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a b s t r a c t

This paper describes a new ultrasonic array imaging method for Non-Destructive Testing (NDT) which is
derived from the medical Plane Wave Imaging (PWI) technique. The objective is to perform fast ultra-
sound imaging with high image quality. The approach is to transmit plane waves at several angles and
to record the back-scattered signals with all the array elements. Focusing in receive is then achieved
by coherent summations of the signals in every point of a region of interest. The medical PWI is gener-
alized to immersion setups where water acts as a coupling medium and to multimodal (direct, half-skip
modes) imaging in order to detect different types of defects (inclusions, porosities, cracks). This method is
compared to the Total Focusing Method (TFM) which is the reference imaging technique in NDT. First, the
two post-processing algorithms are described. Then experimental results with the array probe either in
contact or in immersion are presented. A good agreement between the TFM and the PWI is observed, with
three to ten times less transmissions required for the PWI.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic transducer arrays are more and more used for indus-
trial Non-Destructive Testing (NDT). Compared to single element
transducers, they are much more versatile as they allow different
inspection modes (plane waves, steered angle beams, focused
beams) and can be used to produce images (focused Bscans,
focused Sscans [1,2]) at a single position. In array imaging, one of
the best method is the Synthetic Transmit Aperture (STA [3,4]),
also called Total Focusing Method (TFM) in the NDT field [5]. This
method is based on the post-processing of the full array response
matrix KðtÞ [6], called Full Matrix Capture (FMC) in NDT. For a N
element transducer, the FMC consists in recording the N � N
inter-element impulse responses kijðtÞ, defined as the signal
received by element j when an electric pulse is applied to element
i. The TFM allows to focus on every point of the image area while,
in the focused Sscans and focused Bscans modes, the image is con-
structed line by line and by focusing at a given depth. This tech-
nique has several advantages compared the other imaging
methods (focused Sscans, focused Bscans). The main advantage of
the TFM is the image quality as the focusing and spatial resolution
are optimal everywhere in the region of interest. Another benefit is

the possibility of applying different imaging modes to the same
array response matrix, depending on the nature of the defects
[7–9]. For example, images can be made using half-skip paths,
including a reflection on the back-wall before interacting with
the defect, to image crack-type defects. Finally, unlike in focused
Bscan, the TFM image area can be larger than the probe and is
not related to the number of shots, contrarily to focused Sscan
images. However, the TFM technique has two main drawbacks.
The first one is a limited acoustic power sent into the medium
due to the use of only one element per emission. This results in a
degradation of the signal to noise ratio (SNR) and can be trouble-
some in the case of attenuating materials and random noise. More-
over, controls looking for crack-type defects are made typically
around 45�, thus the image is not centered under the probe. In this
situation, the cylindrical wave emitted by an element, radiating
mainly perpendicularly to the transducer plan, is not the most fit-
ted type. In some cases, this is highlighted by the existence of non-
physical indications, also called image artifacts, that may lead to
misinterpretations [10,11]. The second drawback is the frame-
rate limit due to the number of transmissions (N) and the storage
and processing of the N � N signals. Techniques exist to reduce
the number of signals to be processed, like the Sparse Matrix Cap-
ture (SMC) that uses a few elements in transmission, compensating
the loss of acoustic power by creating virtual sources [12–15].
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In order to improve the frame-rate and increase the acoustic
power sent into the medium, the Plane Wave Imaging (PWI [16–
18]), recently developed in the medical field, seems to be very
promising for NDT inspections. The principle is to transmit plane
ultrasonic wave-fronts at different angles in the medium. For each
plane wave transmission, the PWI image is reconstructed line by
line by dynamically focusing in receive mode at different depths
with a subset of several adjacent receivers. The final image is then
obtained by summing the images obtained for every angle. This
method has several advantages in medical imaging. The main
advantage is a high image quality obtained with a few ultrasonic
shots (typically 10 to 30 for a 128 elements probe). Furthermore,
as all the probe elements are excited together, the acoustic power
sent in the medium is high. Thus, this method is less sensitive to
attenuation and random noise than the TFM. The main drawback
is that the image size is limited by the probe aperture. The number
of lines in the image depends on the number of elements, and a
classical NDT inspection uses transducers with 32 to 64 elements.
Thus the number of elements and, therefore, the image size are too
small to perform accurate inspections. Moreover, the PWI used in
the medical field cannot image crack-type defects. This is due to
the fact that subsets of elements are used in reception, while
crack-type defects imaging requires reception on all the probe ele-
ments to use half-skip modes.

