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A B S T R A C T

Ultrasonic bulk wave inspection of defects in safety–critical components with complex external geometries,
such as turbine blades is challenging. While ultrasonic phased array imaging can yield high-resolution
subsurface images, a commercial phased array probe can hardly be mounted on irregular external boundaries
to perform in-situ imaging. In fact, a component with irregular shapes, as a highly reverberant body, is capable
of generating elastic random diffuse or coda wavefields. The diffuse wavefields can be utilized to reconstruct
Green’s functions between any two passive receiving points. In this paper, an ultrasonic passive array imaging
method using the diffuse reverberation resulting from complex boundaries is implemented to image internal
defects. The method involves the utilization of active piezoelectric actuators to excite elastic diffuse waves
within the component, which are received by a laser vibrometer scanning at multiple points. A passive full
matrix capture (FMC) of array signals is extracted for defect imaging using the total focusing method. The
proposed method is evaluated by the numerical simulations, and the effects of centre frequency, bandwidth,
and source excitation methods on the imaging performance are investigated. An experiment using a turbine
blade-like structure is conducted to further evaluate the imaging method.
1. Introduction

safety–critical engineering components such as turbine blades, el-
bows in pipes or complex products made from additive manufacturing
often exhibit various complex shapes. The complexity of shape severely
limits the use of conventional contact ultrasonic transducers for in-situ
inspection of such components, mainly because of the poor coupling
with complex boundaries. For example, ultrasonic phased array imag-
ing such as the total focusing method (TFM) [1] has been widely
applied because it can produce a high-resolution subsurface image for
accurate defect characterization. However, a commercial phased array
probe typically has a fixed flat surface and can hardly be mounted
on the irregular surface of components. Various acoustic or ultrasonic
methods, mainly with non-contact means, have been developed for in-
situ inspection of complex components. For example, Farin et al. [2]
applied the time-reversal mirror (TRM) technique with a loudspeaker
array to remotely detect the damages within the turbine blade, by
identifying the shift of natural frequencies of the acoustic signals. Lane
et al. [3] applied TFM imaging to detect internal defect, by mounting
a phased array at the root of a turbine blade made of single crystalline
materials. Water immersed ultrasonic phased array imaging has been
developed for imaging the interior defects [4,5], by correcting the
ray paths caused by a non-flat surface in the imaging algorithms.
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Non-contact laser ultrasonic (LU) methods [6,7] provide strong tools
to conduct the inspection of specimen with a complex structure. For
instance, Wilcox et al. developed a Laser Induced Phased Array (LIPA)
method to detect defects [8] and locate features as small as 0.2 mm
in diameter in the additive manufactured components [9]. Later, Chen
et al. [7] utilized a similar LU imaging methods for detecting internal
defects under a curved surface. However, it is also known that the LU
technique usually suffers from a relatively lower signal-to-noise ratio
(SNR) compared with the piezoelectric transducers, especially if the
sample surface is optically non-flat. Besides, LU typically requires a
sophisticated system including pulsed laser heads and other optical
equipment, with increased hardware complexity and cost. In addition,
to improve the signal-to-noise ratio of the signals, higher-energy laser
pulses are typically used, which can lead to material damage of the
sample, especially for materials with lower melting points. Air-coupled
ultrasonic transducers [10,11] have also been applied for inspecting
components with irregular boundaries. However, the frequency and the
signal amplitude are usually limited.

