Two other possibleways to reduce the
data to remove some of the visual interpretation of the F /N curve
are presented next.

The second method, which is shown in Fig. 6, would be to de� ne
the failure point to occur at the intersectionof two straight lines.The
� rst line A is constructed to be tangent to the curve in the midphase,
that is, after the settling period has appeared to have � nished and
before the sharp decrease that signi� es failure. The second curve B
is tangentat a pointwhere the fundamentalfrequencyhas decreased
bya set amountfromits highestvalue.This methodhasan advantage
of simplicity, and it should give relatively consistent results when
used by different people, although it is still somewhat dependenton
the judgment of the individual. It is also dependent on where lines
A and B are drawn.

The third method calculates the curvature of a smoothed line
throughthe data pointsand then uses the pointwhere the normalized
curvaturestarts its � nal monotonic increaseas failure initiation.The
curvatureis the reciprocalof the radiusof curvatureof a givenline. A
small radius of curvature results in a large curvature.Thus, data that
are � at have a curvatureof zero, and the region where a large drop is
found has a large curvature.This method is similar to looking at the
second derivativebecause for the � at region there is little difference
between the curvature and the second derivative. Two quantities
were studied, the curvature and the rate of change of the curvature.
The advantageof this method is that the informationduring the early
part of the test, that is, the settling period, is not needed to de� ne
the failure criteria.

The curvature K (x) in a line y = f (x) is given mathematicallyas

K (x) =
j f 0 0 (x) j

[1 + ( f 0 (x))2]
3
2

(3)

where f 0 (x) and f 0 0 (x) are the � rst and second derivatives.The rate
of change of the curvature is the � rst derivative or the slope of the
curvature and is

K 0 (x) =
(1 + ( f 0 (x))2) f 0 0 0 (x) ¡ 3 f 0 (x)( f 0 0 (x))2

[1 + ( f 0 (x))2]
5
2

(4)

An example is a sixth-order polynomial � t using the least-squares
method. This resulted in a curve � t of the form

f (x) =
6

î = 0

ai x
i (5)

Fig. 7 Normalized curvature and normalized frequency for a CMC
coupon.

where ai are the constants determined from the data.
The derivatives are given by

f 0 (x) =
6

î = 1

iai x
i ¡ 1 , f 0 0 (x) =

6

î = 2

i (i ¡ 1)ai x
i ¡ 2

f 0 0 0 (x) =
6

î = 3

i (i ¡ 1)(i ¡ 2)ai x
i ¡ 3 (6)

The curvature and its slope were normalized by dividing by the
maximum value of each quantity. This always occurred at the end
of each data set. This is inconsistent in that some of the runs had
data with a much largerpercentdecreasein frequencythan others.A
decision would have to be made whether to use a settling period or
the initial frequency,but it is expected the resultwould be somewhat
insensitive to either one. A study is underway to see which method
will give the least scatter in the (e /N ) curve. Also scaled for study
was the number of cycles. This was done by using the number of
cycles to failure as determined by the curvature or curvature slope
as the reference value. Figure 7 illustrates the absolute value of the
normalizedcurvatureand normalizedfrequencyresponseof a CMC
specimen. As can be seen, the largest curvature occurs during the
initial settling period and at failure. N 10% is the number of cycles
that result in a 10% decrease in fundamental frequency.

The design of the � xture can signi� cantly affect the time to fail-
ure. If inspections are planned that require the removal of the test
specimen from its � xture, then the � xture should be designed so
that the specimens can be easily removed. A considerable amount
of time can be saved if failure can be determined without removing
the test specimen.Also, the method to determine failure in compos-
ite coupons needs to be automated to save time and to eliminate the
human judgment factors.

When developing( e /N ) curves for metals, the beams are clamped
at one end with the clamp perpendicularto the long axis of the spec-
imen. If this type of � xture is used for CMC specimens there is
concern about edge effects causing premature and unrealistic fail-
ures. It is dif� cult, if not impossible, to cut CMC materials without
causing any damage to the edges of the specimens. New clamping
devices are planned for future tests to add to the accuracy of fail-
ure criteria. One clamping device that has recently been used is the
half-sine clamp. This clamp is shaped like a half-sine wave and in-
duceshigh stress concentrationsinto the centerof the test specimen.
This clamp can be seen in Fig. 8. It looks as if this clamp would
cause premature failure of specimensdue to the induced stress con-
centration at the tip. When testing two different types of CMCs
the half-sine clamp showed an increase in life of 10 and 100 times
over a conventional clamp. This provides a good example as to the
damage induced into the edge of the CMCs when they are cut into
specimens.6 Other methods are planned to detect the time of early
damage. One method uses thermography to determine the temper-
ature distribution that is related to the strain energy on the coupon
surface.Another method uses an infrareddifferential thermography
system to measure surface strain. This system has the capability
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Fig. 8 Half-sine clamp.

