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This research develops a robust experimental procedure to track the evolution of fatigue damage in
a nickel-base superalloy with the acoustic nonlinearity parameter, �, and demonstrates its
effectiveness by making repeatable measurements of � in multiple specimens, subjected to both
high- and low-cycle fatigue. The measurement procedure developed in this research is robust in that
it is based on conventional piezoelectric contact transducers, which are readily available off the
shelf, and it offers the potential for field applications. In addition, the measurement procedure
enables the user to isolate sample nonlinearity from measurement system nonlinearity. The
experimental results show that there is a significant increase in � linked to the high plasticity of
low-cycle fatigue, and illustrate how these nonlinear ultrasonic measurements quantitatively
characterize the damage state of a specimen in the early stages of fatigue. The high-cycle fatigue
results are less definitive �the increase in � is not as substantial� due to increased uncertainties
involved in the high-cycle fatigue tests, but still show a clear relationship between � and remaining
fatigue life. One application of the measured � versus fatigue-life data is to potentially serve as a
master curve for life prediction based on nonlinear ultrasonic measurements. © 2006 Acoustical
Society of America. �DOI: 10.1121/1.2221557�
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I. INTRODUCTION

Recent experimental studies and new physical models
are demonstrating the potential of nonlinear ultrasonics �or
the second-harmonic generation technique� to quantitatively
detect and characterize fatigue damage in metals.1–10 This
fatigue damage first appears in the form of dislocation sub-
structures, such as veins and persistent slip bands �PSBs�,
and these PSBs accumulate at grain boundaries to produce
strain localization and, then finally, microcrack initiation
with increasing fatigue cycles. These dislocations �and re-
sulting microplastic deformation� do not cause a large
change in the linear macroscopic properties �such as elastic
moduli, sound speed, and attenuation� of a material; the
changes in the linear ultrasonic values are not large enough
to be accurately measured with conventional linear ultrasonic
techniques. However, the accumulation of dislocations
throughout the continuum �with increasing fatigue� will
cause a nonlinear distortion in an ultrasonic wave propagat-
ing in the material, and thus generate higher harmonic com-
ponents in an initially monochromatic ultrasonic wave sig-
nal. For this reason, nonlinear ultrasonic �acoustic� waves
can be used to quantify the presence and the density of dis-
locations in a metallic material, and thus measure fatigue
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damage in a quantitative fashion. In addition, nonlinear ul-
trasonics has the potential to promote an understanding of
the evolution and accumulation of the dislocation substruc-
tures in the very early stages of fatigue.

To date, a number of investigators1–8 have applied non-
linear ultrasonic techniques to assess fatigue damage in dif-
ferent materials under relatively controlled laboratory condi-
tions. Yost and Cantrell1 and Cantrell and Yost6

experimentally observed changes of the acoustic nonlinearity
parameter, and attributed the changes to the effects of
fatigue-induced dislocations. Frouin et al.5,8 performed in
situ nonlinear ultrasonic measurements during fatigue test-
ing, and related the measured increase in the acoustic non-
linearity parameter—in the vicinity of the fracture
surface—to an increase in the dislocation density. Among
these studies, only Frouin et al.8 reported using nonlinear
ultrasonic results to track fatigue damage throughout the en-
tire fatigue life of a specimen. One field application of non-
linear ultrasonics examined fatigue damage in stainless-steel
turbine blades.7 In spite of the recognized potential of non-
linear ultrasonics, there are very few examples of its success-
ful application to monitor fatigue damage. This is probably
due to instrumentation issues that make accurate and consis-
tent nonlinear ultrasonic measurements difficult, plus a lack
of flexibility in the measurement setup needed to interrogate
real fatigue test specimens. A critical next step—for the in-
corporation of nonlinear ultrasonic techniques into life-

prediction strategies of structural components—is a system-
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atic study that quantifies the robustness, accuracy, and
validity of nonlinear ultrasonics to detect the early stages of
fatigue damage �prior to crack initiation� in metallic materi-
als. Of particular interest is the development of an experi-
mental procedure with the capability of performing field in-
spections of an absolute and repeatable nature.

