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a b s t r a c t

This research presents a new technique for nonlinear Rayleigh surface wave measurements that uses a
non-contact, air-coupled ultrasonic transducer; this receiver is less dependent on surface conditions than
laser-based detection, and is much more accurate and efficient than detection with a contact wedge
transducer. A viable experimental setup is presented that enables the robust, non-contact measurement
of nonlinear Rayleigh surface waves over a range of propagation distances. The relative nonlinearity
parameter is obtained as the slope of the normalized second harmonic amplitudes plotted versus prop-
agation distance. This experimental setup is then used to assess the relative nonlinearity parameters of
two aluminum alloy specimens (Al 2024-T351 and Al 7075-T651). These results demonstrate the effec-
tiveness of the proposed technique – the average standard deviation of the normalized second harmonic
amplitudes, measured at locations along the propagation path, is below 2%. Experimental validation is
provided by a comparison of the ratio of the measured nonlinearity parameters of these specimens with
ratios from the absolute nonlinearity parameters for the same materials measured by capacitive detec-
tion of nonlinear longitudinal waves.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

An ultrasonic wave propagating in an elastic material generates
higher harmonics through its interaction with various sources of
nonlinearity in a material. The non-dimensional acoustic nonlin-
earity parameter, b relates the amplitudes of the fundamental
and second harmonic waves, providing information on the micro-
structure of a material. The acoustic nonlinearity parameter has
proven to be sensitive to certain microstructural changes such as
those due to precipitation [1], creep [2], fatigue [3], thermal [4]
or radiation damage [5], and is therefore a powerful indicator of
the material state.

The most commonly used nonlinear wave technique uses
through-transmitted longitudinal waves, which is often difficult
to apply in the field since access to both sides of the specimen is
required. Rayleigh surface waves have the advantage, as compared
to longitudinal waves, that they require access to only one side of a
component. In addition, diffraction and attenuation effects are

smaller, and Rayleigh surface waves travel a long distance without
a significant loss of acoustic energy. Most importantly, it is possible
to effectively isolate the material contribution in the measured sec-
ond harmonic component by varying the propagation distance;
here the unwanted nonlinearity from the measurement system
will remain constant (or decrease), while the material nonlinearity
will increase with increasing propagation distance. These features
make Rayleigh waves an efficient method for measuring the mate-
rial nonlinearity and thus this technique can be used for the non-
destructive, in situ surveillance of complex components.

Experimental setups that employ wedge transducers for both
transmission and detection have been used [6,7,4] to perform non-
linear Rayleigh surface wave measurements. However, these have
shown to be time consuming and can suffer from large variations
due to the inconsistent contact conditions at the wedge-specimen
interface. These circumstances lead to opportunities for measure-
ment improvements, and non-contact methods can potentially
make nonlinear Rayleigh wave measurements more flexible, less
time consuming, and more accurate. A Michelson interferometer
detection setup to perform nonlinear Rayleigh wave measure-
ments was used by Hurley and Fortunko [8], which had the advan-
tage of having a broadband response and simple calibration, and
made absolute displacement measurements. Herrmann et al. [9]
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used a heterodyne laser interferometer detection setup for nonlin-
ear Rayleigh wave measurements. However, the laser based
detection of ultrasonic waves suffers from variations in optical
reflectivity of the specimen surface and is only feasible for speci-
mens with highly reflective surfaces. A recent study of Cobb et al.
[10] makes use of electromagnetic acoustic transducers (EMATs)
to perform fully non-contact nonlinear Rayleigh wave measure-
ments, but they did not achieve the desired consistency.

The objective of the current research is to explore the feasibility
of a non-contact, air-coupled detection technique to assess the
acoustic nonlinearity parameter using Rayleigh surface waves. In
principle, the assessment of the absolute acoustic nonlinearity
parameter, b is possible using Rayleigh surface waves by making
a series of electroacoustic calibrations and diffraction corrections.
However, for the purpose of demonstrating the efficiency of using
air-coupled detection, this study considers a relative acoustic non-
linearity parameter b0 and compares the relative nonlinearities
between two different specimens when all other experimental
parameters are kept constant.

