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Abstract The dynamic acousto-elasticity (DAE) technique
uniquely provides the elastic (speed of sound and attenua-
tion) behavior over a dynamic strain cycle. This technique
has been applied successfully to highly nonlinear materials
such as rock samples, where nonlinear elastic sources are
present throughout the material. DAE has shown different
nonlinear elastic behavior in tension and compression as well
as early-time memory effects (i.e. fast and slow dynamics)
that cannot be observed with conventional dynamic tech-
niques (e.g. resonance or wave mixing measurements). The
main objective of the present study is to evaluate if the DAE
technique is also sensitive to (1) fatigue damage and (2) a
localized stress corrosion crack. A secondary objective is to
adapt the DAE experimental setup to perform measurements
in smaller specimens (thickness of few cm). Several samples
(intact aluminium, fatigued aluminium and steel with a stress
corrosion crack) were investigated. Using signal processing
not normally applied to DAE, we are able to measure the
nonlinear elastic response of intact aluminium, distinguish
the intact from the fatigued aluminium sample and localize
different nonlinear features in the stress corrosion cracked
steel sample.
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1 Introduction

This research relates to important questions such as, “How
can we prevent dam failure, plane crash or radioactive leak-
age from a nuclear power plant?” An essential part of the
strategy to prevent such disasters requires the development
of more accurate and sensitive structural material evaluation
techniques. As it is not possible to perform destructive tests
on the materials in situ, the development of effective non-
destructive testing (NDT) techniques is essential. Indeed, it
is fundamental to detect as early as possible initiation of
a fracture that could jeopardize the operation of a nuclear
power plant. Among the new emerging techniques, non-
linear acoustic techniques are very promising [1–4]. They
allow one to measure the nonlinear elastic response of a
medium to the passage of high-amplitude acoustic/elastic
waves. This response depends on the presence of micro-
defects or soft inhomogeneity (microcracks, dislocations,
grain contact, delamination, etc.) that act as classical and/or
non-classical nonlinear sources affecting the overall level of
the material’s nonlinearity [5,6]. The nonlinearity at the inter-
atomic scale [7] is negligible compared to that produced by
the micro-defects [5]. It is manifested first by the appearance
of harmonics in the acoustic response. The concept is not
new. For instance Buck et al. [8] demonstrated this effect by
sending an ultrasonic wave through two solids in contact.
They measured the onset of harmonics whose amplitudes
were directly related to the excitation amplitude and the qual-
ity of contact between the two solids. The following year,
they demonstrated that the increase in the second harmonic
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was associated with the fatigue of a piece of aluminum
[9]. Thus the detection of harmonics became a first tech-
nical reference for NDT nonlinear acoustics [10–12]. Subse-
quently, other phenomena were discovered, such as the cre-
ation of sub-harmonic [13,14], frequency mixing [6,15] and
frequency shifting [16,17], leading to new nonlinear tech-
niques, often termed “nonlinear elastic wave spectroscopy
(NEWS)” [18,19]. After two decades of investigation, these
nonlinear techniques were applied in a wide range of appli-
cations, such as in civil engineering (i.e. concrete structures
[20–26] and pipes [14,27]), in aviation (i.e. composites [28–
30] or metals [31]) and in biomedical [32,33]. In parallel,
other nonlinear methods, called pump-probe, were devel-
oped based on the interaction of two dynamic fields. One
perturbs the material elasticity (the pump) while the other
measures the change in the viscoelasticity (the probe) [34–
37]. The dynamic acousto-elastic (DAE) [38–41] technique
is one of them. It’s an extension of the well-known quasi-
static acousto-elastic (SAE) technique [42,43] considered to
be the most precise and sensitive technique for the evalu-
ation of the third order elastic constants in isotropic solids
[7,43]. Compared to SAE, DAE involves low strain level
(10−8–10−5), higher strain rate (e.g. several kHz), both ten-
sion and compression stresses and does not require the use of
a mechanical testing machine, which makes this technique
suitable for in-situ measurements. Compared to NEWS tech-
niques, DAE is the only technique that directly shows non-
linear behavior as it evolves over an entire dynamic strain
cycle (i.e. during tension and compression), such as hystere-
sis. DAE has been used successfully so far for bone micro-
damage monitoring [44–47] and nonlinear elastic investiga-
tion of rock [38–40,48].

