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In recent years, ultrasonic methods have been developed that can measure the mechanical stiffness of
composites. The Lamb wave velocity is directly related to the material parameters, so an effective method
exists to ascertain the stiffness of composites by measuring the velocity of these waves. In this study, a
Lamb wave measurement system was used to measure the bending and out-of-plane stiffness coefficients
of thermoset composite laminates undergoing thermal-mechanical loading. A series of 16 ply and 32 ply
composite laminates were subjected to thermal-mechanical fatigue (TMF) in load frames equipped with
special environmental chambers. The composite system studied was a graphite fiber-reinforced bismale-
imide thermoset, IM7/5260. The samples were subjected to both high and low temperature profiles as
well as high-strain and low-strain profiles. The bending and out-of-plane stiffnesses for composite sam-
ples that have undergone over 6000 cycles of combined thermal and mechanical fatigue are reported. The
Lamb wave generated elastic stiffness results have shown decreases of up to 64% at 4706 cycles for sam-
ples subjected to TMF at high temperatures and less than a 10% decrease at over 6000 cycles for samples
subjected to TMF at low temperatures.

1. Introduction

Composite materials are being widely used today by aero-
space, automotive, and a number of other commercial indus-
tries because of their advantages over conventional metals.
They have a high strength-to-weight ratio and can be con-
structed to meet specific design needs. Composites that will be
used in the next generation of aerospace structures will be re-
quired to operate under severe thermal and mechanical loading
environments. Subjecting these materials to such conditions
can cause reductions in their load carrying capabilities, which
could compromise safety. With this in mind, considerable at-
tention has been given to understanding how composites re-
spond to various forms of damage.

One degradation mechanism in composites that has re-
ceived much consideration is mechanical fatigue. O’Brien et al.
(Ref 1) and Charewicz and Daniel (Ref 2) have examined the
fatigue behavior of laminates and proposed lifetime prediction
models based on fatigue factors such as increased matrix crack-
ing, delamination growth, and stiffness loss. Ogin et al. (Ref 3,
4) and Lim and Hong (Ref 5) have modeled the stiffness reduc-
tion in composites due to the effects of matrix cracking. Laws
and Dvorak (Ref 6) have investigated the progression of matrix
cracking as well as stiffness loss due to transverse cracking.

In addition to fatigue, thermal degradation of composites
has also received much attention. Street et al. (Ref 7) investi-
gated the response of AS/3501-6 composites to elevated tem-
peratures by measuring interlaminar fracture toughness,

interlaminar shear strength, and hardness. Deterioration of the
matrix was found to be the primary degradation mechanism.
Herakovich and Hyer (Ref 8) measured the crack density as a
function of cycles for thermally cycled graphite/epoxy com-
posites. The main cause of material degradation was found to
be transverse matrix cracking. Henaff-Gardin et al. (Ref 9)
used x-ray radiography to observe cracking in T300/914 com-
posites that were subjected to cyclic thermal loading. The crack
density was observed to increase with the number of thermal
cycles. Tao et al. (Ref 10) measured interlaminar shear strength
and fracture toughness in an effort to monitor the effects of
thermal as well as thermal and mechanical fatigue in IM7/K3B
laminates. Both measurement methods were found to yield
similar results.

Under general thermal-mechanical loading, both fatigue
damage and thermal degradation of composites can occur. With
the increased use of advanced materials in aerospace vehicles,
techniques are required to nondestructively evaluate the struc-
tural integrity of composites that are subjected to thermal-me-
chanical fatigue (TMF). Among the various techniques
available, ultrasonic Lamb waves offer a useful method of
evaluating these composite materials. Studies have been con-
ducted that show a reduction in Lamb wave velocity due to a
loss of stiffness caused by matrix cracking (Ref 11-14). Inver-
sion techniques have even been used by Karim et al. (Ref 15)
and Mal et al. (Ref 16) to determine the material parameters of
composites from experimental Lamb wave data. Recently, Shih
et al. (Ref 17) have used Lamb wave measurements to deter-
mine stiffness constants in fatigued composites.

