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a b s t r a c t

Second harmonic generation using nonlinear ultrasonic waves have been shown to be an early indicator
of possible fatigue damage in nuclear power plant components. This technique relies on measuring
amplitudes, making it highly susceptible to variations in transducer coupling and instrumentation. This
paper proposes an experimental procedure for in-situ surface wave nonlinear ultrasound measurements
on specimen with permanently mounted transducers under high cycle fatigue loading without inter-
rupting the experiment. It allows continuous monitoring and minimizes variation due to transducer
coupling. Moreover, relations describing the effects of the measurement system nonlinearity including
the effects of the material transfer function on the measured nonlinearity parameter are derived. An in-
situ high cycle fatigue test was conducted using two 304 stainless steel specimens with two different
excitation frequencies. A comprehensive analysis of the nonlinear sources, which result in variations in
the measured nonlinearity parameters, was performed and the effects of the system nonlinearities are
explained and identified. In both specimens, monotonic trend was observed in nonlinear parameter
when the value of fundamental amplitude was not changing.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fatigue damage is one of the most common failure mechanisms
in metallic structures. Fatigue cracks initiate towards the end of a
metal's fatigue life and rapidly propagate through the structure,
ultimately leading to failure. Conventional non-destructive evalu-
ation (NDE) methods such as linear ultrasound testing (UT) are
effective in detecting such cracks. However, UT can only detect
cracks with dimensions larger than the wavelength. By the time
such cracks are detected, structural failure is imminent and un-
dertaking corrective measures become costly or impossible.

Nonlinear ultrasonic waves (NLUT) are sensitive to microscopic
changes that occur early in the fatigue life of metals. NLUT mea-
surements can then be correlated with the current fatigue life and
estimate the remaining useful life of the structure. This gives NLUT
the potential to be used as an inspection technique in an early
warning system for enhancing safety and reducing maintenance

costs. Generally, NLUT measurements use harmonic generation for
evaluating the nonlinearity parameter of the material. A pitch-
catch configuration is used, where a transmitter excites a high
amplitude wave through the structure at a given frequency u0
Then, a receiver detects the wave propagating in the structure
which now contains harmonic frequency components u0; 2u0 and
so on. The detected harmonics are used to compute the nonline-
arity parameter. Typically, measurement techniques excite a lon-
gitudinal wave propagating through the thickness of the material
using a pitch-catch configuration. This configuration requires ac-
cess to both sides of the specimen, and only examines a small area
of the specimen. To overcome those challenges, surface waves have
been recently utilized for NLUT measurements.

Experimental techniques to compute the nonlinearity param-
eter at different percentages of fatigue life are generally imple-
mented in one of three ways:

C Interrupted testing: Cyclic fatigue loading on the test
specimen is interrupted at predetermined intervals corre-
sponding to certain number of cycles. After each interval,
NLUT measurements are collected and then the cyclic
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loading is resumed [1e3]. Also, more recently, surface waves
have been used to measure the nonlinearity parameter [4,5].

C Identical multiple specimen: If a set of identical specimens
are available, each specimen undergoes a certain amount of
fatigue cycles, corresponding to a different percentage of the
predicted total fatigue life. This generally requires to sacrifice
one specimen to obtain an approximate value of the fatigue
life. Then, NLUT measurements are collected on each of the
specimens, giving the nonlinearity parameter across multi-
ple points of the fatigue life. This method assumes that the
initial microscopic structure of the specimen is identical, and
that they all have similar fatigue life [6e8].

C Multiple measurement points in a single specimen: A
specimen undergoes cyclic fatigue until fracture or up to a
certain percentage of fatigue life. Then, NLUT measurements
are collected along the axial direction of the specimen. This is
based on the fact that a higher nonlinearity parameter
should be found near the fracture area, due to a higher
concentration of micro-cracks and persistent slip bands
[9,10].

NLUT measurements most commonly utilize piezoelectric
transducers for wave excitation due to their efficiency in exciting
high amplitude waves [3e7,9,11]. However, amplitude measure-
ments highly depend on coupling conditions of the transducers,
and it is difficult to apply consistent coupling for different inde-
pendent measurements. Also, since the measurement techniques
mentioned above require removal of transducers between
consecutive measurements, a large variability is generally
observed. As such, great care must be taken to obtain consistent
results, and several authors have studied the amount of measure-
ment variability, and other have proposed methods to minimize
this variability [12,13]. Moreover, computation of the transfer
function is required for obtaining absolute measurements of the
nonlinearity parameter. A rather complicated calibration procedure
has been suggested by Dace et al. [14] for computing the transducer
transfer function and obtain absolute nonlinearity parameter
measurements.

To avoid coupling variability, it is desired to have a fixed set of
sensors permanently mounted on the structure for in-situ moni-
toring of fatigue life. Permanently bonding transducers removes
the measurement variability associated with coupling. Moreover,
this provides real time information about the current health state of
the structure, and uses a reference based measurement eliminating
the need for calibration. However, this benefit comes at the expense
of exposing the transducers to the same loading condition experi-
enced by the structure. Frouin et al. [1] conducted an automated
experiment with in-situ sensors for NLUT measurement on a tita-
nium alloy specimen under high-cycle fatigue. NLUT measure-
ments were made every 10 fatigue cycles, always under a zero load
condition. Although permanently bonding transducers reduces
coupling variability, the instrumentation and equipment still has an
effect on the measured material nonlinearity.

