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The ability to detect and characterize flaws is a key element in the structural integrity and safety program of
nuclear operators. Ultrasonic propagation in coarse grain steels is hampered by ultrasonic wave attenuation and
high backscattered noise leading to a decrease of the detection and characterization capabilities of common
ultrasonic testing techniques. Nevertheless, this structural noise can be considered as a fingerprint of the material
as it contains information about its microstructure. Accurate interpretation of experimental data necessitates an
accurate comprehension of complex phenomena that occurs in multiple scattering media and thus robust
scattering models. In particular, numerical models can offer the opportunity to realize parametric studies on
controlled microstructures. However, the ability of the model to simulate the propagation in complex media has
to be validated. In this study, the finite element code ATHENA 2D developed by EDF R&D is coupled with a
Voronoi tessellation description of the medium. Two different microstructural descriptions of a statistically
isotropic bulk material were simulated. The structural noise was characterized by observing the coherent
backscattering enhancement (a typical signature of multiple scattering), and by the singular values of the
response matrix of the medium. These results were compared to experimental data carried out on nickel based

alloys (Inconel 600®)

Introduction

Multiple scattering (MS) can occur in polycrystalline
materials exhibiting coarse grain structures [1, 2]. Indeed,
waves are scattered on grain boundaries that separate
misoriented monocrystal. The resulting backscattered noise
and attenuation induce a decrease of the signal to noise
ratio. As a consequence, the ultrasonic inspection of
polycristalline materials represents a challenge for the
nuclear industry. Development of numerical simulations
helps to better understand wave propagation in complex
structures but multiple scattering remains difficult to
reproduce numerically.

The finite elements code Athena 2D has been developed
by an EDF R&D-INRIA collaboration and is able to
simulate complex wave propagation in anisotropic and
heterogeneous austenitic welds (beam skewing and/or
splitting) with a domain description of the material.
Nevertheless, this method cannot reproduce wave
attenuation and structural noise. As a consequence, a grain-
scale description of the medium is necessary to model
scattering at grain  boundaries. The computed
miscrostructure can be derived from a Voronoi tessellation.
A validation of this model requires a comparison with
experimental data. Various experimental setups have been
proposed in the literature to estimate scattering values [3-9].
Nevertheless, experimental measurements on attenuation or
backscattering coefficients remain difficult and do not
always provide accurate results [10, 11]. In this work the
quantitative ~ comparison  between numerical and
experimental wave scattering is based on measuring
magnitudes extracted from the response matrix of the
medium denoted K.

K is measured using the so-called “full matrix capture”
(FMC) technique by means of a multi-element array. The
array elements are used both as transmitters and receivers to
acquire a full data set of signals from each transmitter-
receiver pair [12]. Recently, experiments performed in
synthetic scattering media (forests of parallel steel rods
immersed in water) demonstrated that when multiple
scattering dominates, the probability density function p of
the singular values of K is well described by a simple law
derived from random matrix theory [13, 14]. Considering a
coarse grain material as a random medium, in which
multiple scattering can occur, this matrix approach is
applied here to actual materials like nickel-based alloys
(Inconel600®). Another use of the matrix K consists in
studying the coherent backscattering (CB) phenomenon.
CB is another typical signature of multiple scattering in
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random media. It manifests itself as an enhancement in the
emission direction of the mean backscattered intensity. It
has been observed experimentally, not only in synthetic
samples, but also in real materials like rocks or human
bones [15-18]. Furthermore in several studies, it has been
shown that in adapted configurations, CB measurements
can be relevant to characterize different microstructures.

In this paper, experimental and numerical estimations of
singular values distribution of K and the CB are compared,
as a test of Athena 2D capacity to reproduce multiple
scattering phenomena with multi-element arrays.

The first section of this paper briefly describes the
general principles: how the probability density function p
and the CB phenomenon can be obtained from the
measurement of K. These two indicators are then applied to
polycrystalline media used in the nuclear industry.
Experimental studies are performed on Inconel600® blocks
exhibiting different grain sizes, and therefore several
backscattered noise levels. In the last part, the experimental
results are compared to the simulation ones in order to test
the ability of the finite element code Athena 2D to
reproduce the phenomena related to multiple scattering.

