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a b s t r a c t

This research uses nonlinear Rayleigh surface waves to characterize stress corrosion cracking (SCC) damage in
carbon steel. Cold rolled carbon steel is widely used for buried fuel pipelines; the environment surrounding
these pipelines creates a mildly corrosive environment, which, in combination with an applied stress, can
cause SCC. To ensure the safe operation of these structures, it is crucial that damage due to SCC be detected
before their structural integrity is reduced by large cracks. In the early stages of SCC, microstructural changes
such as dislocation formation andmicrocrack initiation occur, which have shown to considerably increase the
acoustic nonlinearity of a material. These microstructural changes distort and generate higher harmonics in
an initially monochromatic ultrasonic wave. This research considers four different levels of SCC induced in
four separate 1018 steel specimens, a material which has a similar susceptibility to SCC as steel used for
buried fuel pipelines. Then nonlinear ultrasonic measurements are performed before and after the SCC
damage is induced. Nonlinear Rayleigh surface waves are utilized to detect the SCC damage that is
concentrated near the material surface. The amplitudes of the fundamental and second harmonic waves
are measured with contact wedge transducers at varying propagation distances to obtain the acoustic
nonlinearity of the specimens as a function of SCC damage. The results show an increase in the measured
acoustic nonlinearity in the early stages of SCC, indicating the feasibility of using this nonlinear ultrasonic
method to detect the initiation of SCC in carbon steels.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Stress corrosion cracking (SCC) of structural materials is a major
concern across different industries, such as in pipelines for oil and
fuel transport, and in nuclear reactor structural components. SCC
is of specific concern in carbon steels, which are widely used for
buried pipelines for gasoline transport. The surrounding ground
water accumulated near the surface of these pipelines presents a
mildly corrosive environment, which poses only a small risk of
corrosion damage under normal circumstances. However, the
combination of residual stresses at welded joints and pressure
inside the pipe can raise the tensile stresses close to the yield
strength of the material, which, under the influence of the
corrosive environment, can lead to SCC [1–3]. Among the char-
acteristics of SCC are crack initiation late in the lifetime of the
structure and rapid crack growth and coalescence after crack
initiation [3]. These characteristics necessitate a timely detection of
the initiation of SCC damage prior to the formation of macrocracks.

While macrocracks can be detected by linear ultrasonic techniques
and/or by eddy current techniques [4], those nondestructive evalua-
tion (NDE) methods are less suitable for the detection of microcracks
and microstructural changes.

It has been shown that microstructural changes can be detected
before the appearance of macroscopic damage by using nonlinear
ultrasonic methods [5,6]. This is due to the fact that microstructural
changes such as an increase in dislocation density distort ultrasonic
waves, which leads to higher harmonics in an initially monochromatic
wave. Since the energy of Rayleigh waves is concentrated near the
surface, these waves are advantageous compared to bulk waves for the
detection and characterization of SCC that initiates at the material
surface. Additional advantages of Rayleigh waves include a longer
propagation distance than for bulk waves, and required access to only
one side of a specimen. Previous research has used nonlinear ultra-
sonic Rayleigh waves to detect fatigue damage in a nickel-base
superalloy [7] and A36 steel [8] and thermal damage in 2205 duplex
stainless steel [9]. In these studies, the acoustic nonlinearity was
determined by measuring the normalized second harmonic amplitude
at varying propagation distances. In contrast, Matlack et al. [10]
changed the input frequency for a fixed receiver position (or propaga-
tion distance) to determine the acoustic nonlinearity.
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This work investigates different levels of stress corrosion
cracking in cold rolled AISI 1018 steel. While this material is not
typically used for gasoline transport, the material0s susceptibility
to stress corrosion cracking is similar to steel used for gasoline
transport such as carbon steel grade X65. Further, 1018 steel is
much easier to obtain than, for example, carbon steel grade X65, in
flat plate form in the length required for nonlinear ultrasonic
Rayleigh wave measurements. Nonlinear Rayleigh surface waves
are used to characterize SCC damage in this material by varying
the wave propagation distance, following the techniques and
procedures as described in previous work [7,8].