A component with external boundaries can introduce multiple re-
flection waves, which interfere with each other, leading to complex
waveforms being received. These waves in practice are often considered
as strong noise as they may mask the direct defect scattering signal,
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imposing difficulties in defect detection. In fact, it is known that
ultrasonic wave reverberation in a closed space after a sufficiently
long period can result in diffuse/incoherent elastic wavefields [12].
The Green’s function between any two measurement points can be
extracted in a passive way, by cross-correlating the diffuse signals
[13]; this is also known as wave interferometry in seismology [14].
This technique allows to capture the impulse response between two
receivers from ultrasonic sources which are remotely excited beyond
the area being inspected, leading to more flexible means of collecting
defect signals. Extracting the Green’s functions for passive imaging was
originally developed by the seismic and ocean acoustic communities
where the ambient environmental noise usually causes the diffuse field.
There have been extensive theoretical and experimental studies [15,
16]. The technique was later extended to the ultrasonic community,
for instance in the application of NDE [17]. The diffuse state can come
from random noise, e.g., temperature fluctuations [18] and structural
vibrations [19]. It can also be obtained from actively exciting ultra-
sonic pulses into the medium in a long period, with one or several
actuators [20,21] for applications in structural health monitoring. One
of the most popular applications of this technique is post-processing
the reconstructed Green’s function to conduct the ultrasonic imaging.
For instance, Larose et al. [22] demonstrated the experimental method
of imaging the surface or buried scatterers from the recovered Green’s
function. Potter et al. [23] presented the diffused field full matrix
capture method to image near surface defects, which can hardly be
captured by a conventional phased array. In addition, passive guided
wave tomography is developed to realize monitoring of surface defects
and corrosion conditions in thin plate structures [20,24,25] without
requiring the array system.

For a component with complex shapes, bulk waves reflected back
and forth from the boundaries tend to be more random and incoherent;
the wavefield is easier to reach the diffuse state in a relatively shorter
period, in comparison with a component with regular shapes. Hence,
we can take the advantage of the complexity of the boundaries, as they
help raise strong diffuse field for passive defect detection. In this paper,
we present a diffuse field based ultrasonic array imaging method to
detect the internal defects inside a component with a complex shape.
We use active sources to generate the diffuse field, and then use a non-
contact laser vibrometer to scan the irregular surface of the specimen.
The scanning points act as ‘virtual’ array elements to form a passive full
matrix capture (FMC) of the scattered signals, which can be then used
for defect imaging.

The paper is organized as follows. In Section 2, the method of
retrieving Green’s function from random diffuse field and the passive
array imaging approach are introduced. In Section 3, two-dimensional
finite element (FE) simulations are run to evaluate the accuracy of the
passive array imaging method to detect internal defects in a turbine
blade-like complex component. The obtained imaging result is com-
pared with those obtained from an active phased array. The imaging
performance with different field excitation methods, probing frequen-
cies and bandwidths is also be investigated. In Section 4, an exper-
imental study is conducted to further validate our method using a
manufactured turbine blade-like sample. Finally, the conclusions are
drawn in Section 5.

2. Methodology

We choose the component with a turbine blade-like shape in all
the simulations and experimental studies, for the purpose of method
demonstration and the idea can be extended to other complex shapes.
The sketch in Fig. 1 describes the overall methodology of passive array
imaging, which is briefly introduced here. Active ultrasonic sources
such as single element ultrasonic transducers, Lead Zirconate Titanate
(PZT) sensors or laser sources can be implemented for exciting the
2

random field. The diffuse field can be generated by exciting sources
at spatially random positions while the input signal is a simple nar-
rowband toneburst, which is called the random source location method
here. Alternatively, one can also implement a single source at a fixed
position, with a broadband random white Gaussian noise (WGN) as the
input signal, which is called the broadband excitation method here.
The imaging results from the two different excitation methods will be
compared in the numerical simulations later. A laser vibrometer is used
to scan across the surface of the component to measure displacement
signals at multiple points with a fixed interval; these points act as
‘virtual’ phased array elements to perform imaging. The time cross-
correlation is implemented to recover the Green’s functions from the
recorded diffuse waveforms, yielding a matrix of impulse responses
among the measurement points. This is equivalent to performing a
full matrix capture (FMC) data collection with a commercial phased
array. Finally, the total focusing method (TFM) which is one of the
most popular imaging methods in NDE, is implemented to obtain a
internal defect image. Note that other array imaging approaches such as
diffraction tomography [26] or time reversal [27] can also be applied,
based on the matrix of scattering signals measured by a vibrometer.
Next, we will review the approach of retrieving the Green’s function
from the random wavefields. The full matrix capture (FMC) method and
the TFM array imaging algorithms considering the irregular surface will
also be recalled.

