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In this paper, an ultrasonic technique for imaging nonlinear scatterers, such as cracks, buried in a medium is
proposed. The method called amplitude modulation consists of a sequence of three acquisitions for each line of
the image. The ﬁrst acquisition is obtained by transmitting with all elements of the phased array. Next the
second and third acquisitions are obtained by transmitting with odd elements only and even elements only,
respectively. An image revealing nonlinear scattering from the medium is reconstructed line by line by
subtracting the responses measured with second and third acquisitions (odd elements and even elements) from
the response obtained with all elements transmitting. The method was implemented on three diﬀerent
conventional multi-channel electronic platforms equipped with diﬀerent ultrasonic probes (center frequency 3–
5 MHz, 64 or 128 elements). A crack (6 mm-deep x 24 mm-long) in a stainless steel block was investigated.
With all probes and multi-channel electronic platforms, higher detection speciﬁcity of the crack was obtained
with amplitude modulation compared with conventional ultrasound imaging. Image contrast (ratio between
crack response amplitude over background amplitude) was increased by 5 dB with amplitude modulation
compared with conventional ultrasound imaging.

1. Introduction

nonlinear responses taking place at the crack (e.g. ultra-harmonics
generation, velocity changes, wave-amplitude dependent attenuation…). The second technique is promising as it takes into account
the entire nonlinear response but requires the acquisition of the
diﬀusive ﬁeld generated element by element and complicated signal
processing which makes it potentially diﬃcult for real time imaging
(i.e. maximum 10 images per seconds).
In this paper, we propose to apply a technique based on the socalled Amplitude Modulation (AM) (or power modulation) method
[24]. This technique, sometimes combined with the so-called Pulses
Inversion [25] (PI) sequence, is routinely used in medical for real-time
contrast-enhanced ultrasound imaging [26]. It involves contrast agent
which contains microbubbles producing nonlinear scattering while soft
tissue creates linear scattering. We show that this method can be
directly transferred to NDT for the characterization of a crack. The
feasibility is demonstrated on a piece of stainless steel 304 with a
6 mm-deep crack created by thermal fatigue.

Fast and reliable detection and sizing of cracks is of interest, in
particular for hazard monitoring of civil engineering constructions (e.g.
dam, bridge, oil pipelines), or for non-destructive testing (NDT) of
metallic structures (e.g. railway tracks) and composite structures (e.g.
wings of aircrafts). It is well established that cracks produces nonlinear
(or wave-amplitude dependent) acoustic scattering. Numerous nonlinear ultrasonic techniques [1–3] have been proposed to detect
nonlinear scattering the last couple of decades. Most of them give
access to a single nonlinear parameter for the whole structure. Despite
the number of studies, only few of them were able to really show a
correlation between a global amount of nonlinearity and the density of
cracks [4–9] or the length of a buried single crack [10–15]. On the
other hand, few techniques were speciﬁcally designed to create an
image of the nonlinearity and were generally restricted to the surface of
the medium [16–21]. Recently, two methods were proposed to image
nonlinear scatterers buried in homogeneous materials (e.g. metallic
alloys), by the measurement of the sub-harmonics [22] or the nonlinear
diﬀused ﬁeld [23] using ultrasonic phased array. The ﬁrst one requires
speciﬁc and expensive electronic device and probe in order to deliver
large energy to activate the crack lips. This technique is also selfrestricted to sub-harmonics. It does not take into account other

⁎

2. Amplitude modulation imaging method
At the microscale level, “clapping” and “rubbing” of rough surfaces
of ﬂaws can cause a distortion of the incident acoustic waves. The
distortion has the speciﬁc characteristic to be amplitude dependent. In
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Fig. 1. Schematic of the Amplitude Modulation technique which consists of a sequence of three acquisitions at the very same focal points with alternatively activation of full, odd or even
elements. Signal processing consists in bandpass ﬁltering and time shifting signals before summation then subtraction.