The main objective of the paper is to evaluate whether the
DAE technique is also sensitive to (1) non-localized fatigue
damage and (2) localized stress corrosion cracking in metal-
lic specimens. A secondary objective is to adapt the DAE
experimental setup to perform measurements in very small
specimens (thickness of few cm).

2 Materials and Methods

2.1 Specimens and Damage Protocol

Non-localized fatigue damage and localized stress corrosion
cracking (SCC) were investigated in two different sets of
metallic specimens.

For the fatigue damage protocol, two AU4G aluminum
bars (50 mm (L) × 4 mm (b) × 2 mm (d)) were machined
from the same 2 mm thick aluminum plate. One aluminum
specimen was fatigued while the other aluminum speci-
men was kept intact to serve as control. Fatigue damage
was induced within the elastic regime by cyclic four-point

bending at 2 Hz under load-control between −30 and −170 N
(corresponding to maximal strain of 6,000 µε at the mid-
span) using a hydraulic testing machine (Instron 8501, High
Wycombe, England) with a 1 kN loading cell (accuracy
0.5 %) and an internal displacement transducer (accuracy
1 %). The fatigue test is stopped after 10,000 cycles when a
slight bending is observed, meaning that permanent damage
occurred. Therefore, the cyclic stress is suspected to increase
the dislocation density and/or to initiate fatigue cracking at
some point on the external surface [49].

For the localized stress corrosion cracking (SCC) inves-
tigation, one thin steel square specimen (23.5 mm (L) ×
23.5 mm (b) × 2.4 mm (d)) was machined from a large stain-
less steel bar specimen. This bar contained a deep crack that
was propagated from a notch by a three-point bending tough-
ness test with a stress intensity factor between Kmax = 28
Mpa

√
m and Kmin = 0.6 Mpa

√
m. SCC was initiated at the

crack tip [50]. A corrosive environment involving a solution
of 30 wt% MgCl2 at 90 ◦C, and a nominal bending stress
of 124 Mpa was applied for 650 h. The characterization of
the deep crack and the SCC was accomplished on a three-
dimensional (3D) X-ray micro-computed (µCT) tomogra-
phy volume, acquired with a non-commercial desktop µCT
device. The isotropic voxel resolution is 21 µm.

2.2 DAE Setup and Measurement Protocol

2.2.1 Experimental Setup

The DAE, first proposed by Renaud et al. [41] to monitor
bone microdamage accumulation in immersion [44–46], has
been adapted to measure materials in a dry condition with
transducers directly in contact with the sample [38]. The tech-
nique consists of broadcasting a high frequency (HF) wave,
from an ultrasonic (US) transducer source (HF source) to
an ultrasonic transducer receiver (HF receiver), to probe the
elastic state modulated in the sample by a low frequency
(LF) piezoelectric disk source (PZT-5A, APC International,
Mackeyville, PA, USA) [38]. For most nonlinear materials,
the typical acousto-elasticity effect results in an increasing
(decreasing) of the elastic modulus when the sample is under
compression (tension). Experimentally, the modulus varia-
tion is evaluated by measuring the time of flight (TOF) vari-
ation, both parameters being proportional [38]. One can also
observe a variation of the attenuation [48].

The LF strain field is generated by a large piezoelectric
disk attached to a backload and glued with cyanoacrylate to
the bottom of each sample (Fig. 1). The LF wave is monitored
by a small and light piezoelectric disk placed on the top of
each sample (Fig. 1). The typical frequency fLF used for the
LF strain field is 29 kHz for the aluminum bar specimens and
49 kHz for the steel square specimen. Both frequencies corre-
spond to the first compressional mode in forced-mass driven
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Fig. 1 Experimental setup for both experiments

boundary conditions (the fixed-free boundary condition can-
not be reached as the mass of the small piezoelectric sensor
is not negligible). However, one can approximate the wave-
length (λL F ≈ 4 L, λL F ≈ 200 mm for aluminum specimen
and λL F ≈ 94 mm for steel specimen) in case of fixed-free
boundary conditions.

The probe is a US pulse (typically 5 HF periods) gener-
ated and received by a pulser-receiver (5077PR, Olympus,
Waltham, MA, USA). Two identical ultrasonic transducers
at FH F = 25 MHz (Panametrics, Waltham, MA, USA) with
an active beam width dus of 4 mm are involved. The US pulse
repetition frequency (PRF) is adapted to be incommensurate
with fLF, so that over time the ultrasonic broadcasts sample
all phases of the LF strain field. Practically, it was chosen

a little bit less than 5 kHz, in the limit of the maximal PRF
delivered by the pulser-receiver (i.e. 5 kHz).