In this paper, in-situ surface wave NLUT measurements using
bonded piezoelectric transducers are conducted on two stainless
steel 304 specimens under load-controlled high-cycle fatigue. The
AISI type 304 stainless steel is one of the most widely used metals
in the nuclear power industries. In-situ measurements are acquired
while the specimen is under cyclic load, without the requirement to
stop the applied loading. This measurement technique resulted in
NLUT waveforms at different axial load levels. Moreover, a
comprehensive analysis of the nonlinearity sources in the mea-
surement is used to derive the relations between measured
nonlinearity parameter and true material nonlinearity parameter.
The results of the experimental procedure are analyzed in the

context of these relations.

2. The nonlinearity parameter

In this paper, in-situ measurements of surface wave second
harmonic generation are used to compute the nonlinearity
parameter. Consider a pitch-catch ultrasonic configuration where a
transducer transmits a surface wave through the material, and a
receiver receives at distance x meters from the transmitter. The
nonlinearity parameter at receiver has been derived in Ref. [4]:

b ¼ 8
x

����� p

kRk
2
l

s2 � k2R
s2 þ k2R

����� A2

A2
1

(1)

where A1 and A2 are the out of plane particle displacement at the
surface of the specimen for the fundamental and harmonic waves,
respectively; kR and kl are the wave numbers for the Rayleigh and
longitudinal waves, respectively; p2 ¼ k2R � k2l ; s

2 ¼ k2R � k2s ; ks
is the wave number for shear waves and x is the propagation dis-
tance. As can be seen in (1), the nonlinearity parameter is propor-
tional to harmonic and the inverse of fundamental wave amplitude
square.

Conventional piezoelectric ultrasound transducers generally
have a bandlimited response, resulting in different responses at the
fundamental and harmonic frequencies. However, in fatigue testing
only the change of the nonlinearity parameter relative to its base-
line value is of interest. Thus a proportional measure relative to the
nonlinearity parameter in (1) is used based on the received voltage,
which is denoted hereafter as the nonlinearity metric:

b ¼ VRð2u0Þ
VRðu0Þ2

(2)

where VRðu0Þ and VRð2u0Þ are the received signal voltages at the
fundamental u0 and the second harmonic 2u0 frequencies. The
relation between the measured nonlinearity metric b in (2) and the
true nonlinearity parameter b in (1) in the presence of equipment
and transducer nonlinearities can be obtained using systems the-
ory. A systematic view of all sources of nonlinearity in the system is
examined. As can be seen in Fig. 1, nonlinear ultrasonic surface
wave measurements have three components contributing to the
system transfer function and to its nonlinearities:

C Input voltage VI: This is the input into the transmitter
instrumentation, such as a wave synthesizer or a function
generator. This input voltage signal is assumed to have only a
single frequency component at the fundamental frequency
u0 .

C Transmitter: This is the combined contribution from the
instrumentation at the transmitter side which include the
power amplifier, transducer, and transducer coupling to the
material surface. The transmitter has a combined transfer
function HT ðuÞ and a nonlinearity coefficient KT . The transfer
function relates the input voltage VI to the particle velocity at
the surface of the transducer (denoted VT is Fig. 1). The

Fig. 1. The system block diagram with three lumped sources of nonlinearity: The
transmitter, material and receiver. Each source has its corresponding linear transfer
function (HT ; HM ; HRÞ and nonlinearity coefficient (KT ; KM ; KRÞ
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nonlinearity coefficient KT is a parameter proportional to the
actual nonlinearity of the combined transmitter equipment.

C Material: The material under testing is modeled to have a
transfer function HMðuÞ relating the particle velocity at the
surface of the piezoelectric transmitter (VT ) to the particle

velocity at the receiver location VM : The material also has a
nonlinearity coefficient KM ; which is related to the nonlin-
earity parameter in (1):

KM ¼ A2

A2
1

¼ x
8

�����kRk2lp
s2 þ k2R
s2 � k2R

�����b

C Receiver: This is the combined contribution from the
response of the receiving transducer and its coupling, and
receiver instrumentation such as amplifiers, filters, and dig-
itizers. The receiver has a combined transfer function HRðuÞ
relating the particle velocity VM to the actual received
voltage VR , and a nonlinearity coefficient KR.

C Received voltage VR : This is the measured voltage, which is
the output at the receiver.