2. Theory

2.1. Nonlinear Rayleigh surface waves

Consider an isotropic, homogeneous, nonlinear elastic half
space in which Rayleigh waves are propagating along its free
surface. As the fundamental wave propagates, a second harmonic
wave is generated due to the nonlinearity of the material. For a
plane Rayleigh wave, a critical relationship is [7]

A2

A2
1

p
ω2xβ
c2R

ð1Þ

where A1 and A2 are, respectively, the amplitudes of the funda-
mental and second harmonic waves, ω is the fundamental angular
frequency, x is the propagation distance, β is the acoustic non-
linearity parameter, and cR is the Rayleigh wave speed. Since the
wave speed is constant and the excitation frequency is kept
constant, a relative measure of β can be obtained by measuring
the fundamental and second harmonic amplitudes at varying
propagation distances. In this case, the nonlinearity parameter
can be expressed as

β¼ A2

xA2
1C

ð2Þ

where C contains all constant parameters. Note that Eq. (2) is not
an exact expression when the fundamental wave is generated by a
finite-sized transducer, and both the fundamental and second
harmonic waves are received by finite-sized transducers. However,
the linear relationship between A2=A

2
1 as a function of propagation

distance, x in Eq. (1) has been shown both theoretically and
experimentally to be a good approximation for a short propagation
distance in the far field [11]. In the current experiments, A2=A

2
1 is

measured over x, such that the slope is β0 ¼ β=C, where β0 is a
calibrated acoustic nonlinearity parameter that is proportional to
the absolute acoustic nonlinearity parameter, β.

2.2. Stress corrosion cracking

SCC can occur under certain environmental conditions, speci-
fically the combination of a mildly corrosive environment and
tensile stresses. SCC often occurs in environmental conditions that
are generally considered harmless and can affect materials that are
corroded uniformly at a very low corrosion rate. Even stainless
steel that is exposed to drinking water can be affected by SCC, due
to the amount of chloride in drinking water when certain condi-
tions are met [12].

The process of SCC in carbon steels starts with the formation of
an iron oxide layer on the surface. This film normally protects the
underlying material from being exposed to the corrosive environ-
ment. However, when a sufficiently high tensile stress is applied,
the film ruptures in areas of localized plasticity, exposing the bare
metal surface to the corrosive environment. Anodic dissolution at
the exposed surface leads to crack initiation and propagation [1],

and high stresses near crack tips induce generation of dislocations
which will subsequently move around and pile up.

While these microstructural changes have little influence on
the material0s overall mechanical properties, they lead to an
increase of the acoustic nonlinearity. As shown by Cantrell [13],
the acoustic nonlinearity increases with an increased dislocation
density. Furthermore, the acoustic nonlinearity is increased sig-
nificantly by the formation of microcracks that cause contact
nonlinearity. With increased initiation and propagation of the
microcracks, they coalesce to form macrocracks. These macro-
cracks are expected to cause an increase in attenuation at the
higher frequencies of the second (and higher) harmonic waves,
which leads to a significant drop in the apparent measured
acoustic nonlinearity parameter. This effect has been shown at
later stages of fatigue life, for example, in [14,7], however, these
later stages of SCC damage are beyond the scope of this work.

3. Specimens and damage

The specimens under investigation are machined from cold rolled
1018 carbon steel. The steel was annealed to ensure a lamellar
pearlite microstructure, and cold drawn; the chemical composition is
given in Table 1. An undamaged sample was sectioned, polished, and
etched in 2% Nital to visualize the pearlite microstructure, which can
be seen in Fig. 1. Here, the darker regions seen in both optical
micrographs ((a) 200� and (b) 500� magnification) show the
pearlite microstructure, and the image at higher magnification shows
the alternating layers of cementite and ferrite regions. The material
has a nominal yield strength of 372 MPa (54,000 psi) and tensile
strength of 441 MPa (64,000 psi). The geometry of the specimens is a
dog-bone shape typical of tensile test specimens. In order to provide
a suitable geometry for Rayleigh wave propagation and ultrasonic
measurements, the specimens have a long test section of 254 mm.
Three specimens (Specimens #2–4) have a width of 18.5 mm and a
thickness of 5.1 mm, while due to machining issues Specimen 1 has a
width of 18.5 mm and a thickness of 3.8 mm. The surface of the test
section is carefully sanded and polished with up to 2000 grit polish
paper to minimize premature SCC initiation at sites of local stress
concentrations, as well as to minimize the influence of surface
roughness on the propagating Rayleigh surface waves.