The coupling is ensured by using ultrasonic gel between
the probe and the sample. Note that a thin layer of adhesive
tape is applied on the crack in the steel specimen, to keep the
crack dry.

The use of dynamic strain instead of the conventional sta-
tic strain implies that the LF strain field seen by the US wave
has to be quasi-constant during the US propagation [39–41].
For this reason, the HF wave propagation time (tH F = d/c ≈
0.4 µs, with c between 5,000 m/s for steel to 6,400 m/s for
aluminum) is required to be sufficiently short compared to the
LF period TL F (tH F /TL F ≈ 0.02 � 1). DAE also requires a
quasi-uniform LF strain field in the probed volume which
corresponds to the intersection between the LF acoustic
field characterized by λL F and the US beam width dus (dus

/λL F ≈ 0.06 � 1, λL F ≈ 0.1–0.2 m). When both require-
ments are met, one can assume to measure an acousto-elastic
effect. Finally, several HF wavelengths (λH F = c/FH F ≈
250 µm; d/λH F ≈ 8 cycles) should propagate along the dis-
tance d in order to be able to measure the acousto-elastic
effect.

In this study, the US transducers were placed at different
positions in order to probe different regions of the specimens
(Fig. 2). In the case of aluminum (Fig. 2a), three regions (at
10, 25 and 35 mm from the specimen’s bottom along the ver-
tical direction (x-direction)) were investigated to determine
if TOF variation (i.e. nonlinear elastic properties) depends
on the location. In the case of the steel specimen (Fig. 2b),
the nonlinear elastic behavior was probed every 2 mm (8
regions) along the horizontal direction (z-direction) through
the macrocrack, the SCC as well as the intact region.

As the DAE technique involves the measurement of small
US TOF variations synchronized with the LF wave, both US
and LF signals are sampled at a very high frequency (Fs =

Fig. 2 Positions of the US probe in case of aluminum specimens (a) and steel specimen (b)
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1.25 GHz (PicoScope PS6403A, Picotech, Cambridgeshire,
United Kingdom)) which implies to adapt the conventional
DAE technique described in previous papers.

DAE experiments were performed five times with reposi-
tioning of both US transducers for all specimens and all posi-
tions. Error bars correspond to the standard error of the mean
values extracted from the experimental data (see Sect. 2.2.3).

2.2.2 Optimization of the DAE Method

The conventional DAE method involves the acquisition of
both US and LF entire signals at the same time, with a care-
fully synchronized trigger and clock. The reference US TOF
is first extracted from US pulses acquired when the LF res-
onance excitation is off. The LF resonance excitation is then
turn on, and US TOF measurements acquired during the reso-
nance are compared to the reference US TOF. Times of flight
are evaluated from the first arrival signal, i.e. the directly
propagating wave into the sample. This procedure, used in
previous studies [38–40,48] is only possible when the entire
temporal signal containing all the US pulses can be acquired
at once, meaning that the acquisition card has enough
on-board memory. This procedure prevents acquisitions for a
long period of time (i.e. >few seconds) or at high frequency
rate (i.e. Fs>1 GHz). In order to overcome this issue, we
propose an optimization of the conventional DAE method
where the on-board memory is no longer a critical issue.

The principle is the following. Instead of acquiring the
entire temporal US and LF signals, only portions of both
signals corresponding to the duration of the US wave propa-
gation are recorded. The principal drawback of this method
is that the reference and the tested US pulses are not perfectly
synchronized due to jitter in the acquisition card (typically
less than 1 ns, corresponding to a fraction of the sampling
period). This is an important issue for weak nonlinear mate-
rials such as metals, as the TOF variation is expected to be
rather small (typically less than 1 ns). Therefore the vari-
ation can be completely masked by the jitter. Note that it
also induces an asynchronism between US and LF signals,
however, this is not a critical issue since the LF pressure
amplitude can be considered constant over few ns (i.e. the
jitter duration).

In the case of a low attenuating material such as metals, the
above mentioned problem can be overcome as the pulse can
propagate at least twice along the same path before vanishing.
Thereby, the first arrival signal (path 1 in Fig. 3) is set as the
reference. This signal is compared with the second arrival
signal (path 2 in Fig. 3) which is delayed or accelerated during
the additional back and forth propagation in the specimen.
Both pulses are acquired with the same trigger and therefore
no jitter interferes with the evaluation of the TOF variation.