Although studies have been conducted using Lamb waves to
examine fatigue damage (Ref 11-14, 17), few studies that use
ultrasonic nondestructive evaluation (NDE) techniques to
monitor either thermal degradation or TMF in polymer matrix
composites have been done. However, ultrasonic Lamb waves
have been shown by Seale et al. (Ref 11) and Bar-Cohen et al.
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(Ref 18) to be an effective method for characterizing thermal
damage in AS4/977-3 and AS4/3501-6 composites, respec-
tively. This study explores the use of Lamb waves to monitor
the effects of TMF in thermoset composite specimens. A Lamb
wave scanning system was used to measure stiffness values on
thermal-mechanically fatigued composites. The results for
samples that have been subjected to over 6000 TMF cycles are
discussed.

2. Samples and TMF Process

The composite material studied was a graphite fiber rein-
forced bismaleimide thermoset, IM7/5260. The 122 by 30.5 cm
samples were manufactured with 16 and 32 plies and had stack-
ing sequences of [45/0/–45/90]2S and [45/0/–45/90]4S, respec-
tively, and nominal thicknesses of 0.248 and 0.483 cm,
respectively. The samples were subjected to TMF in either 98
or 222 kN (22 or 50 kip) capacity load frames equipped with
environmental chambers that had a usable temperature
range of –54 to +344 °C. The chamber dimensions were 40 cm
wide by 67 cm tall by 40 cm deep, and the grips for the load

frames were located outside of the chambers. The upper and
lower portions of the samples remained outside of the cham-
bers, so only the middle 67 cm sections along the length of the
samples were exposed to thermal extremes.

Each TMF cycle lasted for 255 min. The profile used for this
study is shown in Fig. 1. Since both high and low strain profiles
as well as high-temperature and low-temperature profiles were
used for the various samples, the units for strain and tempera-
ture have been omitted from the figure. The load was applied in
the 0° direction (along the length of the specimens). The strain
levels for the low-strain profiles ranged from 0 to 2000 µε with
a strain at or above 1040 µε for 180 min. The strain levels for
the high-strain profiles ranged from 0 to 3000 µε with a strain
at or above 1560 µε for 180 min. The temperature extremes for
the high-temperature cycling were chosen to be –18 and +177
°C with a sustained temperature of +177 °C for 180 min. The
temperature extremes for the low-temperature cycling were
chosen to be –18 and +135 °C with a sustained temperature of
+135 °C for 180 min. The 16 ply samples were subjected to
low-strain levels and both high-temperature and low-tempera-
ture profiles. The 32 ply samples were exposed to low-tempera-
ture and high-strain profiles only.

3. Lamb Waves and Laminated Plate Theory

The Lamb wave dispersion curve for the samples used in
this study is shown (Fig. 2). As can be seen from the figure, two
classes of Lamb mode solutions exist. The modes are defined as
symmetric, Sn, or antisymmetric, An, based on the symmetry of
the displacement of the plate with respect to the midplane. At
frequencies below 500 kHz, only the lowest order symmetric
mode, S0, and lowest order antisymmetric mode, A0, propagate.
In this region, the S0 or extensional plate mode is almost non-
dispersive, and the A0 or flexural plate mode is highly disper-
sive. Also, the flexural mode velocity approaches zero as the
frequency approaches zero. At higher frequencies, additional
modes begin to propagate. This study investigates solutions for
the flexural mode.

Consider a unidirectional lamina to be under a condition of
plane stress. With the x-axis defined as in the fiber direction, the
y-axis transverse to the fibers, and the z-axis being out of the
plane of the plate, the stress-strain relationship along the mate-
rial axes is given by the following:
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(Eq 1)

where abbreviated subscript notation has been used. The sub-
scripts 1, 2, 4, 5, and 6 represent the xx, yy, yz, xz, and xy com-
ponents, respectively. The normal and shear stresses are given
by σ and τ, respectively, and the normal and shear strains are
given by ε and γ, respectively. The Qij for i, j = 1, 2, 6 are the plane-
stress stiffness components, and for i, j = 4, 5 they represent the

Fig. 1 Thermal-mechanical fatigue profile

Fig. 2 Lamb wave dispersion curve for composite samples.
The symmetric modes are indicated by open circles, and the anti-
symmetric modes are indicated by solid circles.

430Volume 8(4) August 1999 Journal of Materials Engineering and Performance



shear stiffness components. The bending stiffnesses, Dij, and
the out-of-plane stiffnesses, Ajj, are obtained by integrating the
Qij through the thickness of the plate. For each lamina, the Qij
must be rotated according to the orientation of each ply with re-
spect to the wave propagation direction. The bending and out-
of-plane stiffnesses are defined as the following (Ref 19):

Dij  = ∫  
−h/2

h/2
(Qij

′ )k z
2 dz    i,j  = 1, 2, 6 (Eq 2)

and

Ajj  = kj
2 ∫  

−h/2

h/2
(Qjj

′ )k dz    j = 4, 5 (Eq 3)

where the subscript k represents each layer in the laminate, kj is
a shear correction factor, and h is the total thickness of the plate.
The Qij

′  are the transformed stiffness coefficients, which take
into account the ply orientation.

