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Abstract. Widespread damage in aging aircraft is becoming an increasing concern as both civil and military fleet
operators are extending the service lifetime of their aircraft. Metallic components undergoing variable cyclic loadings
eventually fatigue and form dislocations as precursors to ultimate failure. In order to characterize the progression of
fatigue damage precursors (DP), the acoustic nonlinearity parameter is measured as the primary indicator. However,
using proven standard ultrasonic technology for nonlinear measurements presents limitations for settings outside of the
laboratory environment. This paper presents an approach for ultrasonic inspection through automated immersion
scanning of hot section engine components where mature ultrasonic technology is used during periodic inspections.
Nonlinear ultrasonic measurements were analyzed using wavelet analysis to extract multiple harmonics from the received
signals. Measurements indicated strong correlations of nonlinearity coefficients and levels of fatigue in aluminum and
Ni-based superalloys. This novel wavelet cross-correlation (WCC) algorithm is a potential technique to scan for fatigue
damage precursors and identify critical locations for remaining life prediction.

INTRODUCTION

Exposure to significant in-service fluctuations in stress and temperature during repeated ground-air-ground
cycles causes turbine engine components to undergo continuous accumulation of DP in the form of crystal
dislocations, vacancies, and vacancy cluster that are the major cause of fatigue cracking [1]. It is critical to detect
and assess the level of damage precursors before any catastrophic failure occurs. Thus, engine components have to
be inspected periodically. Automated nondestructive scanning methods are preferred for inspection due to the
complexity and geometric intricacy of the engine components. Amongst various types of nondestructive evaluations
(NDE), ultrasonic measurements have proven their effectiveness in achieving a reasonable compromise among
resolution, practicality and damage detection. Conventional linear ultrasonic methods based on velocity or
attenuation measurements are quite sensitive to macro-defects such as cracks but less sensitive to microstructural
changes defined as damage precursors. However, recent decades have seen the emergence of nonlinear ultrasonics
(NLU) measurements as effective techniques for tracking the evolution of microstructural changes of fatigued
materials. While linear techniques rely on the propagation of ultrasonic vibrations through the medium, the fatigue
detection mechanism of nonlinear techniques is based on the interaction between ultrasonic waves and the
accumulated damage precursors that distort the waveforms, creating higher order harmonics.

Among the ultrasonic techniques, the pulse-echo mode is preferred where possible to the pulse-through modes
because of greater amount of received information, such as the depth of defect location, and system simplicity, since
it requires only one probe. However, nonlinear pulse-echo measurements are seldom used to assess fatigue damage.
The main reason is that the reflection at stress-free boundary, i.e., backwall interface, causes an unfavorable phase
inversion in the second harmonic [2, 3, 4]. However, in practice a number of acoustic phenomena such as beam
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diffraction and absorption can contribute to a less perfect cancellation of the second harmonic reflected to the source
transducer. These factors were recently proven in the medical field [5, 6, 7, 8§, 9], and in the nondestructive field by
Best et al [10]. It should be mentioned here that the nonlinearity measurement might be inherently less reliable in
the pulse-echo mode than those conducted in through-thickness mode. However, by incorporating factors such as
absorption and diffraction—Khokhlov-Zabolotskaya-Kuznetsov like model of the sound propagation in solids—the
amplitude of the second harmonic can be measured for up to four round trips as was demonstrated by Best et a/ [10].

Another challenge of using NLU measurements on engine components is that their small thickness (turbine
blades) requires relatively short-duration sound bursts, making it difficult to extract harmonic amplitudes from the
frequency domain. Generally, in the NDE field, the nonlinear generation of second harmonic is limited to relatively
long propagation (approx. 10 mm or more) to separate the harmonics and measure their amplitudes [11, 12, 13, 14].
The pulse-inversion technique has been used to cancel the linear fundamental harmonic of the signal and enhance
the second harmonic by adding two 180° out-of-phase signals [11, 15]. However, this technique requires sending
two successive pulses for each location of the C-scan. This technique is not practical during the continuous motion
specific to scanning systems since it requires holding the transducer motionless while transmitting and receiving the
two successive tone bursts. Moreover, most ultrasonic scanning systems make use of impulse (usually a negative
spike) excitation to generate wideband ultrasonic pulses inside the scanned part since narrow band pulses specific to
monochromatic waves are susceptible to noise. The impulse waves make even more difficult the extraction of
harmonics since there is no evident separation between them, and the fundamental contribution to the second
harmonic may be dominant (Fig. 1).

