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Decomposition Method to Detect
Fatigue Damage Precursors in
Thin Components Through
Nonlinear Ultrasonic With
Collinear Mixing Contributions
Cyclic loading of mechanical components promotes the formation of dislocation substruc-
tures in metals as precursors to crack nucleation leading to final failure of the metallic com-
ponents. It is well known within the ultrasonic community that the acoustic nonlinearity
parameter is a meaningful indicator of the microstructural damage accumulation.
However, current nonlinear ultrasonic techniques suffer from response saturation and
limited resolution after 50% fatigue life of the metallic medium. The present study investi-
gates the feasibility of incorporating collinear wave mixing interactions into second har-
monic assessments to improve the sensitivity of the nonlinear parameter to a
microstructural accumulation of damage precursors (DP). To this end, a decomposition
technique was explored to obtain higher harmonics from short time-domain pulses propa-
gating through thin metallic components such as jet engine turbine blades. The results
demonstrate the effectiveness of the decomposition technique to measure the acoustic non-
linearity parameter as an early and continuous indicator of fatigue damage precursors
throughout the service life of critical aircraft components. A micrographic study showed
a strong correlation between the nonlinearity parameter and the increase in damage pre-
cursors throughout the life of the specimens. [DOI: 10.1115/1.4045960]
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1 Introduction
Two primary damage mechanisms threaten the integrity of jet

engine components: cumulative deterioration of the microstructure
through creep and fatigue. The latter occurs through thermal and
mechanical cyclic loading. These modes of failure depend not only
on the material, but also on the operating cycles, high-frequency
vibrations, temperature, and environment. The progression of the
microscopic damage leads to the formation of micro- and macro-
cracks. Yet, for most metallic materials, it takes approximately
80% or more of the entire fatigue life for a crack to nucleate and
grow to a detectable size [1]. If left undetected, these cracks will ulti-
mately result in catastrophic failure of the engine.
To avoid engine failure, periodic component inspections are

essential for assessing degradation and estimating remaining
useful life. Significant cost-savings can be achieved by maximizing
the interval between inspections but doing so requires sufficient
sensitivity to allow damage to be identified at its mitigation stage.
Cyclic thermo-mechanical loadings during the service life of
engine components promote the formation of atomic dislocations
of the crystal lattice and their motion through the microstructural
domain prior to the formation of macroscopic damage, i.e.,
cracks. Cantrell and Yost [2] associated the dislocation motion
with the local strain of the material. Based on early research, Can-
trell [3] divided the process of cyclic stress-induced fatigue into
roughly four stages of damage progression: cyclic hardening/soft-
ening, strain localization and microcrack nucleation, macrocrack
formation through the coalescence of microcracks, crack propaga-
tion, and fracture. This entire process is dominated by the formation
and organization of lattice dislocations. Together with adiabatic
shear bands, crazing, slip bands, residual stresses, and inclusions,
crystal dislocations are generally categorized as damage precursors.
While these so-called damage precursors can be detected through

microscopy, positron annihilation, and acoustic reverberation, these
techniques are expensive, laborious, and not suited for the auto-
mated scanning of individual engine parts. Ultrasonic techniques
offer a more attractive and nondestructive way to assess micro-
structural degradation related to early-stage damage. Ultrasonic
waves propagating in polycrystalline materials undergo scattering
phenomena from crystallites (grains), precipitates, and lattice
imperfections, such as dislocations, slip bands, dislocation cells,
and dislocation pileup at grain boundaries. Understanding the pro-
gression of these damage precursors has been instrumental in the
past and current research aimed at understanding the attenuation
observed in linear ultrasonic measurements due to scattering mech-
anisms within the microstructure. Granato and Lücke [4] developed
a string model and formulated a change in the acoustic attenuation
that was sensitive to the dislocation buildup in fatigued metals.
More recently, Rose [5,6] proposed a model of ultrasonic backscat-
tering to quantify the size of equiaxed grains. His theory was further
developed by Panetta et al. [7] and applied to map grain sizes in
Nickel-base superalloys for turbine disks.
While ultrasonic backscatter techniques proved successful in