For waves propagating in the 0° direction in a symmetric
quasi-isotropic plate, the dispersion relation for the flexural
mode is given by the following (Ref 19):

(D11k
2 + A55 − Iω2)(D66k

2 + A44 − Iω2)(A55k
2 − ρ∗ω2)

 − (D16k
2)2(A55k

2 − ρ∗ω2) − (A55k)2(D66k
2 + A44 − Iω2) = 0

(Eq 4)

For waves propagating in the 90° direction, the relation is the
following (Ref 19):

(D22k
2 + A44 − Iω2)(D66k

2 + A55 − Iω2)(A44k
2 − ρ∗ω2)

 − (D16k
2)2(A44k

2 − ρ∗ω2) − (A44k)2(D66k
2 + A55 − Iω2) = 0

(Eq 5)

In the equations, ω is the angular frequency and k is the wave
number. I and ρ* are defined as the following (Ref 20):

I = ∫  
−h/2

h/2
ρdz (Eq 6)

and

ρ∗ = ∫  
−h/2

h/2
ρz2dz (Eq 7)

where ρ is the density and h is the plate thickness. Although
multiple roots exist for the dispersion relations, only the roots
in Eq 4 and 5 that satisfy the condition that the velocity ap-
proaches zero as the frequency approaches zero are the ones
corresponding to the flexural plate mode (Fig. 2). Once ω and k
are known, the velocity is found from the following:

v = 
ω
k

(Eq 8)

The Lamb wave dispersion curve is obtained by plotting the ve-
locity as a function of the frequency.

The effects of altering the A44, A55, D11, D16, and D66
stiffnesses on the flexural dispersion relation given by Eq 4 are
shown in Fig. 3. Decreasing the values of D16, D66, and A44 by
25% did not significantly alter the dispersion curve. The effects
of altering these three parameters is shown in Fig. 4. In Fig. 3,
it is observed that decreasing A55 by 25% alters the curve more
substantially than decreasing D11 by 25%.

Figure 4 shows a plot of the percent change in velocity as a
function of frequency for 25% reductions in each of the five stiff-
ness values. The stiffnesses D11 and A55 are the only constants
that change the velocity by more than 0.5%. Also, D11 has a
greater effect on the velocity at lower frequencies, and A55 con-
trols the behavior of the dispersion curve at higher frequencies.

Fig. 3 Flexural dispersion curves using full values of D11, D16,
D66, A44, and A55, with D11 reduced by 25%, and with A55 re-
duced by 25%. The curves with values of D16, D66, and A44 re-
duced by 25% could not be discerned from the curve constructed
using the full stiffness values.

Fig. 4 Plot of the percent reduction in velocity as a function of
frequency for a 25% decrease in each of the stiffness constants
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Since D11 and A55 are the only constants affecting the curve,
only these two parameters were adjusted to fit the experimental
data. The values of D16, D66, and A44 were fixed at the theoreti-
cal values obtained from Eq 2 and 3. The dispersion curve for
propagation in the 90° direction, given by Eq 5, is the same as
that shown in Fig. 3, except the constants controlling the behav-
ior are D22 and A44. For propagation in the 90° direction, the
values of D16, D66, and A55 do not affect the dispersion curve
and were held constant. Only the values of D22 and A44 were
used to fit the experimental data.

4. Lamb Wave Measurements

In this measurement, two transducers were used in a
pulse/receive arrangement to determine the velocity of the
flexural plate mode over a wide frequency range. The receiving

sensor was moved by small increments in order to assure that
the same peak in the waveform was followed over the total
separation distance. The velocity at each frequency was calcu-
lated from the known transducer separation and the measured
time-of-flight. Using this measurement system, the velocity
measurements have been shown to be accurate and repeatable
to within 1% resulting in reconstructed stiffness values repeat-
able to within 4% (Ref 21).