Amplitude, [a.u.]
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FIGURE 1. Short-duration pulses (a) do not lead to harmonic spacing in frequency domain (b).
The second harmonic signal is masked by the fundamental component.

Yet, the feasibility of using nonlinear pulse-echo technique in immersion to inspect thin components was
demonstrated by Kawashima et al [16, 17] by using a focused transducer for higher harmonics generation. To
overcome the problem of scanning thin components, the authors have developed an algorithm based on cross-
correlation and wavelet analysis theories to separate the higher order harmonics from a wideband ultrasonic pulse
[18]. The objective of current investigation is to develop a nonlinear ultrasonic technique that will be feasible for
pulse-echo immersion scanning of hot section aircraft components. Nonlinear C-scan imaging is desirable since it
might facilitate the identification fatigue DP build-up. Another objective is to develop a quantitative assessment of
the remaining useful life based on the accumulation of fatigue damage precursors. A literature survey as well as
some preliminary experiments reported in this paper indicate the potential of measuring the second harmonic of a
signal undergoing multiple round trips within the specimen. These experiments have been performed using acoustic
harmonic generation through a pulse-echo immersion method. This technique and analysis is proposed in the present
paper as a possible NDE tool to study the microscopic internal stresses due to local plasticity effects.

TECHNICAL BACKGROUND

To understand the detection mechanism of NLU, let’s assume 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) transfers to its higher harmonics (2f, 3f...) that are generated during wave
propagation. This is particularly useful as it enables researchers to detect the early signs of damage build-up in
critical components since the transfer of energy to higher harmonic components occurs proportionally with the
amount of damage. The Hooke’s stress-strain relation of the oscillating material particles can be written in the
nonlinear form as a power series expansion [19]

a=Ae+%B£2+-~) )
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where o is the stress created by the propagating wave when oscillating the metallic particles with a displacement
gradient, i.e., strain, € = du/dx, and A and B are coefficients of the second and third order terms of the power
series. Assuming that the wave propagates in the x-direction, the oscillating motion of the metallic particles is
described by the wave equation

%u o

= 2

a2 ox >
where p is the material density and u = A; sin wt is the particle displacement when the wave with amplitude 4; and
angular frequency w propagates through the metallic medium. Plugging stress from (1) into (2) and using the
displacement gradient, one gets
%u %u ou d%u
- A T B 3)
This nonlinear differential equation (3) can be solved approximately by iterations [19]. After two iterations, one gets
u(x, t) = A, sin(kx — wt) — é%szlzxcos[Z(kx —wt)] + - @)

where k = 2r/A is the wave number, A is the wavelength of the fundamental amplitude, and x is the propagation
distance of the waveform. The second term has the frequency 2m and represents the second harmonic of the
waveform that is generated by the nonlinearities (inhomogeneities) present in the metallic medium. The amplitude
of this second term can be written as [20]

4, =3 (3) Ay %k2x, (5)

The term B/A in relation (5) represents the known nonlinearity parameter, 5, and rearranging the terms its known
form is

B =75z, ©)

When applied to longitudinal waves in isotropic materials, Breazeale et al [21, 22] related the nonlinearity
parameter to other second and third order material elastic constants such as, Lamé (A, p) and Murnaghan (/, m)
constants

3 l+2m

=2+

2 A+2u>?

(7

The nonlinearity parameter can be calculated based on relation (6) from experimental measurements of harmonic
amplitudes, 4; and A.. Since the sound velocity of compressional waves is independent of frequency of the wave
and, when the propagation distance is constant, one may use only the electrical amplitudes to perform a relative
measurement of the nonlinearity parameter

B =22

T a®

®)

