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The effect of microstructural elongation on ultrasonic backscattered fields was studied. Two methods for
determining the elongation direction of macrozones in titanium alloys, using the anisotropic spatial
coherence of the backscattered field, are presented. Both methods use a phased array attached on a rota-
tive holder that records the array response matrix at several angles. Two titanium alloys were investi-
gated: TA6V and Ti17. TA6V exhibited a strong macrozone elongation, whereas Ti17 macrozones were
found equiaxial. The first method is based on the measurement of backscattered intensity in function
of the probe angle relative to the macrozones elongation direction. An angular dependence of backscat-
tered intensity is observed in presence of elongated scatterers, and their elongation direction is collinear
with the probe direction corresponding to a minimal intensity. This variability is linked to both piezoelec-
tric shape and the backscattered field spatial properties. The second method is based on the measure-
ment of the relative proportion of single to multiple scattering in a diffusive media, using a simplified
version of the single scattering filter developed in Aubry and Derode (2009). It allows the measurement
of the level of multiple scattering: both titanium alloys exhibited strong multiple scattering. The elonga-
tion direction was determined as the direction of minimal multiple scattering. Furthermore, these results
were confirmed by the measurement of the coherent backscattering cone on both samples.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Titanium alloys are extensively used in the aerospace industry
to create critical parts of jet engines or landing gears. They are light
and very resistant to extreme conditions imposed to these parts.
Titanium alloys are complex multiphasic polycrystals [1]. Their
microstructures are extremely varied, leading to very different
ultrasonic behaviours from one alloy to another. During ultrasonic
evaluation, these alloys are known to present high levels of
backscattered noise compared to other materials. This noise pre-
vents the detection of low reflectivity and possibly harmful anoma-
lies. Such anomalies are well known, for example, hard-a [2,3] or
High Density Inclusion [4]. Ultrasonic evaluation can be carried
out at two stages of the manufacturing process. The first stage is
the billet stage: it is the raw titanium alloy forged in the shape
of a long cylinder. The second stage is the forged part from the bil-
let (disc, shaft). Due to safety high stakes in the jet engine industry,
ultrasonic propagation has been extensively studied in polycrys-
tals. The core of the structural noise generation is the scattering
of wave on polycrystal’s constitutive grains whose crystal orienta-
tion is different from one another. Early works [5–10] dealt with
the measure and the theoretical computation of attenuation coef-
ficients in polycrystals whose grains shape is equiaxial. All these
studies were carried out using frequency domain hypothesis, relat-
ing wavelength with grain dimensions. Different expressions were
derived for wave speed and attenuation in three frequency
domains: Rayleigh for scatterers much smaller than wavelength,
stochastic for scatterers whose size is comparable to wavelength
and geometrical for scatterers bigger than wavelength. To over-
come those frequency hypothesis, Stanke and Kino proposed a uni-
fied theory [11], still widely accepted and used, incorporating
multiple scattering through the Keller approximation [12]. Another
model was proposed by Hirsekorn [13,14], incorporating double
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scattering. Nevertheless, this model exhibits non-physical ‘‘ripples”
due to the choice of spheres as microstructure model. Multiple
scattering was also taken into account by Weaver and Turner
[15,16] by using the radiative transfer theory.

Thompson and his group carried out numerous experimental
and computational studies on titanium alloys [17–24], and pro-
posed models for the computation of scattering and attenuation
coefficients. They introduced the key concept of figure-of-merit,
also called backscattering coefficient, and proposed several meth-
ods for its measurement and computation. In the stochastic
regime, they also demonstrated that polycrystals with elongated
macrozones exhibit anisotropic behaviour of attenuation and
backscattered noise intensity [23], but whose wave speed is still
isotropic at their measurement precision. These apparently odd
behaviours are dependent of both grain crystallographic orienta-
tion and shape. Alloys with elongated macrozones show high
attenuation in the direction of grain elongation, along with weak
backscattering. Inversely, they exhibit low attenuation and high
backscattering while propagating perpendicular to the direction
of grain elongation. Using the work of Thompson and Rose [25],
Rokhlin confirmed theoretically the behaviour of backscattering
[26,27] and attenuation [28,29] in elongated and equiaxial poly-
crystals in different crystal symmetries, taking into account both
polycrystal texture and grain shape. Micro Textured Region
(MTR) defined by Rohklin are similar to macrograins used in
Thompson’s work and to the concept macrozones used in European
metallurgical vocabulary.