Once the velocity as a function of frequency was obtained,
the bending and out-of-plane shear stiffnesses were computed
from a reconstruction of the flexural dispersion curve that best
fit the data. The D11 and A55 stiffness matrix components were
determined from velocity measurements in the 0° direction,
and the values of D22 and A44 were obtained from measure-
ments in the 90° direction. A mechanical scanner was used to
move the sensors over the surface to map the time-of-flight, ve-
locity, and stiffness of the entire specimen. Access to only one
side of the material was required, and no couplants were re-
quired because the sensors are dry coupled to the surface of the
plate.

The Lamb wave scanning system was used to measure the
stiffness in the 0 and 90° directions on unfatigued specimens as
well as on samples subjected to TMF. The sensor separation
was varied from 2.75 to 4.75 cm in increments of 0.4 cm. An
eight-cycle Gaussian-enveloped sine wave was used to gener-
ate the signal, and the received signal was sampled at 25 MHz.
The frequency was swept in 10 kHz steps from 30 to 200 kHz,
and the velocity at each frequency was obtained. The thick-
nesses of the respective samples were given above, and the den-
sity, estimated from common values for polymer matrix
composites, was taken to be 1560 kg/m3. From the data for the
0° measurements, values for the out-of-plane shear stiffness,
A55, and bending stiffness, D11, were calculated by adjusting
these parameters in Eq 4 in order to produce the best fit to the
experimental velocity measurements. In a similar manner, the
stiffnesses A44 and D22 were obtained by adjusting these pa-
rameters in Eq 5 in order to produce the best fit to experimental
velocity measurements in the 90° direction.

Shown in Fig. 5 is the average of ten experimental velocity
measurements in the 0° direction for an unfatigued sample and
for one with 2353 cycles of TMF at low-strain levels and high-
temperature extremes. In the figure, error bars representing the
standard deviation in velocity at each frequency were on the or-
der of the size of the symbols. Also shown are the reconstructed
dispersion curves that were obtained by altering A55 and D11 to
best fit the experimental data. For the curves shown, the value
of A55 decreased by 34%, and the value of D11 increased by 2%
for the sample subjected to TMF as compared to the unfatigued
sample.

Shown in Fig. 6 is a micrograph of the edge of a sample sub-
jected to TMF that shows matrix cracking. Previous strain gage
measurements show that matrix cracking due to fatigue dam-
age in composites leads to a decrease in elastic moduli (Ref 11).
Since the out-of-plane shear carrying capabilities of the com-
posite are matrix dominated, the decrease in the stiffness A55
due to matrix cracking was as expected.

The stiffness D11 is controlled by the fibers if the bending
occurs in the fiber direction and by the matrix if the bending
occurs perpendicular to the fibers. Because fiber damage is

Fig. 5 Experimental dispersion curves for an unfatigued sam-
ple and for one with 2353 TMF cycles at a low strain/high tem-
perature profile. Also shown are the reconstructed dispersion
curves for each of the samples.

 Loading Direction

5.0 cm

Fig. 6 Micrograph of a sample subjected to TMF at low strains
and low temperatures
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probably not occurring in the samples, the value of D11 would
only be influenced by the matrix cracking. Due to the fact that
a quasi-isotropic architecture was used, a smaller decrease in
D11 would be expected. Although a decrease in the value of D11
with TMF was anticipated, an insignificant increase was ob-
served. This was most likely due to the insensitivity of the dis-
persion curve to changes in bending stiffness over the
measurement frequency range (30 to 200 kHz). In this region,
the parameter dominating the behavior of the curve will be A55
(see Fig. 4). Only a few data points exist at frequencies below
50 kHz where D11 controls the behavior of the curve. Due to
this lack of data, the constant D11 will not be as accurate as the
constant A55. Similarly, for propagation in the 90° direction, the
constant A44 will be more accurate than the constant D22.

Stiffness mappings for a variety of samples were made in
situ as well as with the specimens removed from the environ-
mental chambers. With the samples out of the chambers, a stiff-
ness mapping of 75 different regions along the entire length of
the panel could be obtained. Due to the constraints of the envi-
ronmental chambers, only 20 stiffness values in the middle of
the specimens could be obtained for the in situ measurements.
Mappings of A55 and D11 were acquired from velocity measure-
ments along the length of the samples. Similarly, mappings of
A44 and D22 were acquired from velocity measurements across
the width of the samples.