Using this block system approach, the outputs from each block
(i.e VT ; VM and VR shown in Fig. 1) are derived at both the
fundamental and harmonic frequencies. First, at the fundamental
frequency, VT ðu0Þ is the particle velocity at transducer/plate
interface:

VT ðu0Þ ¼ HT ðu0ÞVIðu0Þ (3)

Then, a wave propagates through the material due to the exci-
tation VT ðu0Þ, and the particle velocity VMðu0Þ at the location of the
receiver transducer surface is:

VMðu0Þ ¼ HMðu0ÞHT ðu0ÞVIðu0Þ (4)

and finally the measured received voltage at the fundamental fre-
quency is:

VRðu0Þ ¼ HRðu0ÞHMðu0ÞHT ðu0Þ VIðu0Þ (5)

On the other hand, to obtain the expression of the received
voltage at the harmonic frequency, all systemnonlinearities need to
be considered. At the transmitter side, the output of the transmitter
at the harmonic frequency VT ð2u0Þ is related to the input voltage
by:

VT ð2u0Þ ¼ KTVT ðu0Þ2 ¼ KT ½HTðu0ÞVIðu0Þ�2 (6)

where (3) was substituted into (6) to obtain the relation in the
second line. Then, thewave propagating through thematerial at the

frequency 2u0 has contributions from two sources. The first is due
to the excitation source in (6) resulting from transmitter non-
linearities. The second is due to the material nonlinearity. Thus the
wave with frequency 2u0 at the receiver location is given by:

where the second relation in (7) was obtained by substituting (6)
and (4) into the first line of (7). Finally, the receiver measured
voltage at the harmonic frequency also has contributions from two
sources. The first source is from the input VM(2u0Þ due to the
transmitter and material nonlinearity. The second source is VM(u0Þ
due to the receiver nonlinearity. Thus the total received voltage at
the harmonic frequency is:

where the second relation in (8) was obtained by substituting (7)
and (5) into the first line of (8). Thus, the expressions of the received
voltage the fundamental frequency in (5) and at the harmonic
frequency in (8) are substituted into (2) to obtain the expression of
the nonlinearity metric:

b ¼ VRð2u0Þ
VRðu0Þ2

¼ KM
HRð2u0Þ
HRðu0Þ2

þ KT
HRð2u0ÞHMð2u0Þ
½HRðu0ÞHMðu0Þ�2

þ KR (9)

Equation (9) shows that the measured relative nonlinearity co-
efficient is dependent on the nonlinearities of the transmitter,
receiver and the material. For the case when the receiver and
transmitter nonlinearities are not accounted for (KR ¼ 0 ; KT ¼ 0Þ,
then the simplified expression for the nonlinearity metric is similar
to that given in (14). More importantly, if any nonlinearity is pre-
sent at the transmitter, then changes in the material transfer
function HM(u0Þ will result in an apparent change in the nonline-
arity metric b, not necessarily related to the change in the material
nonlinearity parameter b. This is true even if the transmitter
nonlinearity does not change throughout the measurement of fa-
tigue life.

Other implications of equation (9) are that a linear relation be-
tween VR (2u0Þ and VRðu0Þ2 does not necessarily mean that the
material does not depend on instrumentation nonlinearity [2,3,15].
For example, in the absence of material and transmitter non-
linearities (KM ¼ 0 ; KT ¼ 0Þ, then the linear relation
VRð2u0Þ ¼ KRVRðu0Þ2 holds, which is solely due to the non-
linearities of the receiver.

3. Experimental procedure

An in-situ high-cycle fatigue test was conducted using two 304
stainless steel specimens with dimensions shown in Fig. 2. The
thickness of the specimen was 6 mm. The specimens were manu-
factured with small notches in the center of the gage length for

VMð2u0Þ ¼ HMð2u0ÞVTð2u0Þ þ KMVMðu0Þ2 ¼
h
KTHMð2u0Þ þ KMHMðu0Þ2

i
HT ðu0Þ2VIðu0Þ2 (7)

VRð2u0Þ¼ HRð2u0ÞVMð2u0Þþ KRVRðu0Þ2 ¼
h
KMHRð2u0ÞHMðu0Þ2þKTHRð2u0ÞHMð2u0ÞþKRHRðu0Þ2HMðu0Þ2

i
HTðu0Þ2VIðu0Þ2 (8)
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localizing the instantiation of fatigue cracks and improving the
predictability of fatigue failure. For the high-cycle fatigue experi-
ment, the specimens were loaded into an MTS machine, as shown
in Fig. 3, under a load-controlled cyclic loading at a 5.5 Hz rate.

A continuous monitoring setup was used for NLUT measure-
ments while the specimen was undergoing fatigue cycling in the
MTS machine. Two acrylic wedges (one for the transmitter and
another for the receiver) were bonded on the specimen surface
using high strength epoxy (Loctite Hysol 9430). Bonding the
wedges to the plate surface using epoxy removes anymeasurement
variability associated with liquid couplants, eliminating inconsis-
tent and unreliable results. The incidence angle of the wedges is
designed for the excitation of surface waves in stainless steel. The
distance between the wedges on the specimen (shown in Fig. 2)
was 92 mm. Thewedges have a threaded slot in which the trans-
ducers can be screwed in. The experiments for both specimens used
commercial transducers with 6.4 mm diameter. A light mineral oil
couplant was used to couple the transducers to the wedge.