2. Theoretical Background

Consider a Rayleigh wave propagating in the x direction, where
the z direction is pointing out of the half-space. The displacement
field uiðx0Þ of the fundamental wave is given by

uxðx0Þ ¼ A1 eb1z � 2b1b2

k2
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2
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T . Note that kR; kL, and kT denote
the wavenumber of the Rayleigh surface wave, the longitudinal
wave and the shear wave in the material.

As shown by Herrmann et al. [9], the displacement field uið2x0Þ
of the second harmonic Rayleigh surface wave can be written for a
material with weak quadratic nonlinearity at sufficiently large dis-
tances as
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Herrmann et al. [9] has derived the acoustic nonlinearity parameter
in terms of the vertical displacements of the fundamental and sec-
ond harmonic wave component at the surface uzðz ¼ 0Þ ¼ �uz,
yielding

b ¼
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�u2
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where one can clearly recognize the proportionality

b /
�uzð2x0Þ
�u2

z ðx0Þx
; ð4Þ

which will be used in the subsequent applications.
Since the air-coupled receiver detects the longitudinal wave

that is produced by the surface motion of the Rayleigh wave, it is
necessary to relate the amplitude of the out-of-plane displacement
component, uzðx; x; yÞ of the Rayleigh wave to the displacement,
uðLÞi ðxÞ of the leaked longitudinal wave into the adjacent fluid.
The continuity of out-of-plane displacement at the solid/air
interface has to hold; then the x and z displacement components
of the longitudinal wave in air can be written as [11]

juðLÞx ðxÞj ¼
k2

RðxÞ
k2

airðxÞ � k2
RðxÞ

 !1=2

j�uzðxÞj; ð5aÞ

juðLÞz ðxÞj ¼ j�uzðxÞj: ð5bÞ

The angle HR with respect to the surface normal (see Fig. 1) at
which the longitudinal wave propagates in air can be calculated as

HR ¼ arcsin
juðLÞx ðxÞj

juðLÞx ðxÞj2 þ juðLÞz ðxÞj2
� �1=2 ; ð6Þ

¼ arcsin
cair

cR

� �
; ð7Þ

which is consistent with the calculation based on Snell’s law, cair

being the longitudinal wave speed in air and cR the velocity of Ray-
leigh surface in the specimen. By combining Eqs. (5a) and (5b), one
can calculate the amplitude of the out-of-plane displacement of the
surface wave from the measured amplitude of the leaked longitudi-
nal wave, yielding

�uzðxÞ ¼ uðLÞðxÞ 1þ k2
RðxÞ

k2
airðxÞ � k2

RðxÞ

 !�1=2

: ð8Þ

Note that the lossless plane wave assumption for the Rayleigh
wave shown in Eq. (3) leads to a definition of the acoustic nonlin-
earity parameter that neglects diffraction and attenuation effects
in the actual experiments. However, the diffraction effect in Ray-
leigh waves is much smaller than that in three dimensional bulk
waves. It can be shown for a 2.1 MHz fundamental wave compo-
nent of a Rayleigh surface wave source with a Gaussian profile as
discussed in Shull et al. [12], that the change in amplitude obtained
by integrating over the transducer diameter of the receiving trans-
ducer for propagation distances between 30 mm and 78 mm
decreases by only about 8%, if the diameter of the source and
receivers are chosen to be 12.5 mm, and the attenuation of the
solid is assumed to be 1 Np/m. This small change (�8%) in Rayleigh
wave amplitude over the relevant propagation distances, obtained
using the experimental parameters taken from the subsequent
measurements (and assuming a Gaussian line source), justifies that
the plane wave assumption is reasonable to apply for the evalua-
tion of the experimental data in this research. Moreover, it has
been shown experimentally and numerically that the ratio in Eq.
(3) for a relatively short propagation distance is very close to linear.