Sample results of stiffness mappings of A55 are shown in
Fig. 7 for three of the composites. In the figure, the stiffnesses
have been normalized to the average stiffness measured for the
unfatigued sample. Stiffness results were also obtained for val-
ues of A44 from measurements in the 90° direction. The results
of these scans are shown in Fig. 8. As with the A55 measure-
ments, the stiffnesses have been normalized to the average
stiffness obtained for the unfatigued specimen. The higher
stiffness values observed in the regions at the top and bottom of
the specimens that were subjected to TMF were due to that por-
tion of the sample being out of the environmental chambers
and, therefore, not exposed to the same TMF process as the rest
of the sample. The average normalized stiffnesses as well as
standard deviations for the samples exposed to low and high
strain levels are shown in Tables 1 and 2, respectively.

The tabulated values indicate an increase in standard devia-
tion for the samples subjected to TMF as compared to the unfa-
tigued samples. The larger standard deviation in the samples
subjected to TMF was most likely due to localized damaged re-
gions in the specimens due to the TMF process. Also, since
5260 is a thermoset, further curing can be occurring in addition
to damage accumulation during the initial stages of TMF (Ref
22). The tabulated values also indicate that the standard devia-
tions in the bending stiffnesses, D11 and D22, are two to nine
times greater than the standard deviations in the out-of-plane
shear stiffnesses, A55 and A44. As mentioned previously, the in-
accuracy in the bending stiffness measurement was due to the
lack of data at low frequencies. Due to the inconclusive nature
of the bending stiffness data at these TMF levels, the sub-
sequent discussion will concentrate on the out-of-plane stiff-
ness measurements.

The normalized values of A55 as a function of cycles for the
samples subjected to TMF at low temperatures for both low-
strain and high-strain levels are shown in Fig. 9. The results of
A44 for the same specimens showed a similar trend. Even at ex-
tended levels of TMF, the samples showed less than a 10%

 2353 Cycles

High Temp.

2353 Cycles

Low Temp.

1.12

0.59

Normalized Unfatigued

A55

Fig. 7 Stiffness mapping of A55 in 75 different regions across
the entire panel for samples subjected to TMF at low strain levels

 2353 Cycles
High Temp.

2353 Cycles
Low Temp.

1.14

0.66

Normalized Unfatigued
A44

Fig. 8 Stiffness mapping of A44 in 75 different regions across
the entire panel for samples subjected to TMF at low strain levels

Fig. 9 Normalized A55 versus cycles for samples subjected to
TMF at low temperatures for low and high strain levels
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decrease in average stiffness. Shown in Fig. 10 as a function of
cycles are the normalized stiffnesses A44 and A55 for the speci-
mens subjected to TMF at low temperatures and low-strain lev-
els. The stiffnesses for the high-strain profiles showed a similar
trend. The average stiffnesses decreased by less than 5% in
both the 0 and 90° directions and much larger variations were
observed in the thermal-mechanically fatigued samples. Also,
there was no discernible difference between the values of A44
and A55.

For two samples, a temperature protocol in excess of the rec-
ommended maximum operating temperature (135 °C) was
used to accelerate the TMF effects. The results for the normal-
ized values of A55 for specimens subjected to TMF at low strain
levels for high-temperature and low-temperature profiles are
shown in Fig. 11. The results of the stiffness A44 were similar.
In the figure, linear fits to the respective data were made in or-
der to display the difference in trends between the samples. The
difference in stiffness loss for the samples subjected to TMF at
high temperatures as compared to the ones subjected to TMF at
low temperatures was dramatic. Thus, the specimens did not
perform well when exposed to temperatures exceeding the rec-
ommended levels. This large loss in stiffness was most likely
due to oxidative degradation at elevated temperatures.

In addition to the stiffness measurements, time-of-flight
scans were conducted on the samples that were removed from
the environmental chambers. A four-cycle Gaussian-envel-
oped sine wave at a fixed frequency of 200 kHz was used to
generate the flexural mode, and the received signal was sam-
pled at 25 MHz. The transducers were held fixed at a separation
distance of 2.75 cm. The scan area was 73.0 by 24.0 cm in the
0° direction and 73.0 by 22.0 cm in the 90° direction. The step
size for all scans was 1.0 cm in each direction. The average
time-of-flight for the 0° and 90° scans for samples subjected to

low-strain profiles is shown in Table 3. In the table, the values
have been normalized to the average time-of-flight obtained for
the unfatigued sample.