The instrumentation for surface wave excitation and data
acquisition is shown in Fig. 4. A PC with a Labview program was

Fig. 3. Fatigue experimental setup with the specimen loaded onto the MTS machine.

Fig. 2. One of the specimens used for the high-cycle fatigue experiment. All di-
mensions are in millimeters. The thickness of the specimen is 6 mm. The specimen is at
its state after the fatigue test, and the initiated fatigue crack at the center of the
specimen is shown.
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used to control the excitation and data acquisition. The excitation
module in the Labview software controls an arbitrary function
generator for selecting the signal shape, frequency, amplitude, and
repetition rate. The function generator was connected to a power
amplifier for signal amplification. At the receiving end, the wave-
form is amplified using a pre-amplifier, digitized using a GaGe data
acquisition card, and sent back to the PC with Labview for storage
and consequent processing. The specimen load and displacement
values as measured by the MTS machine were recorded using an
oscilloscope throughout the period of the experiment.

Although the general fatigue testing and NLUT measurement
setup was similar for the two specimens, different types of trans-
ducers, excitation amplitudes, and fatigue loading conditions were
considered for each of the two specimens, as described in the
following sections.

3.1. Specimen-1 test

For the NLUT measurements on specimen-1, the transmitting
transducer had a center frequency of 5 MHz and the receiving
transducer had a center frequency of 10 MHz. The receiver trans-
ducer had double the transmitter frequency so that it is more
sensitive to the second harmonic generation. At the excitation
frequency of 5 MHz, the surface wave wavelength in stainless steel
is approximately 0.6 mm. This corresponds to approximately 10%
penetration depth along the specimen thickness. A 40 cycle sine
wave tone burst at 5 MHz frequency and 450 V amplitude was used
for excitation. A 50 U termination was connected to the output of
the power amplifier to match its impedance with the transducer.
Then, a �6 dB attenuator and a high power 5 MHz low pass filter
(see Fig. 4) were used to clean up the excitation signal before
reaching the transducer. The receiver pre-amplifier gain was set to
40 dB.

Before the high-cycle fatigue experiment started, baseline NLUT
data was collected continuously every two minutes for approxi-
mately 24 h to examine the stability of the system. Each data
collection set consisted of a total of 40 bursts at a rate of 50 bursts
per second. No signal averaging was used since averaging will
distort the actual signal during fatigue testing. This is because the
loading conditions on the specimen are changing rapidly and sig-
nals at different loading conditions will be averaged.

After the baseline data was collected, the high-cycle fatigue
experiment was started, where the applied sinusoidal load was set
to a maximum of 57.83 kN and a minimum of 5.33 kN. The nonzero
minimum load is used to prevent compressive loading on the
specimen. A fatigue crack initiated in the specimen after approxi-
mately 130,000 cycles, and the applied load by the MTS machine
was stopped. During the experiment, data was collected every one

minute, and each data set consisted of a total of 60 bursts at a
repetition rate of 50 Hz. Themultiple bursts in each acquisition data
set span multiple periods of the sinusoidal fatigue cycling. This
allows to compensate for the change in signal amplitude due to the
current load on the specimen, as will be described in the next
section. To observe any residual effects within the specimen, data
collectionwas continued for a few hours even after the fatigue load
cycling was stopped.

3.2. Specimen-2 test

The NLUT measurements in specimen-2 used a transmitting
transducer with 2.5 MHz center frequency and a 5 MHz receiving
transducer. The main reason for decreasing the excitation fre-
quency was to increase the penetration depth of the surface wave.
At 2.5 MHz excitation frequency, the surface wave wavelength in
stainless steel is approximately 1.4 mm, corresponding to a 23%
penetration depth. The excitation waveform was a 40 cycle sine
wave tone burst at 2.5 MHz, and with amplitude of 1200 V. The
excitation amplitude was increased relative to that of specimen-1
in order to increase the signal to noise ratio of the second har-
monic generation, and also to reduce any possible anomalous
nonlinearity due to lower amplitudes [16]. In order to achieve this
high power excitation, the �6 dB attenuator and the low pass filter
were not used in the excitation instrumentation for this specimen.
The receiver gain was set to 0 dB (no gain).

Similar to the case of specimen-1, baseline NLUT data was
collected continuously every two minutes for approximately 24 h
before the high-cycle fatigue experiment started. Each data
collection set consisted of a total of 80 bursts at a rate of 50 bursts
per second. During the high-cycle fatigue experiment, the applied
sinusoidal load on specimen-2 was set to maximum of 57.83 KN
and aminimum of 5.33 kN. The fatigue loadingwas stoppedwhen a
fatigue crack initiated after 167,000 cycles. The fatigue crack in
specimen-2 is shown in Fig. 2. During the experiment, data was
collected every one minute, and each data set consisted of a total of
80 bursts at a repetition rate of 50 Hz. The data collection was also
continued for a few hours after the fatigue loading was stopped.