SCC damage is induced in the specimens using a stress corro-
sion cell where the specimen is loaded and exposed to a corrosive
environment which has shown to produce SCC [3,15,10]. These
experimental parameters are representative of the environment
and loading conditions in buried pipelines. The corrosion cell
consists of a glass tube which is closed and sealed on both ends.
The lids are designed to accommodate insertion of a reference
platinum electrode to control the applied potential, and a thermo-
couple with which to control the temperature of the aqueous
solution. An illustration of such a setup is shown in Fig. 2. The
specimens are immersed in an aqueous solution of 1N sodium
carbonate (Na2CO3) and 1N sodium bicarbonate (NaHCO3). This
solution is kept at a temperature of 70 1C using heat tape wrapped
around the corrosion cell, while an electrochemical potential of
�650 mV vs. Saturated Calomel Electrode (SCE) is applied using a
potentiostat. The specimen is then simultaneously subjected to a
static tensile stress over a period of five days in this corrosive
environment. The level of applied tensile stress varies among the

Table 1
Chemical composition (wt%) for cold rolled 1018 carbon steel specimens.

C Mn Si S P Fe

0.16 0.78 0.26 0.021 0.005 As remainder
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four individual specimens to create different levels of SCC damage.
Further details on this constant stress experimental method can be
found in [16].

In order to assess the extent of the SCC damage, the corroded
specimens are examined using an optical microscope. The surface,
which is covered by a thin iron oxide layer, is carefully removed by
hand polishing in order to get an unobstructed view of the metal
beneath the iron oxide. It is important to remove only the iron
oxide layer and not the underlying damaged material or cracks,
and note that any scratches obtained during the polish process
were much smaller than the Rayleigh wavelength and will not
influence the attenuation or nonlinearity of the propagating
Rayleigh waves. For a quantitative evaluation of the amount of
SCC damage, ten adjoining micrographs at 500x magnification are
taken out of a representative area in the middle of the damaged
section of each specimen. In these micrographs, the number and
length of visible cracks are counted and measured. Since stress
corrosion cracks can only initiate on the surface of the material,
the number of cracks per unit area on the surface is equivalent to
the number of cracks per volume. This is not, however, equivalent
to a “damage volume” of cracks. Crack depth has been shown

previously to be related to the crack length as 0.1od/(l/2)o0.2 [15].
So, while not directly observable, the total crack surface area, S, can
be estimated by S¼AN, where A¼ πðl=2Þd=2 is the area of a closed
elliptical-shaped surface crack.

A representative optical micrograph at 500� magnification
with visible stress corrosion cracks of a variety of sizes is shown in
Fig. 3. Not all visible cracks are indicated on the image in Fig. 3 to
ensure clarity. Note that the specific pearlitic microstructure of the
material will not affect SCC propagation in this case. SCC of carbon
steel in carbonate–bicarbonate environments has been shown
previously to be intergranular, so the specific microstructure
within grains will not affect SCC. A cross section of Specimen
4 was also mounted such that crack depth could be visualized.
Two separate optical micrographs showing different cracks are
shown in Fig. 4, both at 500� magnification. It should be pointed
out that it is difficult to measure the true crack depth, since one
cannot ensure the cross section cut would catch the maximum
depth of the elliptically-shaped crack. The micrographs presented
in both Figs. 3 and 4 provide evidence that stress corrosion cracks
have formed.