The objective of the current research is to develop a
robust experimental procedure to track the evolution of fa-
tigue damage in metallic materials with the acoustic nonlin-
earity parameter, �. The effectiveness of this proposed mea-
surement procedure is demonstrated by making repeatable
acoustic measurements of �, in nickel-base superalloy speci-
mens, subjected to three types of damage: Quasi-static
monotonic, low-, and high-cycle fatigue. These nonlinear ul-
trasonic measurements are used to track the evolution of
damage in multiple specimens with a series of interrupted
mechanical tests—first by making a baseline measurement of
� in an undamaged specimen, then introducing some damage
into the specimen, repeating the measurement of � in this
same �unloaded� specimen, then introducing more damage
into the specimen, and repeating the procedure.

It is important to note that the acoustic nonlinearity pa-
rameter, �, is an absolute material constant, which can be
related to the higher-order elastic constants, of a material; the
� parameter is a directly measurable acoustic parameter that
is linked to the state of material damage. As a result, nonlin-
ear ultrasonics is unparalleled in its potential to provide a
robust and quantitative characterization of fatigue damage in
in-service structural components. However, the acoustic non-
linearity associated with fatigue damage is very small, and
can be easily overwhelmed by a number of other factors
�especially instrumentation nonlinearity� inherent to the mea-
surement procedure. Therefore, a critical contribution of this
research is a systematic experimental procedure that can
identify and remove spurious sources of nonlinearity, isolat-
ing only those contributions due to the material and associ-
ated damage.

II. GENERATION OF HIGHER HARMONICS AND THE
ACOUSTIC NONLINEARITY PARAMETER, �

The equations of motion of a solid element, in the ab-
sence of body forces, are written in material coordinates, X,
as

�
�2ui

�t2 =
��ij

�Xj
, �1�

where t is time, � is the mass density, ui is the displacement
vector, and �ij is the stress tensor. The stress in a nonlinear
�fatigued� solid can, in general, be written as

�ij = �ij
0 + Aijkl

�uk

�Xl
+
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where �ij
0 is the residual stress in the material, and Aijkl and

Aijklmn are the Huang coefficients,9 which are related to the
second- and third-order elastic constants by Aijkl=� jl

0 �ik

+ C̄ijkl and Aijklmn= C̄ijklmn+ C̄jlmn�ik+ C̄ijnl�km+ C̄jnkl�im. C̄ijkl

and C̄ijklmn are modified by fatigue damage �dislocation
9 11
substructures� from their initial values, Cijkl and Cijklmn.
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Expressions for the modified elastic constants during fatigue
have been presented in terms of the residual stress and plastic
strain.12 The density of a material undergoing finite deforma-
tion is given by �=�0 /det F where �0 is the constant den-
sity in the unstressed configuration and F is the deforma-
tion gradient tensor, defined as Fij =�ij +�uj /�Xi.
Substituting Eq. �2� into Eq. �1�, and considering one-
dimensional wave propagation of a longitudinal wave in
an isotropic solid, one gets

�2u1

�t2 = c2�2u1

�X1
2 �1 + �

�u1

�X1
� , �3�

where c=��C̄1111+�11
0 � /� is the longitudinal wave speed

and � is the acoustic nonlinearity parameter defined as

� =
C̄111111 + 3C̄1111

C̄1111 + �11
0

. �4�

It is well known that the second-order elastic constant �C̄1111

in Eq. �4�� changes very little, and that the residual stress
��11

0 � is relatively small compared to the elastic constants.

Therefore, it is the third-order elastic constant �C̄111111 in
Eq. �4�� which causes the increase in the acoustic nonlin-
earity parameter, �, during fatigue.

Consider a time-harmonic plane �displacement� wave
A1cos�kX1−�t�, where A1 is the amplitude, k is the wave
number, and � is the angular frequency. Assuming that the
nonlinearity in the solid is small, the solution to Eq. �3� for
this time-harmonic wave is obtained by a perturbation analy-
sis as13

u1 = − 1
8�k2A1

2X1 + A1cos�kX1 − �t�

+ 1
8�k2A1

2X1cos�2�kX1 − �t�� + ¯

= A0 + A1cos�kX1 − �t� + A2cos�2�kX1 − �t�� + ¯ .