3.3. Verification of wedge bonding integrity

As mentioned previously, the wedges were bonded to the
specimen using a high strength epoxy to ensure that they can
withstand the high stresses subjected to the specimen over a pro-
longed period of time. Also, the wedges were bonded away from
the center of the specimen to avoid the areas with the highest
stress. However, even with those considerations, the high cyclic
stress applied to the specimenmight result in cracks in the bonding

Fig. 4. Experimental setup for continuous in-situ measurement of nonlinear ultrasonic surface waves.
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layer, affecting the measured signals. To examine the bonding layer
integrity, an acoustic microscopewas used to obtain a C-scan image
of the bonding layer. A 20 MHz immersion probe with 25.4 mm
focusing was scanned along the surface of the specimen opposite to
the surface where the wedges were bonded. A 20 mm resolution
raster scan was used to image the specimen. The C-scan images
were obtained before and after the cyclic fatigue experiment as
shown in Fig. 5. The part of the C-scan image corresponding to the
wedges bonding area was cropped from the C-scan image. The
cropped C-scans representing the bonding area were then con-
verted into a binary image, and they are shown as an enlarged
image in Fig. 5. The conversion to a binary image consisted of
computing the mean value within the bonding area, and then using
this mean as a threshold value to convert the C-scan into a binary
image. In the left hand side wedge of the pre-fatigue specimen
(Fig. 5a), some air gaps in the bonding layer are observed due to the
manual bonding process. The image after the fatigue experiment
(Fig. 5b) still shows the same indications of the air gaps in the left
hand side wedge. However, no additional cracking indications
within the bonding layers was observed. Thus the quality of the
bonding layers of the two wedges does not change during the
period of the cyclic fatigue experiment. To quantify the change in
the bonding areas before and after the fatigue experiment, the
normalized L1-norm of the binary C-scan images was computed:

F ¼ 1
MN

XN
i

XM
j

Cij (10)

where Cij is a given pixel in the C-scan image,M and N are the total
number of rows and columns in the image. A summary of the norm
of the two wedges before and after the experiment is shown in
Table 1.

3.4. Signal processing

Signal processing on the recordedwaveformswas performed for

extracting the amplitudes of the signals at the fundamental and
harmonic frequencies and for compensating the effects of loading.
A typical surface wave signal measured on specimen-2 is shown in
Fig. 6. A Hanning window was used in order to extract the steady
state portion of the signal (the window limits are indicated as
dashed red vertical lines in Fig. 6 a). The same window limits were
used for all the measurement sets. Then, the Fast Fourier transform
(FFT) was computed for the windowed signal (see Fig. 6b). The FFT
amplitude A1 at the fundamental frequency u0 and A2 at the har-
monic frequency 2u0 were then extract. The FFT discrete frequency
interval is Df ¼ 1/T, where T is total signal period in the time
domain. If frequencies u0 and 2 u0 are not integer multiples of Df ,
then the values of A1 and A2 cannot be computed exactly. To
overcome this, a spline interpolation was used on the FFT ampli-
tude spectrum to extract A1 and A2 at the exact fundamental and
harmonic frequencies.

The applied load on the specimen affects the amplitudes of both
VRðu0Þ and VRð2u0Þ: For example, Fig. 7 and Fig. 8 show VRðu0Þ and
VRð2u0Þ as a function of the applied load for dataset 20 on both
specimen-1 and specimen-2, respectively. A linear relation can be
seen between VRðu0Þ, VRð2u0Þ and the applied load. A minimum
square error linear fit is shown by the solid lines in Figs. 7 and 8.
One important observation is that in specimen-1, VRðu0Þ and
VRð2u0Þ both have a positive slope as a function of load, but in
specimen-2, VRð2u0Þ has a negative slope. That is, in specimen-2,
when the applied load is maximum, the amplitude of VRðu0Þ is
maximum, but that of VRð2u0Þ is minimum. One explanation of the
observation is that the nonlinearity parameter can take negative
values (see for example Cash and Cai [17]), which then allows
VRð2u0Þ to have a negative slope. The linear relationship between
VRðu0Þ; VRð2u0Þ and the applied load is written as:

VRðiu0Þ ¼ ailþ bi i ¼ 1;2 (11)

where l is the applied load, and ai and bi are the linear fitting co-
efficients. Based on this relationship, the nonlinearity metric is:

b ¼ a2l þ b2
ða1l þ b1Þ2

(12)

where b is the value of the nonlinearity coefficient at a specific load
l0. Using the linear fit, the measurements can be extrapolated for
the case where there is no applied load, i.e. l0 ¼ 0 :

Fig. 5. Acoustic microscope scan images of the specimen. The wedges coupling area are also should as magnified thresholded binary images. (a) C-scan image before the start of the
fatigue experiment; (b) C-scan image after the end of the experiment.

Table 1
The computed L1-norms of the acoustic microscope binary C-scan images of the left
and right wedges bonded to specimen-2, before and after the fatigue cycling
experiment.

Wedge Before After % Change

Left 0.472 0.464 1.695
Right 0.452 0.437 3.319
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Fig. 6. An example of a surface wave received during the in-situ fatigue experiment. (a) The time domain signal. The two vertical dotted lines indicate the limits used for windowing
the received signal. (b) The Fourier transform of the signal, with an inset plot zooming the y-axis scale to show the signal harmonics.