4. Nonlinear ultrasonic measurements

Rayleigh waves are generated and detected using contact
wedge transducers. A commercial piezoelectric longitudinal wave
transducer with a center frequency of 2.25 MHz and a diameter of
12.7 mm is fixed to an acrylic wedge with an angle of 671, which is
clamped to the specimen. At this Rayleigh critical angle, the
longitudinal wave emitted by the transducer is converted to a
Rayleigh surface wave in the specimen. A transducer with a center

Fig. 1. Optical micrographs of 1018 steel microstructure at (a) 200� magnification and (b) 500� magnification.

Fig. 2. Setup of stress corrosion cell.

Fig. 3. Optical micrograph of various cracks in Specimen 4 showing highest level of
SCC damage, at 500� magnification.
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frequency of 5 MHz is attached to a wedge with the same angle to
detect the transmitted Rayleigh waves at varying propagation
distances. A 2.25 MHz tone burst that is generated by a high-
power gated amplifier (RITEC RAM-5000) is fed into the transmit-
ting transducer. The received signals are recorded with an oscillo-
scope (Tektronix TDS 420) and 507 signal samples are averaged to
improve signal-to-noise ratio (SNR). The nonlinear ultrasonic
measurement setup is illustrated in Fig. 5.

In order to obtain the acoustic nonlinearity parameter, β, mea-
surements are taken at varying propagation distances. Note that it is
also possible to calculate the acoustic nonlinearity parameter by
varying the fundamental frequency [10]. While this method elim-
inates the coupling contact variability since the wedges remain at
the same locations on the specimen, it also introduces other effects
such as the frequency response of the transducers and potential
frequency-dependent nonlinearities of the electronic instrumenta-
tion, which are difficult to compensate for.

The measurement technique of varying propagation distances
used in this work eliminates the influence of these frequency-
dependent nonlinearities, but the potential for large variations in
the coupling contact condition between the wedges and the speci-
men surface for different measurements need to be carefully
handled. To obtain statistically acceptable data, five sets of measure-
ments are taken for each specimen. Each set of measurements
consists of 19 individual measurements at propagation distances
that vary from 50 mm to 140 mm in increments of 5 mm. In order to
make the measurements comparable, the position of the transmitter
is placed in the same location on each specimen for all measure-
ments taken before and after SCC damage.

At the first few shorter propagation distances, the second
harmonic wave has not yet appreciably grown (the near field of

the second harmonic), while at the farthest propagation distances,
the nonlinearity parameter no longer increases due to the
attenuation (caused by absorption, diffraction, and scattering),
such that there is a limited range of propagation distances for
which Eq. (1) is valid. At the propagation distances in between
these two zones, the normalized second harmonic amplitude
A2=A

2
1 increases in an approximately linear fashion. The approx-

imate near field to far field distance of the transducer can be
calculated using the relation xN¼a2/λR, where a is the radius of the
transducer (ignoring the beam spreading in the wedge) and λR is
the wavelength of the Rayleigh wave. The Rayleigh wave velocity
was measured to be 2989 m/s in the 1018 steel, such that the
wavelengths of the propagating first and second harmonic Ray-
leigh waves were 1.3 mm and 0.66 mm, respectively. This gives a
distance xN of 30 mm for the fundamental wave and xN of 60 mm
for the second harmonic wave. The usable range of propagation
distances in the measurement starts at about 60 mm and ends at
about 120 mm. However, these boundaries vary slightly for differ-
ent specimens so that the starting and ending positions have to be
selected manually (in post-processing) for each specimen, parti-
cularly since attenuation of the higher frequencies is expected to
increase with increasing SCC damage. As shown in Eq. (2) the
slope of the best fit line, β0, of the normalized second harmonic
amplitude versus the propagation distance is directly proportional
to the acoustic nonlinearity parameter, β.

It should be noted that some geometrical effects on the
Rayleigh wave propagation are expected. The width of the speci-
mens (18.5 mm) is expected to affect the diffraction pattern of the
Rayleigh waves in these experiments, compared to a diffraction
pattern in an infinitely wide medium. Typically, the energy of the
Rayleigh wave beam would spread in the width direction as the

Fig. 4. Optical micrographs of two separate crack depths, taken at 500� magnification.