�5�

It is noted that the amplitude of the second-harmonic dis-
placement is proportional to the acoustic nonlinearity param-
eter and a subharmonic; that is, the static displacement is
induced by the material nonlinearity.14 The acoustic nonlin-
earity parameter is determined experimentally by measuring
the absolute amplitudes of the fundamental �A1� and the
second-harmonic �A2� displacement signals, or

� =
8A2

k2X1A1
2 . �6�

Finally, note that Eq. �6� neglects the effect of attenua-
tion losses that may be present in the fundamental and
second-harmonic. If the difference in attenuation rates at the
fundamental and the second-harmonic frequencies is large,
then a correction factor must be included in the measurement
of �. The specific superalloy examined in this research is
IN100, which is produced by powder metallurgy and has a
very fine grain structure. Attenuation measurements are
made in IN100 through the range of 1–15 MHz before fa-
tigue tests. These results show that the attenuations at the

fundamental and the second-harmonic frequencies are about
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0.14 Neper/cm and 0.34 Neper/cm, respectively, which cor-
respond to a maximum correction of less than 2% in �. Fur-
thermore, the fatigue specimens show no noticeable change
in attenuation in the frequency range considered here, so no
attenuation corrections are made for the following � calcu-
lations.

III. EXPERIMENTAL PROCEDURE

A. Measurement system and procedure

Figure 1 shows a schematic of the proposed nonlinear
ultrasonic measurement system. A tone burst signal of 7–9
cycles �depending on the specimen thickness� at 5.3 MHz is
generated by a function generator �80 MHz Agilent 33250A�
and is fed into a high-power gated amplifier �Ritec RAM-
10000�. In order to ensure one-dimensional wave propaga-
tion in a single direction �only right or left propagating�, the
exact number of cycles of the tone burst is selected as the
maximum number of cycles that can fit within the thickness
of the specimen—the spatial length of the tone burst is less
than the specimen thickness. This eliminates any possible
spurious �apparent� higher harmonics generated by the inter-
ference of the incident and reflected wavefronts, as well as
the effects of boundary conditions. The amplified high-
voltage signal passes through a 4 dB attenuator �pad� and a
50 � termination to suppress the transient behavior due to
the mismatch in electrical impedances between the amplifier
and the transducer. Commercial narrow-band PZT �Lead Zir-
conate Titanate�-base piezoelectric transducers, with center
frequencies of 5 MHz and 10 MHz, are used as a transmitter
and a receiver, respectively. The transducers are coupled to
the specimen with light lubrication oil. A special fixture is
designed to keep both the transmitting and receiving trans-
ducers aligned on the same centerline axis, and to also allow
for the removal of either transducer �transmitter or receiver�
without disturbing the coupling �and position� of the other;
this capacity is critical for the calibration procedure de-
scribed next. The receiver is terminated with a 50 � passive
load to have the same terminal load in the calibration. Both
voltage and current signals of the transmitted ultrasonic
waves are recorded and averaged 256 times with an oscillo-

FIG. 1. �Color online� Experimental setup.
scope, and then transferred to a computer for further signal
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processing. Then, diffraction corrections are made to the
measured fundamental and the second-harmonic signal am-
plitudes.

The calibration procedure for the �piezoelectric� receiv-
ing transducer is based on the principle of self-reciprocity,15

and is employed in order to obtain a conversion transfer
function �from the measured electrical signal to the absolute
amplitude of the particle displacement�, and to compensate
for any �small� variations in the coupling of the receiving
transducer. Note that this calibration is performed prior to
every nonlinear measurement, with the transmitter transducer
removed. A 50 MHz pulser/receiver �Panametrics, 5072PR�
is used to transmit �through the receiver transducer� a wide-
band ultrasonic pulse through the specimen. The current and
voltage signals of the incident and the reflected pulse from
the bottom surface of the specimen that is kept stress-free
�when the transmitter is removed�, are measured and used to
calculate a transfer function that converts the measured cur-
rent signal to the particle displacement of the incident wave
at the receiver.15