2.1. Retrieve Green’s function

As introduced by Weaver et al. [12], the Green’s function of an
elastic medium can be recovered from the cross-correlation of the
diffuse signals in the time domain. The cross-correlation 𝐶𝑇 between
any two receiving points 𝐴 and 𝐵 after a sufficiently long reception
time delay 𝑡𝑠 can be calculated by:

𝐶𝑇 (𝐴,𝐵, 𝑡; 𝑇 ) =
1
𝑇 ∫

𝑡𝑠+𝑇

𝑡𝑠
𝑆(𝐴, 𝑡)𝑆(𝐵, 𝑡 + 𝜏)𝑑𝜏 (1)

where 𝑆(𝐴, 𝑡) and 𝑆(𝐵, 𝑡) represent the signals recorded at the measur-
ing points 𝐴 and 𝐵, 𝑡𝑠 refers to the starting point in the time domain for
the cross-correlation, and it needs to be late enough after the wavefield
has achieved the diffuse state. The signal amplitude may be attenuated
more due to spatial spreading of energy, especially after waves reflected
multiple times from the boundaries. So its value needs to be carefully
determined to balance against the SNR in the experiment.

𝑇 denotes the length of the time window applied to truncate the
recorded signals for performing cross-correlation. Ideally the cross-
correlation function can be more accurately estimated if the time
duration 𝑇 is sufficiently large. But a very long signal also suffers from
amplitude attenuation of its later component as well as noise effects
from material scattering. Alternatively, a more feasible solution is to
increase the number of random source realizations and perform an
average. The statistical cross-correlation 𝐶𝑆 can be calculated as:

𝐶𝑆 (𝐴,𝐵, 𝑡; 𝑇 ) = lim
𝑇→∞

𝑁
∑

𝑖=1
𝐶𝑇 (𝐴,𝐵, 𝑡; 𝑇 ), (2)

where 𝑁 represents the total number of random source realizations.
Averaging over multiple fields effectively reduce the noise level on
the reconstructed Green’s function. The determination of the values
of 𝑇 and 𝑁 will be further discussed in the following section. In
practice, multiple realizations of source excitations can be achieved
by either randomly exciting multiple source positions (i.e., random
source location method), or by giving multiple realizations of WGN at a
fixed source (i.e., broadband excitation method). If the wave energy is
randomly distributed in the space and time domains, it has been proved
that [28]:
𝜕𝐶𝑆 (𝐴,𝐵, 𝑡; 𝑇 )

𝜕𝑡
∝ 𝐺+(𝐴,𝐵, 𝑡) − 𝐺−(𝐵,𝐴, 𝑡), (3)

𝑆 =
𝜕𝐶𝑆 (𝐴,𝐵, 𝑡; 𝑇 ) , 𝑡 > 0 (4)
𝑃 ,𝐴,𝐵 𝜕𝑡
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Fig. 1. The sketch of the overall methodology of implementing the diffuse field passive array imaging method to detect the defects and features in a component with an irregular
shape.
where 𝐺+ and 𝐺− denote the casual and anti-casual parts of the Green’s
function, respectively. In this study, the time derivative is numerically
approximated by first calculating the finite difference of the signal
points, then dividing by the time step. In practice, only the casual
part of Green’s function 𝐺+(𝐴,𝐵, 𝑡) is physically meaningful. Hence, the
reconstructed passive signal 𝑆𝑃 ,𝐴,𝐵 , equivalent to the partial derivative
of the statistical cross-correlation function when 𝑡 > 0, is recorded for
post-processing.

2.2. Passive full matrix capture and phased array imaging

Once the Green’s functions among multiple pairs of measurement
points are recovered, a passive full matrix capture (FMC) of signals can
be constructed. Specifically, for each measurement point, the passive
impulse responses from all the other measurement points are calculated
via the cross-correlation operator. For the points which serve as both
transmitter and receiver, the auto-correlation function is applied to
obtain the Green’s function. This procedure is repeated for all the other
sensing points. A signal matrix with a dimension of 𝑁𝐸 × 𝑁𝐸 × 𝑁𝑆
can be generated, where 𝑁𝐸 denotes the total number of ‘virtual’ array
elements and 𝑁𝑆 represents the number of signal points in the time
domain. By implementing the TFM algorithm, the pixel value 𝐼 at each
imaging position (𝑥′, 𝑦′) can be calculated as [1]:

𝐼(𝑥′, 𝑦′) = 1
𝑁2

𝐸

|

𝑁𝐸
∑

𝑢

𝑁𝐸
∑

𝑣
𝑆𝑢𝑣(𝑡)| (5)