The tabulated results indicate that the average time-of-flight
did not significantly change for the sample subjected to TMF at
low temperatures. However, the samples subjected to TMF at
high temperatures had an extremely large increase in time-of-
flight. The degraded stiffness in these specimens led to a slower
Lamb wave velocity, which was reflected by the longer time-
of-flight. Also of interest is the increase in standard deviation in
the thermal-mechanically fatigued samples as compared to that
of the unfatigued sample. This variation is indicative of local-
ized damage regions developing in conjunction with further
curing occurring in the samples subjected to TMF (Ref 22). All
of these observations are consistent with the stiffness measure-
ments reported earlier.

Shown in Fig. 12 and 13 are the 0° and 90° scans, respec-
tively, for the samples subjected to TMF at low strains and low
temperatures. Scans for the samples subjected to TMF to high-
temperature extremes are not shown due to the obvious large
increase in time-of-flight (see Table 3). In the figures, the val-
ues have been normalized to the average time-of-flight for the
unfatigued sample. More features were observed in the time-
of-flight scans than were seen in the stiffness scans. This was
due to the smaller step size used in the time-of-flight scans.
Also observed were more features in the samples that were sub-
jected to TMF as compared to the unfatigued sample. This
trend is consistent with the increase in variation observed in the
stiffness scans for the samples subjected to TMF. Additionally,
some features along the ±45° directions were observed in the
scans. This was most likely due to matrix cracking along those
plies due to TMF.

Table 2 Normalized stiffness measurements for samples subjected to thermal-mechanical fatigue at high strain levels

TMF Temperature Normalized Normalized Normalized Normalized
cycles profile D11 A55 D22 A44

0 … 1.00 ± 0.08 1.00 ± 0.01 1.00 ± 0.06 1.00 ± 0.01
1759 Low 1.01 ± 0.10 1.01 ± 0.03 1.03 ± 0.32 1.01 ± 0.12
2017 Low 1.11 ± 0.16 1.02 ± 0.06 1.07 ± 0.26 1.01 ± 0.07
2353 Low 0.96 ± 0.23 0.99 ± 0.07 1.04 ± 0.29 1.00 ± 0.08
6001 Low 1.03 ± 0.24 0.94 ± 0.08 0.90 ± 0.18 0.90 ± 0.08
6168 Low 1.00 ± 0.18 0.92 ± 0.06 1.03 ± 0.32 0.95 ± 0.10

TMF, thermal-mechanical fatigue

Table 1 Normalized stiffness measurements for samples subjected to thermal-mechanical fatigue at low strain levels

TMF Temperature Normalized Normalized Normalized Normalized
cycles profile D11 A55 D22 A44

0 … 1.00 ± 0.09 1.00 ± 0.01 1.00 ± 0.06 1.00 ± 0.02
2353 High 1.01 ± 0.14 0.67 ± 0.04 0.86 ± 0.09 0.73 ± 0.05
4706 High 0.90 ± 0.28 0.36 ± 0.03 0.77 ± 0.16 0.43 ± 0.03
1809 Low 0.92 ± 0.17 0.97 ± 0.09 0.98 ± 0.22 1.01 ± 0.10
2051 Low 0.91 ± 0.18 0.98 ± 0.10 0.97 ± 0.23 1.02 ± 0.10
2353 Low 0.85 ± 0.11 0.99 ± 0.04 1.01 ± 0.21 0.99 ± 0.06
5637 Low 0.93 ± 0.18 0.96 ± 0.08 0.83 ± 0.15 0.96 ± 0.08
5862 Low 0.93 ± 0.15 0.97 ± 0.08 0.82 ± 0.17 0.96 ± 0.09

TMF, thermal-mechanical fatigue
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6. Conclusions

• Lamb wave imaging has been shown by this study to be a
very effective method for providing a quantitative measure
of the effects of TMF on composite materials.

• The samples subjected to TMF at low temperatures for both
high and low strain levels showed less than a 10% decrease
in stiffness after 6168 TMF cycles. However, the samples

that were subjected to temperatures in excess of the recom-
mended levels showed a decrease in stiffness of over 60%
after 4706 TMF cycles.

• The bending stiffnesses provided inconclusive results due
to the large standard deviations in the values.

• Time-of-flight scans showed no change in the average
value for the samples subjected to 2353 TMF cycles at low
temperatures. However, the average time-of-flight in-
creased by up to 50% for samples subjected to TMF at high
temperatures for 4706 cycles.

• All of the samples showed an increased variation in stiff-
ness and time-of-flight for the thermal-mechanically fa-
tigued specimens.
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