Finally, the pulse-inversion technique16,17 is applied to
accentuate the contribution of the even �second� harmonic
signal, while reducing the dominance of the fundamental
contribution. The pulse-inversion technique is very efficient
in extracting this second-harmonic amplitude by canceling
out the odd harmonics �which are mainly due to the instru-
mentation�; the even harmonic signal is extracted by adding
two 180° out-of-phase input signals.18 Figure 2 illustrates the
pulse-inversion technique by showing both the 0° phase, and
the 180° out-of-phase �inverted� signals, the respective Fou-
rier spectra before and after addition �in the time domain�,
and the second-harmonic signal extracted. For the actual pro-
cedure, first, two transmitted time domain signals with 180°
out-of-phase inputs are measured consecutively with all
other conditions unchanged. A function generator performs
phase inversion of the input pulse. Then, two separately mea-
sured output signals are combined in the time domain, ex-
tracting the second-harmonic signal. Note that this combina-
tion is performed with two raw signals without introducing
any adjustments, such as time shifts or amplitude modifica-
tion. Figure 2 clearly demonstrates how the fundamental fre-
quency contribution is completely canceled out, leaving only
the second-harmonic contribution. Note that the remaining
subharmonic component �at zero frequency� corresponds to
the first term in Eq. �5�, and appears as a result of the static
displacement induced by the acoustic radiation; this compo-
nent should have an amplitude proportional to the amplitude
of the second-harmonic,19 but it is not systematically ana-
lyzed in this study. The frequency spectra of the signal origi-
nally transmitted, and the extracted signal shown in Fig. 2�b�
are independently calculated with a rectangular window. Fi-
nally, to obtain a more accurate estimation of the amplitudes
of the fundamental and second-harmonics, the signals are
digitally filtered in the frequency domain and inverse Fourier
transformed. An additional advantage of using the pulse-
inversion technique is that one can readily monitor the shape
of the second-harmonic signal. Since the amplitude of the
second-harmonic signal produced by material nonlinearity is

very small in comparison to the amplitude of the fundamen-
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tal, small variations in coupling—that are usually accompa-
nied by spurious interface nonlinearity—can have a signifi-
cant influence on the repeatability of the proposed
measurement procedure. Experience shows that the shape of
this second-harmonic signal is an excellent indicator of the
quality of the transducer to specimen coupling.

Figure 3 illustrates the linear relationship that exists be-
tween the measured absolute amplitudes of the second-
harmonic and the squared fundamental �both displacements�,
as a function of increasing input voltage amplitude. These
absolute displacement amplitudes are calculated using the
transfer function described previously. Figure 3 shows the
results of two independent measurements on the same speci-
men, where the transducers and the couplant are completely
removed, and then reattached and recalibrated for the second
measurement. It is seen that the slopes from these two inde-
pendent measurements are nearly constant, which confirms

FIG. 2. �a� Typical time domain signals: Thin continuous and dotted lines
are the transmitted signals with 0� phase �uninverted� and 180� out-of-phase
�inverted� inputs, respectively. The thick line is the second-harmonic signal
extracted by the pulse-inversion technique. �b� Fourier spectra of the origi-
nal transmitted signal �fundamental� and the second-harmonic signal ex-
tracted by the pulse-inversion technique, demonstrating that the second-
harmonic amplitude can be measured without being influenced by the large
fundamental amplitude.
that the measurements are repeatable, and that removal and
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replacement of the transducers �and couplant� will not have a
dominant �negative� influence on the results. The variability
�error bars� due to measurement error is determined by av-
eraging five measurements on the same undamaged speci-
men, and results in a variability of ±0.45 on all � values
reported henceforth. Finally, Fig. 3 can be used as a guide for
the required input voltage needed to avoid inconsistencies
caused by a low fundamental amplitude.20

The measurement system is calibrated by measuring �
in borosilicate. It is known that borosilicate has a very low
degree of nonlinearity, and researchers21 have shown that the
ratio of the second-harmonic amplitude to the fundamental
amplitude is on the order of −120 dB �this unpublished ref-
erence value illustrates that the � of borosilicate is almost
zero�. A � of 9.0 is measured in borosilicate using the pro-
posed measurement procedure, and this nonzero value of � is
believed to be associated with the inherent nonlinearity of
the transmitting piezoelectric transducers used in the mea-
surement system. This is in agreement with previous
researchers22 who examined the nonlinear properties of PZT
�polarized K1� and measured its � to be on the order of 8.0.
Therefore, a � of 9.0 will be used to calibrate the measure-
ment system by subtracting this value from all measured �
values. Although such a calibration method neglects the in-
teractions between different frequencies in a nonlinear sys-
tem, it can be easily argued that the effects of such interac-
tions on � are higher ordered. This is further verified by
performing a � measurement on fused silica. The directly
measured value of � for fused silica is 21.0. After calibration
�subtracting 9.0�, a � of 12.0 is obtained for fused silica,
which is in agreement with published values.23

The good agreement between these results and published
values, plus the consistency and repeatability of the results
reported in Sec. IV, validate the accuracy of the proposed
procedure as a working method to track changes in � as a
function of fatigue life in multiple specimens.