This procedure has another advantage. It is expected to
take into account variations of the reference TOF that can be

Fig. 3 The 1st arrival signal (green) corresponds to the direct path
(Path 1) while the 2nd arrival signal (red) corresponds to the back and
forth propagation path (Path 2) (Color figure online)

due to environmental factors (i.e. temperature, humidity and
pressure) [51], conditioning and long-time relaxation effects
[39,40,52–54]. However, the TOF measurement is sensitive
to density and thickness variation due to Poisson effect during
the LF resonance. It is also sensitive to a relative change of
the specimen position between the two US probes due to
a slight lateral movement (i.e. bending). A rapid evaluation
of these effects shows that density and thickness variations
compensate each other and represents at most a TOF variation
of 1 ps. An equivalent TOF variation is also expected for a
lateral displacement of 10 nm [40] when the US wave travels
three times through the specimen’s thickness.

2.2.3 Signal Processing

The signal processing used to extract the TOF variation is
extensively explained in previous papers [39,40]. Briefly,
the TOF shift τ between the reference US pulse sre f (t) (i.e.
the first arrival signal, path 1) and the jth US pulse s j (t)
(i.e. the second arrival signal, path 2) is calculated by cross-
correlation with and without the LF strain field:

Xcorr(τ, j) =
∞∫

0

sre f (t)s j (t − τ)dt (1)
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In order to extract the most accurate TOF shift τmax , corre-
sponding to the position of the maximum cross-correlation
function peak Xcorr(τmax ), the peak is interpolated by a sec-
ond order polynomial function [55]. As we can assume that
the TOF shift due to the Poisson effect and density mod-
ulations are negligible compared to the TOF shift due to
elastic modulations, one can convert the TOF variation into
a speed of sound (SOS) variation for each US pulse using
[39,40]:

�c

c
( j) = − τmax( j)

T O Fref
(2)

where c is the material speed of sound (c = 5,000 m/s for steel
and c = 6,400 m/s for aluminum), TOFre f is the duration
of the US pulse propagating back and forth in the sample
without the LF strain field.

Finally, for each US pulse j , the SOS variation �c
c ( j) can

be associated with the corresponding local strain level ε(h,
j) extracted from the LF strain signal at the position x = h.
Then, for each position, the DAE experiment gives two syn-
chronized and time-dependent vectors, the SOS variation and
its associated local strain level. After removing the DC off-
set, both vectors, �c

c (t) and ε(h,t), can be expressed as a sum
of orthonormal sine and cosine functions at given frequen-
cies nw (where w = 2π f L F is the LF resonance pulsation of
each sample). This is performed by the means of a projection
procedure and the result of the projection is denoted by the
subscript p [40]:

ε(h, t) ≈ ε(h, t)p =
N∑

n=1

An sin(nwt) +
N∑

n=1

Bn cos(nwt)

(3a)

�c

c
(t) ≈ �c

c p
(t) =

N∑
n=1

Cn sin(nwt) +
N∑

n=1

Dn cos(nwt)

(3b)

where the coefficients An (Bn) (i.e. Cn (Dn)) weigh the sig-
nal’s portion in phase (out of phase) with the fundamental
frequency w. Note that the phase of both vectors (ε(h,t) and
�c
c (t)) must be adjusted beforehand such that, ε(h,t)) is in

phase (i.e. A1 �= 0; B1 ≈ 0) with w. N depends on the har-
monic content of the signal. In this study, N is fixed to 3. The
higher the coefficient Dn , the more hysteretic is the relation-
ship between SOS variation and local strain level. A1 (i.e.
B1) controls the amount of signal that evolves with w (lin-
ear part), whereas, A2 (i.e. B2) and A3 (i.e. B3) control the
amount of signal that evolves with 2w (quadratic part) and
3w (cubic part), respectively. As opposed to a classic FFT
analysis, this method allows the extraction of the harmonic
content from a noisy and/or undersampled signal (the signal
is sampled at the PRF).

Amplitudes found from this projection procedure will help
us extract nonlinear parameters from the complex signatures
obtained experimentally. For instance, we define a parameter
β as the ratio between the magnitude of the SOS variation
�c
c

∣∣
1w

evolving with w, and the magnitude of the strain �ε

over one period [39,40]:

�c

c

∣∣∣∣
1w

=
√

C2
1 + D2

1 (4)

�ε = εmax − εmin (5)

β = 2 ∗
�c
c

∣∣
1w

�ε
(6)

where εmax and εmin are the maximal and minimal strain
excursion over one period respectively. This parameter is
equivalent to the quadratic nonlinear elastic parameter [56]
if no hysteresis is present in the nonlinear signature. Note
that Eq. 6 gives the absolute value of β, as the sign is not
taken into account when calculating �c

c

∣∣
1w

The parameter is
comparable with the one obtained by the common method
based on the 2nd harmonic generation [57].