Recently, Dunne and Lowe used finite elements simulations to
study the link between polycrystal texture and wave velocity
[30]. Promising results were obtained by Van Pamel in using finite
elements to predict attenuation and velocity in 3D polycristals,
incorporating multiple scattering [31,32].

A straightforward macrostructure evaluation method have been
introduced by Moreau [33,34] using a simple velocity measure-
ment of millimetric slices of samples using a 10 MHz focused
transducer. By spatially correlating velocity variations, he was able
to measure effective velocity maps in the studied material. Macro-
zones were identified as area of similar velocities.

Although some studies demonstrated the existence of multiple
scattering in titanium alloys [21,35] as deviation from an expected
single scattering behaviour, most of the theoretical work relies on
single scattering or low order multiple scattering hypothesis.
When studying a novel material, it is important to determine if
multiple scattering occurs in the desired frequency domain to
properly design inspection using the appropriate theoretical prop-
agation model.

Phased arrays are now widely used in medical ultrasound.
Although less common in NDT, their potential is important. First,
imaging techniques inspired from medical imaging can be directly
transferred for the control of industrial materials. Moreover,
Derode and Fink developed a method to determine fibers direction
in composite material. This method relies on the difference of
backscattered field spatial coherence at several fiber orientations
[36]. However, the quick development of phased array has stimu-
lated the creation of other methods, especially through matrix
approaches of signal acquisition and processing [37]. Matrix
approaches are based on the measurement of the array response
matrix, also known as Full Matrix Capture. Imaging can still be per-
formed in the matrix approach, generally referred to as ‘‘Total
Focusing Method” [38]. Recently, Aubry and Derode proposed a
matricial spatial coherence treatment to extract the single scatter-
ing contribution from the multiply scattered signals [39]. This
method, strongly linked with the use of phased arrays, could be
beneficial for the control of material presenting elongated
microstructure. Moreover, phased arrays are composed of several
piezoelectric elements, with specific shapes suitable to the phased
array geometry. Piezoelectric element shape have an important
impact on the measurement, and its influence on matrix method
should be evaluated.

In this work, we demonstrate the use of transducer arrays for
the determination of the direction of macrozones, taking into
account single and multiple scattering properties of the backscat-
tered field. Firstly, the microstructure of the titanium samples used
in this study were characterized with optical and Electron
Backscattering Diffraction (EBSD) measurements to highlight the
macrozone shape. Then, the impact of the element shape on field
integration and its use for elongation detection and characteriza-
tion are presented. This method only uses the diagonal of the array
response matrix. Secondly, we provide a method for multiple scat-
tering estimation, using the whole measured array response
matrix, and we analyze the influence of piezoelectric element
shape on this method.
2. Samples characterization

First, the three samples types will be described. Then they will
characterized using optical microscopy and EBSD. As ultrasonic
waves are scattered by boundaries between macrozones, the aim
of this part is to characterize the overall macrozone shape of our
samples.

2.1. Samples

Three different media were studied Fig. 1. The first one, chosen
as a prime example of anisotropic and diffusive medium is a collec-
tion of randomly placed, parallel steel rods [40]. Rod’s diameter is
0.8 mm and the density of rods is 0:29 rods=mm2. Steel rods are
strong and elongated scatterers. This medium was studied by
Tourin and Mamou [41–43] and used to demonstrate results on
multiple scattering and coherent backscattering effect.

The two other samples are titanium alloy half billets. A billet is a
cylinder used as raw material by engines manufacturers. Two tita-
nium alloys were studied: TA6V and Ti17. Each billet was cut in
half along the plane containing its revolution axis, leading to four
half cylinders, two of TA6V and two of Ti17 (radius: 130 mm,
length: 269 mm). These two alloys are known to present different
microstructures that will be studied further.

Studies showed that effective ultrasonic longitudinal wave
velocity in titanium alloys are comprised between 6.0 mm/ls
and 6.35 mm/ls [44]. Typical wavelength will range from
1.5 mm to 6 mm in the selected frequency domain. As ultrasonic
wave interact with scatterers of size within three orders of magni-
tude compared to its wavelength. Material characterizations
should be done in the micro-millimetric domain, which is the rel-
evant scale for ultrasonic scattering at our experiment frequency
domain. This is also a scale generally used in other studies [17].

2.2. Characterization of titanium alloys

Titanium samples were characterized using classic Optical
Microscopy and EBSD. Samples were cubes of 13 mm side
extracted from the TA6V and Ti17 billets. Samples were first pol-
ished until reaching a mirror-like surface. For optical microscopy,
surfaces were then exposed to a mixture of fluoridric acid and
nitric acid during 10 s (1%HF, 3%HNO3).