sizing grains of 3 µm based on linear ultrasonic analysis, the nonlin-
ear ultrasonic (NLU) techniques have further improved the resolu-
tion with sensitivity to nano-scale features within the microstructure
of solids [8]. The research led by Breazeale and coauthors [9–11]

and Hikata and coauthors [12–14] are regarded as among the pio-
neering works in NLU. They observed that when a monochromatic
sinusoidal waveform was transmitted inside a material, the output
was a form that contained higher harmonic terms. Hikata et al.
[12] described how higher harmonics could be generated due to
the dislocation damping effect on the monochromatic waveform.
More recently, NLU techniques have been successfully used by
several research teams and in academic circles to track microstruc-
tural changes related to thermal aging [15], fatigue [16,17], and
creep [18–20] mechanisms.
Yet, NLU techniques pose challenges due to the low amplitude of

the higher harmonic content and the need to accurately extract
harmonic amplitudes from the frequency spectrum of receivedwave-
forms. NLU techniques based on a through transmission arrange-
ment, in which longitudinal waves are propagated through a
sample from a transmitter to a receiver, often suffer from a wide fre-
quency spectrum associatedwith thefirst harmonicwhich causes it to
overlap the second harmonic due to a limited number of cycles that
can be transmitted through without interference. This is particularly
true of thin components. The most straightforward way to narrow
the frequency spectrum in order to reduce harmonic overlap is to
transmit long tonebursts. Yet in practice, such long tonebursts are
often only feasible in inspections having long propagation distances
such as those using surface or Lamb waves. These techniques have
proven effective at tracking fatigue damage as demonstrated by
Kim et al. [17] for Ni-base superalloys when using Rayleigh
surface waves, or Lamb-guided waves as indicated by Pruell et al.
[21], Lissenden et al. [22], and Pruell et al. [23] in aluminum plates.
Yet, Rayleigh waves only interrogate the surface of a component to
the depth of onewavelength,which is usually less than a fewmillime-
ters, and Lamb waves are limited in their applications since very few
sets of wave modes fulfill the requirements for cumulative propaga-
tion. Furthermore, Rayleigh and Lambwaves need aminimum prop-
agation distance and are not be suitable for thin and short components
as in the case of hot section turbine blades. Most importantly, the
resulting measured material nonlinearity with these techniques is
an average over the propagation distance and cannot be localized.
In parallel with the recent development in the field of harmonic

generation, the feasibility of using nonlinear collinear wave
mixing techniques has been investigated by several researchers as
a way to localize nonlinearity assessments and to overcome many
of the limitations associated with harmonic generation. Li et al.
[24] and Xavier et al. [25] demonstrated its potential to measure
the absolute nonlinearity of relatively thick aluminum and titanium
specimens, while Liu et al. [26] tracked plastic deformation in alumi-
num. For practical reasons, the authors of this study investigated the
feasibility of using a simplified collinear mixing technique where
only a single longitudinal wave transmitter is used in a pulse-through
configuration. Yet, the instrument damping is adjusted so that the
direct path pulse has a transient ringing portion long enough to
mix with the first backwall reflection. This simplified collinear
mixing induces a weaker than usual mixing condition but is added
to the conventional harmonic generation response to improve the
sensitivity to the development of pre-cracking fatigue damage.
A goal of this study is to enable the analysis of damage precursors

accumulation locally in thin specimens; thus, the development of
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signal processing techniques capable of separating the harmonics
associated with the short tonebursts needed for pulse-through longi-
tudinal wave inspections is of paramount importance. Recent
research investigations by the authors and collaborators sought to
find alternatives to the classical Fourier Transform analysis. Yee
et al. [27] and Bunget et al. [28,29] proposed a comparison of the
measured ultrasonic waves with synthetic sinusoidal wave packets
in which the similarity of the waveforms is assessed based on cross-
correlation techniques. These techniques were successfully applied
to track fatigue damage in thin (3-mm thick) Ni-base superalloys.
More recently, Scott et al. [30] investigated other signal processing
alternatives such as least-squares and Prony method. However,
although their proposed techniques applied excitation signals like
those that would be required for thin specimens, they have only
been demonstrated on relatively thick specimens.
In this paper, a nonlinear technique with collinear mixing contri-