MEASUREMENTS AND METHODS

When the frequency of the applied ultrasound is near the resonance frequency of DP, they absorb the ultrasonic
energy effectively. Therefore, by determining where the local maxima of the attenuation coefficient of the
fundamental amplitude occurs in the frequency domain, optimal detection of DP is obtained even at low power
excitation. For example, by using three broadband contact transducers with central frequencies at 5, 10, and 20 MHz
(Olympus, models V201, V202, and M2017) and a wideband pulser/receiver (JSR, model DPR300) in pulse echo
mode, three maxima of absorption coefficient were obtained (Fig. 2). These measurements were performed on a
95% fatigued specimen of single crystal Ni-base superalloy, at the location where accumulation of DP was expected.
Local maxima were obtained for each transducer: 7.7 for 5 MHz, 14 for 10 MHz, and 20 for 20 MHz. However, the
attenuation coefficient had a global maxima for this material at approximately 14 MHz, even though one would
expect a higher attenuation for higher frequency. This aspect needs to be explored further, but it is not investigated
here.
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Specimens Preparation

Flat tensile test specimens of a Ni-based single-crystal superalloy were prepared with dimensions 25 % 3.18 x
124 mm (Fig. 2). The thickness of the specimens (3.18 mm) was selected to be representative of thin turbine blades.
A round notch was machined via electro-discharge machining to concentrate plastic zones around it. Each specimen
was mirror polished to a roughness Ra = 0.05 um to remove manufacturing defects and ensure consistent surface
roughness across the entire library of specimens. Increases in the dislocation density of the single crystal specimens
were obtained through cyclical tension-tension stress controlled loadings in an MTS system with a loading rate of 10
cycles per second. Maximum stress was omax = 345 MPa and the stress ratio was R = 0.1. Destructive fatigue tests
were performed on three specimens to estimate the average number of cycles to failure for this selected cyclic stress.
Next, four increasing levels of fatigue — 0, 25, 62.5, and 95% — were achieved.

Attenuation Coeff, (dB/cm)

] =] I Iy 20 25
Frequency (MHz)

FIGURE 2. Attenuation coefficient vs. frequency for the most fatigued specimen
of Ni-base superalloy showing the measurement location.

Pulse-Echo Nonlinear C-Scan Ultrasonic Measurements

A scanning system (MISTRAS, model UPK36) was used in pulse-echo mode to scan each specimen in the
library of Ni-base superalloys (Fig. 3). Its pulser, however, could not perform at the global maximum of 14 MHz
identified previously, because its limited bandwidth could not capture the second harmonic of 28 MHz (Fig. 2).
Therefore, the first resonant peak of 7 MHz was selected to excite a broadband flat transducer with central frequency
of 10 MHz (Olympus, model A312-S). Initially, a set of measurements and C-scans were performed on an existing
dogbone specimen of Inconel 718 having dimensions 25 X 6.35 x 215 mm that was failed through low cycle fatigue
(Fig. 4a). These preliminary measurements were performed to assess the capability of the measurement method on a
specimen having large amounts of DP due to plastic deformation. These scans were performed with a spatial
resolution of 0.5 mm and long waveforms, i.e., up to 11 backwall echoes, were recorded. Because the amplitude of
the second harmonic is smaller than the fundamental amplitude, its attenuation in water and the studied material

could yield an unclear signal. In this case, the transducer was located approximately 20 mm from the actual front
surface of the specimen.
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FIGURE 3. Block diagram of the experimental setup (a) and recorded pulse-echo waveform (b). The large red pulse
represents the front surface echo, which could be used for corrections of edge effects.
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RESULTS AND DISCUSSION

The authors have developed a wavelet cross-correlation (WCC) algorithm to separate and extract harmonic
amplitudes from the otherwise wideband signal [18]. DP were detected in aluminum and Inconel 718 specimens by
using WCC algorithm in pulse-through mode, both in contact and in immersion. Yet, the second harmonic was in
the noise for contact pulse-echo mode and it could not be used for excitations with negative pulse conventional
pulser/receivers. For this current investigation, two modifications were introduced in the WCC algorithm: (i) the
number of cycles of the template signal was increased four times, and (ii) no windowing was applied to the
sinusoidal wavelet of the template signal. Moreover, these measurements were performed using a pulser/receiver
with the capability of generating tone bursts.