First, optical microscopy was performed with a Keyence VHX-
500 microscope. Optical contrast is sensitive to both crystallo-
graphic phase and crystallographic orientation. In a second step,
samples were polished again to a mirror like surface and observed
with a Zeiss Leo 1530 electronic microscope using an EBSD head.
The accelerating voltage was 20 kV, the working distance



Fig. 1. Samples used for the experiments: (a) collection of randomly placed parallel rods called Random Rod Forest, (b) two half billets of TA6V and Ti17 titanium alloys.
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14.8 mm and tilt angle 70.0�. The EBSD contrast is also sensitive to
crystallographic phase and orientation, but phase identification is
possible as Kikuchi diffraction pattern are related to crystallo-
graphic arrangement [45].

Elongated macrozones are observed in TA6V samples Fig. 2(a)
as bright areas on the image. A macrozone is a group of several a
grains having approximately the same crystallographic orientation.
The shape of macrozone is elongated polygons measuring
10� 1 mm2 on average. The elongation direction is parallel to
the billet axis. This elongation is attributed to the forging process:
titanium alloys forged in the aþ b domain undergo few recrystal-
lization in the last forging step. Therefore, macrozone’s shape con-
form to the plastic deformation applied in the final step of the
forging process. The Ti17 presents equiaxial macrozones Fig. 2
(a)

(c)

3 mm

0.6 mm

Fig. 2. Billet characterization using optical microscopy and EBSD. Optical microscopy is u
applied on (c) TA6V and (d) Ti17. The length scale is the same for both images but differe
to the billet revolution axis.
(b): they are not elongated, and their average size is 0.7 mm.
Ti17 billets are forged in the b domain: recrystallization occurs
after the last deformation is applied. This lead to the most thermo-
dynamically stable macrostructure: equiaxial macrozones.

To confirm optical microscopy results on a phase orientation, an
EBSD experiment was carried out on the same samples on a surface
of 1� 1 mm2. EBSD image colored pixels indicate the a-phase ori-
entation while non-indexed b-phase is represented by black pixels.

EBSD measurements presented in Fig. 2(c) and (d) show large
areas of similar crystallographic orientation for TA6V alloy. These
areas are composed of smaller equiaxial a grains, all with similar
crystallographic orientation. As expected, macrozones are com-
posed of several a grains all with a common crystallographic orien-
tation. These a grains are recrystallized from previous a platelets
(b)

(d)

sed on (a) TA6V and (b) Ti17. The length scale is the same for both images. EBSD is
nt from optical microscopy. The elongation direction of TA6V macrozones is parallel
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destroyed by the forging and merged into equiaxial a grains. On
the other hand, Ti17 alloy exhibits large equiaxial area of common
crystallographic orientations, consistent with optical microscopy
observations Fig. 2(d). No substructure is visible at this magnifica-
tion. A noise is visible inside macrozones, probably linked to micro-
metric a platelets with variants in orientation.

In summary, alloys used in this study differs by the shape of
their microstructure: TA6V is formed of elongated macrozones
along the billet axis and Ti17 is composed of equiaxial macrozones.

3. Experimental setup

A linear 128 elements phased array has been used to illuminate
the samples. Nominal frequency of piezoelectric elements is
3.5 MHz. They are separated by a pitch of 0.417 mm without
focalization lens. Piezoelectric elements have a rectangular shape
of 10 mm height and 0.4 mmwidth. The phased array probe is con-
trolled by a LeCoeur (OPEN System) 128 independent channels
pre-amplifier using arbitrary signal generator and a gain of
80 dB. Each element of the phased array can be independently
excited by arbitrary signals. Signals were sampled at 80 MHz.
The probe was mounted on a rotating stage, allowing it to turn
around its axis as defined in Fig. 3. Sample are placed in front of
the array. The probe sample distance is 65 mm. The half cylinders
radius is 130 mm and their length is 269 mm. According to the
array design, ultrasonic characterization will be carried out in the
frequency bandwidth [1–4] MHz.

The array response matrix was measured. Let’s denote kijðtÞ the
temporal signal recorded on channel i, after emission by channel j.
The array response matrix is a N � N matrix of element kijðtÞ, where
N the number of transducers in the array. In this study, a temporal
slice of the matrix is denoted KT

ijðtÞ and defined by the portion of
matrix included in the duration ½T � Dt=2; T þ Dt=2�. The duration
Dt is implicit in the notation T that will be referred to as the ‘‘time
window”.