Fig. 7. Relation between applied load and (a) fundamental voltage VRðu0Þ; (b) harmonic voltage VRð2u0Þ in specimen-1.

Fig. 8. Relation between load and: (a) fundamental voltage VRðu0Þ; (b) harmonic voltage VRð2u0Þ in specimen-2.
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b ¼ b2
b21

(13)

4. Results and discussion

The NLUT measurement results after processing for both
specimen-1 and specimen-2 are presented. The results of the
baseline measurements are first shown, and then the results during
high-cycle fatigue are shown.

4.1. Baseline measurement

The baseline amplitudes for the fundamental VRðu0Þ, harmonic
VRðu0Þ and the nonlinearity metric b are shown in Fig. 9 for
specimen-1. The amplitudes at each time instancewere normalized
relative to the mean value over the whole data acquisition period in
order to obtain the % change. It is observed that there are periodic
oscillations in the measured VRðu0Þ and VRð2u0Þ amplitudes. This
periodicity indicates that the power amplifier instability is themost
probable cause of this variation. The second harmonic amplitude
had larger variations than the fundamental, however the trends in
the variations is the same for both. The baseline measurements for
specimen-2 are shown in Fig. 10. Larger variations are observed for
this specimen, especially within the initial 5 h. The harmonic
amplitude had a variation up to 30% in the initial 5 h, but the
fundamental variation was within 2%. This initial variation is
attributed to the heating up of the power amplifier, resulting in
significant variations in its nonlinearity. specimen-2 also has

periodic variation in the amplitudes. The total amplitude variation
is quantified by computing the standard error (SE) across the
baseline data acquisition period:

SE ¼ 100 � s

m
(14)

where s is the standard deviation and m is the mean over the
baseline data acquisition period. The SE for VRðu0Þ, VRð2u0Þ, and b

are shown in Table 2. For specimen-1, all the errors were below 2%.
For specimen-2, the standard error for VRð2u0Þ and b were below
10%. The variation in b is anticipated to be mostly due to fluctuation
in the transmitter nonlinearity.

4.2. .Specimen-1 fatigue measurement result

The fundamental amplitude, harmonic amplitude and
nonlinearity metric as a function of fatigue life in specimen-1 are
shown in Fig. 11. All the parameters are shown as their percentage
change relative to their initial value at 0% fatigue life. Note that the
measurements shown are only for the period after the fatigue load
in specimen-1 was increased. The values corresponding to a load of
0 kN (no load) and 50 kN as computed using (11) and (12) are
shown. The 100% fatigue life corresponds towhen the cyclic loading

Fig. 9. The baseline data over a period of 24 h for specimen-1. (a) Fundamental voltage, (b) harmonic voltage, (c) nonlinearity coefficient.

Fig. 10. The baseline data over a period of 24 h for specimen-2. (a) Fundamental voltage, (b) harmonic voltage, (c) nonlinearity coefficient.

Table 2
The computed standard errors for the 24 h duration of baseline data collection.

Specimen VRðu0Þ VRð2u0Þ b error

1 0.49 1.95 1.04
2 0.63 8.23 9.41
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on the specimen was stopped due to the formation of a crack, but
prior to the total break of the specimen. The ultrasonic data
collection continued after stopping the applied fatigue loading, and
these measurements correspond to fatigue life values above 100%.

The fundamental amplitude VRðu0Þ in Fig. 11a decreases sharply
by around 5% within the first 7% fatigue life. This change is antici-
pated to be due to the softening of the specimen due to the newly
applied load values. This effect has also been observed by Kumar
et al. [15]. Specimen softeningwill result in a change of thematerial
transfer function HMðuÞ (see Fig. 1 and equation (5)). After the 7%

fatigue life mark, the fundamental amplitude becomes steady with
slight variation until near 90% fatigue life, where the amplitude
sharply decreases due to the formation of the crack. Similar trend is
also observed for the harmonic amplitude in Fig. 11b. The
nonlinearity metric, b shown in Fig. 11c is observed to also have an
initial drop in amplitude up to 2% within the initial 7% fatigue life,
before monotonically increasing up to 90% fatigue life. The total
change in b between 7% and 90% fatigue life is approximately 4%.
Then, there is a sharp increase due to the contribution from the

Fig. 11. The load-compensated fundamental, harmonic and nonlinearity metric versus
the number of fatigue cycles for specimen-1. The inset plot is display the part of the
plot between 0% and 100 % fatigue life. Legend: minimum load(blue line), maximum
load(red line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 12. The load-compensated fundamental, harmonic and nonlinearity parameter
versus the number of fatigue cycles for specimen-2. Legend: minimum load (blue line),
maximum load (red line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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formed crack. Since changes in the material transfer function will
directly affect b, as was described in section 2, the initial drop in b

cannot be attributed directly to changes in the material nonline-
arity. Similarly, after 90% fatigue life, the change in b is mostly due
to changes in the material transfer function (equation (4) and (7)),
although it is anticipated that a large contribution to the nonline-
arity parameter should also be observed on crack initiation [18].