Fig. 9 Crack initiation at center of Blackglas coupon.

Fig. 10 Crack initiation at edge of Blackglas coupon.

to measure principal stresses of coupons and structures being ex-
cited with a sinusoidal input. It works based on the principal that
materials heat up or cool down when they are loaded in tension or
compression.Both methods are discussed in greater detail in Ref. 6.
The liquid nitrogen cooled thermography system has a resolution
of 0.001 K. A crack that was initiated in the center of the Black-
glas coupon at the tip of the clamp is shown in Fig. 9. The crack
started near the tip of the half-sine wave clamp and extended across
the width of the coupon.Figure 10 shows a Blackglas coupon being
tested in a half-sineclamp that failed due to edge effects.This shows
the amount of damage that can be induced into a specimen when
cutting it. Even with the high stress concentration at the tip of the
clamp, for some specimens the edge effects still cause premature
failure of the CMCs.

A � xture that holds four specimens was built to speed up the
process of testing and also to allow damage accumulation to be
studied by microscopic means. This is not a new idea; in the past,
multiple specimens were loaded, and the number of cycles carried
out until half the specimens failed was used as the life for the given

strain. The tests with the four specimens were not completed at the
time this paper was written. It is hoped that it will allow data to
be collected that can be used in micromechanical models. It also
allows a means of estimating the variability in the material because
all coupons are seeing the same load.

Failure can also be detectedby an increase in the structuraldamp-
ing. Increased damping is expected between damage initiation and
crack propagation. Damping measurements were taken before the
fatigue tests and during the fatigue tests of Blackglas. The transfer
functionwas determinedby dividing the vibrometer signal response
by the accelerometersignal.The percentdamping was measured us-
ing the one-halfpowerpointmethodon the transfer functions.Many
of the damping measurements more than doubled as the fatigue
crack initiated and progressed across the coupon. In some cases,
the damping measurements actually decreasedwith more test time;
however, failure could not be established reliably by a steady in-
crease in structural damping.

Fracture Analysis of Failed Specimens
An additional part of understanding when failure occurs in

CMCs involves the investigationof crack initiationand propagation
through the use of both destructive and nondestructive techniques
such as examination using a microscope and a scanning electron
microscope (SEM). The specimens examined were failed under
fully reversed bending, while being dynamically loaded, using a
half-sine clamp. Damage being investigated includes microcrack-
ing in the matrix and interface, interfacial debonding, � ber break-
age, and delaminations.Two specimens were examined using these
and additional techniques. The � rst specimen (#10) was examined
in the SEM. Micrographs showed considerable debonding at the
� ber/matrix interface and scattered � ber pullouts. This damage can
be seen in Figs. 11 and 12. The majority of the damage is formed
by coalescenceof � ber/matrix interfacedebonds.Horizontal cracks
(intra- or interlaminar) were also observed in the central region

Fig. 11 Micrograph of � ber pullout and interfacial debonding.

Fig. 12 Micrograph of � ber pullout and interfacial debonding.
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where the neutral axis is located. This can be seen in Fig. 12. As
expected, the � ber fracture surfaces indicated a dominant tensile
failure mode.

Conclusions
The problems associated with generating ceramic matrix com-

posite fatigue curves with cantileveredbeam coupons require much
more accuracy than those used for metal structures. The time to
failure for the Blackglas coupons was determined from the 3% fre-
quency vs cycle to failure curve. This was because the 3% curve
fell between the 2 and 5% curves. Using the eyeball method, it was
a good average of all of the data. The 3% change in the frequency
response was used to determine failure time for Blackglas as op-
posed to the 10% shift typicallyused for metals. The material itself,
the manufacturing quality, design of the beam, and design of the
clamping devices affect the time to failure. Inspection techniques
can also indirectly affect the time to failure in composite coupons
due to subjectivejudgementsrequiredto determinefailure;however,
infrared and differential thermography systems provide promising
inspection methods. Structural damping measurements were taken
before the fatigue and during the fatigue tests. The damping mea-

surements did not improve the time to failure accuracy.The method
to determine failure in composite coupons needs to be automated to
save time and to eliminate the human judgment factors.
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