PC

High Power Amplifier
RITEC5000

Oscilloscope
TDS 420

Transmitter
Panametrics
X1055

Receiver
Panametrics
A109S

Ch1 Ch4
Trigger

Oil coupling

Fig. 5. Setup for nonlinear ultrasonic measurements.
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wave propagates, but with the current geometry, the edges would
prevent this energy spread. Further, any small misalignment of
the transmitting wedge that would hinder the waves from
propagating perfectly parallel to the sides would cause reflections
from the sides. In terms of the specimen thickness effects, it is
known that the displacement and stress of the propagating
Rayleigh wave is negligible after about 1.5λ. Given the longest
wavelength considered in these experiments (1.3 mm), the dis-
placement of the Rayleigh wave is negligible beyond a depth of
2 mm. So, the specimens with a thickness of 5.1 mm should be
thick enough to ensure Rayleigh wave propagation. However,
since specimen 1 was slightly thinner at 3.8 mm and since waves
are excited at a small range of angles with wedge excitation, it is
expected there will be some longitudinal wave components that
propagate through to the specimen that will reflect off the
bottom surface. Since longitudinal waves propagate at almost
twice the wavespeed as the Rayleigh waves, it is possible
components from these waves influenced the measured ampli-
tudes of the Rayleigh waves. While these effects will influence the
propagating first and second harmonic waves, results show that
the diffraction of the A1 wave does not change after SCC damage,
so comparing results of a single specimen before and after

damage should eliminate specimen geometrical effects to mea-
sured wave amplitudes.

5. Results

5.1. Nonlinear Rayleigh wave results

As mentioned in Section 3, all parameters except the applied
tensile stress are kept constant during the corrosion process.
In order to accelerate the SCC process, the applied tensile stress
ranges from the nominal yield stress to 10% over the nominal yield
stress and held in the same corrosive environment. It is important
to note that during the corrosion process of Specimen #3, the
potentiostat failed to maintain a constant potential. As a result,
only very small cracks can be observed under the microscope and
there is no significant change in the measured acoustic nonlinear-
ity parameter for this specimen.

Fig. 6 shows the measured nonlinearity of Specimen 1 in both
the undamaged and damaged conditions, in terms of measured
A2=A

2
1 over propagation distance, and increase in β0. Specimen 1 is

loaded at the nominal yield stress. To illustrate the near field effect
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and the attenuation effect as discussed in Section 4, Fig. 6 has
these regions clearly marked. The slope of the best fit line of the
damaged specimen is 18.9% higher than that of the undamaged
specimen, which indicates a noticeable increase in nonlinearity.

Likewise, Figs. 7–9 show the measured nonlinearity of Speci-
mens 2, 3, and 4 in terms of measured A2=A

2
1 over propagation

distance and increase in β0. Note that Specimen 2 is loaded at 7.8%
above the nominal yield stress, and Specimens 3 and 4 are loaded
at 10% above the nominal yield stress. The results of Specimens 1,
2, and 4 show considerable increases in the measured nonlinearity,
whereas the change in the measured nonlinearity of Specimen 3 is
quite small. Note that variations in microstructure due to proces-
sing and machining will cause differences in the baseline β0 of
specimens in their undamaged state. This is why the measured
acoustic nonlinearity parameter of the specimens due to SCC
damage is always compared to the measured nonlinearity para-
meter of the undamaged specimen.

5.2. Linear Rayleigh wave results

The trends of the measured first harmonic amplitude over
propagation distance before and after SCC damage are shown in
Fig. 10(a) Specimen 1, and (b) Specimen 4. Specimens 1 and
4 represent the least and most amount of induced SCC damage,

respectively. As in previous plots, data points here represent an
average over five separate measurements, and error bars represent
one standard deviation from the mean. While a direct measure of
the attenuation coefficient was not made, these results show no
detectable change in the propagating first harmonic wave when
compared to the variation in the measurements. Therefore, it can
be concluded that the attenuation coefficient of the first harmonic
wave does not significantly change due to the SCC damage. The
difference in the diffraction trend of Specimen 1 compared to
Specimen 4 is likely due to differences in attenuation of the orginal
specimen, and the smaller cross section. Further, since crack depth
is in the order of 1% of the wavelength of A2 (0.66 mm) and an
even smaller percentage of the wavelength of A1, it is expected
that the attenuation change due to cracks is quite small, since
cracks are thus in the weak scattering regime of the wavelengths
of the propagating waves. So, it can be concluded that the
condition that βpA2=A