4.3. Specimen-2 fatigue measurement result

The fundamental amplitude, harmonic amplitude and nonline-
arity metric as a function of fatigue life in specimen-2 are shown in
Fig. 12. The frequencies used in these measurements was decreased
in order to increase the wave length and consequently the surface
wave penetration through the material thickness. This increases
the effective insonified area for more sensitivity to changes in
material nonlinearity. The fundamental amplitude in Fig. 12a
changes to within 10% in the initial 20% fatigue life of the specimen,
before it becomes steady until 95% fatigue life. Then the amplitude
increases rapidly due to crack formation. This trend is similar to
that observed in specimen-1. For the harmonic amplitude (Fig.12b),
there is again a non-monotonic trend in the first 20% life of the
specimen, before the amplitude increases monotonically up to 95%
life. The nonlinearity metric in Fig. 12c shows a similar trend as that
of the harmonic amplitude. Between 20% and 95% fatigue life, b
shows a total change of 50% for the case of 50 kN load, and 35% for
the case of no load. The following observations are made by
comparing the results from specimen-2 to those of specimen-1:

C Both specimens show an initial dip in b due to material
softening.

C Specimen-2 shows a much larger effect of applied load on b.
This is associated with increasing the excitation amplitude
for specimen-2 measurements which is 1200 V peak to peak
versus 450 V for specimen-1.

C Specimen-2 shows a larger change in b. This is due to the
larger penetration depth of the surface wave used at 2.5 MHz
frequency.

C A sharp change in b is observed near 95% fatigue life for both
specimens.

C In both specimens, a monotonic trend was observed in b only
when the value of VRðu0Þ was not changing, which happens
to be between 7% and 90% fatigue life in specimen-1 and 20%
and 95% fatigue life in specimen-2. Outside those intervals,
VRðu0Þ was changing, indicating variations in the material
linear transfer function, consequently affecting b.

5. Conclusion

This paper showed an in-situ nonlinear surface wave mea-
surement system for monitoring fatigue life of a specimen with
permanently mounted transducers under cyclic loading. A relative
measure proportional to the material nonlinear parameter is used
to assess the fatigue state. The effects of the measurement system
nonlinearities on the nonlinear metric were derived and discussed.
It was shown that the apparent changes in nonlinearity parameter
will be resulted in due to the presence of equipment nonlinearities,
such as the changes in the material's linear transfer function during
the initial stage of fatigue life, where the material softens. Larger
change in nonlinear parameter was found with lower excitation
frequency due to the larger penetration depth of the surface wave.
However, inside the intervals, when the value of fundamental
amplitude of receiver voltage was not changing, a monotonic trend
in nonlinear parameter was observed.

Acknowledgment

This work was supported under the research project on online
monitoring and prognostics for nuclear power plants by the "Korea
Institute of Energy Technology Evaluation and Planning(KETEP)
granted financial resource from theMinistry of Trade, Industry and
Energy, Republic of Korea (No. 20128540010020).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2018.12.003.

References

[1] J. Frouin, T.E. Matikas, J.K. Na, S. Sathish, In-situ monitoring of acoustic linear
and nonlinear behavior of titanium alloys during cyclic loading, in: Nonde-
structive Evaluation Techniques for Aging Infrastructures &Manufacturing,
vol. 3585, 1999, pp. 107e116, https://doi.org/10.1117/12.339838.

[2] J.-Y. Kim, L.J. Jacobs, J. Qu, J.W. Littles, Experimental characterization of fatigue
damage in a nickel-base superalloy using nonlinear ultrasonic waves,
J. Acoust. Soc. Am. 120 (3) (2006) 1266e1273, https://doi.org/10.1121/
1.2221557.

[3] J. Zhang, F.-Z. Xuan, Fatigue damage evaluation of austenitic stainless steel
using nonlinear ultrasonic waves in low cycle regime, J. Appl. Phys. 115 (20)
(2014) 204906, https://doi.org/10.1063/1.4879415.

[4] J. Herrmann, J.-Y. Kim, L.J. Jacobs, J. Qu, J.W. Littles, M.F. Savage, Assessment of
material damage in a nickel-base superalloy using nonlinear Rayleigh surface
waves, J. Appl. Phys. 99 (12) (2006) 124913, https://doi.org/10.1063/
1.2204807.

[5] S.V. Walker, J.-Y. Kim, J. Qu, L.J. Jacobs, Fatigue damage evaluation in A36 steel
using nonlinear Rayleigh surface waves, NDT E Int. 48 (2012) 10e15, https://
doi.org/10.1016/j.ndteint.2012.02.002.

[6] K.-Y. Jhang, K.-C. Kim, Evaluation of material degradation using nonlinear
acoustic effect, Ultrasonics 37 (1) (1999) 39e44, https://doi.org/10.1016/
S0041-624X(98)00045-6.

[7] K.-y. Jhang, Applications of nonlinear ultrasonics to the NDE of material
degradation, IEEE Trans. Ultrason. Ferroelectrics Freq. Contr. 47 (3) (2000)
540e548, https://doi.org/10.1109/58.842040.