3. Nonlinear Rayleigh wave measurement

3.1. Experimental setup using air-coupled receiver

A function generator is used (see Fig. 1) to obtain a sinusoidal
signal at the excitation frequency of 2.1 MHz with a peak to peak

Fig. 1. Experimental setup using non-contact air-coupled receiver.
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voltage of 800 mV. The source signal consists of 20 cycles, and pro-
vides a sufficiently long steady-state portion, which is important
for the subsequent signal processing. The internal trigger of the
function generator is used to synchronize the source with the
RITEC amplifier and the oscilloscope. The desired high-voltage
excitation signal for the generating transducer is obtained by
amplifying the output signal of the function generator with a high
power amplifier (RITEC GA-2500A). A high excitation signal is
desirable to introduce waves with high enough acoustic energy
to ensure a good signal-to-noise ratio (SNR) for the second har-
monic component at the receiver. This type of amplifier provides
a very clean output signal, and only introduces a very small
amount of inherent nonlinearity.

The half-inch diameter narrow band piezoelectric contact trans-
ducer (Panametrics V-type) with a nominal center frequency of
2.25 MHz used for generation introduces a longitudinal wave in
an acrylic wedge to excite a Rayleigh surface wave in the specimen.
The frequency response of this transducer is shown in Fig. 2(a).

An acoustic coupling between the wedge and the sample is
achieved with light lubrication oil, and the same oil also ensures
acoustic coupling between the transducer and the wedge. The cen-
ter frequency of the air-coupled receiver needs to be tuned around
the frequency of the second harmonic wave to get the highest sen-
sitivity at that frequency. An air-coupled transducer (Ultran NCT4-
D13) with a nominal center frequency of 4 MHz is used in this
research for detection. The air-coupled receiver detects the
ultrasonic longitudinal wave which is leaked from the Rayleigh
surface wave in the specimen. The actual center frequency of this
transducer is at 3.9 MHz (Fig. 2(b)) and has an active area with a
diameter of 12.5 mm.

The lift off distance z0 (Fig. 1) between the specimen and the
midpoint of the active area of the air-coupled transducer is chosen
as small as possible in the experimental setup to reduce attenua-
tion and diffraction effects of the leaked ultrasonic waves in the
air. It is limited to a minimum of 3.5 mm by the geometry of the
air-coupled transducer and the radiation angle HR. The output sig-
nal at a lift off distance of z0 ¼ 3:5 mm of the air-coupled trans-
ducer has about 2.5 mV peak-to-peak voltage when the Rayleigh
surface wave is generated by a wedge transducer. The signal is
amplified to obtain a sufficiently high SNR before recording it with
the oscilloscope. The receiver part of a Panametrics 5072PR pulser–
receiver is used to amplify the signal by 40 dB resulting in a peak-
to-peak voltage of about 250 mV. The linearity of this preamplifier
has been ensured in a previous experiment. The electrical output
signal of the Panametrics 5072PR pulser-receiver is recorded by

an oscilloscope with a sampling rate of 250 MS/s and further
averaged over 256 signals resulting in a SNR of 54 dB. Typical
256-times averaged time-domain signals are shown in Fig. 3 which
demonstrate the stability of the entire measurement setup. The
contributions of the first and second harmonic wave, which are
depicted in Fig. 4 are obtained by performing a Fast Fourier trans-
formation on the steady state portion of the time domain signal.

3.2. Experimental procedure

The electrical systems used to both excite and detect the prop-
agating nonlinear Rayleigh waves are a potential source of nonlin-
earity, especially the high power amplifier and the exciting
piezoelectric transducer, which can introduce spurious higher har-
monic components. The amount of extraneous second harmonic
component introduced by the high power amplifier, the exciting
transducer and the coupling increases with increasing excitation
voltage. One can therefore conclude that a measurement of the
material nonlinearity parameter, using an increasing input voltage
to excite Rayleigh waves with different amplitudes is only valid as
long as the transducer and system nonlinearity are negligible,
when compared to the second harmonic generated by the material
nonlinearity. This is why the measurement technique with varying
the Rayleigh wave propagation distance is useful to assess the
acoustic nonlinearity parameter; the second harmonic component
generated due to the system nonlinearity will remain constant (or
decrease) with propagation distance, while the nonlinear material
contribution should increase with increasing propagation distance.