Signals can be transformed in the Fourier space using Fast Four-
ier Transform. The sliced array response matrix can be expressed in
the frequency space as

KT
ijðxÞ ¼ 1ffiffiffiffiffiffiffi

2p
p

Z 1

�1
kTijðtÞejxtdt: ð1Þ
Re

C
ha

nn
el

s
C

ha
nn

el
s

94 95

20

40

60

80

100

120

94 95

20

40

60

80

100

120

Fig. 3. All samples are placed with vertical elongation direction. Likewise, billets revoluti
sample. It can rotate around its central element. The bottom configuration is called
microstructure elongation. In the upper configuration called parallel, the probe is rotated
show the difference in field spatial coherence between configurations. In practice, the p
Due to the reciprocity theorem, the array response matrix is
symmetric: Kij ¼ Kji.
4. Backscattered intensity measured by a single element

First, a single element approach was used. This section provide
a method for determining macrozone elongation direction using
the measurement of backscattered intensity with a rectangular
shaped transducer. Backscattered intensity from polycrystals has
been measured and modelled by several authors. Their work gen-
erally dealt with the computation of the backscattering coefficient,
which is the backward differential cross section of the medium, as
a function of the wave vector and the material spatial correlation
function. These approaches took into account the transducer shape
[46–48] but not the ultrasonic field spatial coherence.

The ‘single element’ terminology refers to the fact that only one
element of the transducer is used to emit and record the ultrasonic
amplitude. This experiment could be carried out using a single
standalone transducer and it do not use the spatial sampling capa-
bilities of a phased array probe. The medium position is set and
only the transducer is rotated along its axis defined in Fig. 3. At dif-
ferent angles, the wave field will interact of different manners with
the medium, especially in terms of spatial coherence and field inte-
gration on the transducer. Each element produced a pulse signal
centered at 3.5 MHz of duration 0.73 ls multiplied by a temporal
Hanning window. The gain amplification of the LeCoeur device was
set near 75 dB, in order to measure the structural noise. As a con-
sequence, the water/titanium interface echo was saturated. The
usable signal were only available after 20 ls of propagation in
the titanium samples.

The samples were insonified through their plane interface. For
each array angle h, the array response matrix was recorded. The
sliced array response matrix is denoted KT;h

ij ðxÞ.
The backscattered intensity recorded at angle h, at frequency x,

on element i is

IT;hi ðxÞ ¼ KT;h
ii ðxÞ

��� ���2: ð2Þ

The averaged backscattered intensity at angle h was computed
over all array elements as
corded Bscan
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on axis is oriented vertically. The probe is mounted on a rotation stage in front of the
perpendicular, as the elements aligning direction is perpendicular to the sample
of 90�. In both configurations, a Bscan recorded in a random rod forest is provided to
hased array probe can rotate of an arbitrary angle denoted h.
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Fig. 4. Normalized average intensity as a function of probe angle for (a) the random collection of parallel rods, (b) the TA6V and (c) the Ti17. The time window length is 2.5 ls
and signals are filtered to keep the [3–4] MHz frequency bandwidth. h ¼ 0� corresponds to the perpendicular configuration of the probe, h ¼ 90� corresponds to the parallel
configuration of the probe.

Elongated microstructure

A. Baelde et al. / Ultrasonics 82 (2018) 379–389 383
IT;hðxÞ ¼ 1
N

XN
i¼1

IT;hi ; ð3Þ
Equiaxial microstructure

Back

Piezoelectric element

Fig. 5. An idealized surface of equal phase of the backscattered field is drawn for
two types of microstructure elongated (top) equiaxial (bottom). In elongated
microstructure, the field is more coherent in the elongation plane than in the
transverse plane. In the equiaxial microstructure, the field spatial coherence is
isotropic. (right) Two orientations of a single piezoelectric element of the phased
array are drawn. The field integrated on the element surface depends on the
element shape and the elongation direction relative to the element.
were N is the number of array elements. In the experiment, the
duration of a temporal window is 2.5 ls.

In Fig. 4, h ¼ 0� corresponds to the perpendicular configuration
of the probe, h ¼ 90� corresponds to the parallel configuration of
the probe.

Backscattered intensity from the rod forest is maximum in the
perpendicular configuration and minimum in the parallel one.
The elongation of rods is visible through the difference of intensity
between the perpendicular and parallel configurations. A similar
result is observed on the TA6V billet. Scatterers embedded in the
TA6V microstructure are elongated along the billet revolution axis.
This is in accordance with characterizations made before: TA6V
macrozones are elongated along the billet axis.

In Ti17, the backscattered intensity weakly depends on the
probe angle. This is consistent with the Ti17 characterization: its
macrozones are almost equiaxial.