We define a second parameter α which depends on the
magnitude of the SOS variation at null strain �c

c

∣∣
ε=0 and the

magnitude of the strain �ε over one period [39,40]:

α = 2 ∗
�c
c

∣∣
ε=0

�ε
(7)

This second parameter is similar to the hysteretic elastic
nonlinear parameter if the nonlinear signature is a bowtie
shape [56].

2.2.4 Low Frequency Strain Field Investigation

The strain level is required to compare the nonlinear behavior
between specimens and regions for the same specimen. The
strain level is expected to be different throughout the sample
as the low frequency strain field of the specimens is not homo-
geneous. In previous experiments [38–40,48], the strain field
was estimated analytically based on the assumption that the
boundary condition of the 1st resonant mode was fixed-free.
In this paper, the forced-mass driven boundary condition pre-
vents analytical estimation of the local strain. The local strain
levels of the probed regions were then investigated experi-
mentally by measuring the axial (x-direction) particle veloc-
ity v(x) with a fiber-optic differential laser vibrometer [58]
(Polytec OFV 552, Irvine, CA, USA) when the specimens
were excited at their 1st compressional mode (x-direction).
The grid step of the laser was 1 mm. The velocity measure-
ments were performed on the same side as the US emitter
transducers positions. The local strain level ε(x) was esti-
mated by calculating the spatial difference of the particle
velocity:

ε(x) = 1

c

�v(x)

�x
(8)
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where c is material speed of sound (c = 5,000 m/s for steel
and c = 6,400 m/s for aluminum) and x is the axial coordinate
of the particle.

The global strain signal (time signal) measured with the
PZT glued on the top of each specimen is then normalized to
the local strain level. There was no need to adjust the phase
of the global signal as global and local signals were found to
be in-phase at each probe location.

3 Results

3.1 Optimization of the DAE Method

The optimization of the DAE method was validated on the
intact aluminum specimen. The results obtained with the new
DAE procedure (i.e. the reference US pulse is the first arrival
signal while the tested US pulse is the second arrival sig-
nal) and with the conventional procedure (i.e. the reference
and tested pulses are acquired separately, both being the first
arrival signal) are shown in Fig. 4. No variation of the TOF
values is observed when the strain field is applied with the
conventional method while variations are clearly visible with
the new procedure. Moreover, the TOF sensitivity assessed
when no strain field is applied (red and green portions on
Fig. 4a, b) is one order of magnitude higher (i.e. sensitivity
is 0.01 ns with new procedure while it is 0.1 ns for the conven-
tional procedure). Interestingly, one can notice a slight TOF
decay at the beginning of the measurement while no strain
field is applied (red portion on Fig. 4a) confirming a drawback
of the conventional method: reference TOF which should
remain constant throughout the experiment can change. This
drawback is overcome with the new method as no TOF vari-
ation is noticeable for the same time period (red portion on
Fig. 4b).

When comparing the SOS variation for different LF strain
levels (Fig. 4c, d), one can notice that the nonlinear signa-
ture is only noticeable with the new method (Fig. 4d). This
confirms that high TOF sensitivity is required to be able to
extract the weak nonlinear signature of the aluminum spec-
imen. The maximal speed of sound variation for the intact
aluminum is 0.01% for a strain level of 10−5. Moreover, it is
also possible with the new procedure to observe a different
nonlinear behavior when the strain increases or decreases as
well as a small hysteresis.

3.2 Comparison Between Intact and Fatigued Aluminum
Specimens

The maximal strain achieved at position {10, 25, 35 mm}
is found to be {1.07, 0.77, 0.42} µε for the intact specimen
and {1.41, 0.84, 1.05,} µε for the damaged specimen. Typi-
cal TOF modulation (i.e. SOS variation) range from 0.05 ns

(i.e. 0.01%) for measurements performed at 35 mm (i.e.
where the strain level is the lowest) in case of intact aluminum
specimen, to about 0.15 ns (i.e. 0.03%) for the measurement
performed at the center (i.e. at 25 mm) of the damaged spec-
imen.