The numerical analysis of each waveform was performed in Octave (open source MATLAB-like software). The
amplitudes of the fundamental, 4’;, and second harmonic, 4',, were extracted from each of the reflected back wall
echoes via the improved WCC algorithm. A relative nonlinearity parameter was calculated as a cumulative weighted
average of the harmonic amplitudes of each back wall echo using the relation

BR e
Bre = ﬁ , ©)
where A1, A", are the electric relative amplitudes not representing the absolute oscillations of the metallic particles,
and x was the thickness of each specimen calculated based on the sound velocity measured for each waveform in the
C-scan.

A nonlinear C-scan image was constructed from all recorded waveforms by using the nonlinearity parameter, £,
calculated with relation (9). Large values of f were observed at the fracture zone and at the small crack that was
nucleated at one edge of the Inconel specimen (Fig. 4a). Then, /. decreased significantly to values of approx. 3 —
3.5 in the gauge section between x = 25 mm and x = 40 mm. Starting at x = 40 mm, /., again exhibited a significant
increase to values of 7.5 — 8 in the transition zone and then, decreased to values of 3 — 3.5 in the gripping section. It
is important to mention here that all three specimens of Inconel 718 within the sample population that were fatigued
to failure, failed at the beginning of the transition zones (Fig. 4b).

It appears that the nonlinear ultrasonic measurements indicate plastic zones of high DP densities at transition
sections of the specimens, but any further attempts at analysis would be pure conjecture unless micrographic
analysis is carried out on these specimens. Yet, this nonlinear C-scan in pulse echo mode was in agreement with
prior nonlinear pulse-through measurements performed on the same Inconel specimen [18]. Therefore, these results
deserve further investigation based on metallographic analysis. It was noticeable that the surface roughness did not
negatively affect the waveform analysis with the WCC algorithm and nonlinear measurements. The specimen gauge
and transition sections were mirror polished, but the gripping sections had visible manufacturing surface texture (Ra
~ 1.6 um).

30
y, [mm] 20

40
10 20 x, [mm]

(a) (b)
FIGURE 4. Preliminary nonlinear C-scan of low-cycle failed specimen of Inconel718 (a).
Tested specimens of Inconel 718 failed at the transition zone (b).
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After seeing that the analysis was suitable for the Inconel 718 specimen, it was carried out on the single crystal
specimens. A steady increase in the second harmonic amplitude, 4", was observed with increasing fatigue level
even though the first harmonic, 4';, exhibited only a slight increase between the pristine and 25% fatigued specimen
(Fig. 5). The second harmonic showed a significant rounded maximum for the 95% fatigued specimen. This peak
was asymmetrically located with respect to the notch. A fine crack, approximately 4 mm long, was observed in a
preliminary micrographic analysis (Fig. 6a). This appreciable increase of the second harmonic can be explained in
terms of dislocation density occurring in the plastic zone formed around the tip of the crack. On the other hand,
linear conventional ultrasonic measurements—the amplitude of the first backwall echo—was not sensitive to DP
(Fig. 7). Only the crack at the rounded notch could be visible in the conventional C-scan.

Yet, starting with the fourth backwall echo, the second harmonic exhibits a noisy behavior indicating that its
values may be less reliable. This is in agreement with the results obtained by Best et al [10] with the conclusion that
detectable nonlinearity was possible at least up until the third and fourth reflection. However, by correcting the
nonlinearity parameter calculated with relation (9) for the attenuation effects, stable nonlinearity parameters could
be used up to the sixth reflection. This correction was made by using the relation [23]

B = Bmeas.l;exaz—m‘l1 (10)

pl(2ay—az)x] >

where a;, o> are the attenuation coefficients of the two harmonics, A'; and A’>. The attenuation of the second
harmonic exhibited an increase with the fatigue level indicated by the continuous lines in Fig. 6b.