2 The K matrix in the multiple
scattering regime

K is acquired by the FMC technique with an array
probe. The FMC in a backscattered configuration consists
in emitting a pulse with a single element and recording the
response with all the elements simultaneously [12]. The
operation is repeated for the N elements to give N* time
domain responses hjj(t) arranged in a matrix H(t). After
truncating H(t) in overlapping time windows of length T, a
short-time Fourier analysis and a normalization, for each
time T and each frequency f, yield a set of square NxN
matrices K(T,f), with complex coefficients. Note that
K=K" in reciprocal media. K contains all the available
information of a medium and its singular values Ag play an
important role for time reversal experiments and selective
target detection [19].

As long as single scattering can be neglected, Aubry et
al. have experimentally proven that K behaves like a
classical random matrix [14]. The distribution of its
singular values p(As) approaches a simple law derived from
random matrix theory: the “quarter circle” law (Eq. (1)).
Thus the occurrence of multiple scattering can be
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regime whereas the block B1 is in Rayleigh’s regime [20,

21] (see Table 1). The size of the probe element is
1.8x25mm with an array pitch of 2.05mm. The elements

are considered as identical and independent. The
acquisition of H(t) was carried out with a sampling
frequency of 50MHz and with N=64 elements for each
mock-up placed in a water tank. Contact configurations
were preferred because inspections in nuclear plants are
mainly performed with these techniques.

3.2 Singular values of K in Inconel600®

The study of the singular values of K was carried out
on block B4, where multiple scattering occurs. The FMC
technique using 64 elements of the array provided the
response matrix in time domain H(t) which was truncated
in overlapping time windows of length T=2us. A Fourier
transform and a normalization provided the matrix K(T,f)
for each time T between 5 and 29 ps and each frequency f
in the probe bandwidth 1-3MHz.

Figure 1 shows a typical representation of the real part
of K. Except the symmetry due to the reciprocity of the
medium (k;=k;;) the matrix K exhibits an apparently
random behavior.

characterized by comparing p(As) determined in the
polycrystalline medium with the quarter circle law poc(s).
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This comparison can be used to validate numerical
simulations of a multiple scattering medium.

Moreover, signals from H(t) can also be used to study
the coherent backscattering (CB) phenomenon, which is an
other typical signature of multiple scattering.

The physical origin of CB lies in constructive
interferences between waves following reciprocal paths in
multiple scattering media (at least double scattering is
required for CB to emerge) [15-18]. CB leads to an
enhancement of the intensity reflected in the direction of
the emission source and is characterized by a peak whose
width is related to the transport properties of the medium,
particularly its mean-free path ¢ and diffusion constant D
[15-18]. To make a long story short, when the source is
close to the medium (near-field), the peak arises after a

typical time 2//c (the time necessary for double scattering

to occur) and its typical width is the wavelength. On the " :.'m-_' _ . X 1 04
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The experimental study was performed on two receiver j

Inconel600® mock-ups (referenced B1 and B4). This
material is purely austenistic and exhibits an equiaxed
structure characteristic of isotropic elastic properties. The
two blocks were harvested from the same initial forged bar.
The first one remained at the reception state (B1) while the
second one underwent a specific heat treatment in order to
modify the microstructure of the mock-up (B4). Their

Figure 1: Real part of K for f =2MHz, T=28us in block B4.

The distribution of the normalized singular values of
K(T,f) denoted p(As) is calculated from the singular values
As(T,f) and compared with the expected theoretical
distributions (figure 2).
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sizes are 90 and 750 um respectively for block B1 and B4. a BT =5 el A= Disniion (Bleekc 54)
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Table 1: Characteristics of experimental blocks B1 and B4. = 1 J T
< e [ S
E 03 AN
Dimensions b 02 £
Block LxWxH O(um) Heat treatment AD o 0.1 AL T T
3 g 3
(mm”) . | J \E}g@
05 1 15 2 25
Bl 280x90x90 90 Reception state 325 Singular Value 7.
B4 280x90%x90 750 1200"(3C ((;ljler;) water |5 g Figure 2: Comparison of singular value distribution.

A denotes the longitudinal wavelength and @ is the
mean grain size.