butions is applied to assess the fatigue level in Ni-base superalloys.
A nonlinear parameter is introduced using cross-correlation with
sinusoidal packets. The proposed parameter is experimentally mea-
sured and used to assess fatigue level in a library of mechanically
fatigued Inconel 718 specimens. A micrographic study of fatigue
damage progression is presented as a validation of ultrasonic sensi-
tivity to damage precursors.

2 Theoretical Background
To illustrate the detection mechanisms of NLU, consider a finite

amplitude plane-wave of frequency f that travels through a metallic
material. Experimentally, it has been observed that part of the
acoustic energy of frequency f (the fundamental component) trans-
fers to its higher harmonic states (2f, 3f, …) that are generated
during wave propagation. This is a classic effect of nonlinearity
that appears in many dynamic systems. In NLU assessments, this
enables researchers to detect the early signs of damage as the
energy transfer to higher harmonics occurs proportionally to the
amount of material nonlinearity related by the accumulation of
damage precursors. The known Hooke’s stress–strain relation of
the oscillating material particles can be written in the nonlinear
form as a power series expansion [12]

σ = Aε +
1
2
Bε2 + · · · (1)

where σ is the stress created by the propagating wave oscillating the
metallic particles with a displacement gradient, i.e., strain, ɛ= ∂u/
∂x, and A and B are coefficients of the second- and third-order
terms of the power series. Assuming 1D wave propagation in the
x-direction, the oscillating motion of the metallic particles is
described by the wave equation

ρ
∂2u
∂t2

=
∂σ
∂x

(2)

where ρ is the material density and u=A1 sin ωt is the particle dis-
placement when the wave with the amplitude A1 and the angular fre-
quency ω propagate through the metallic medium. Plugging stress
from (1) into (2) and applying 1D strain–displacement relations,
one gets

ρ
∂2u

∂2t
= A

∂2u
∂x2

+ B
∂u
∂x

∂2u
∂x2

(3)

This nonlinear differential Eq. (3) can be solved approximately by
iterations [12]. After two iterations, one gets

u(x, t) = A1 sin(kx − ωt) −
1
8
B

A
k2A2

1xcos[2(kx − ωt)] + · · · (4)

where k= 2π /λ is the wave number, λ is the wavelength of the fun-
damental amplitude, and x is the propagation distance of the wave-
form. The second term has the frequency 2ω and represents the

second harmonic of the waveform that is generated by the nonline-
arities (inhomogeneities) present in the metallic medium. The
amplitude of this second term can be written as [31]

A2 =
1
8

B

A

( )
A2
1 k

2x (5)

The term B/A in Eq. (5) represents the known nonlinearity parame-
ter, β, and rearranging the terms in Eq. (5), we arrive at a common
form as

β =
A2

A2
1

8
k2x

( )
(6)

When applied to longitudinal waves in isotropic materials,
Breazeale and coauthors [32,33] related the nonlinearity parameter
to other second- and third-order material elastic constants such as,
Lamé (λ, µ) and Murnaghan (l, m) constants

β =
3
2
+
l + 2m
λ + 2μ

(7)

The nonlinearity parameter can be calculated based on Eq. (6) from
experimental measurements of absolute transducer displacements
and extraction of harmonic amplitudes, A1 and A2. However,
since the sound velocity of compressional waves is independent
of the excitation frequency, and given a constant propagation dis-
tance is constant, one may use only the electrical amplitudes to
perform a relative measurement of the nonlinearity parameter

β ∝ β′ =
A′
2

(A′
1)

2 (8)

For short excitation waveforms like those required for thin spec-
imens, accurate extraction of the second harmonic amplitude, A′

