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a b s t r a c t

Shot-peening is widely used in the aerospace industry to enhance the resistance of structural

components to fatigue damage and stress corrosion by putting the outside layer of a component under

an initial, residual compressive stress. The ability to measure these near-surface residual stresses is

useful from a quality control and certification perspective, and can help predict the fatigue life of shot-

peened components. This paper presents experimental results to examine the feasibility of measuring

near-surface residual stresses using nonlinear Rayleigh surface waves. Experiments are conducted on

aluminum alloy (AA 7075) samples shot-peened at different peening intensities and thus with different

levels of residual stresses. The surface roughness of these samples is also measured. The nonlinear

ultrasonic results show a large increase in the acoustic nonlinearity parameter, indicating the potential

of nonlinear ultrasonics for the in situ measurement of near-surface residual stresses. The effects of

surface roughness and the driving frequency on the measured acoustic nonlinearity parameter are

briefly discussed. Finally, a preliminary model is used to interpret some experimental results. Future

work to evaluate the separate contributions of cold work, residual stress and surface roughness to the

total measured nonlinearity is also discussed.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Most ultrasonic techniques for evaluating residual stresses
measure changes in ultrasonic wave velocities and then relate
them to the state of the internal stresses (residual or applied)
[1,2]. Since the maximum change in the ultrasonic wave velocity
(Dv/v0) is usually less than a few percentages, the accurate
measurement of residual stress with this method requires a high-
precision measurement system. Additional difficulties with these
time-of-flight methods are that the ultrasonic velocity will also
change due to the surface conditions such as the sub-surface
texture and the roughness; changes in ultrasonic velocity due to
these extraneous conditions are often of the same order as those
due to the residual stresses [3]. As a result, the accurate
measurement of residual stresses with an ultrasonic velocity
measurement is often a difficult task.

New physical models [4–6] provide the theoretical background
for using nonlinear ultrasonics to measure plastic deformation in
metals. The microplastic deformation that appears in the form of
dislocation substructures does not cause a large change in the

macroscopic properties such as elastic moduli, ultrasonic velo-
cities or attenuation. However, these new models predict that the
accumulation of dislocations and the associated residual stresses
cause appreciable nonlinear distortions of ultrasonic waves,
thereby generating higher harmonic components in an initially
monochromatic ultrasonic signal. For this reason, nonlinear
ultrasonic waves can be used to quantify the dislocation density
(microplasticity) in metals, and thus be used to measure fatigue
damage in a quantitative fashion.

Recently, reliable experimental techniques for nonlinear
ultrasonic measurements have been developed and applied to
characterize fatigue damage in various metals including nickel-
base superalloys and aluminum [7–14]. In all these experiments,
what is really being measured by the nonlinear ultrasound is the
microplasticity or the plastic deformation, as is shown in [7–10]
and theoretically demonstrated in [4–6]. On this basis, the current
research applies these nonlinear ultrasonic techniques to measure
near-surface plasticity and the residual stresses associated with
shot-peening. Note that both the near-surface plastic deformation
and residual stresses independently affect the nonlinear proper-
ties of the surface layer. Shot-peening is widely used in the
aerospace industry to enhance the resistance of structural
components to fatigue damage and stress corrosion by putting
the outside layer of a component under an initial, residual
compressive stress. Note that shot-peening causes three different
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effects: residual stress, cold work and surface roughness. Cold
work includes surface texture and the associated increase in
dislocation density.

The objective of this research is to determine the sensitivity of
nonlinear Rayleigh surface waves to changes in the surface
conditions made by shot-peening, as a first step toward a
quantitative measurement of the residual stresses in shot-peened
samples. Rayleigh surface waves are ideally suited for this
purpose since their ultrasonic energy is confined to the near-
surface layer where the residual stresses are most concentrated.
Ultrasonic measurements are made on aluminum samples that
are shot-peened at different peening intensities. These prelimin-
ary experimental results demonstrate the high sensitivity of the
measured ultrasonic nonlinearity parameter to variations in
surface condition. The effect of surface roughness – a critical
factor in the ultrasonic velocity measurement – is also investi-
gated and the numerical results from a simplified model are used
to evaluate and interpret the experimental data. Experiments at
different fundamental frequencies are also conducted to examine
the effect of frequency on the measured acoustic nonlinearity.