𝑡 = 1
𝑐𝑝
(
√

(𝑥𝑢 − 𝑥′)2 + (𝑦𝑢 − 𝑦′)2 +
√

(𝑥𝑣 − 𝑥′)2 + (𝑦𝑣 − 𝑦′)2), (6)

where 𝑐𝑝 represents the wave speed of the compressional (P) wave,
𝑢 and 𝑣 denote the indices of passive array elements for transmitting
(virtually) and receiving signal, respectively. (𝑥𝑢, 𝑦𝑢) and (𝑥𝑣, 𝑦𝑣) are
the coordinates of the transmitting and receiving elements, and (𝑥′,
𝑦′) is the coordinate of the imaging point. 𝑆𝑢𝑣(𝑡) refers to the Hilbert
transform of time-domain signals.

3. Numerical simulation setup

In this section, high-fidelity FE simulations are run to evaluate
the performance of the diffuse field based passive imaging for defect
3

detection in a complex structure. All the simulations are in 2D with the
accelerated GPU-based software Pogo developed by Huthwaite [29].

3.1. Finite-element modelling

The FE model sketch of a 2D designed cross-section of turbine blade
airfoil structure is depicted in Fig. 2. The chord length of a typical blade
usually varies from 30 mm to 100 mm [30–32], and here we set the
value as 44 mm along the 𝑋 direction. Within the turbine blade, three
circular voids, each with a diameter of 4 mm [33], are introduced to
mimic the internal cooling passages. The cooling passages as strong
interior scatterers effectively increases the multiple scattering events
and aid in the formation of the diffuse state. A horizontally placed
smooth crack with a length of 3.6 mm is embedded in the model. In
this study, only the P wave is taken into consideration while the method
can also be implemented for shear (S) waves. The material is chosen to
be Aluminum with a Young’s modulus of 70 GPa, Poisson ratio of 0.33,
and density of 2700 kg m−3, giving the P wave speed of 𝑐p = 6198 m s−1.

Both the random source location method and the broadband exci-
tation method are used in the model. In the first method, a 3-cycle
narrow-band toneburst signal is used as the input signal [23]. 50 FE
simulations are performed, with the locations of the source nodes
distributed randomly at the bottom boundary of model, labelled as
yellow stars in Fig. 2. As explained in Eq. (2), by performing an arith-
metic averaging of results from multiple source realization, the SNR
of the reconstructed Green’s function can be significantly improved.
Besides, we also investigate the effects of the centre frequencies on the
TFM images. Two frequencies 5 MHz and 2.25 MHz, commonly seen
in commercial ultrasonic phased arrays are used in the simulations,
and the corresponding P wavelengths are 1.24 mm and 2.76 mm,
respectively.

In the second method, instead of randomly placing the sources, we
fix the source point at one position and use a broadband uncorrelated
WGN [34,35] to generate the random diffuse field. Again, 50 realiza-
tions of Gaussian noise filtered with two bandwidths of 1–8 MHz and
3–6 MHz are used in the FE simulations. The effects of bandwidth is
also evaluated. The total simulation period for both methods is set
to be 2 ms, which is long enough to guarantee sufficient multiple
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Fig. 2. 2D FE model representing a cross-section of the turbine blade. Three circular voids and a straight crack are included in the model. 64 sensing points (labelled as red
circles) are placed on the top surface of the model. The sources are randomly distributed on the bottom boundary of the model, labelled as the yellow stars.
Fig. 3. (a) A snapshot of the diffuse wavefield in the 2D turbine blade model when 𝑡 = 150 μs. (b) The recorded signals at the 22nd (labelled as the blue line) and 28th sensors
(labelled as the red dashed line).
reverberations in the component. To receive the diffuse signals, a total
of 64 monitoring points (i.e., passive array elements) are placed on
the top surface of the turbine blade, as indicated by the red circles
in Fig. 2. The horizontal interval of the monitoring points is 0.5 mm,
which obeys the spatial sampling law for array imaging. During the
FE simulation, only displacements in the 𝑌 direction are recorded. An
automatic free mesh algorithm is used to mesh the FE model with
the plain strain linear triangular element. To ensure convergence, the
element size is set as 0.04 mm, which is approximately 1/30 of the P
wavelength with a frequency of 5 MHz. The total number of elements in
the mesh is around 686,403. Additionally, the computation time step is
set to dt = 2×10−6 ms, which is defined by setting the Courant number
to be approximately 0.3 [36].