2, is
challenging. The cross-correlation function provides a measure of
how two signals are similar to each other at different points in
time, which can be used to extract the harmonic amplitudes even
in the case of overlapping peaks for A′

1 and A′
2 in the frequency

domain. In NLU assessments, the measured signal, x(t) recorded
from the receiver can be segmented into fixed time intervals, xj(t)
corresponding to received pulses of the propagating waveform.
The first and second harmonic components, f1 and 2f1, contained
in the selected analysis region can be recovered through the cross-
correlation of the selected signal with synthetic sinusoids of fre-
quencies, f1 and 2f1.
Given the received waveform, x(t), a segment of its signal, xj(t),

is selected for the nonlinear analysis starting at a receiving delay, tr.
Assume that the segment has a time-length T, its evaluation is per-
formed between the times tr and tr + T. Consider two real, station-
ary, zero-mean sinusoidal wavelets yj(t)= sin(2π · fAj · t) as two
monochromatic sinusoids representing the simulated first and
second harmonics of the received signal. The relative amplitudes
A′
1 and A′

2 are evaluated from the frequency spectra of the convolu-
tion functions of the segmented signal xj(t)|tr+Ttr with the monochro-
matic packets:

r1(t) =
1
Δt

∫tr+T
tr

xj(t) · y f1 (t + τ) · dt

r2(t) =
1
Δt

∫tr+T
tr

xj(t) · y f2 (t + τ) · dt
(9)

where the amplitudes A′
1 and A′

2 are calculated as the amplitudes of
the steady-state portions of r1(t) and r2(t), respectively.

3 Materials and Methods
The harmonic generation technique combined with a simplified

collinear wave mixing was used to measure the acoustic nonlinear-
ity parameter [12]. The core component of the nonlinear ultrasonic
system was a SNAP 5000 RAM (Ritec Inc., Warwick, RI) capable
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of high power (5 kW) tone burst excitations (Fig. 1, left). This non-
linear measurement system can provide monochromatic ultrasonic
sine wave signals of high quality, thus decreasing considerably the
acoustic nonlinearity artifacts stemming from the excitation signal.
A matching network of integrated low-pass filters was used to
further suppress high-frequency distortion from the instrument,
and itwas used to deliver a three-cycle toneburst excitationwith a fre-
quency of 5 MHz and approximately 450 Vp-p. Two broadband pie-
zoelectric transducers were used as transmitter as receiver (Olympus
NDT Panametrics, V201-RM and V202-RM, respectively). The
transmitter converts the electrical signal into longitudinal ultrasonic
vibrationwhich then is transmitted into the specimenwithmineral oil
as the couplant. The vibration propagates inside the specimen, and it
is received and transformed in electric signal at the 10 MHz receiving
transmitter. The internal trigger signal from the SNAP system was
used as a reference trigger to synchronize external data acquisition
using a Picoscope 3406DUSB oscilloscope with internal data acqui-
sition through the SNAP system’s superheterodyne receiver. A
number of 100 temporal averages were used at each measurement
to suppress the electrical noise. Data were recorded by using two
acquisition systems: (1) the acquisition system accompanying the
superheterodyne of the SNAP 5000 RAM and (2) a second system
to digitize and record raw transmitted and received waveforms.
Thefirst systemwas used as a benchmark to compare the resultsmea-
sured with the second system and analyzed through the proposed
cross-correlation (CC)-decomposition method.
The superheterodyne computed the total energy between 3.1 and