The measurement of the averaged backscattered intensity is a
practical way to detect and determine the elongation direction of
scatterers. In these examples, the maximum backscattered inten-
sity is reached when the individual elements elongation is parallel
to microstructure elongation.

How can we explain this result? — First, the elongation of scat-
terers plays a central role. More precisely, the backscattered field
from the elongated scatterers presents an anisotropic spatial
coherence. In the case of rods, the field is strongly incoherent in
the plan perpendicular to their elongation direction (transverse
plane): the field is the superposition of numerous wavelets scat-
tered by randomly placed scatterers. As the scatterers are ran-
domly placed, the superposition of wavelets amplitude is also
random and leads to the random pattern. On the elongation
dimension, rods backscatter a very coherent field: they behave like
a mirror in this dimension. In this dimension, incident wave vec-
tors are backpropagated without interference, which lead to a very
coherent wave front. Fig. 5 gives a graphical explanation of this
phenomenon. In the case of spherical scatterers, whatever the
transducer shape, the experiment is invariant by rotation of the
probe. This is what is observed in Ti17: macrozones are roughly
equiaxial. The experiment is invariant by rotation of the probe,
even if the transducer is rectangular. In reality, macrozones are
not perfectly circular and can be slightly elongated. This is
observed in the small variability of the Ti17 intensity curve.
Second, a non-circular shape of the piezoelectric elements is
necessary. If the elements were circular, the experiment would
not depend on the probe rotation, while for a non-circular element
and elongated scatterers, the dependence can be observed. The
intensity measured on the element is the square of the signal
recorded on the piezoelectric element. This measured signal is pro-
portional to the average pressure on the element. As stated before,
if scatterers are elongated, the field presents an anisotropic spatial
coherence. Using a non-circular transducer, the pressure will not
be integrated in the same way depending on the relative orienta-
tion of field spatial coherence anisotropy and the transducer sym-
metry axis. The rectangular transducer is symmetric by rotation of
180�, meaning that field integration on the transducer has a peri-
odicity of 180�. A square transducer will lead to a 90� periodicity.

Furthermore, the relative size of macrozones and grains com-
pared to the wave length is important. In facts, a-grains size is
approximately 20 lm and macrozones size is from 100 lm to
1000 lm since wavelength is 1700 lm at 3.5 MHz. The interaction
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of ultrasound with macrozones is far greater than its interaction
with grains. As the elongation is linked to the fact that several
grains share the same crystallographic orientation within a single
macrozones, the ultrasonic behaviour is more influenced by the
macrozones, which have a size similar to wavelength, than the
individual grains which are much smaller. This relative influence
of grains and macrozones on ultrasonic propagation was studied
by Ahmed and Anderson [49] and Rokhlin [50].

One advantage of this method is that only one face of the sam-
ple needs to be accessible, contrary to methods involving attenua-
tion or backscattering coefficient with circular transducers that
need at least two inspections directions.
5. Anisotropy detection using multiple scattering measurement

In the previous section, only diagonal elements of the array
response matrix have been used. This is equivalent to use a single
transducer and average results on several medium random config-
uration. But, the whole matrix contains more information than the
average of single transducer measurements. Specifically, it allows
the simultaneous spatial sampling of the wave field, leading to
the possibility to evaluate the wave field coherence. This is the idea
of the Multiple Scattering Filter (MSF) developed by Aubry and
Derode [39]. They demonstrated that the array response matrix
shape depends on the scattering regime occurring in the medium.
In the following section, we modified this filter to quantify the rel-
ative importance of each scattering regime at any time. Then, we
used this tool as a way to probe scatterers elongation, relying on
the difference of multiple scattering development speed in the
sample. This can be understood in the rod forest: multiple scatter-
ing rapidly occurs in the transverse plane but develops very slowly
in the vertical plane.

5.1. New expression of single scattering estimator and quality
estimation

Aubry and Derode used the array response matrix singular
value probability distribution as an indicator of the scattering
regime in the sample. This indicator is reliable but suffers from
the high number of averages (frequency, time, sample realization)
needed to compute a reliable estimator of the singular value distri-
bution. Moreover, at a given frequency, the array response matrix
exhibits different forms in single or multiple scattering as high-
lighted in Fig. 6. This matrix form is described by the expression
derived by Aubry [39] For single scattering with the paraxial
i
0 20 40 60 80 100 120

20

40

60

80

100

120

j

20

40

60

80

100

120

Fig. 6. (a) Real part of a simulated array response matrix in the single scattering regime in
elements phased array whose element pitch is 0.417 mm, (b) Simulated array response
approximation, the matrix’s anti-diagonals obeys a specific phase
law, whereas diagonals are multiplied by a random value
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random term