3.2. Green’s function extracted from the diffuse waves

In this subsection, the accuracy of retrieving the Green’s function
from FE simulated diffuse waves is shown. The example results shown
here are from the random source location excitation method with 50
different realizations, and the input signal is a 3-cycle toneburst with
the centre frequency at 5 MHz. Fig. 3a displays a snapshot of the
random wavefield in the FE model at the time step 𝑡 = 150 μs. It has
achieved the diffuse state as the wave energy is equally spreaded within
the component. The signals captured by the 22nd and 28th sensors
with the positions labelled in Fig. 3a, are plotted in Fig. 3b. It can be
observed that the diffuse field is formed after around 50 μs.

Eqs. (1), (2), (4) are utilized to retrieve the Green’s functions from
the diffuse signals. The time window length 𝑇 is set as 1.8 ms, with the
time delay 𝑡 = 0.2 ms. The recorded signals from 0.2 ms to 2 ms from
4

𝑠

the 64 sensors are used to calculate the cross-correlation functions.
Note that a longer time window usually provides better reconstruc-
tion results but at the expense of higher computation cost. 50 FE
simulations from random source excitation are run, and the averaged
cross-correlation function is obtained to reconstruct the passive Green’s
functions. The example of the recovered passive signal between the
22nd and 28th sensors is depicted in Fig. 4. From the waveform, two
very strong wavepackets can be identified, emerging at around 𝑡 = 1 μs
for the causal Green’s function and 𝑡 = −1 μs for the anti-causal Green’s
function. The strong wave packet corresponds to the creeping waves
transmitting directly from the 22nd sensor to the 28th sensor along the
boundary. Note that the displayed passive signal exhibits an excellent
global symmetry, as expected from the cross-correlation. It serves as
an indicator of a high-quality reconstruction. In order to evaluate the
accuracy of the recovered Green’s function, we run the counterpart FE
simulations by setting the 22nd sensor as an excitation point, with the
same toneburst signal. The 28th sensor is used to record the scattering
signal, denoted as 𝑆𝐴𝑐𝑡, which is compared with the Green’s function
obtained from the diffuse field. The passive scattering signal needs
to be normalized in the frequency domain to enable the comparison,
according to the following equation [24]:

𝑆̂𝑅
𝑃 ,𝐴,𝐵(𝜔) =

𝑆̂𝐴𝑐𝑡,𝐴,𝐵(𝜔)

|𝑆̂𝐴𝑐𝑡,𝐴,𝐵(𝜔)|
|𝑆̂𝑃 ,𝐴,𝐵(𝜔)|, (7)

where .̂ represents the Fourier transform of the signal, and 𝜔 is the
angular frequency. Then, the rescaled frequency-domain passive signals
are transformed back to the time domain for comparison. Fig. 4b
displays the rescaled passive Green’s function signal (labelled by a blue
line) obtained from cross-correlation, and the active signal (labelled
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Fig. 4. (a) The recovered passive signal 𝑆𝑃 between the 22nd sensor and the 28th sensor. (b) The comparison of rescaled passive and active signals. The rescaled passive signal
(blue line) is calculated by Eq. (7). The active signal (red dashed line) is captured by the 28th sensor with the 22nd sensor as the active source. The main wave components such
as creeping waves, defect scattering and boundary reflections are highlighted within the green dashed boxes.
Fig. 5. Comparison of the TFM images obtained using the active field and the passive diffuse field FMC signals with the narrowband toneburst excitation. The red lines represent
the boundaries of the turbine blade model including the inner cooling circular channels within the component. (a)(b) The TFM images calculated by the active and diffuse field
FMC signals with the centre frequency of 5 MHz, respectively. (c)(d) The TFM images calculated by the active and diffuse field FMC signals with the centre frequency of 2.25
MHz, respectively.
by a dashed red line) directly simulated from the FE model. It can
be observed that the main wavepackets (i.e., creeping wave, defect
scattering and boundary reflection) of the active and passive signals
align well with each other, although some minor disagreement can
also be observed. The passive signal contains more noise, and it can
be eliminated by increasing the number of random source excitation
events. It will be demonstrated in the later subsection that this level of
noise has limited impact on the resolution of the TFM images, possibly
due to the reason that the incoherent noise is further reduced due to
the spatial averaging of TFM. The same method can be used to the
broadband WGN excitation method to reconstruct the passive signal
matrix for imaging.