The experimental distribution p(Ag) is in good agreement
with the quarter circle law representative of random
matrices. It confirms that in a coarse grain medium, in this
frequency range, K is dominated by multiple scattering
contributions. However, significant differences are
observed, in particular for singular values greater than 2. A

The transducer was a 128-element linear array at the
frequency F.=2MHz. For this frequency, in terms of
attenuation the block B4 can be considered in the stochastic
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possible reason for that could be the presence of a weak
deterministic single-scattering contribution in K (echoes
coming from lateral side of the mock-up for example).
Furthermore, it should be noted that the quarter-circle law
is an ideal, which only applies when N>>1 [22].

3.3 Coherent backscattering experiments

Experiments in near field conditions were carried out by
positioning the array probe in contact with the mock-ups.
From appropriated post-processing of the matrix H(t), a
virtual sub-array using only M<N elements of the linear
array allows to study the backscattered intensity for each
block. The central element i is used as the source and all the
elements between the positions j=i+(M+1)/2 and j=i—
(M+1)/2 are used as receivers. P realizations of the medium
are acquired by moving P times the emitter and the
receivers by steps of one. In these experiments, M and P are
respectively equal to 31 and 20. The array pitch
(p=2.05mm) is greater than the mean grain size, thus the P
realizations can be considered as independent.

Before computing the mean intensity, each signal was
time shifted by a value 8t; in order to compensate the
difference of arrival times between receivers. Then the
intensity is time-integrated between overlapping windows
according to Eq. (2). The time window AT depends on the
experimental configuration [23] and was evaluated to 1.5us
(=3/F,) in this experiment.

AT
1+

I(x,t) = jz[hij(x,t ~ ot,)1 dt

AT
24
2

2)

where x=x;-x; is the source-receiver distance.

Finally, the mean backscattered intensity <I(x,t)> is
given by averaging I(x,t) on the P realizations. Figure 3
shows <I(x,t)> for the two microstructures. The very
beginning of the backscattered signal (first 15us) is not
taken into account because it is dominated by various
contributions (surface waves, edge waves) other than the
volume scattering from the microstructure, similarly to
what was done in ref. [16].

Time (us)

0 -30

-20
Distance receiver-emitter (mm)

-10 0 10 30

30 -20
Distance receiver-emitter (mm)

-10 0 10 20 30

Figure 3: Mean time-dependent intensity for blocks B1 and
B4. The black part of the image corresponds to area with no
information due to the time shift.

Figure 3 clearly shows an influence of the
microstructure on the CB phenomenon. Indeed, the peak
due to coherent backscattering is clearly visible, at all
times, for block B4 whereas it does not appear at all for BI1.
However, the typical time (2//c) necessary for the peak to
emerge could not be measured here. We can only conclude
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that there is strong multiple scattering in B4, and that the
typical mean-free path is such that 2¢/c<15 ps, and that on
the contrary single scattering dominates in B1 (2//c>30us
us). Unfortunately, the beginning of the signal is not
accessible because of the existence of echoes coming from
the mock-up surface.

Then the mean static backscattered intensity <I(x)> was
calculated by averaging <I(x,t)> in the time interval [T,,T,]
corresponding to 50-90mm depth. Figure 4 shows that for
B1 the energy backscattered towards all the elements is
almost homogeneously spread while block B4 exhibits an
enhancement at the emitting direction.
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Figure 4: Time-integrated backscattered intensity for block
B1 and block B4 (P=20 realizations and time averaging
over times corresponding to 50-90mm depth). Error bars

represent the standard deviation.

4  Comparison of numerical and
experimental data

4.1 Modeling with Athena code

The Athena 2D code simulates the propagation of
ultrasonic waves by resolving elastodynamic equations with
2D finite elements. Equations are written in a mixed
formulation of velocity and stress [24, 25]. The model uses
a regular 2D mesh for the calculation zone. Calculations
can be performed for various structures, especially
anisotropic and heterogeneous ones and take into account
wave attenuation [25-27]. Contact and immersed
transducers are implemented. Defect modeling is performed
thanks to the fictitious domain method. The perfectly
matched layers (PML) allow to impose absorbing
conditions on the frontiers of the calculation zone.

Recently, numerical studies based on grain-scale
modeling have been proposed to estimate scattering
properties. For example, Goshal & al. simulated scattering
attenuation with Voronoi tessellations and observed a good
agreement with theory for low frequencies on weakly,
moderately and strongly scattering materials [28].