phased array. After the acquisition process, three waveforms (full;
even; odd) are reconstructed from the three sets of received signals.
The reconstruction process involves three parts: 1) the three sets of
received signals are bandpass-ﬁltered in the range frequencies of the
probe; 2) the very same delay law is applied to the three sets of signals;
3) full, even and odd waveforms are obtained by summation of all
ﬁltered and shifted signals within each set. The ﬁnal nonlinear image is
then created line by line by subtracting the odd and even waveforms
from the full waveform. As a result, the signals produced by linear
scatterers are suppressed while the signals produced by nonlinear
scatterers remain. Indeed, the linearity of the additivity rule is broken
by the nonlinearity present in the medium. This process is then able to
selectively detect nonlinear scatterers and eventually produces an
image showing the localization of the crack.
A conventional ultrasound image is also reconstructed for comparison.

other words, the response of the nonlinear scatterers is not proportional to the vibration amplitude while the response of the linear
scatterers (e.g. the signal of the back wall) is. The AM methods are
based on this speciﬁc characteristic. Among the AM techniques, one
can distinguish the Scaling Subtraction Method [27] (SSM) already
used in NDT, e.g. for early damage detection in concrete [28] or
implant stability monitoring [29]. SSM technique consists in emitting a
ﬁrst signal at low amplitude A followed by another identical signal at
higher amplitude kA, such as nothing has changed except the amplitude of excitation. The nonlinear residual RNL is calculated by
subtracted the rescaled low amplitude response (by a factor k) to the
high amplitude response. This technique works with an array transducer as well as with a single element probe, with pulses, coded wave or
continuous wave [28,29]. However, SSM is limited by the nonlinearity
of the electronics which is scaled too. Based on the know-how in
contrast-enhanced ultrasound imaging in medical [24,26], we propose
an alternative to SSM which overcomes this problem but requires a
phased array probe. It consists of a sequence of three acquisitions (see
Fig. 1) at the very same focal points (x,z) (i.e. the same delay laws are
applied for each acquisition). First, an image of the medium is
generated by electronic beam steering (i.e. the probe does not move)
with all the elements of the phased array (Transmit amplitude = A).
Then, a second acquisition is obtained by exciting solely the odd
elements (Transmit amplitude = A/2). Finally a third set of signals is
recorded with only the even elements active (Transmit amplitude = A/
2). Note that the excitation voltage remains the same for each
acquisition, only the number of active elements varies. Thus, three
sets of signals are recorded each time by all elements of the ultrasonic

3. Experimental thermal fatigue crack imaging
The demonstration of feasibility of the proposed AM method was
done on a stainless steel AISI304 parallelepiped sample
(61*150*100 mm) with a small crack (Trueﬂaw Ltd, Espoo Finland).
The buried crack was produced in-situ by controlled thermal fatigue
loading in order to create a thermal fatigue crack with realistic residual
stress ﬁelds. The ﬂaw grow with thermal fatigue damage mechanism.
Consequently, the ﬂaw location is aﬀected by the local material
properties. Especially, if the sample contains marked inhomogeneity's
or stress risers, the cracks grow in to the natural weakest location. This
2
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process is known to produce realistic simulation of mechanical and
thermal fatigue cracks and good simulation of stress corrosion cracks
[30]. The apparent 24.2 mm length of the crack was optically measured
at the surface of the sample by dye penetrant inspection while the
5.9 mm depth of the crack was estimated, not measured, by the
manufacturer. The compressional wave velocity in the sample is
assumed to be 5700 m/s.
The validation of the method is performed with a 64 elements
3.8 MHz array with an inter-element's pitch of 0.42 mm and an
element's width of 0.30 mm (Imasonics, Voray sur l′Ognon France)
driven by a Lecoeur electronic (Lecoeur, Chuelles, France) [40 MHz
sampling frequency, 12bits, 70Vpp]. The transducer array is gel
coupled to the opposite surface of the crack. A mechanical translation
is performed in nine steps along the crack (i.e direction y) with the
probe positioned centrally over the crack. The scanning step is 5 mm
which corresponds to half of the elevation width of the probe (see
Fig. 2). For each position, both conventional and nonlinear images are
obtained by focusing the ultrasound beam at 57 mm in depth (i.e
direction z; where the crack tip is expected) and by beam-steering
horizontally (i.e. direction x) between −4 and 4 mm with a 0.25 mm
step.
4. Results and discussion

Fig. 2. Schematic of the stainless steel specimen with the location of the phased array
and the scanning zone. [dimensions in mm].