2
1 as described in Eq. (1) is met and the

increase in the parameter β0 is due to nonlinear effects.
The velocity of each specimen and damage level is given in

Table 2 below. The velocity was calculated simultaneously with the
nonlinear measurements, by correlating the received time signals
from different propagation distances to extract the difference in
arrival times. The velocities reported represent an average over the
longer propagation distances (90 mm to 140 mm) over all five
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measurements. Results show that the wave was propagating with a
velocity typical of Rayleigh waves in steel, which is further evidence
that the waves were in fact propagating as Rayleigh waves despite
the confined cross section of the specimen geometries. Furthermore,
results show less than a 1% change from the undamaged state to
damaged SCC state, showing that wave velocity measurements are
not sensitive to SCC damage of the magnitude investigated in
this work.

5.3. Comparison of the nonlinear ultrasonic results

The results from the nonlinear ultrasonic measurements of
Specimens 1, 2, and 4 are compared in terms of the applied stress
normalized by the nominal yield stress. The percentage change in
the acoustic nonlinearity parameter for each specimen that is
normalized with that of the undamaged specimen is plotted
versus the normalized applied stress level. These results are
summarized in Table 3 and shown in Fig. 11.

Fig. 11 shows a tendency toward a linear relationship between
the applied stress and the increase in the measured nonlinearity
parameter by as much as 30%. This result, however, does not
include the anomalous behavior of Specimen 3. Assume that both
the number density and average size of cracks are the indicators
for the amount of damage accumulated in the material. In Fig. 12,
the percent change in the nonlinearity parameter is plotted
against the crack number density (1/mm3), determined as
described in Section 3. Fig. 13 compares the percent change in
the nonlinearity parameter to the average crack length. Note that

since β0 is expected to be a function of both crack length and crack
density, i.e., β0 ¼ f ðL;NÞ, and since Fig. 12 shows the trend in β0 over
different crack densities but not constant crack lengths (and vice
versa for Fig. 13), the dependency of β0 on these individual
parameters cannot be extracted from these plots alone.

These comparisons show, with the exception of Specimen 3
(with its failed potentiostat) in Fig. 12, a general tendency of
increasing nonlinearity parameter with both the crack length and
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Fig. 10. Trend of measured first harmonic amplitude over propagation distance before and after SCC damage for (a) Specimen #1 and (b) Specimen #4.

Table 2
Average measured Rayleigh wave velocity, for each specimen in the undamaged
and SCC damaged case.

Specimen # Undamaged velocity (m/s) Damaged velocity (m/s)

1 2989.078.1 2979.6723.7
2 3000.2721.4 2987.5718.3
3 2997.378.6 2998.9711.6
4 2984.5719.5 2975.678.2

Table 3
Normalized applied stress and results of Specimens 1, 2, and 4.

Specimen # Normalized applied stress β/β0

1 1.00 1.189
2 1.078 1.283
4 1.10 1.314
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the crack number density. This implies that both the crack number
density and the crack size (or length) increase with the progress of
SCC in this material. This also suggests the introduction of a
damage parameter, which can take into account both the effects
of the crack size and number density that reflects the amount of
the SCC damage. Nazarov and Sutin [17] proposed a model for the
nonlinearity of a solid with randomly oriented, randomly distrib-
uted, closed cracks. The mechanism of the elastic nonlinearity is
the Hertzian contact of two rough surfaces of a closed crack, with
the gap between the two surfaces being disturbed by ultrasonic
waves. Their model suggests that the nonlinearity parameter
depends on the fourth power of the crack depth, and is directly
proportional to the crack number density. As mentioned in Section
3, the crack depth cannot be directly measured. However, due to
the approximately linear relationship between the crack depth
and length, and assuming an elliptical crack, the crack length is
used for this examination.