[8] J.H. Cantrell, W.T. Yost, Nonlinear ultrasonic characterization of fatigue mi-
crostructures, Int. J. Fatig. 23 (2001) 487e490, https://doi.org/10.1016/S0142-
1123(01)00162-1.

[9] R.K. Oruganti, R. Sivaramanivas, T.N. Karthik, V. Kommareddy, B. Ramadurai,
B. Ganesan, E.J. Nieters, M.F. Gigliotti, M.E. Keller, M.T. Shyamsunder, Quan-
tification of fatigue damage accumulation using nonlinear ultrasound mea-
surements, Int. J. Fatig. 29 (9e11) (2007) 2032e2039, https://doi.org/10.1016/
j.ijfatigue.2007.01.026.

[10] J.L. Blackshire, S. Sathish, J.K. Na, J. Frouin, Nonlinear laser ultrasonic mea-
surements of localized fatigue damage, in: Review of Progress in Quantitative
Nondestructive Evaluation, vol. 22, 2003, pp. 1479e1488, https://doi.org/
10.1063/1.1570305.

[11] J. Frouin, S. Sathish, T.E. Matikas, J.K. Na, Ultrasonic linear and nonlinear
behavior of fatigue Ti-6Al-4V, J. Mater. Res. 14 (4) (1999) 1295e1298, https://
doi.org/10.1557/JMR.1999.0176.

[12] L. Sun, S.S. Kulkarni, J.D. Achenbach, S. Krishnaswamy, Technique to minimize
couplant-effect in acoustic nonlinearity measurements, J. Acoust. Soc. Am. 120
(5) (2006) 2500e2505, https://doi.org/10.1121/1.2354023.

[13] S. Liu, A.J. Croxford, S.A. Neild, Z. Zhou, Effects of experimental variables on the
nonlinear harmonic generation technique, IEEE transactions 26 on ultrasonics,
ferroelectrics, and frequency control 58 (7) (2011) 1442e1451, https://
doi.org/10.1109/TUFFC.2011.1963.

[14] G. Dace, R.B. Thompson, L. Brasche, D. Rehbein, O. Buck, Nonlinear acoustics, a
technique to determine microstructural changes in materials, in: Review of
Progress in Quantitative Nondestructive Evaluation, 1991, pp. 1685e1692.

[15] A. Kumar, C.J. Torbet, J.W. Jones, T.M. Pollock, Nonlinear ultrasonics for in situ
damage detection during high frequency fatigue, J. Appl. Phys. 106 (2) (2009),
024904, https://doi.org/10.1063/1.3169520.

[16] W.T. Yost, J.H. Cantrell, Anomalous nonlinearity parameters of solids at low
acoustic drive amplitudes, Appl. Phys. Lett. 94 (2) (2009), 021905, https://
doi.org/10.1063/1.3068490.

[17] W.D. Cash, W. Cai, Dislocation contribution to acoustic nonlinearity:The effect
of orientation-dependent line energy, J. Appl. Phys. 109 (1) (2011), 014915,
https://doi.org/10.1063/1.3530736.

[18] J.H. Cantrell, Dependence of microelastic-plastic nonlinearity of martensitic
stainless steel on fatigue damage accumulation, J. Appl. Phys. 100 (6) (2006),
063508, https://doi.org/10.1063/1.2345614.

G. Dib et al. / Nuclear Engineering and Technology 51 (2019) 867e876876

https://doi.org/10.1016/j.net.2018.12.003
https://doi.org/10.1117/12.339838
https://doi.org/10.1121/1.2221557
https://doi.org/10.1121/1.2221557
https://doi.org/10.1063/1.4879415
https://doi.org/10.1063/1.2204807
https://doi.org/10.1063/1.2204807
https://doi.org/10.1016/j.ndteint.2012.02.002
https://doi.org/10.1016/j.ndteint.2012.02.002
https://doi.org/10.1016/S0041-624X(98)00045-6
https://doi.org/10.1016/S0041-624X(98)00045-6
https://doi.org/10.1109/58.842040
https://doi.org/10.1016/S0142-1123(01)00162-1
https://doi.org/10.1016/S0142-1123(01)00162-1
https://doi.org/10.1016/j.ijfatigue.2007.01.026
https://doi.org/10.1016/j.ijfatigue.2007.01.026
https://doi.org/10.1063/1.1570305
https://doi.org/10.1063/1.1570305
https://doi.org/10.1557/JMR.1999.0176
https://doi.org/10.1557/JMR.1999.0176
https://doi.org/10.1121/1.2354023
https://doi.org/10.1109/TUFFC.2011.1963
https://doi.org/10.1109/TUFFC.2011.1963
http://refhub.elsevier.com/S1738-5733(18)30696-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30696-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30696-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30696-X/sref14
https://doi.org/10.1063/1.3169520
https://doi.org/10.1063/1.3068490
https://doi.org/10.1063/1.3068490
https://doi.org/10.1063/1.3530736
https://doi.org/10.1063/1.2345614