B. Specimens

Three different types of specimens are used; each type

FIG. 3. �Color online� Second-harmonic amplitude �A2� versus the ampli-
tude of the fundamental squared ��A1�2� for increasing input voltage ob-
tained from two independent measurements.
machined from IN100 cylindrical rods—128 mm long and
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27 mm in diameter. Note that the surface finishes on all
specimens in this study are “as-machined.” The first type is a
standard fatigue specimen with a constant rectangular cross
section—a constant gauge width of 12.5 mm and a thickness
of 6.4 mm. One of these specimens is used for the low-cycle
fatigue tests, and one is used for the high-cycle fatigue tests.
The second specimen has an hour-glass shape �starting from
a width of 12.5 mm and a constant thickness of 6.4 mm�
with a varying cross section that gradually reduces to create
a region of higher stress at its center; this specimen is used
exclusively for the high-cycle fatigue tests. The third speci-
men is a nonstandard rectangular bar specimen; it is simply a
120 mm long by 14.3 mm wide rectangular bar—having a
constant thickness of 4.7 mm. This specimen is used for both
the monotonic and low-cycle fatigue tests, and for a concur-
rent set of Rayleigh wave measurements.24

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Monotonic load results

First, consider a quasi-static monotonically loaded �non-
standard rectangular bar� specimen. This specimen is used to
validate the repeatability of a set of nonlinear ultrasonic mea-
surements made on a specimen subjected to an interrupted
mechanical test—a test specimen that is mechanically
loaded, removed to make a set of nonlinear ultrasonic mea-
surements, and then the procedure is repeated at specified
intervals, typically until the specimen fails. In this monotonic
test, the specimen is loaded �at a rate of 890 N/s� to a first-
load equivalent to 125% of the yield stress �absolute strain of
7.463%�, and then is unloaded at the same rate. The nonlin-
ear ultrasonic measurements are then performed on the un-
loaded specimen. The same procedure is repeated for in-
creasing maximum loads equivalent to 135% and 145% of
yield stress �strains of 10.66% and 13.77%, respectively�.
These calibrated results are presented in Fig. 4, and note that
these measured acoustic nonlinearity parameters, �, are ab-
solute values. It is important to note that the � value of

FIG. 4. �Color online� Monotonic load results—acoustic nonlinearity pa-
rameter � versus applied stress �or strain� level.
23.1—measured in the undamaged specimen �before any
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mechanical load is applied�—is a measure of the intrinsic
nonlinearity of the undamaged IN100 material; and that the
nonlinearity associated with the transmitting piezoelectric
transducers ��=9.0� has already been subtracted from this
and all other values. Figure 4 shows that there is a significant
increase in � with increasing plastic stress; the increase is
largest from the unloaded �undamaged� state to 125% yield
stress, and then the increase is less substantial at the higher
stresses. This observed behavior of a large increase in the
acoustic nonlinear parameter, once the specimen is loaded
above its yield stress, makes sense because dislocations �or
microplasticity� create significant material nonlinearity; the
literature reports that the second- �order� harmonic ampli-
tudes associated with dislocations should be larger than the
intrinsic material nonlinearity due to the elastic lattice
anharmonicity.25 Most importantly, the results in Fig. 4 show
that the proposed measurement procedure is capable of mak-
ing an absolute measurement of the evolution of the acoustic
nonlinear parameter, � �as a function of stress in this case� in
these interrupted mechanical tests on an IN100 specimen.