The normalized second harmonic amplitude, i.e. the ratio of the
second harmonic amplitude and fundamental amplitude squared
(as shown in Eq. (4)) is assessed as a function of propagation dis-
tance in order to obtain the relative nonlinearity parameter. The
wedge transducer used for generation is clamped to the sample
in each measurement set, while Rayleigh waves are measured for
propagation distances that vary between xmin ¼ 30 mm and
xmax ¼ 78 mm with an increment of 2 mm, by moving the air-
coupled transducer. It has been experimentally observed with
the air-coupled transducer setup that the ultrasonic Rayleigh wave
beam does not come out of the exact center of the wedge trans-
ducer, but instead has a small offset. Moreover, the actual beam
does not propagate along a line perpendicular to the transducer
plane. For this reason, the beam axis in the x� y plane needs to
be experimentally determined a priori. This turns out to be very
important for a repeatable result by minimizing misalignment
errors. The nonlinear measurements are performed along this
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Fig. 2. Frequency response of the exciting and receiving transducer.
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predetermined line. The adjustment of the angle HR of the leaked
longitudinal wave can be made based on the received signal from
the air-coupled transducer by looking for the angle at which the
received output signal has the highest amplitude for each
specimen. The lift off distance, z0 between the transducer and the
specimens needs to be as consistent as possible throughout all
measurements to keep the attenuation and diffraction of the
leaked longitudinal wave in air constant.

3.3. Data processing

In order to obtain the amplitudes of the fundamental and sec-
ond harmonic wave components, the steady state portion of the

time-domain signal (Fig. 3) is identified and a Hann window is
applied to eliminate the ringing effects of the transducer. The
time-domain signal is mapped to the frequency-domain using
the Fast Fourier transform (FFT). The frequency-domain signal is
shown in Fig. 4, where one can clearly see the contributions of
the fundamental and second harmonic waves. The amplitudes of
the measured fundamental (first) and second harmonics are
denoted as Ael

1 and Ael
2 . These values are uncalibrated electrical

amplitudes, but are proportional to the absolute particle displace-
ments in the material. So the relative acoustic nonlinearity param-
eter b0, calculated using these relative amplitude values is

b0 ¼ Ael
2

ðAel
1 Þ

2
x
/

�uzð2x0Þ
�u2

z ðx0Þx
/ b: ð9Þ

This relative acoustic nonlinearity parameter, b0 will be used as a
relative measure of the material nonlinearity to make comparisons
between different material nonlinearities since all setup parameters
will be kept constant throughout the measurements for different
specimens.

4. Specimen preparation

An aluminum 2024-T351 plate and an aluminum 7075-T651
plate, both 25.4 mm thick are used to demonstrate the accuracy
of the proposed non-contact air-coupled Rayleigh wave measure-
ments since there are results available for comparison in the pub-
lished literature. The Al 2024-T351 plate is heat treated at 325 �C
for three hours and air cooled in an uncontrolled atmosphere to
reduce the influence of cold work associated with the T351 tem-
pering process. Note that the Al 7075-T651 alloy is solution heat
treated and artificially aged, as indicated by T651. Both plates are
hand-polished using 800 grade sandpaper to obtain the same sur-
face conditions.The differences in material nonlinearity in alumi-
num alloys are caused by alloying elements, which can lead to
the formation of precipitates in the lattice structure as shown by
Cantrell and Yost [1]. Precipitates can either be incoherent, semi-
coherent, or coherent with the lattice structure, depending on their
size, but only coherent precipitates can act as pinning points for
dislocations [13] and lead to the generation of a second harmonic
wave component as shown by Hikata et al. [14]. Precipitation in
aluminum can occur during natural aging at room temperature
or during artificial aging at elevated temperatures. The aging
parameters and the amount of alloying elements strongly influence
the nonlinearity of the specimen since these can significantly
change the amount of second phase precipitates as well as their
size and distribution.

5. Results and discussion

Nonlinear Rayleigh surface wave measurements along the roll-
ing direction of the Al 2024-T351 and Al 7075-T651 plates are per-
formed with the proposed setup. The standard deviation of the
linear fit to the normalized second harmonic Ael

2 =ðA
el
1 Þ

2
over the

propagation distance is calculated to be below 2% for three
different sets of measurements in which the generating wedge
transducer is removed and reattached for each measurement set.
This shows that the measurement based on the non-contact air-
coupled receiver is highly repeatable and thus the measured acous-
tic nonlinearity parameters, b0 are reliable. Note that no near field
effects are observed in this experimental setup, i.e. no amplitude
fluctuations are observed at propagation distances longer than
30 mm (Fig. 5).