In this paper, we present a technique that combines the advan-
tages of the PWI and the TFM. The main objective is to prove that
high quality images can be obtained by the transmissions of plane
waves. The second goal is to explore the possibility to reduce the
number of transmissions and to limit imaging artifacts due tomode
conversions. The medical PWI is generalized by taking into account
the refraction on a plane interface, the bulkwave polarizations (lon-
gitudinal: L, transverse: T) and the paths including interactionswith
the back-wall (half-skip modes). In transmission, plane waves are
emitted at different angles and the backscattered signals are
recorded by the elements. Thus creating a Q � N matrix where Q
is the number of plane waves transmitted and N is the number of
elements in the probe. This matrix is then post-processed to per-
form beamforming in transmit and receivemodes. This methodwill
allow multi-modal PWI imaging (direct and half-skip modes) with
high acoustic power sent into the inspectedmaterial and low acqui-
sition time. In the first section, the theoretical backgrounds of the
multi-modal TFM and PWI methods are presented. The second sec-
tion presents and compares experimental results obtained with the
two methods for different types of defects.

2. Theoretical background

This section describes the theoretical backgrounds of the Total
Focusing Method (TFM) and Plane Wave Imaging (PWI) tech-
niques. For a general description, we consider an immersion con-
figuration, where the array and the specimen are immersed in
water. First, they are derived for simple round-trip, also called
direct modes. In these modes, the wave goes from the transmitter
to the focusing point and back to the receiver. Then, they are gen-
eralized to half-skip mode reconstructions in which the wave goes
from the transmitter to the focusing point after reflection on the
back-wall, and back to the receiver. The direct modes are useful
to image volumetric flaws (holes, porosities, inclusions) while
half-skip modes are used to enhance the characterization of
crack-type defects.

2.1. TFM algorithm

The TFM imaging technique is applied to the full array response
matrix KðtÞ. This matrix contains the N � N inter-element impulse

responses kijðtÞ, corresponding to the signal received by element j
when an electric pulse is applied to element i. The TFM consists
in coherently summing all the analytical signals
sijðtÞ ¼ kijðtÞ þ jHðkijðtÞÞ, where H is the Hilbert’s transform [5].
Thus, the ultrasonic beam is focused on every point of a region of
interest (ROI). Considering a point P in the ROI, the amplitude
AðPÞ at this point is given by:

AðPÞ ¼
XN
i¼1

XN
j¼1

sijðtPi þ tPj Þ
�����

�����; ð1Þ

where tPi (resp. tPj ) is the time of flight between transmitter i (resp.
receiver j) and point P. The difficulty of the method lies in the deter-
mination of the times of flight where the refraction at the interface
between the coupling medium (water) and the inspected material
(steel) has to be taken into account.

2.1.1. Imaging with direct modes
In direct mode, the ultrasonic wave propagates from a transmit-

ter to the focusing point and back to a receiver, through the surface
(Fig. 1).

For the incident path, the wave goes from the transmitter iðxi;0Þ
to the impact point Iinðxin; zinÞ on the surface at the sound velocity
in water va. Then it propagates from Iin to the focusing point
PðxP ; zPÞ with the velocity vb, which can be the velocity of the lon-
gitudinal (vL) or transverse (vT ) waves, depending on the type of
wave used. The outgoing path follows the same pattern, the wave
going from the focusing point P to the impact point Ioutðxout ; zoutÞ
with the celerity vc (vL or vT) and then from Iout to jðxj;0Þ with
the sound speed va. The following demonstration focus on the inci-
dent wave because, for a pair element/focus point, the paths in
transmission and in reception are identical. The time of flight cor-
responding to the incident path is given by:

tPi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxin � xiÞ2 þ z2in

q

va
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxP � xinÞ2 þ ðzP � zinÞ2

q

vb
: ð2Þ

The Fermat’s principle states that the physical path corresponds
to the minimum time of flight, which can be estimated by finding
the zeros of the first derivative of tPi with respect to xin. This is
equivalent to solve the Snell-Descartes law of refraction:

vb

va

ðxin � xiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxin � xiÞ2 þ z2in

q � ðxP � xinÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxP � xinÞ2 þ ðzP � zinÞ2

q ¼ 0: ð3Þ

For a plane interface, by squaring Eq. (3), an analytical solution
can be obtained by Ferrari’s method [19]. A more general approach,
also available for more complex surfaces, is to solve Eq. (3) using an

Fig. 1. Illustrations of the paths followed by a wave in direct mode TFM imaging.
The cylindrical wave transmitted by element i propagates to the focus point P
through the surface at Iin , and back to receiver j through the surface at Iout .
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