The intact aluminum specimen results in similar raw
curves (similar slope and hysteresis) for all the measure-
ment positions, while the fatigued aluminum specimen dis-
plays different curves (Fig. 5a–c). Hysteresis and slopes are
higher for the damaged aluminum specimen than the intact
aluminum. Only the fatigued aluminum specimen shows an
increase followed by a decrease of the slope. Its hysteresis
increases gradually from bottom (i.e. where the strain level
is the highest) to top (i.e. where the strain level is the lowest)
of the specimen. In order to compare intra and inter speci-
men trends, projection procedure analysis was performed on
each raw curve and the fitted curves are displayed in Fig.
5b–d. Then, nonlinear β and α parameters are calculated fol-
lowing Eqs. 6 and 7, respectively. For the intact aluminum
specimen, the absolute β parameter {21.7 ± 2.3, 22.7 ± 6.7,
26.5 ± 7.9} is almost constant for each position while the
absolute β parameter for the fatigued specimen {32.8 ± 11.6,
74.6 ± 14.7, 53.2 ± 2.7} is not constant along the specimen.
The maximum β value is measured in the center of the dam-
aged specimen (74.6 ± 14.7) where the maximum damage
(mainly dislocations and microcracks) is expected to occur
during the four-point bending fatigue test (Fig. 6).

Finally, no significant α value was measured for both alu-
minum specimens as the variability of the SOS variation at
null strain �c

c

∣∣
ε=0 required to estimate α was too high.

3.3 Steel with Crack and Stress Corrosion Crack (SCC)

The maximal strain achieved along the crack in the steel
specimen {4, 6, 8, 10, 12, 14, 16, 18} mm is found to be
{4.4, 3.9, 4.4, 2.1, 1.5, 2.5, 2.2, 2.3} µε (see Fig. 7), cor-
responding to a displacement range between 16 and 50 nm.
Typical TOF modulations (i.e. SOS variation) range from
0.03 ns (i.e. 0.002%) for the measurement performed at posi-
tion 18 mm (i.e. where there is no crack nor SCC) to about
0.15 ns (i.e. 0.01%) for the measurement performed at the
crack tip encompassing the SCC area (i.e. at 12 mm).

The projection analysis in Fig. 8 shows that the max-
imum acousto-elastic effect (higher TOF modulation and
largest hysteresis) is produced near the crack tip (i.e. probe
position = 10 mm) as well as in the SCC area (i.e. probe
position = 12 mm).

The nonlinear parameters, the classical β and the non-
classical α, are calculated following Eqs. 6 and 7, respec-
tively, and results are presented in Fig. 7. The β values are
lower outside the crack tip and the SCC area, with an average
value of 15.8 ± 6.0 while β is 62.4 ± 5.2 in the crack tip
region and β is 116.0 ± 27.5 in the SCC region. The trend is
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Fig. 4 Comparison between conventional (a, c, e) and optimized (b, d, f) DAE. a, b Time of flight variation; c, d LF strain; e, f relative velocity
change versus LF strain. The measurements were performed at position 10 mm on intact aluminum specimen

different for the α parameter. Its value is almost null before
the crack tip (between 4 and 8 mm), in the SCC region (at
12 mm) and in the intact region (between 14 and 18 mm).
At the crack tip, the α value is negative with a large standard
deviation ( α = −16.7 ± 20.9). Such a large deviation of α

(±20.3) is also visible in the SCC region.

The crack thickness is roughly 200 µm before the crack
tip (Fig. 8). The gap between both lips of the crack is not
constant through the specimen thickness. In the SCC region,
due to the resolution of the µCT (i.e. 20 µm), one can only
detect crack thicknesses larger than 20 µm. This does not
mean that smaller cracks are not present in this region.
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Fig. 5 Raw DAE data measured at position {10, 25, 35} mm of the intact (a) and the fatigued (c) aluminum; and after reconstruction by projections
method (intact (b) and fatigued (d)). The slope of the linear fits corresponds to β calculated following Eq. 7

4 Discussion

This study represents the first attempt to perform DAE in
small metallic specimens (thickness of few cm). As it requires
a high frequency ultrasonic probe (>20 MHz), the conven-
tional DAE method was optimized and validated in an intact
aluminum specimen.