;

ð4Þ

where first term is the phase law and the second term is the random
multiplier. R is the probe-sample distance, k the wave vector, p the

array pitch, xi and xj the i and j elements position, Ad the dth scat-

terer’s scattering amplitude and Xd the dth scatterer position.
If multiple scattering dominates, the array response matrix is

random and its coefficients follow a Gaussian distribution.
To simplify the multiple scattering estimator proposed by

Aubry and Derode, we consider a matrix subspace containing the
single scattering matrix described in Eq. (4). Then the experimental
matrix is projected on this a priori known subspace to measure its
difference with the theoretical single scattering matrix.

The first step is to model the single scattering space. This space
is spanned by the matrix Ek defined as

Ekði; jÞ ¼
0 if iþ j– kþ 1
gði� jÞ= ffiffiffiffiffiffiffiffiffi

PðkÞp
if iþ j ¼ kþ 1

�
; ð5Þ

with gði� jÞ ¼ exp jk ði� jÞpð Þ2=ð4RÞ
� �

and

PðkÞ ¼ k for k � N
2N � k for N < k < 2N

�
: ð6Þ

A single scattering matrix is a vector of this subspace, as it can
be written as a linear combination

KS ¼
X2N�1

k¼1

akEk; ð7Þ

where ak is a complex random vector.

The matrix Ek represents the kth anti-diagonal of the single scat-
tering matrix.

Experimental matrices are symmetric, due to the reciprocity
theorem. The symmetric matrices space is of dimension
NðN þ 1Þ=2 whereas the single scattering space dimension is
2N � 1. The higher N, the smaller is the single scattering space
compared to the whole space.

The Frobenius norm and its scalar product are associated to the
subspace. Using this definition, the matrix base is orthonormal
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hEk; Eji ¼
0 if k – j

1 if k ¼ j

�
; ð8Þ

The experimental matrix, denoted Kexp is normalized using the
scalar product defined before

eKexp ¼ Kexp

kKexpk : ð9Þ

The experimental matrix can be projected on the Ek basis as

pK ¼
X2N�1

k¼1

heKexp; EkiEk: ð10Þ

The projection norm is written as

pE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

k¼1
jheKexp; Ekij2

r
: ð11Þ

The quantity pE is the norm of the projection of the experimen-
tal matrix on the single scattering space. It is expected to be an
estimator of the single scattering proportion. The next section is
devoted to the study of the quality of this estimator.

5.1.1. Estimator quality
In order to evaluate the validity of this single scattering propor-

tion estimator, it is tested on synthetic array response matrices
defined as

Kexp ¼ SKS þMX: ð12Þ
where S andM are the single and multiple scattering relative ampli-
tudes, respecting the condition SþM ¼ 1. KS is the normalized sin-
gle scattering matrix and X is a normalized random Gaussian
matrix, symmetric to mimic the reciprocity theorem.

The single scattering proportion estimator is written as

pE ¼ 1
kSKS þMXk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
k
ShKS; Eki þMhX; Eki
��� ���2r

: ð13Þ

As the multiple scattering matrix is not orthogonal to the single
scattering sub-space, pE is not strictly equal to the single scattering
proportion defined as

pS ¼ kSKSk
kSKS þMXk ¼ S

kSKS þMXk : ð14Þ

In order to evaluate this estimator, we calculate the discrepancy
between the single scattering proportion pS and its estimation pE.

Eq. (13) has been evaluated for pS ranging from 0 to 1, for sev-
eral realizations of KS and X. Fig. 7 displays the discrepancy
between the desired quantity (pS) and the one that is actually mea-
sured (pE).

Fig. 7 demonstrates that pE is a very good estimator if single
scattering proportion is high. The estimator deviates significantly
at low values of single scattering proportion: this is the residual
of the projection of multiple scattering on the single scattering
subspace. This residual decreases as probes’ number of elements
increases. According to Eq. (13), the estimated single scattering
proportion is 1 when the true proportion is 1. When the single
scattering proportion is 0, the residual is

pSðpE ¼ 0Þ ¼ E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

k
hX; Ekij j2

q� 	
: ð15Þ
5.1.2. Single scattering proportion on a random rod forest and
titanium alloys

The method was first tested in a random rod forest and then
was applied to the titanium alloys studied earlier, to quantify the
time and angular dependence of single scattering. For each probe
angle, an array response matrix was measured using the same
parameter than in the previous section and post-processed using
the single scattering proportion estimation method explained ear-
lier. The array response matrix was sliced in 5 ls time windows
whose center are separated by 1.25 ls. The probe sample distance
is 65 mm. After post-processing, single scattering proportion
curves were frequency averaged in the 3–4 MHz bandwidth.