A 3-D representation of the medium is done based on the nine
reconstructed slices for the conventional and the AM methods (Figs. 3a

Fig. 3. 3-D representation of the medium obtained by the conventional (a) and the amplitude modulation (b) methods with a 3.8 MHz – 64 elements phased array. Two slices, at the
crack location and outside of the crack, are presented for the conventional method (c, d) and the amplitude modulation method (e, f) respectively. The dynamic gray level intensity are
15 dB and 25 dB for conventional (c, e) and nonlinear (e, f) images respectively. [intensity is in dB].

3

NDT&E International 87 (2017) 1–6

S. Haupert et al.

scattering by the crack is equal to −40 dB (Fig. 3c), while the
background noise is −54 dB. In the nonlinear image, the maximum
response of the crack is equal to −56 dB while the background noise
remains at −75 dB, which means a contrast of 19 dB, better than the
14 dB obtained with the conventional image. Thus, the nonlinear
signature of the crack appears to be more speciﬁc and more contrasted
than the linear signature. Indeed, in the conventional image, the linear
response is not speciﬁc to the crack (e.g. crack tip) but comes from
other linear scatterers, essentially the grains in the stainless steel
specimen. This structural noise, also referred to as speckle noise, looks
similar to the crack response as they are both the result of the same
origin, i.e. acoustic impedance mismatching. The speckle deteriorates
the contrast of the conventional images making it diﬃcult to disentangle from the crack echo. On the contrary, the AM method detects
selectively the nonlinear response of the crack.
The maximum of the linear response of the crack is located at
56.6 mm in depth while the maximum of the nonlinear response is
located at 57.9 mm. The superposition of both areas (i.e. corresponding
to the values greater than the maximum response −6 dB in each image)
shows little overlapping of conventional and nonlinear areas (orange
color in Fig. 4). From this image, one can estimate the crack depth to be
approximately 6 mm, close to the theoretical 5.9 mm given by the
manufacturer. Moreover, the maximum responses in the two types of
images are not co-localized in space. In this particular sample, we can
speculate that the conventional imaging is sensitive to the open part of
the crack (green color in Fig. 4). Since there is no contact between the
crack lips, no nonlinear scattering is expected. The AM method is
sensitive to the (partially-) closed part of the crack (blue color in Fig. 4).
Indeed, if weak static stress exists on the crack lips, contact elastic
nonlinearity such as kissing, clapping or rubbing as well as thermoelasticity mechanisms can occur [31]. If local static stress at the crack is
high, the crack is tightly closed, consequently neither linear scattering
nor nonlinear scattering is produced. However the use of non-conventional high-power ultrasound equipment [32] may be able to generate
signiﬁcant nonlinear scattering at this closed part of a crack.
This very ﬁrst result was conﬁrmed with two other multi-element
probes (from 3 MHz to 5 MHz, 64 or 128 elements) and two other
multi-channel electronic systems. As an example, one result obtained
with a 5 MHz phased array (128 elements – pitch of 0.5 mm Imasonics, Voray sur l′Ognon, France) coupled to a MultiX++ system
(output voltage 180Vpp - M2M, Les Ulis, France) is shown in Fig. 5.
While another result obtained with a diﬀerent 5 MHz phased array (64
elements – pitch of 1 mm, Imasonics, Voray sur l′Ognon, France) and
an OEM-PA system (output voltage 185Vpp - Advanced OEM
Solutions, Cincinnati, USA) with an out is shown in Fig. 5. The images
are very similar which suggests that the AM method is robust and can
be implemented with any conventional ultrasonic equipment. The
diﬀerences between images is explained by the diﬀerent probe's
aperture and position and the diﬀerent signal to noise ratio. On can
notice that we did not observe nonlinear signals above the crack tip
detected by conventional imaging as it was observed with other
nonlinear imaging techniques on diﬀerent specimen with diﬀerent
damage [22,23]. However, we think that the AM method should be able
to provide better characterization of the crack, especially for (partially-)
closed cracks, invisible to conventional ultrasound. In order to conﬁrm
the capability of AM method, other specimens with diﬀerent defect
geometries should be now tested as the nonlinear response intensity
may depend on the crack morphology and orientation [15].