First harmonic Second harmonic First harmonic Second harmonic
s oo o4 o007
o. | s
o 000 41 | o

~a =t

m

& sa Sp::"mn}:ngl’f:‘::ml 10 a 0 50 40 x'.'::m 0 10 o sp«:-’rmn"u;um:nmm
(a) Pristine: 0% (b) Fatigued: 25%
First harmonic Second harmonic First harmonic Second harmonic
0.04 0.007 0.007

()

10 o &0

40 30 20
Specimen length, mm

(c) Fatigued: 62.5% (d) Fatigued: 95%

FIGURE 5. The second harmonic of the first backwall increased uniformly with the fatigue level,
while the first harmonic remained relatively constant.
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FIGURE 6. Metallographic image indicating a fine surface crack at the notch of the 95% fatigued specimen (a). The
amplitude of the second harmonic, 4>, increased significantly with fatigue level (b).

a0

30
x [mm]

FIGURE 7. The C-scan based on conventional ultrasonic measurements on the 95% fatigued specimen shows only the flaw
on the left of the rounded notch. No indication of DP is visible through these linear ultrasonic measurements.

As series of nonlinear C-scan images were produced by using relation (10). Color intensity increases uniformly
with fatigue level (Fig. 8). A lobe of intense color surrounds the tip of the crack specimen with 95% fatigue life.
The authors believe that this lobe is related to the plastic region known as the crack tip plastic zone. The ductile
crack growth is accompanied by the expansion of a plastic zone based on decohesion or fracture of inclusions. It is
known that when the crystal is plastically deformed, dislocation density will increase, which will lead to an increase
in the nonlinearity parameter, f§ [24, 25].
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FIGURE 8. Nonlinear C-scan images of four specimens of single crystal Ni base superalloy indicating a continuous increase
of the nonlinearity parameter. A square region from each specimen was selected for quantitative analysis.

A finite element analysis (FEA) was performed to qualitatively assess which locations undergo the largest
stresses during tensile testing (Fig. 9). The simulation was conducted using FEMAP software with the geometry and
boundary condition representative to a linear quasi-static tensile test. This simulation was run using hexagonal
elements with the maximum Von-Mises stress calculated over the test section. Two lobes of high stress radiating
from an angle of approximately 45° on either side of the stress concentrator notch are observed. While the stress
distribution here does not necessarily correlate directly to plastic deformation zones in test specimens due to the

influence of crystal orientation, it is likely that similar patterns will be identified from NLU C-scans of the
specimens.

FIGURE 9. FEA modeling indicating stress distribution lobes at the rounded notch.

A set of waveforms that are representative to sensitive regions of high stress around the notch in the nonlinear C-
scan were selected (dashed square) for a quantitative comparison of the nonlinearity parameter 5. The nonlinearity
parameter increases monotonically by hundreds percent over the fatigue life of the material (Fig. 10). The relative
values of § were estimated at the level of £4% experimental uncertainty. The harmonic amplitudes of the first five
reflections were used to calculate the nonlinearity parameters in this present paper.
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FIGURE 10. Quantitative analysis of nonlinearity parameter in the selected regions at rounded notches.

CONCLUSIONS AND FUTURE WORK

The feasibility of using pulse-echo immersion method was investigated as a practical technique of sensing
damage precursors (DP), mapping nonlinear C-scan images, and estimating the remaining useful life of inspected
components. Harmonic generation from a failed specimen of Inconel 718 and several specimens of Ni-base
superalloy with increasing levels of fatigue damage was measured based on an improved wavelet cross-correlation
(WCC) algorithm. The harmonic generation was favored by selecting an appropriate excitation frequency that was
near the resonance frequency of DP. The hypothesis made here was that DP would absorb ultrasonic energy
effectively at their resonant frequency and generate higher harmonics even though the incident energy was reduced.
The immersion nonlinear measurements presented here indicate that less perfect cancellations of the second
harmonic reflected to the source transducer are possible up to the fourth and even fifth reflection. These results are
in agreement with prior results obtained by other researchers in the medical and NDE fields.

The uniqueness of present investigation lies in the authors’ efforts to overcome the aforementioned challenges of
pulse-echo nonlinear measurements by developing a harmonics detection algorithm. The WCC algorithm indicates
significant potential for extracting the harmonics present in a non-amplified ultrasonic waveform. The authors
consider that the WCC algorithm makes the use of standard instrumentation (without power amplification) a viable
solution for nonlinear ultrasonics. The immersion measurements and presented data analysis demonstrated a
promising technique for mapping damage precursors in nonlinear C-scan imaging. This claim, however, needs to be
corroborated by metallographic analysis of damage precursors, and relevant work in this direction is considered a
part of the authors’ future work.
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