5 µs after the transmission ended. The energy was calculated using
analog integration of the in- and out-of-phase components at the
10 MHz frequency. A specimen fixture was designed to maintain
alignment parallelism between the transmitting and receiving trans-
ducers during multiple replicate measurements on the library of
fatigued specimens (Fig. 1, right). The transducers were spring-
loaded to maintain a repeatable contact loading between transducers
and the specimens. The authors observed that during measurements
a spring-loaded solution for the transducers was instrumental to
increase the measurement repeatability.
A library of five flat (25.4-mm width, 150-mm long, and 3-mm

thick) Ni-base superalloy IN718 with a single round notch was pre-
pared. The specimens were not hardened, but they were solution
aged and annealed prior to fatigue testing. The procedure was
based on the specifications in the AMS 5596 standard and involved
a heat treatment of 955 °C for 1 h in an endothermic atmosphere and

a quench by rapid air cool. This was followed by an age cycle con-
sisting of heating to 718 °C and hold for 8 h, furnace cool/ramp 2 h
to the next temperature of 621 °C and hold for 8 h, then cool in
ambient air. The specimens were then polished before fatigue
testing to remove the oxide layer, but nothing was done to them
after fatigue testing. These specimens were cyclically loaded to
20, 40, 60, and 80% fatigue life. These specimens were high-cycle
fatigued in tension–tension loading with maximum stress at 37.5%
(414 MPa) of the yield and a stress ratio of 0.1, leading to an esti-
mated 75,000 cycle fatigue life with cracks nucleation occurring
only after approximately 90% of the fatigue life was expended.
Selected specimens were cyclically loaded to 20, 40, 60, and 80%
of their fatigue life for the evaluation of damage precursor develop-
ment. The experimental plan was to measure the nonlinearity
parameter across the thickness of the specimens at the root of the
round notch (image specimen with round transducer). The hypoth-
esis was that the fatigue damage precursors will accumulate at the
stress concentrator where the specimens had the smallest cross-
sectional area. The measurements were randomly repeated four
times for each specimen. Before each measurement, the transducers
were wiped clean and a fresh couplant was applied.

4 Results and Discussion
In the proposed simplified collinear mixing procedure, the

ringing transient portion of the transmitted waveform interacts
with the reflection from the receiver interface of the direct pulse
(Fig. 2, left). While the oscilloscope recordings shown in Fig. 2
(left), the two signals were recorded at separate sides of the speci-
men (one being delivered by the transmitter and the other as the
output of the receiver), their overlap in the time domain suggests
that the ringing transient portion of the transmitted waveform trav-
eled through the thickness of the specimen at the same time as the
reflection from the direct path pulse. To better illustrate the effect
of wave mixing in the thin specimens that are the focus of this
work, a similar measurement was performed with a specimen
having twice the thickness of the specimens of the fatigued
library (Fig. 2, right). In this case, the ringing transient portion of
the transmitted waveform ended before the reflection from the
receiver interface could reach it, and thus, no mixing occurred,
and as a result, the second received pulse was identical in the
form to the first received pulse.

Fig. 1 Experimental setup. Left: the Ritec setup for nonlinear measurements was adapted to record data from both the hetero-
dyne, i.e., βheterodyne, and separate data to be processed with the CC algorithm, i.e., βCC. Right: IN718 specimen and transducers-
specimen fixture for pulse-through measurements.
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The case of a longitudinal sinusoidal wave interacting with itself
to produce a second harmonic frequency was investigated early on
by Rollins [34] and based on the energy and momentum conserva-
tion a scattered wave is obtained that might be described as

L(ω1) + L(ω1) = L(2ω1) (10)

where for our case the frequency of the direct path and the reflected
echo were ω1= 2π · 5 MHz. The resulting recorded waveform
exhibited a repeating pattern consisting of the pulses of the direct
path and the collinear mixing signal (Fig. 3). Starting with the
second repeating pattern in the sequence, the direct path had a
180 deg phase change since it contained reflections of the direct
path and not the direct path pulse. The combined signal of the dir-
ect path and mixed reflection, i.e., the first repeating pattern, was
used in the measurements based on cross-correlation decomposition.
Using the proposed decomposition technique, typical cross-

correlated signals, r1(t) and r2(t) were obtained for long synthetic
sinusoids, 40 and 80 cycles (Fig. 4). The whole time-domain
lengths of these signals consist of cross-correlation transient por-
tions and a stable steady-state portion in the middle. The
steady-state portion is so stable that there is no need to perform a
Fourier transform in order to obtain the amplitudes, (A1)CC and
(A2)CC, of these sinusoidal waves. These uncalibrated relative

amplitudes are proportional to the particle displacements u(x,t) rep-
resented in Eqs. (2)–(4) and can be used to calculate a relative non-
linearity parameter, βCC