Measurements are taken along two different lines of propaga-
tion in each plate to assess the spatial variation within the speci-
men. The linear ultrasonic properties of the two aluminums (i.e.
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(a) Averaged time domain output signal at a prop-
agation distance of xmin = 30mm

2 3 4 5

x 10−5

−0.1

−0.05

0

0.05

0.1

Time [s]

A
m

pl
itu

de
 [

V
]

(b) Averaged time domain output signal at a prop-
agation distance of xmax = 78mm

Fig. 3. Typical 256-times averaged output signals of the receiving transducer at the
minimum and maximum propagation distances.
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Fig. 4. Amplitude of the first and the second harmonics in the frequency-domain,
obtained by performing a Fast Fourier transformation on the steady state portion of
the time domain signal. The amplidute is normalized by the maximum amplitude of
the first harmonic component.
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the Rayleigh wave speeds) are assumed to be identical. Represen-
tative results for the normalized second harmonic amplitude ver-
sus the propagation distance obtained from the two material
specimens are shown in Fig. 5 where one can clearly see negligibly
small error bars in both sets of measurements, plus the higher rel-
ative acoustic nonlinearity of Al 7075-T651 when compared to Al
2024-T351.

A relatively large spatial variation of the relative acoustic non-
linearity parameter is observed in the Al 2024-T351 sample
(±10%), while there is a negligible spatial variation in Al 7075-
T651 (±1.5%) observed. Such variations can be caused by differ-
ences in chemical composition and cooling rates which can lead
to a spatially nonuniform precipitate density and microstructural
features. The measured relative nonlinearity parameters b0 of the
two aluminum plates and their ratio are shown in Table 1.

To validate the result of these air-coupled measurements, con-
sider the results presented in [15,16], which used a capacitive
receiver to measure nonlinear longitudinal waves. Yost and Cant-
rell [15] measured the nonlinearity parameters of Al 2024 and Al
7075 specimens but did not specify the heat treatments of the
samples. Li et al. [16] examined aluminum alloys to characterize
the dependence of the acoustic nonlinearity parameter on second
phase precipitates in Al 2024-T4 and Al 7075-T551 specimens.
Note that one-to-one comparisons of the values in Table 2 are
not entirely desirable since the nonlinearity of aluminum alloys
is highly dependent on the chemical composition and the heat
treatment of the specimen, while both references do not use spec-
imens with the exact same treatment and chemical composition
that was used in this research. However, the overall agreement
shown in this table and in Fig. 6 are useful in demonstrating the
accuracy of an air-coupled receiver for nonlinear Rayleigh wave
measurements.

The acoustic nonlinearity parameters measured by Yost and
Cantrell [15] suggest a ratio b7075=b2024 between 2.03 and 1.70.
However, earlier research on Al 2024-T4 and Al 7075-T551 by Li
et al. [16] yields a ratio of 1.28–0.97. An average ratio greater than
1 is obtained in both studies, which is consistent with the results

from the current measurements where there are ratios between
1.85 and 1.50 of the relative nonlinearity parameters b07075 and
b02024.

6. Conclusions

This research demonstrates the robustness and high accuracy of
using a non-contact, air-coupled receiver for the measurement of
the acoustic nonlinearity parameter with Rayleigh surface waves.
The experimental setup provides an output signal with sufficiently
high SNR and potential experimental inconsistencies due to the
coupling variability of the generating wedge transducer are shown
to be negligible. An additional advantage is that the surface condi-
tion of the specimen is relatively unimportant in this measurement
setup. The experimental results obtained with the proposed mea-
surement setup are validated by comparisons with literature data.
The higher relative acoustic nonlinearity of Al 7075 as compared to
Al 2024 is consistent with the results of Yost and Cantrell [15] and
Li et al. [16]. The results obtained in this research demonstrate that
nonlinear Rayleigh surface wave measurements using air-coupled
detection can accurately assess the relative acoustic nonlinearity
parameter, b0 and potentially the absolute nonlinearity parameter,
b if calibrations and diffraction corrections are made.
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