In the present work, 2D Voronoi diagrams were used to
describe the polycrystalline medium at the grain scale
(figure 5). The chosen mean cell sizes are 220um and
900um in order to match the microstructures of B1 and B4
respectively. The cell size of B1 is higher than the
experimental grain size (90um) because the present limit of
the ATHENA code prevents from modeling too small cells.
Furthermore, for similar reasons, the depth of block B1 was
reduced to 8mm and PML were imposed on the frontiers of
the calculation zone. The block B4 is also modeled with a
slightly higher grain size but the ratio A/® keeps the same
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order. Each cell is then associated with a random crystal
orientation and the elasticity tensor of each monocrystal is
calculated by rotating the monocrystal elasticity tensor C;
according to the Euler’s angles of the monocrystal.

Figure 5: Grain-scale modeling of the medium. Micrograph
of block B4 (left) — Voronoi diagram’s (right).

In accordance with the experimental configuration, the
full matrix capture sequence is simulated with a 1.8x25
mm? probe at 2MHz, in contact with the medium.

4.2 Comparison of experiments results
and numerical results

e Numerical results on matrix K

Figure 6 confronts experimental and simulated
distributions of singular values for block B4. The numerical
distribution is similar to the quarter circle law but
differences are observed near Ag values of 0.5 and 2.
Nevertheless a very good agreement is observed with
experimental data. Thus it indicates that at least one typical
feature of multiple scattering is accurately predicted by
ATHENA 2D, coupled with a grain-scale modeling.
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—e— pK(?\.) : Simulation result
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Figure 6: SV distribution from simulation (900pm)
compared with the experiment (Block B4).

e Numerical results on the backscattered intensity

The spatio-temporal representation of the mean
backscattered intensity <I(x,t)> is calculated for the two
media by averaging simulated results on 31 configurations
with various Voronoi diagrams.

In figure 7, the behavior of <I(x,t)> is similar to
experiments: a peak appears in the emitting direction for the
medium with 900um mean grain size whereas it does not
appear for the medium with 220pm grain size.

Figure 8 shows a comparison between numerical and
experimental time-integrated intensity: a good agreement is
observed for large grain structure whereas for the weakly
scattering medium it does not fit as well. Contrary to the
experiments on B1, a peak emerges (though not as sharply
as for B4), which seems to indicate that the simulated
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structure is more scattering (i.e., has a lower mean-free
path) than the actual block B1.

This mismatch is probably due to the fact that the cell
sizes did not match either, as mentioned before, for
computational reasons. Also, it should be noted that the
simulations are 2D, while the actual structures are 3D. In
particular, it seems logical that it should be stronger in 2D
than in 3D because the energy is concentrate in the plane of
propagation.

20 10 0 10 20 30
Distance receiver-emitter (mm)

30 20 10 0 10 20 30
Distance receiver-emitter (mm)

Figure 7: Mean intensity for simulation with ®=220pm
(left) and ®=900um (right).
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Figure 8: Numerical and experimental time-integrated
intensity.

5 Conclusion and perspectives

In this paper, the ability of the 2D finite element code
ATHENA to reproduce typical signatures of multiple
scattering in a coarse-grain structure has been investigated.
The wvalidation is based on comparisons between
experimental and numerical data. The analyzed parameters
were the singular values distribution p(Aks) of K and the
coherent backscattering (CB) intensity <I(x,t)>.

A good agreement has been observed between
numerical and experimental distributions p(Ag). The CB
intensity in dynamic and time-integrated regime was
measured for two different microstructures. The results are
very close for the polycrystalline material with A/®~1 and
the CB peak is well reproduced by numerical simulations.
For A/®>>1 the difference is related to the modeled
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microstructure, which is not exactly the same as in
experiments (higher grain size in modeling). However the
influence of the grain size on the backscattered field has
been reproduced.

These first results indicate that the microstructural noise

related to multiple scattering can be taken in account for
future numerical studies based on ATHENA. The next step
is the study of this backscattered noise in order to reduce it
and to characterize it. In particular, work on the separation

of single

and multiple scattering contributions in

polycristalline materials are in progress.
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