βCC =
(A2)CC
(A2

1)CC
(11)

For practical reasons, calibration blocks that are representative of
non-fatigued material could be used in a calibration procedure of
different excitation values, transducers, and lengths of synthetic
sinusoids.
A baseline analysis of the sample population was made by using

the Ritec system’s superheterodyne receiver to calculate the ampli-
tude of the second harmonic component of the received signal. For
this analysis, the gate of the heterodyne of the Ritec system was
adjusted so that it contained the combined signal of both the
direct path pulse and the reflection containing the collinear contribu-
tion. The maximum observed data spread for the heterodyne system
was 17% over the full scale of the measurements and occurred only
for the 80% fatigue level where the data spread was significantly
larger than that for the previous levels (Fig. 2). The nonlinearity
parameter, βheterodyne, increased sharply along a sigmoidal trend
for the early stages of fatigue levels, and it became relatively insen-
sitive to fatigue for levels larger than 60% life. The specimens

Fig. 2 Simplified collinear mixing procedure (left) as compared to a non-mixing case when transmitted wave propagates through
a thicker (6.35-mm) specimen of IN718 on the right

Fig. 3 The collinear mixing resulted in a repeating pattern of the direct and mixed signals that propagated mul-
tiple times through the thickness of the thin specimens. The blue curve represents multiple echoes of the
received waveform and the black, thicker curve represents the envelope (analytic signal) as obtained through
Hilbert transform. (Color version online.)
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fatigued at the 80% level exhibited an increase of 300% of nonlin-
earity parameter over pristine specimens. This increase is mostly
related to the increase of the second harmonic since, in the SNAP
system, the first harmonic is measured from the excitation signal
delivered to the ultrasonic transmitter, i.e., the FDK-6 stage 2
low-pass filter output and thus is not impacted by the specific speci-
men under test (Fig. 1). Only the second harmonic was obtained
from the received waveform after its propagation through the metal-
lic media.
The linearity of the ultrasonic measurement system and the

cross-correlation procedure for the direct path and the collinear
mixing of the first reflection was tested in order to verify measure-
ment consistency and minimal influence from spurious nonlinear-
ities. Specifically, the intent was to ensure that the measured
nonlinearities were associated with the changes in the material
state and not merely to the nonlinearities that are always present
in the amplifier, electronics, and transducers. A simple experiment
was performed by gradually increasing the amplitude of the exci-
tation of the Ritec system. The proposed cross-correlation tech-
nique exhibited linearity comparable with that of the heterodyne
Ritec system. Both techniques had a coefficient of determination
for linearity larger than 0.95 (Fig. 5). Yet, the cross-correlation
of the direct path received pulse and the collinear mixed reflection
with sinusoidal packets had better linearity for higher excitation
amplitudes.
The data variance of the measured nonlinearity based on the com-

bined repeating pattern increased for the collinear mixing, and the

full-scale measurement increased significantly when compared to
the harmonic generation of the direct path. Therefore, when
reported to the full scale, the maximum observed measurement var-
iation was 28% for collinear mixing compared to 65% when using
only the direct pulse. Moreover, after a sharp increase up to 30%
fatigue level, the nonlinearity measurements for the direct path
had the tendency to saturate over 50% of fatigue life. However,
the results indicated that for the combined pulse, little or no satura-
tion occurred over the range of fatigue levels examined. The satura-
tion effect observed after approximately 50% fatigue in both the
baseline heterodyne measurements (Fig. 6) and the direct path
cross-correlation analysis (Fig. 7, left) was in agreement with that
of prior research. Cantrell [35,36], Wu et al. [37] and Matikas
[38] obtained a similar 50% saturation phenomenon in the case of
fatigue of aluminum 2024, 410Cb stainless steel, IN100, magne-
sium alloys, and Ti-6Al-4V. Thus, the added contribution of collin-
ear mixing provides an advantage over conventional harmonic
generation approaches in that it could enable an effective assess-
ment of fatigue life over the 50% level.
The CC algorithm using the collinear contribution significantly