B. Low-cycle fatigue results

Low-cycle fatigue in this paper refers to a fatigue test
where the maximum stress is above yield, so there is plastic
deformation even at the beginning of the fatigue test. Of
equal importance is that cyclic loading promotes the forma-
tion of dislocation dipoles, which is the strongest source of
nonlinearity among a list of potential sources.6,9,10 The fre-
quency of cyclic loading is 0.5 Hz, R�=�min/�max� is zero
�strain controlled�, the maximum stress level is 105% of the
yield stress �strain of 0.48%�, and the fatigue tests are inter-
rupted to perform the nonlinear ultrasonic measurements at
different numbers of fatigue cycles. Three different speci-
mens are tested, and there will be some level of variability
associated with the initial microstructure of each specimen.
As a result, the measured acoustic nonlinearity parameters
will be normalized by the value measured in each undam-
aged specimen ��0�, before any mechanical load is applied.
This normalization procedure �which will be repeated for the
high-cycle fatigue results� removes some of the variability
associated with the initial microstructures of each specimen,
enables a direct comparison of the evolution of the acoustic
nonlinearity of all the specimens tested, and normalizes the
nonlinearity associated with the transmitting piezoelectric
transducers. The evolution of the normalized acoustic non-
linearity parameter �� /�0�, as a function of normalized fa-
tigue life �fatigue cycle normalized to the total number of
cycles, where 100% means the total fatigue life�, together
with a best-fit curve, is shown in Fig. 5. Note that the speci-
mens failed at 12,640, 13,012, and 50,221 cycles �the third
specimen is the standard fatigue specimen; while the first
two are the nonstandard rectangular bars� and the �calibrated�
�0 measured in each specimen is 21.4, 22.2, and 22.4, re-
spectively.

Figure 5 shows a rapid increase in � /�0 �up to 30%�
during the first 40% of fatigue life, which demonstrates that
these nonlinear ultrasonic measurements can be used to

quantitatively characterize the damage state of this material
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in the early stages of fatigue life. This is somewhat different
from other experimental results,5 which show a slower initial
increase in �. The difference in behavior is most likely due
to the high maximum stress �strain� level beyond the yield
stress �strain�, and a significant amount of plasticity—due to
the dislocation motions—probably starts accumulating in the
specimen from the first loading cycle, which reduces the
time period for dislocation reassociation at the beginning of
fatigue. The measurement data show increasing scatter with
increasing number fatigue cycles, which is most likely due to
a combination of two factors: The intrinsic material behavior,
and issues with the measurement procedure. There is an in-
herent randomness in the progression of fatigue damage dur-
ing fatigue testing �more so in high-cycle fatigue, as dis-
cussed in the next section�, which should manifest itself as a
corresponding randomness in the resulting acoustic nonlin-
earity. There is a somewhat unrelated issue with the measure-
ment procedure in the later stages of fatigue—the surface
deformation associated with the increased plasticity makes it
difficult to consistently couple the transducers to the speci-
men surface. Finally, note that a best-fit curve, such as the
one developed in Fig. 5 �but based on a larger number of
specimen and data points�, has the potential to serve as a
master curve for life prediction based on nonlinear ultrasonic
measurements.

A companion study makes nonlinear ultrasonic measure-
ments with Rayleigh surface waves on the first two speci-
mens; the procedure used to make these �relative� nonlinear
Rayleigh wave measurements is reported elsewhere.24 Figure
6 shows a comparison of the best-fit curve from Fig. 5 �lon-
gitudinal waves� with those from the nonlinear Rayleigh
wave measurements. There is excellent agreement with these
two sets of results, demonstrating that both longitudinal and
Rayleigh waves can be used to track nonlinear material be-
havior. Note that the sharp drop in the acoustic nonlinearity

FIG. 5. Low-cycle fatigue results—normalized acoustic nonlinearity param-
eter � /�0 as a function of the percentage of fatigue life for three different
fatigue specimens. The continuous line is the best-fit curve obtained from
the discrete experimental data.
�the single data point in Fig. 6�, at 87% of fatigue life for
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Specimen No. 1, is most likely due to the emergence of
surface-breaking microcracks whose depths are larger than
the wavelength of the second-harmonic.24

C. High-cycle fatigue results

High-cycle fatigue in this study refers to fatigue tests
where the maximum stress level is below yield; in this case,
the maximum stress is 95% of yield stress, the frequency of
cyclic loading is 1 Hz, and R �=�min/�max� is zero �load
controlled�. Five different fatigue specimens are tested, with
failure occurring at 55,432, 102,392, 203,220, 328,341, and
350,985 cycles. As with the monotonic and low-cycle fatigue
tests, these fatigue tests are interrupted to perform the non-
linear ultrasonic tests. Figure 7 shows the change in the nor-
malized acoustic nonlinearity parameter �� /�0� over the nor-
malized fatigue life of each specimen. Note that the
�calibrated� �0 measured in each specimen is 22.1, 21.3,
19.8, 22.4, and 21.2, respectively.