4.1 Optimized DAE Method

The results showed that a nonlinear elastic signature is solely
measurable with the optimized method with this experimen-
tal setup (Fig. 4). Indeed, the sensitivity of the optimized
DAE method was found to be one order of magnitude higher
(i.e. sensitivity is 0.01 ns with the optimized procedure while
it is 0.1 ns for the conventional procedure). This allows the
detection of small TOF variations required to characterize
nonlinear elastic behavior of weak nonlinear materials.

Interestingly, as the reference US pulse is measured before
each tested US pulse, the new DAE method is expected to take
into account small variations of the reference TOF through-
out the experiment. These variations can be due to environ-
mental factors (i.e temperature, humidity and pressure) [51],
conditioning and long-time relaxation effects [39,40,52–54].
Thereby, one can also expect to dissociate fast from slow non-
linear elastic dynamics in TOF variation in materials (e.g.
rocks) where both phenomenon are very noticeable [40,48].

4.2 Distinction Between Intact and Fatigued Damage

The optimized DAE was then applied for the first time to
monitor two different kinds of damage in small metallic
samples: diffuse fatigue damage and localized stress corro-
sion cracking. The results show that optimized DAE method
is able to distinguish between intact and fatigue damaged
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Fig. 6 Classical nonlinear parameter |β| variation depending on the
vertical position along the aluminum bar specimens (intact and fatigued)

aluminum specimens and to localize the crack tip and the
SCC region in the steel specimen.

The classical nonlinear parameter β extracted from DAE
data is doubled for the fatigue aluminum specimen com-
pared to the intact specimen. Moreover, the highest β value
is obtained at the position 25 mm (i.e. the specimen center),
where the fatigue damage is expected to be the most severe
after a four-point bending fatigue test [49].

The intact aluminum specimen exhibits an average β value
that is larger than the value generally found in the literature
for single aluminum crystal [38,57,59]. However, one has
to notice that the specimen is not a single aluminum crys-
tal but an aluminum alloy (AU4G). AU4G aluminum is a
polycrystalline material, composed of a multitude of grains
separated by grain boundaries. Grains may also contain dis-
locations due to the preparation process (cutting). Both grain
boundaries and dislocations are known to produce nonlinear
elastic behavior in materials [60]. This may explain the large
β value measured in an aluminum alloy (AU4G), which is of
the same order of magnitude as other metallic alloys (steel in

Fig. 7 Superposition of all the five DAE reconstructed signatures measured along the crack (z-direction) for positions {4, 8, 10, 12, 14,18} mm.
2D transverse image extracted from the 3D µCT volume
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Fig. 8 Variation of the classical and non-classical nonlinear parame-
ters |β| (a) and α (b) along the crack (z-direction)

this study or Inconel β = 21.4 [12]). Note that the β parame-
ter calculated in this study is the absolute value. The sign of
the β value corresponds somehow to the slope of the linear fit
of the nonlinear DAE signature in Fig. 5. The sign of β was
found to be negative, as expected for most metallic materials
[42]. From Eq. 6, a negative β means that the elastic modulus
(i.e. the speed of sound) increases when the strain is negative
(i.e. compression) and decreases when the strain is positive
(i.e. tension).

Aluminum alloy (AU4G) is known to exhibit weak non-
classical nonlinear elastic behavior as other metallic materi-
als [51]. However, in this study, it was not possible to assess
the non-classical nonlinear parameter α in both intact and
damage aluminum specimens by DAE. This was partly due
to the large variability of the SOS variation at null strain
(�c

c )ε=0. The optimized DAE method is maybe not yet as
sensitive as the optimized Nonlinear Resonant Ultrasound
Spectroscopy (NRUS) method developed by Haupert et al.

[51], to be able to detect and measure weak non-classical
nonlinear elastic behavior.

4.3 Localization of Stress Corrosion Crack (SCC)

The steel specimen with localized damage exhibits the largest
β value at the crack tip and in the SCC region, with a β value
between 5 and 10 times higher than outside of the crack
region. This result indicates that DAE would be a good can-
didate to carefully investigate the nonlinear elastic behavior
of SCC.

Note the large error bar for β in the SCC region. This could
be due to the repositioning. Indeed, after each repositioning,
the HF US transducer (i.e. small wavelength: λus ≈ 250 µm)
might not probe exactly the same nonlinear features in the
SCC region. Therefore, the relative position between the HF
US probe and the nonlinear sources is crucial and confirms
the high sensitivity of DAE technique to SCC.