increased the sensitivity to the accumulation of damage precursors
when compared to the conventional harmonic generation analyses.
The sensitivity is increased in part due to the ability of the cross-
correlation to decompose the original waveform to obtain harmonic
amplitudes. In contrast, only the second harmonic contributes to the
increase of the nonlinearity parameter in the heterodyne-based
approach [2,12,39]. The CC algorithm is sensitive to the energy

Fig. 4 Typical cross-correlated selected regions of component f1 on the left and 2f1 on the right. Only the steady-state mid
regions of the CC functions were used to measure the harmonic amplitudes, (ACC)1 and (ACC)2.

Fig. 5 Linearity and repeatability of the measurement system and proposed procedure: Ritec heterodyne procedure (left) and
cross-correlation of the combined direct path and collinear mixed reflection with sinusoidal packets
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transfer from the first harmonic to the second harmonic. Thus, while
the second harmonic increases with the level of damage, the first
harmonic that is calculated through the CC procedure decreases
as energy is transferred toward the second harmonic component
(Fig. 8). This advantage is novel, and it is not found in more

conventional analysis procedures. Figure 8 shows that the ampli-
tude of the first harmonic decreases more than 50% at a fatigue
level of 80% which may correspond to the point at which a crack
could nucleate and become visible at the surface. However, we
should mention that our specimens did not have any visible crack
at this level of fatigue. At the same time, the second harmonic
increased approximately 1300%.
The phase of the cross-correlated signals from the direct received

pulse and of the first reflection containing the wave mixing contri-
bution was measured to observe its contribution to the measured
harmonic amplitudes (Fig. 9). Two methods were utilized: an
overlap algorithm in the time domain and a Fourier Transform in
the frequency domain. The results of both methods were in agree-
ment. The phase shift between the reflected mixed echo and the
direct path was found to be 180 deg, which was in agreement
with the results obtained by Van Buren and Breazeale [40]. Yet,
the phase shift between the direct path and the reflected mixed
echo exhibited a strong decrease with the fatigue level, especially
for the first harmonic amplitude, (A1)cc. The ability to perform
phase measurements of higher harmonic components from experi-
mentally measured signals, as well as the higher harmonic ampli-
tudes of short time-domain signals, is an advantage that the
presented decomposition technique provides to the signal process-
ing of nonlinear ultrasonics.

Fig. 6 Nonlinearity parameter, βheterodyne, measured with the
Ritec heterodyne system. Both the direct and the collinear
wave mixing reflection was used for these measurements.

Fig. 7 The change of the relative nonlinearity parameter was significant for the first repeating pattern, i.e., the direct path and
collinear mixing echo (right) when compared only to the harmonic generation of the direct path pulse (left). Both measurements
were performed with harmonic amplitudes calculated through cross-correlation with sinusoidal packets.

Fig. 8 The first harmonic decreased monotonically with fatigue percent life (left), while the second harmonic increased signifi-
cantly (right)
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In order to verify that the observed increase in the material non-
linearity was attributed to microstructural changes, transmission
electron microscope (TEM) images were collected at three repre-
sentative fatigue levels. Discs of 3-mm diameter were machined
from the specimens using electron discharge machining. These
discs were mechanically polished to a thickness of 60 µm after
which electropolishing was performed using a Struer TenuPol-3
electro-polisher and an electrolyte solution of 10% perchloric
acid and 90% methanol. A voltage of 30 V and a temperature of
−20 °C were used. Three images with identical magnification
were selected, and the average value of dislocation density was
considered. Dislocations appeared as the dark lines in the bright
field of the TEM images due to the Bragg diffraction of the elec-
trons that were directed away from straight through beam
(Fig. 10).
The dislocation density was estimated from TEM images based