3.3. Passive TFM imaging results and discussion

The diffuse field based TFM images can be obtained from Eq. (6),
using the recovered passive FMC of signals. The coordinates of array
elements are obtained by linear interpolation of the contour curve on
the upper surface. Here, we also perform the active wave field TFM
imaging with the same array setup and frequency, in order to compare
with the passive images obtained from diffuse waves. The conventional
FMC involves sequentially emitting Hann-windowed tonebursts with
5

a centre frequency of 5 MHz or 2.25 MHz from the 64 active array
elements, and receiving with all the elements. The TFM images ob-
tained from both the active phased array and passive array imaging
from the random source location method are compared in Fig. 5. It can
be seen that the horizontal crack, the boundary of the turbine blade
and most of the cooling passages (e.g., voids) can be clearly identified
in all the subplots. The void at the bottom left corner is relatively hard
to detect, due to the fact that the array aperture does not cover the
scatterer. Besides, the shape of the voids are not well-identified by
the TFM images, this is due to the diffraction limit and the limited
array aperture size. In Fig. 5b and d, more artifacts appear in the TFM
images obtained from the diffuse field in comparison with those from
the active phased array. The artifacts are raised by the noise that is not
completely averaged out in the recovered Green’s function signals as
shown in Fig. 5. Besides, when the frequency is reduced from 5 MHz
to 2.25 MHz, as shown in Fig. 5c and d, the image resolution becomes
relatively lower. However, both active and diffuse field images still
yield satisfactory images for identifying defects and boundaries.

In Fig. 6, we plot the TFM images obtained from the diffuse field,
when multiple realizations of Gaussian white noise are excited at a
fixed source position (i.e., the broadband excitation method). The
imaging results depend on the bandwidth of the input noise and here
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Fig. 6. The TFM images computed using the broadband WGN excitation method. The red lines represent the boundary of the turbine blade model and the cooling channels within
the turbine blade. Two bandwidths of input noise are tested. (a) The WGN is filtered within a frequency band of 1 MHz to 8 MHz (b) The WGN is filtered within a frequency
band of 3 MHz to 6 MHz.
Fig. 7. (a) The sketch of the designed specimen with a 2D turbine blade shape, including a cooling channel and a crack. (b)Photo of the experiment inspection setup. The diffuse
wavefields are generated by the PZTs attached on the bottom surface. A laser vibrometer combined with a scanning stage is used to perform the measurement.
we test two different bandwidths (i.e., 1–8 MHz and 3–6 MHz). It can
be seen in the figure that although the scatterers and boundary of
the turbine blade model are visible, more artifacts can be observed in
the TFM image, compared with the narrowband toneburst excitation
method. Furthermore, the input signal with a broader bandwidth can
yield relatively better TFM image results with a higher SNR.

To summarize the simulation results, the diffuse field TFM imaging
can achieve accurate imaging of internal defects in turbine blade-like
structures, and the resolution is comparable to active TFM images. Fur-
thermore, the random source location method with narrowband toneb-
urst signals is more suitable for generating random diffuse fields to
perform passive TFM imaging. And this will be used in the experimental
validation in the next section.

4. Experimental evaluation

In this section, an experiment is conducted to further validate the
imaging method using a component with a turbine blade-like shape,
manufactured from the computerized numerical control (CNC) ma-
chine. The material of the specimen is Aluminum and the 3D sketch of
the sample is shown in Fig. 7a. Note that in this study we only consider
2D models, so the sample here has a uniform shape in the z direction.
The chord length of blade is 44 mm, consistent with the dimension
used in the FE model. The width of the sample along the 𝑧-direction
is 30 mm. Within the specimen, there is a penetrating cooling channel
with a diameter of 4 mm and a horizontal crack with a length of 3 mm.
6