Fig. 8 represents the time and angle dependence of single scatter-
ing proportion in three samples: random rod forest, TA6V and Ti17.
In the random rod forest, the single scattering proportion is decreas-
ing faster if the probe is perpendicular to the rods than if the probe is
parallel. Multiple scattering develops quicker in the perpendicular
configuration. This result is confirmed by the angular dependence.
At early time, single scattering dominates whatever the angle. At
later time,multiple scattering appearedmore rapidly in the perpen-
dicular configuration than the parallel. This results is twofold: mul-
tiple scattering is observed and measured, and multiple scattering
does not develop at the same speed depending on the relative angle
between the probe and the rod elongation direction.

A similar behaviour is observed in TA6V. Early times are not
available due to the high amplitude of interface echo, multiple
scattering is the highest in the perpendicular configuration, and
at a given time, decreases as the probe rotates from this maximum
multiple scattering configuration. Scatterers elongation is observed
through the variability of single scattering proportion measure-
ment. It should be noted that the maximum multiple scattering
configuration correspond to angle of maximum intensity in the
previous experiment. The common origin of these two phe-
nomenon is the elongated shape of scatterers.

Ti17 exhibit strong multiple scattering and no dependence with
probe angle. This is consistent with its equiaxial macrozones: the
medium is statistically invariant for probe rotation. This doesn’t
mean that multiple scattering propagation is isotropic, but it
means that whatever the probe angle, multiple scattering will
develop in the same way.

Multiple scattering does not depend on the transducer, it
depend on the medium properties. In a rod forest, multiple scatter-
ing develops quicker in the transverse plane than in the vertical
plan. The field radiated by a rectangular element is not isotropic:
the medium is not excited the same way depending on the probe
angle and the recorded field also depends on the probe angle. This
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is illustrated by Fig. 9. In the perpendicular direction, elements
sample multiple scattering very well on their thin dimension and
integrate a rather coherent field on their long dimension. In the
parallel configuration, multiple scattering is integrated on the long
dimension and the coherent part of the field is sampled.

Moreover, backscattered intensity measurements was per-
formed with only one transducer element and strongly depends
on its shape. But the multiple scattering estimator relies on the
field coherence spatially sampled by a plurality of transducers,
which is the major difference between both methods. Stated differ-
ently, backscattered intensity uses only the array response matrix
diagonals, and single scattering estimator uses the whole matrix,
therefore exploiting more information. Backscattered intensity is
driven by element shape, and the multiple scattering estimation
is driven by the phase relation between several elements.

Contrary to backscattering intensity measurements, the single
scattering estimator seems less robust to detect the elongation
direction. The single scattering estimation is very sensitive to
measurement artefact, as it uses thematrix shape to compute single
scattering proportion. All phased array elements are used to record
the array responsematrix and compute the single scatteringpropor-
tion: the area inspected is definedby thebeamwidth of all elements.
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Fig. 9. Field integration on the phased array probe in two different configurations.
(a) Elements integrate the incoherent field on their long dimension and the phased
array samples the field along the coherent dimension: the effective field measured
exhibit a large portion of single scattering. (b) Elements integrate the coherent field
along their long dimension and the phased array sample the field on the incoherent
dimension: if the medium is strongly scattering, the effective field measured
exhibits a small proportion of single scattering.
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As the field radiated by rectangular elements can bewide, the usable
surface (no edges or scattering geometrical shape) of the sample
must large. This prevents the method in its present form to be used
on samples smaller than the phased array total active surface.

5.2. Coherent backscattering cone

The coherent backscattering effect is a signature of multiple
scattering. This effect is the consequence of the constructive inter-
ference of waves following reciprocal paths. The core concepts of
coherent backscattering are recalled here. Additional details can
be found in [51–54,43].