Fig. 4. Superposition of the conventional and nonlinear responses corresponding to the
values greater than the maximum response −6 dB in each image. Color legend: white is
the background / cyan is the back wall / green is the linear response only/blue is the
nonlinear response only / orange is when both responses are superimposed. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

and 3b). For the sake of clarity, images are restricted in depth to two
third of the sample thickness.
In the ﬁrst slice (i.e. away from the crack), the back wall echo is the
main feature observed in the conventional image (Fig. 3d) while the
background of the image is dominated by speckle caused by the grains
(typically 100–500 µm) present in the stainless steel. In the nonlinear
image (Fig. 3f), the back wall does not totally disappear, it is called the
nonlinear residue. Indeed, this nonlinear residue corresponds to the
remaining linear scatterers that are not completely canceled after
applying the amplitude modulation method. To compare both images
and quantify the nonlinear residue, they are plotted in a dB scale,
where 0 dB is deﬁned as the maximum amplitude signal in the
conventional image, i.e. the echo from the back wall. The average level
of the remaining nonlinear residue visible at the back wall location is
−36 dB, which is close to the inter-element coupling of the phased
array (information given by the manufacturer). If the inter-element
coupling is linear, the cancellation should be perfect. In reality, one can
suspect that the inter-elements coupling is not strictly linear which
leads to a slight disruption of the linearity requested for a perfect
cancelation of signals coming from linear scattering. The average level
of the background noise (i.e. corresponding to the mean values in dB in
the region of interest deﬁned by the dash lines in Fig. 3c-f) observed in
the nonlinear image is −79 dB. The origin of this noise is not caused by
linear scattering due to the grains but is due to electronic and thermal
ﬂuctuations. If necessary averaging of multiple reconstructed nonlinear
images acquired at the same position would improve the signal to noise
ratio between nonlinear scatterers and background noise.
At the crack location, the conventional and the nonlinear images
show both a signal produced by the crack (Figs. 3c and 3e). At a ﬁrst
glance, the crack appears visible and distinguishable in three contiguous slices of the 3-D representation obtained with the AM method. On
the contrary, the crack is clearly unraveled in one slice only with
conventional imaging. This qualitative analysis is conﬁrmed by quantitative comparisons done on the slice with the largest response of the
crack. In the conventional image, the maximum signal due to the linear

5. Conclusion
In this paper, the AM method routinely used for contrast enhanced
medical echography is successfully transposed to NDT ﬁeld for small
cracks inspection. This study shows that it is possible to speciﬁcally
image a 5.9 mm-deep realistic crack produced by thermal fatigue, with
a better contrast than the conventional image. Moreover, conventional
4
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Fig. 5. Conventional and nonlinear images obtained with (a, b) a M2M MultiX++ coupled to an Imasonic probe (128 elements at 5 MHz) and an AOS-PA (c, d) coupled to an Imasonic
probe (64 elements at 5 MHz). The dynamic gray level intensity are 15 dB and 25 dB for conventional (a, c) and nonlinear (b, d) images respectively. [intensity is in dB].

and nonlinear images give complementary information indicating open
and (partially-) closed part of the crack, respectively. Finally, contrary
to most nonlinear methods, the AM method does not require high
power voltage to excite the nonlinear scatterers. Furthermore, as the
AM method reduces temporal resolution (i.e. frame rate) by a factor of
3 compared to conventional imaging, the method can be implemented
for real-time inspection on conventional phased array ultrasonic
devices. It opens new perspectives for hazard monitoring of civil
engineering constructions or for non-destructive testing of metallic
structures and composite structures.
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