The experiment setup is depicted in Fig. 7b. To generate the random
diffuse field, twelve PZT sensors are glued at random positions on
the bottom surface of the specimen. During each source excitation,
we excite any two PZTs by applying a Hann-windowed 2.25 MHz, 3-
cycle toneburst using the two-channel function generator NI PXIe-5423
(National Instruments Inc., USA). The frequency is chosen considering
both the resolution and the amplitude attenuation caused by materials
and beam spreading. A power amplifier ATA-1222 A (Aigtek, Xi’an,
China) with a gain of 40 dB is used to amplify the signals. A laser
vibrometer (Polytech GmbH, Germany) is utilized to remotely measure
the vertical (𝑌 direction) surface vibration velocity on the top surface
at 24 points, along a line with a spacing of 1 mm. Since the surface
vibration velocity is measured by the vibrometer, the time derivative in
Eq. (4) is not applied to the experimentally captured signals. The output
signals are collected by a digital oscilloscope NI PXI-5105 (National
Instruments Inc., USA). We set the total signal recording period as 1 ms,
which is sufficiently long to ensure the formation of random wavefields.
Additionally, each received signal undergoes 500 times electronic av-
eraging to enhance the SNR. During the measurement, the sample is
attached on a three-axis 𝑥𝑦𝑧 scanning stage, which automatically moves
along the 𝑥-direction with a step size of 1 mm to conduct the scanning
process. To enhance the quality of reconstructed passive signal, 50
realizations of the diffuse fields are generated by exciting different
combinations of PZTs.

Fig. 8a shows the recorded raw signals at the 12th and 21st scanning
positions. It can be seen that the signals exhibit a high SNR, and the
random diffuse field is formed after around 20 μs. To enhance the SNR
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Fig. 8. (a) The raw experimental signals at the 12th and the 21st scanning positions. (b) The clipped raw signals at two positions.
Fig. 9. The passive TFM image obtained from experimental measurements.
of the reconstructed signals, the amplitude of raw signals is clipped
to around ten times of the electronic noise level [21], as shown in
8b, before performing cross-correlation. The length of time window 𝑇
used is 0.8 ms. The reconstructed passive FMC signal matrix is then
performed to compute the passive TFM image. Fig. 9 depicts the TFM
image of the cooling channel and the crack in the specimen. It can be
seen that two distinct scatterers can be identified from the TFM image
with a sufficiently high SNR. The crack can be clearly detected, but it
is difficult to accurately obtain its features such as size and angle from
the image. The discrepancy is primarily attributed to the challenge of
achieving ideal reconstruction of passive signals in a real 3D specimen,
due to the wave attenuation and material noise. Employing more
random source excitation realizations can lead to improved imaging
results.

5. Conclusions

In this paper, a passive diffuse field array imaging method is imple-
mented to detect the subsurface defects in an engineering component
with a complex shape such as the turbine blade. The diffuse field is
excited by random realizations of source locations with a toneburst
signal, or by random realizations of Gaussian white noise input at a
fixed position. The complexity of shape aids the formation of the diffuse
wave field due to the increased multiple reflections from irregular
boundaries. The signals received from multiple sensing points are cross-
correlated to reconstruct the Green’s functions. This allows for forming
a virtual passive phased array on a surface with an arbitrary complex
shape, via non-contact measurements using a laser vibrometer. A FMC
of the scattering signals is obtained and the TFM images are formulated
for defect detection and characterization. The method is first evaluated
by the high-fidelity FE simulations, and the results show that the
passive array imaging can obtain high-resolution images of internal
defects and features in a complex structure. The image quality is almost
the same as those obtained from the conventional active array imaging
7

method. The performance of different diffuse field excitation methods
is compared using the simulated data. The narrowband toneburst ex-
citation method can achieve better imaging results compared with the
white Gaussian noise excitation method.

Besides, an experiment is performed with a manufactured turbine
blade-like specimen. We use the randomly positioned PZTs to generate
the diffuse wavefields in the specimen. A laser vibrometer in conjunc-
tion with a 1D scanning stage is used to conduct non-contact reception
of diffuse signals, and satisfactory imaging results are obtained. It
demonstrates that the passive array imaging method can serve as an
alternative solution to the conventional active phased array imaging,
particularly when the phased array probe is difficult to be mounted for
in-situ inspection of a component with a complex shape.
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