2. Rayleigh surface waves and nonlinear acoustic parameter

The equations of motion of a solid in the absence of body forces
are written in material coordinates, X, as

r @
2ui

@t2
¼
@sij

@Xj
, ð1Þ

where r is the mass density, ui the displacement vector, t time
and sij the stress tensor. The plasticity and residual stresses lead
to a relation between the first Piola–Kirchhoff stresses, sij and the
displacement gradients as

sij ¼ s0
ijþAijkl
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where s0
ij are the residual stresses in the material, Aijkl and Aijklmn

are the second- and third-order Huang coefficients [4] and are
related to the corresponding second- and third-order elastic

constants in the standard notation by Aijkl ¼ s0
jldikþCijkl and

Aijklmn ¼ CijklmnþCjlmndikþCijnldkmþCjnkldim. Cijkl and Cijklmn are

modified by fatigue damage (dislocation substructures [4]) from
their initial values, Cijkl and Cijklmn. Expressions for the modified
elastic constants during fatigue have been presented in terms of
the residual stress and plastic strain [6]. The density of a material

undergoing finite deformation is given by r¼ r0=detF where r0 is

the constant density in the unstressed configuration, and F the

deformation gradient tensor, defined as Fij¼dij+quj/qXi. Substitut-
ing Eq. (2) into Eq. (1) and considering one-dimensional wave
propagation of a longitudinal wave in an isotropic solid yields
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where c¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðC1111þs0

11Þ=r
q

is the longitudinal wave speed and b

the acoustic nonlinearity parameter defined as

b¼�
C111111þ3C1111

C1111þs0
11

: ð4Þ

In Eq. (4), the residual stress s0
11 increases with the increment

in shot-peening intensity, but it is relatively small compared to
the elastic constants. The effective second-order elastic constant

C1111 has a negligible dependence on plastic deformation while

the third-order elastic constant C111111 depends strongly on the

plastic deformation (or the dislocation density) that has occurred
in the medium. Although the actual relationship is rather

complicated, b generally increases with increasing plastic
deformation.

During shot-peening, the material’s surface layer undergoes
plastic deformation. The amount and the extent of plastic
deformation increase with an increase in peening intensity. It is
thus conceivable that the shot-peening induced surface plasticity,
which is proportional to the compressive surface residual stress,
can be evaluated from the measured nonlinear acoustic para-
meter b. This paper uses Rayleigh waves to measure b, thus
characterizing the surface residual stresses.

Consider a Rayleigh wave near the free surface of a half-space.
It has been shown [8] that

b¼
8u2o

o2X1u2
o

cL �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
c2

L�c2
R

q
2ðcT=cRÞ

2
�1

ð5Þ

where X1 is the distance of Rayleigh wave propagation, uo and u2o
are the out-of-plane displacement amplitudes of the fundamental
and second-order harmonics, respectively, cL, cT and cR are,
respectively, the longitudinal, shear and Rayleigh wave speeds
in the solid, and o is the angular frequency. The experiments in
this research measure this relative acoustic nonlinearity para-
meter, u2o=u2

o (or normalized second harmonic), as a function of
increasing propagation distance (X1), and then the slope with
respect to X1 is taken as the relative parameter that is
proportional to the absolute acoustic nonlinearity parameter, b,
for a fixed frequency. This investigation also uses the ratio,
u2o=u2

of 2, where f is the driving fundamental frequency, to
compare the absolute nonlinearity parameters at different
frequencies. The slope of this ratio over propagation distance
(X1), should also be proportional to the absolute acoustic
nonlinearity parameter, i.e., u2o=u2

of 2 � b (see Eq. (5)).