on a technique presented by Adamczyk et al. [41]. The images
were prepared for dislocation density measurements by using
IMAGEJ software (NIH). The brightness and contrast of the micro-
graphs were adjusted so that the γ′ precipitate particles and the
matrix were close to white, and the remaining black pixels indicated
etch pits at the intersection points of dislocations. A size threshold
was used to discard the remaining noise speckle. The estimated dis-
location density and the nonlinearity parameter, βCC, were plotted
as a function of fatigue life (Fig. 11). The error bars of the disloca-
tion densities were calculated based on estimations from four TEM
images taken from different locations of the machined discs. The
chart shows a strong correlation between estimated dislocation
density and the measured nonlinearity parameter, β. The dislocation
density appeared to increase linearly. A similar linear trend of dis-
location density was obtained by Matikas [38] for in situ measure-
ments of Ti-6Al-4V specimens.

5 Concluding Remarks
The objective of this research investigation was to examine

the feasibility of using a modified nonlinear ultrasonic approach
that considers the effects of collinear wave mixing contributions
and leverages cross-correlation decomposition for analyzing the
fatigue state of thin Ni-base superalloy components. The higher har-
monics could be discriminated from the wideband signals of short
time-domain pulses by using the CC-decomposition technique.
The major outcome of the decomposition technique is a significant
increase in the nonlinearity parameter βCC obtained from the
cross-correlation of the selected signal with sinusoidal packets of
specific harmonic frequencies. This increase was due not only to
the increase in the second harmonic, (A2)CC, but also to its ability
to capture the energy transfer from the fundamental waveform
toward higher harmonics. Moreover, the decomposition algorithm
continues to maintain the linearity of the measurement system
resulting in consistent data spread. The increase in the second har-
monic, (A2)CC, and the decrease in the first harmonic, (A1)CC, of the
collinear mixing pulse were associated with a change in phase from
the pulse of the direct path. Yet, this change in phase decreased with
the fatigue level, which in turn resulted in significant changes in the
harmonic amplitudes.
The results obtained through CC decomposition were in agree-

ment with the results obtained through the Ritec heterodyne
system. The heterodyne Ritec system exhibited the least spread in
data with a maximum expected error of 17%. The analysis of the
combined repeating pattern containing the collinear mixing con-
tribution had a maximum measurement variation of 28% while
the harmonic generation based on the first received pulse had an
error of 65%. The data scatter of the cross-correlation method
might be due to the couplant thickness and the coupling coefficient

Fig. 9 The phase of the cross-correlated signals first harmonic decreased monotonically with fatigue percent life (left), while the
second harmonic increased significantly (right)

Fig. 10 TEMmicrographs showing dislocations buildup, arrow A, and primary pre-
cipitates γ′, arrow B, for three levels of fatigue
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between the two transducers. The couplant has a larger effect when
using two pulses, i.e., the direct and the mixed reflection since the
couplant interaction is located between these pulses. However,
the benefit of high sensitivity to microstructural damage of the com-
bined repeating pattern was significant (approximately 7000%
increase). Moreover, its monotonic increase indicated a saturation
over 80% of fatigue life as opposed to 50% for the case of harmonic
generation of the first direct received pulse. This finding indicates
that the nonlinearity parameter based on the CC decomposition is
not only sensitive to the early stages of the fatigue process, but
also during later stages of damage.
The increase in nonlinearity parameters was verified through

micrographic analysis performed on TEM. A good agreement
between the nonlinearity parameter, βCC, and the data obtained
from micrographic analysis confirm the usefulness of the decompo-
sition technique as it was applied to the simplified collinear wave
mixing. The micrographs demonstrated that the nonlinear response
was greater as the damage precursor accumulated in the specimens.
The authors conclude that both nonlinearity parameters, βCC and
βheterodyne, were sensitive to the increase in the dislocation density
estimated from micrographs.
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