Outside of the crack region (position 14, 16 and 18mm),
the β value was found to be close to the β value measured in
the intact aluminum alloy specimen, and of the same order of
magnitude as other metallic alloys [12]. This suggests that the
β value in this region might be representative of the classical
nonlinear parameter of an intact steel specimen.

In the open crack region (position 4, 6 and 8mm), the clas-
sical nonlinear elasticity is similar to that found outside of
the crack region, meaning that the open crack does not act
as a nonlinear source. This may be explained by an insuffi-
cient displacement (i.e. less than 0.1 µm,) to close the large
gap (around 200 µm) between the crack lips. Thus, the non-
linear mechanism, so-called clapping effect, induced by the
alternative contact of crack lips, cannot be generated.

The sign of β was found to be negative outside of the crack
region, as found for aluminum specimens, while for the steel
sample, the sign is positive in the open crack region as well as
at the crack tip and in the SCC region. The nature of damage
could explain this opposite behavior. For example, a positive
β value was found for cracked Pyrex [41] while intact Pyrex
exhibited a negative value.

Interestingly, non-classical nonlinear behavior was mea-
sured at the crack tip and in the SCC region. Contrary to that
found for the β value, the α value is larger at the crack tip
than in the SCC region. For both positions, the error bars are
huge. The same explanation for the β value observations is
proposed.

4.4 Hysteresis in the Nonlinear Signature

The hysteresis is present in the nonlinear signature of all the
specimens. Its size increases when the β value increases. An
hysteresis is expected in materials with non-classical nonlin-
ear elastic behavior while classical nonlinear elasticity due
to atomic anharmonicity does not produce hysteresis [61].
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However, in the case of a non-classical nonlinear material, the
hysteresis is expected to be bow tie-shape like, not ellipsoid-
shape like. This was shown experimentally in numerous
rocks samples [40,48] and can be predicted by the quadratic
hysteretic model [61]. This is the first time that an ellipsoid-
shape is observed in a weak nonlinear material. This behavior
is due to a delay (phase-shift) between the strain signal and
the TOF modulation signal. As no phase-shift was observed
between the local strains, as well as between the local and
the global strain measured at the piezo-ceramics receiver, the
phase-shift can only be explained by the presence of an out-
of-phase signal (Dn) in the TOF modulation signal. Thereby,
the hysteresis may not be due to a phase-shift between local
strains, but rather this suggests that the phase-shift comes
from the stress. As the stress reflects not only the elastic
behavior of the material but also its viscosity, one can sug-
gest that DAE is sensitive to local variations of the viscosity
[62,63], that could be for instance generated by friction inside
the microcracks. Further experiments need to be carried out
to explain the origin of the ellipsoid-shape and bow tie-shape
hysteresis as well as its link with micro-damage characteris-
tics.

5 Conclusion

This study represents the first attempt to perform DAE mea-
surements in small metallic specimens (thickness of few cm).
An optimized DAE method was proposed and validated in an
intact, small aluminum specimen. The sensitivity of the new
method was found to be one order of magnitude higher than
the conventional method with the same experimental setup.
This was sufficient for detection of the small TOF varia-
tions required to characterize the nonlinear elastic behavior
of weak nonlinear materials, such as metals.

The optimized DAE method was then applied for the first
time to monitor two different kinds of damage: diffuse fatigue
damage and localized SCC. The results show that DAE is able
to discriminate aluminum samples with fatigue damage from
intact, moreover, the largest nonlinear behavior was found to
match the zone where the fatigue damage is expected to be
the most severe. It was also shown that DAE is sensitive to
SCC and was able to distinguish the SCC from the open
crack and the crack tip. Both types of damage lead to an
increase in the quadratic classical nonlinear behavior (i.e. β

value) as well as the hysteresis of the nonlinear DAE signa-
ture. Further experiments need to be done in order to explain
the origin of this hysteresis and adapt the nonlinear models.
As the experiment was conducted only on a few specimens,
results have to be confirmed with more samples, monitoring
the nonlinear DAE signature as the damage (fatigue dam-
age, single microcrack or SCC) is increased and correlating
the nonlinear parameters (e.g. α, β, etc.) with the damage

features (e.g. dislocations density, total grain boundaries
area, microcracks length and density, etc.).

Although the DAE technique is not easily applicable for
in-situ measurements, it has been demonstrated in this study
that this technique is a promising tool to investigate the non-
linear elastic behavior of a large variety of localized dam-
age (e.g. dislocations, stress corrosion cracks, microcracks,
close/open cracks, bonding, delaminations, etc.).
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