3. Sample preparation and experimental setup

3.1. Sample Preparation

Three aluminum alloy AA 7075 samples (304.8 mm�101.6
mm and 25.4 mm thick) with different levels of residual stress are
prepared. One sample is kept as a reference (as-received) sample.
The other two samples are commercially shot-peened at the
Almen intensities of 8 A and 16 A, both with 0.023 in. (0.584 mm)
diameter cast steel balls and 100% coverage. The reference sample
is lightly polished with a fine sand paper and lubrication oil to
remove any accumulated dirt and machine scratches from the
surface.

Fig. 1 shows the typical depths and profiles of residual stresses
measured using X-ray diffraction for AA 7075 surfaces shot-
peened at Almen intensities of 8 A and 16 A with cast steel balls
with diameters of 0.023–0.028 in. (0.584–0.711 mm) and 100%
coverage [15]. This figure shows that the maximum penetration
depth is about 600 mm for the 16 A sample. The first set of
ultrasonic experiments in the current research uses a wavelength
of 1.3 mm (the Rayleigh wave speed is 2920 m/s in AA 7075 and
the driving frequency is 2.25 MHz); thus the Rayleigh surface
wave energy covers the entire depth of the residual stresses.

3.2. Experimental setup

A schematic of the nonlinear ultrasonic measurement setup is
shown in Fig. 2. A high power gated amplifier RAM-5000 Mark IV
(RITEC Inc, Warwick, RI) is used for the generation of nonlinear
Rayleigh surface waves. As shown in [7,8], the input voltage level
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needs to be sufficiently high in order to make a reliable nonlinear
ultrasonic measurement; this study uses a voltage at 90% of the
maximum output level of the amplifier (�734 Vpp with the
transducer loading). A 25 cycle tone burst signal is used to obtain
a sufficient length of steady-state portion in the measured time-
domain signal.

Commercial narrow-band piezoelectric transducers having
center frequencies of 2.25 and 5 MHz are used as the transmitter
and the receiver, respectively. Wedges are specially designed and
manufactured from a Plexiglas block to launch and detect
Rayleigh waves in the aluminum samples. The transducers are
coupled to the wedges with light lubrication oil and these
transducer/wedge assemblies are coupled to the sample using
the same couplant. Measurements are performed at multiple
propagation distances, X1, that vary from 30 to 200 mm.

This experimental setup provides a detection system that
measures a voltage signal proportional to the out-of-plane
(normal) surface displacement. The received signals are low-pass
filtered with a cut-off frequency of 20.4 MHz and then sent to an
oscilloscope (Tektronix TDS 420) that records these signals with a
sampling frequency of 25 MHz and 15,000 sample points. 512

signals are averaged to increase the signal-to-noise ratio (SNR).
The digitized time-domain signal is then transferred to a PC
through the GPIB for post-signal processing. The internal trigger
signal from the RAM-5000 amplifier is used as a reference trigger.

Fig. 3(a) shows a typical Rayleigh wave signal, generated and
detected with the wedge transducers at a propagation distance of
180 mm. The entire length of this time-domain signal consists of a
transient part (2 cycles) at the beginning, a steady-state portion
(21 cycles), and the transient turn-off ringing at the end. A Hann
window is imposed on the steady-state part of the signal, and a
fast Fourier transform (FFT) is performed on the windowed signal.
Fig. 3(b) shows the amplitudes of the fundamental (A1) and
second harmonic (A2) in the frequency domain. Note that these
uncalibrated electrical signal amplitudes A1 and A2 are propor-
tional to the surface normal displacements, uo and u2o so that
u2o=u2

of 2 � A2=A2
1f 2 � b. In Fig. 3(b), the second harmonic ampli-

tude is well above the noise level, even though its magnitude is
about 20 times lower than that of the fundamental amplitude.