While the cracks in the present experiment are aligned
perpendicular to the loading direction (and also perpendicular to
the direction of wave propagation) and the crack lengths have
some statistical distribution, it is assumed that the same depen-
dence holds as in a solid with random crack size and orientation.
The cracks in the specimens in this study were observed to be
closed after removal of the applied tensile load. Therefore, based
on [17], a possible damage parameter is defined as

pdmg ¼N〈l4〉; ð3Þ

where N is the average crack number density and 〈l4〉 is the
average of the fourth power of crack length. The respective
damage parameters of the individual specimens are listed in
Table 4 and depicted in Fig. 14.

For all specimens examined in this study, a larger damage
parameter results in a higher change in acoustic nonlinearity, and,
excluding Specimen 3, the acoustic nonlinearity appears to be
proportional to the damage parameter, as evident in Fig. 14. This

trend indicates that the acoustic nonlinearity parameter is propor-
tional to the fourth power of crack length for the damage levels of
Specimens 1, 2, and 4, however, to affirm such a relationship, more
data points (measured acoustic nonlinearity on more specimens
with different damage parameters) are needed. So, while it is clear
the acoustic nonlinearity parameter is sensitive to the crack
length, more investigations are needed in order to fully interpret
Figs. 12–14, in terms of the relation between the acoustic non-
linearity parameter and the damage parameter and microcrack
properties. This sensitivity to crack length has important implica-
tions for detecting SCC damage – prior to macroscopic cracking, it
is known that SCC is characterized by rapid crack growth and
coalescence after microcrack initiation [3].

Specimen 3, which has a small, but non negligible amount of
damage, shows only a small increase in acoustic nonlinearity,
which falls within the standard deviation of the measurements.
If the acoustic nonlinearity parameter is proportional to the fourth
power of the crack length as defined in the damage parameter, the
crack length contributes much more significantly than the crack
number density to which the nonlinearity parameter is propor-
tional. This is evident in the comparison of Figs. 12 and 13, and in
the much smaller average crack length in Specimen 3 compared to
the other specimens, as reported in Table 4. It should also be noted
that the dislocations produced during the SCC process contribute to
the measured nonlinearity in this investigation. While the micro-
cracks produce much stronger nonlinearity than dislocations [18],
micromechanical modeling and analysis is needed for a more
quantitative interpretation of the results in Figs. 11–14.

6. Conclusion

This research presents a nonlinear ultrasonic method to charac-
terize damage due to stress corrosion cracking (SCC) in 1018 carbon
steel by measuring changes in the acoustic nonlinearity of Rayleigh
surface waves. Damage is induced in four specimens by applying
high amounts of tensile stress while the specimens are immersed in
a SCC causing environment. Rayleigh waves are generated and
detected using wedge transducers to measure the normalized second
harmonic amplitude. This normalized amplitude A2=A

2
1 shows an

approximately linear relationship over propagation distance, where
the slope of the linear fit is proportional to the acoustic nonlinearity
parameter, β. The percent increase in the measured acoustic non-
linearity parameter due to SCC damage is compared to the damage
quantified under an optical microscope – that is, the length and
number density of visible microcracks. A damage parameter is then
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Fig. 13. Change in β0 compared to average crack length.

Table 4
Damage parameter of specimens.

Specimen
#

〈l4〉
(10�18 m4)

Average crack number
density N (1/mm3)

Damage parameter
pdmg (10�6 m)

1 3.98 102.54 0.408
2 9.02 172.38 1.555
3 0.44 157.48 0.0698
4 10.62 245.02 2.601
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Fig. 14. Change in β0 compared to the damage parameter pdmg.
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defined by assuming that the underlying mechanism of the observed
nonlinearity is the Hertzian contact of closed cracks. This parameter
is used to interpret the change in measured acoustic nonlinearity due
to SCC. For a certain range of SCC damage, the change in acoustic
nonlinearity parameter shows a linear correlation with the defined
damaged parameter. This analysis shows that the acoustic nonlinear-
ity parameter strongly depends on the crack length of the
microcracks.
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