When a wave propagates in a scattering media from a point
source S to a receiver R, the field recorded on R at a given time t
is the superposition of numerous scattering paths followed by
the wave to propagate from S to R. Denoting a particular path p,
the intensity recorded on R can be written as

IðR; S; tÞ ¼
X
p

j Apj2 þ
X
p

X
q–p

ApA
�
q ¼ IincðR; S; tÞ þ IcohðR; S; tÞ: ð16Þ

The first term is called ‘‘incoherent” intensity. It is the addition
of the intensities associated with all possible paths. The second
term, called ‘‘coherent” intensity, is the interference term between
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Fig. 10. Coherent backscattering cone measure on two samples with two probe configur
parallel configuration, (top right) Ti17 in the perpendicular configuration, (bottom right
wave propagation through different paths p and q. After an ensem-
ble average on medium realizations, if scatterers are randomly
placed and non-correlated, the interference term should vanish
and only the incoherent term remains. When R ¼ S and at least
two scatterers are involved, the coherent term can resist the
ensemble average. Then, if multiple scattering occurs in the med-
ium, the intensity on the source element is twice the baseline
intensity recorded on a location different to the source. This
intensity enhancement is often referred to as the coherent
backscattering cone or coherent backscattered peak.

In this configuration, let us denote a first path p1 ¼
ðS�!S1�!S2�!SÞ. Its reciprocal path is p2 ¼ ðS�!S2�!S1�!SÞ.
There are no phase difference between these two paths: the wave
travel exactly the same distance, but in the inverse direction. Their
intensity is the sum of their two individual intensities. This is the
core of coherent backscattering: this intensity summation is only
valid on the source element. Therefore, the average of the ‘‘coher-
ent” term do not reduce to zero: the reciprocal paths remain and
lead to a second term which has the same value than the incoher-
ent intensity. The intensity on the source element is twice the
‘‘baseline” intensity recorded on a location different to the source.
This intensity enhancement is often referred to as the coherent
backscattering cone or coherent backscattered peak.

In this study, the coherent backscattering effect is used as a bin-
ary indicator: if observed at a certain time and frequency, multiple
scattering occurs. On the contrary, the absence of coherent
backscattering cone means that single scattering dominates.

Same data than the previous experiments were used. The aver-
age intensity was computed from the following configuration: the
central element of the transducer fires a wave on the medium, and
all transducer’s elements record the backscattered wave. This pro-
cess is iterated over several medium realizations, and for two
probe angle: 0� and 90� as defined before.

The averaged intensity is computed on temporal windows

ITj ¼
X

medium realisation

j kTN=2;jðxÞj2; ð17Þ

where j is the receiving element.
An intensity enhancement is observed in TA6V in the perpen-

dicular configuration Fig. 10 after 13 ls. This time is consistent
with the single scattering proportion measurements and corre-
spond to a time when multiple scattering already dominates. The
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enhancement is weaker in the parallel configuration. The explana-
tion is the same than in previous subsection: multiple scattering
develops quicker in the transverse plane. Moreover, elements are
aligned and thin in the transverse plane, leading to a good sam-
pling of multiple scattering. This enhancement decreases in the
parallel configuration: in the vertical plane, the field is coherent
and elements integrate the multiple scattering on the transverse
plane.

In the case of Ti17, an intensity enhancement is observed in
both probe configurations after 13 ls. This is consistent with the
multiple scattering estimator: strong multiple scattering is
observed and is independent of probe angle.

6. Conclusion

Several indicators have been presented to determine the elon-
gation direction of a complex media. These indicators result from
different ways of post-processing the array response matrices for
rotated linear transducer array. The first and simplest one, consists
in averaging the backscattered intensity obtained on the diagonal
of the array response matrix. By using the signal emitted and
recorded by a single element of the array, this method could also
be performed using a single transducer. The symmetry of the
piezoelectric element is of importance: a circular element will lead
to a constant backscattered intensity in function of the probe angle,
a square element will lead to a 90� periodicity of the backscattered
intensity curve, and a rectangular element will lead to a 180� peri-
odicity. The elongation direction was identified as the probe angle
corresponding to the minimum backscattered intensity. The sec-
ond method uses the whole array response matrix, which samples
the spatial coherence of the backscattered field to infer the single
scattering proportion. In elongated medium, multiple scattering
does not develop at the same speed in all directions. This effect,
in conjunction with the element shape, appeared to be valuable
for evaluating elongation direction in complex media. Moreover,
this tool provides a straightforward method to quantify the multi-
ple scattering and decide of the applicability of well-established
models used for inspection design such as Thompson’s ones
[21,24]. Furthermore, results on multiple scattering were con-
firmed by the measure of the coherent backscattering cone. The
measure of the phenomena also uses the array response matrix,
through another post-processing. Because of its availability and
its reasonable cost, we chose to use a linear transducer array. To
go further, 2D matrix arrays could be used. They have already been
used in medical imaging to perform ultrafast heart fiber orienta-
tion estimation [55]. Results of this article could be replicated
without turning the linear phased array by using this type of
matrix array.
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