4. Results and discussion

4.1. Acoustic nonlinearity of shot-peened samples

The measured relative acoustic nonlinearity parameters, A2=A2
1

(or normalized second harmonic amplitudes), versus the propa-
gation distance for these three samples are shown in Fig. 4. Eq. (5)
shows that the slope of A2=A2

1 versus the propagation distance is
proportional to b. Error bars in this and the following figures
represent the maximum range of variation in the measured
slopes, and are obtained from three independent measurements.
Note that the major source of these errors is the coupling
variability. The maximum coupling variability calculated from the
error bars is 5.6% for the as-received sample surface. For the shot-
peened surface, the error bars are larger (11.5% for 16 A) due to
the increased surface roughness. Fig. 4 clearly shows that the
slope increases for samples with higher shot-peen intensity; the
slopes for the 8 and 16 A samples are about 81% and 115% larger,
respectively, than the as-received, reference sample. This large
change in the measured acoustic nonlinearity parameter is due to
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the combined effect of residual stress from the shot-peening (and
its associated plastic deformation), cold work and any additional
surface roughness. It is worth mentioning that the cold work
effect in shot-peening does not cause significant velocity changes
from previous measurements [3]. Another set of experiments,
discussed in the next section, are performed to determine the
effects of the surface roughness on the measured acoustic
nonlinearity. Another effect of surface roughness is the attenua-
tion of surface waves. This attenuation causes a decrease or
downturn of the nonlinearity parameter with increase in
propagation distance in the relative acoustic nonlinearity para-
meter (A2=A2

1) at propagation distances of about 90 and 100 mm
as shown in Fig. 4.

The changes in ultrasonic wave velocity are also measured as
part of the nonlinear measurements. The Rayleigh surface wave
velocity changes from 2921 to 2892 and 2855 m/s for the 8 and
16 A samples, respectively, and these correspond to a decrease by
1.0% and 2.3%. These measured velocities are at the fundamental
frequency (2.25 MHz). Lavrentyev and Veronesi [3] showed that
about 50% of the velocity change is typically due to the surface
roughness. Therefore, one can estimate the actual change in the
surface wave velocity due to the residual stress to be less than 1%,
since the 1% decrease is caused by all the other effects such as
residual stress, texture and plastic deformation. These results
show that the relative acoustic nonlinearity parameter is much
more sensitive than the ultrasonic velocity to the changes in
surface condition due to shot-peening.

4.2. Effects of the removal of the thin outer layer

It is known that the rough surface of a shot-peened component
can significantly (negatively) influence ultrasonic velocity mea-
surements. In the meantime, the penetration depth of the major
cold work where the dislocation density is excessively high is
confined in a thin layer whose thinness is about one-third the
depth of residual stress. A non-contact optical profilometer (New-
View 6200 3D Optical Profiling System manufactured by the Zygo
Corporation) is used to measure surface roughness. The corre-
sponding roughness parameters for the three samples are shown
in Table 1.

The sample shot-peened at 8 A is hand-polished using fine
polish papers (grit # 600, 800, 1200), and the nonlinear Rayleigh
wave measurements are repeated on this sample. Fig. 5 compares
the results of this sample before and after polishing, as well as for
the as-received, reference sample. The slope for the polished shot-
peened 8 A sample (called 8 AP) is reduced from 81% before
polishing to 44.5% above that of the reference sample. Note that
the polishing most likely removes some regions of high micro-
plasticity. However, an increase of 44.5% is still significant,
especially when compared to those changes obtained by the
ultrasonic velocity method. The fluctuation in the measured
nonlinear data is most likely due to some non-uniformity of the
surface roughness caused by the hand polishing. This non-
uniformity is easily confirmed from the non-uniform reflectivity
of light from the surface. It is difficult to make a conclusion from
this result since none of the contributing effects are completely
removed. Nonetheless, a significant part of the surface roughness
and some part of the near surface layer of excess cold work with
high dislocation density, and thus high nonlinearity, are removed,
which is believed to lead to this significant reduction in acoustic
nonlinearity (from 81% to 44.5%) observed in this measurement.
This qualitative statement is of course subject to a further
experimental validation.