FIG. 6. Comparison of longitudinal and Rayleigh wave �Ref. 24� results
showing the normalized acoustic nonlinearity parameter � /�0 as a function
of the percentage of fatigue life for the low-cycle fatigue results.

FIG. 7. High-cycle fatigue results—normalized acoustic nonlinearity param-
eter � /�0 as a function of the percentage of fatigue life for five different
fatigue specimens. The continuous line is the best-fit curve obtained from

the discrete experimental data.
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The critical observations from Fig. 7 are: The absolute
increase in acoustic nonlinearity is much lower than that of
the low-cycle fatigue tests; there is much more scatter in the
high-cycle fatigue data �a larger variability at a given per-
centage of fatigue life than the data from the low-cycle fa-
tigue tests�; and the overall increase in acoustic nonlinearity
is more gradual in the high-cycle specimens. Some of these
trends may be inherent to the high-cycle fatigue behavior of
this material since fatigue damage during high-cycle fatigue
is more localized than that during low-cycle fatigue. So it is
not surprising that there is a corresponding variability in the
acoustic nonlinearity. Similar results were obtained in a tita-
nium alloy �Ti-6-4� by Frouin et al.8 A full explanation of
this behavior may only be possible by coupling these nonlin-
ear ultrasonic results with a material model that predicts the
formation of dislocation substructures in this material under
different loading conditions. For Specimen No. 5, additional
nonlinear measurements beyond 35% of fatigue life were not
possible due to severe surface distortion, but the fatigue test
was continued to obtain its fatigue life �55,432�.

Nonlinear ultrasonic evidence of this localized damage
behavior in high-cycle fatigue is given in Fig. 8 by plotting
the spatial variation �four discrete locations� of the acoustic
nonlinearity in the gauge section of a failed high-cycle fa-
tigue specimen �the specimen with a uniform cross section�.
Note that each acoustic nonlinearity parameter measured
with this experimental procedure is representative of the cy-
lindrical volume of material under the transducer �12.7 mm
diameter for these tests�. Figure 8 shows that the acoustic
nonlinearity, at a location about 5 mm away from the frac-
ture surface, is approximately 58% higher than those in the
region near the grip. It is also shown that the fatigue damage
in this material is quite localized �on the order of 10 mm�,
which could be the source of the large variation in the later
stages of the high-cycle fatigue tests. It is important to note
that this level of spatial variation in the acoustic nonlinearity
parameter �and thus, localized damage� is primarily present
in the high-cycle fatigue specimens; and for these specimens,

FIG. 8. Spatial variation of the normalized acoustic nonlinearity parameter
on one failed high-cycle fatigue specimen, shown as a function of distance
from the fracture site.
mainly in the later stages of fatigue life. The monotonic and
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low-cycle fatigue specimens do not show this level of spatial
variation in the measured acoustic nonlinearity parameter.
These values are very consistent, regardless of where they
are measured in the gauge section, so the damage in the
monotonic and low-cycle fatigue specimens seems to be
more evenly distributed.

V. CONCLUSION

This research develops a robust experimental procedure
to track the evolution of fatigue damage in a nickel-base
superalloy with the acoustic nonlinearity parameter, �, and
demonstrates its effectiveness by making repeatable mea-
surements of � on multiple specimens subjected to both
high- and low-cycle fatigue. The measurement procedure de-
veloped in this research is robust in that it is based on con-
ventional piezoelectric contact transducers—which are
readily available off the shelf—and offers the potential to be
used in field applications. In addition, it allows the user to
isolate sample nonlinearity from measurement system non-
linearity. The experimental results show that there is a sig-
nificant increase in � associated with the high plasticity of
low-cycle fatigue, and illustrate how these nonlinear ultra-
sonic measurements quantitatively characterize the damage
state of a specimen in the early stages of fatigue. A compan-
ion study with Rayleigh surface waves demonstrates that
both longitudinal and Rayleigh waves can be used to track
nonlinear material behavior. The high-cycle fatigue results
are less definitive �the increase in � is not as substantial�, but
still show a clear relationship between � and remaining fa-
tigue life. Overall, these nonlinear ultrasonic results indicate
that the fatigue damage associated with high-cycle fatigue is
relatively localized, while the damage associated with low-
cycle fatigue is more evenly distributed. One application of
the measured � versus fatigue life data is to potentially serve
as a master curve for life prediction based on nonlinear ul-
trasonic measurements.
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