On the other hand, the smoother surface and its associated
reduction in attenuation extends the range of the linear relation-
ship between the relative acoustic nonlinearity and the propaga-
tion distance in the 8 AP sample; Fig. 5 shows a longer linear
relationship for the 8 AP sample than the 8 A sample, where the

Table 1
Average surface roughness (Ra), root mean square roughness (Rq) and peak to

valley ratio (PV) of AA 7075 samples shot-peened at different Almen intensities.

Peening

intensity (A)

Average surface

roughness (Ra, mm)

Root mean square

roughness (Rq, mm)

Peak to

valley ratio

0 1.73 2.13 116.19

8 4.906 6.205 144.396

8 polished 3.549 4.473 39.30

16 7.501 9.511 146.602
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propagation distance at which the ‘‘downturn’’ in this relationship
occurs moves from 90 to 150 mm.

4.3. Effects of frequency on the measured acoustic nonlinearity

The frequency is an important factor in these acoustic
nonlinearity measurements because of both the penetration depth
and surface roughness-induced attenuation. Since the measured
nonlinear parameter, b, represents an average of the material
nonlinearity of about one wavelength beneath the surface, the
results presented thus far contain the coupled effects of both the
third-order elastic constant within the bulk material and the shot-
peening induced plastic deformation and residual stress, which is
limited to a thin layer near the surface as shown in Fig. 1. Since
higher frequency Rayleigh waves tend to focus more energy near
the surface, it is thus feasible to use Rayleigh waves at different
frequencies to obtain b averaged over different regions near the
surface. Additional measurements are performed on the reference
sample (0 A), polished 8 A (8 AP) and 16 A samples at the driving
frequencies of 1.5 and 2 MHz to explore the potential of using
different driving frequencies to measure the depth dependance of b.

It is known that surface roughness causes dispersion of an
otherwise nondispersive Rayleigh surface wave. However, the
velocity change is less than 0.2% for the frequency changes
considered here; thus the wedge angle is kept constant for all the
measurements.

Fig. 6 shows the slopes of the ratio, A2=ðA
2
1f 2Þ, as a function of

propagation distance. This ratio, according to Eq. (5), should be
independent of frequency if the measured b is the same. For the
driving frequency of 1.5 MHz, the slopes of the ratio for the 8 AP
and the 16 A samples are about 8% and 21%, respectively, larger
than that of the as-received reference sample, while for the
driving frequency of 2 MHz, they are about 23% and 52%,
respectively, larger than that of the as-received sample.

Comparisons of the different slopes are plotted in Fig. 7. It is
clearly seen that the slope, which represents the measured b,
increases with increase in frequency on the same sample. As
discussed earlier, the measured b is an average over the surface
layer where the Rayleigh wave penetrates. Since higher frequency
waves have smaller wavelengths, they penetrate less. For all three
frequenies used here, their penetration depths are all larger than
the depth where the maximum residual stress occurs. Therefore,
less penetration depth would mean higher average b. This is
consistent with the measurement results shown in Fig. 7, where
higher frequencies result in higher measured average b.

Following the discussions above, by gradually increasing the
frequency, one can obtain the residual stress distribution in the
depth direction. Unfortunately, high-frequency waves also at-
tenuate faster, which means shorter propagation distances for the
second-order harmonic, which leads to reduced SNR. This is seen
in Fig. 6, where the amplitude of the second-order harmonic loses
its proportionality with propagation distance at much shorter
propagation distances at 2 MHz than at 1.5 MHz. Note that for
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frequencies higher than 2.25 MHz, the larger attenuation causes
an unacceptable SNR, leading to inconsistencies in the measured
acoustic nonlinearity.

4.4. Effect of attenuation

To account for attenuation, consider a quasilinear theory for
Rayleigh-wave harmonic generation that calculates the out-of-
plane displacements excited by an arbitrary two-dimensional
source, taking the diffraction and attenuation effects into account

[16]. From this simulation, one can compare surface conditions
from the estimated attenuation coefficients and predict the
second harmonic generation. In this preliminary simulation, it is
assumed that the properties including the acoustic nonlinearity
and attenuation of the substrate medium are uniform. Consider a
Rayleigh wave beam in an isotropic solid that occupies the half-
space zr0 and propagates towards the +x direction with its
particle motion in the y direction. When diffraction is taken into
account within the parabolic approximation, the spectral equa-
tion describing the propagation of nonlinear Rayleigh wave beams
is derived. Only the relevant equations are summarized briefly
here; for a full discussion see Ref. 16. Based on the spectral
equation mentioned earlier, for the quasilinear system, the
fundamental and second-harmonic components can be obtained
by solving two equations [16] as follows:

@

@x
þ

1

2ik0

@2

@y2
þa1

 !
v1 ¼ 0, ð6Þ

@

@x
þ

1

4ik0

@2

@y2
þa2

 !
v2 ¼�

B11k0

2cR
v2

1, ð7Þ

where cR is the sound speed, k0¼(o0/cR) the wave number, vn the
particle velocity (v1 and v2 are the first and second harmonic
particle velocities) and B11 ¼ 4mR11=zrc2

R the coefficient of non-
linearity, in which m is the shear modulus and R11 and z are
defined elsewhere [16]. Select B11¼0.22 [17] in these numerical
calculations. an is the attenuation coefficient at frequency no0.

The curves in Fig. 8 show the measured and calculated
fundamental and second harmonic amplitudes for the 8 A and
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fundamental frequency and a2¼5 at the second harmonic frequency.
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8 AP samples. This calculation is based on the finite difference
method. One conclusion from this figure is that the downturn in
the measured nonlinearity parameter is due to the roughness-
induced attenuation. It is seen that the propagation distance, X1

where the downturn appears is a larger distance when the surface
is smoother (8 AP). Note that all the amplitudes including
experimental points indicated by dots (with error bars) and the
numerical calculations designated by the solid lines are normal-
ized by their corresponding maximum values. Changes in a1 and
a2 modify the curve’s shape, and a least-squares fit of the
fundamental and second harmonic amplitudes yields the most
likely values of an. Due to the beam divergence, the fundamental
amplitude decreases with the propagation distance, while the
second harmonic increases up to a certain point and then starts
decreasing. Note that the second harmonic attenuation coeffi-
cients a2 in the 8 AP sample (5) is much smaller than in the 8 A
sample (22.5) as a result of the polish.

5. Conclusion and future work

This preliminary research investigates the feasibility of using
nonlinear Rayleigh surface waves to determine the near-surface
residual stresses in shot-peened samples. The second harmonic
amplitudes of Rayleigh surface waves are measured in AA 7075
samples shot-peened at different Almen intensities. The nonlinear
ultrasonic results show a large increase in the acoustic non-
linearity parameter with an increase in intensity of shot-peening,
indicating the potential of nonlinear ultrasonics for the in situ
characterization of near-surface residual stresses. The inherent
surface roughness of a specimen has a negative impact on this
nonlinear ultrasonic measurement; this is also the case for linear
surface wave velocity measurements. Measured changes in the
relative acoustic nonlinearity are still significant, even after
removing the surface roughness. However, this increase can be
due to three different effects: residual stress, microplasticity
(dislocations), and texture. It is thought that while the texture
effect can be of minor importance, the microplasticity will have a
large influence. In order to evaluate the residual stress, a
systematic procedure needs to be developed to separate these
different effects.

Future work should focus on separating the effects of cold
work, residual stress and surface roughness. One possible way to
do this is with annealing. The residual stress and cold work effects
will be gradually removed by the gradual heat treatment in a
protective atmosphere. Typically, the penetration depth of the
excess cold work is only one-third of the penetration depth of the
residual stress [18]. As a shallow sub-surface region exhibits a
higher rate of relaxation and recrystallization than deeper regions,
close to the surface, recrystallization starts at lower temperatures
and occurs faster than at larger depths. Therefore, during
annealing from a low to high temperature, cold work and part

of the residual stress will be removed first, and then significant
residual stress will be gradually removed at higher temperatures.
After annealing, the only effect left is the surface roughness. By
measuring the nonlinearity parameter continuously during this
annealing process, one can evaluate separate contributions from
these three different effects.
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