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Glossary

Abbreviations/Acronym Description

FE Finite Element

GUI Graphic User Interface

HF High Frequency

ME Macro Element

SEM Spectral Element Method

TRL Transmission Reception Longitudinal (transducer)

uTt Ultrasonic Testing
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The objective of this document is to present the features of the model developed by CEA (LIST) in the
framework of the T1.2 action of WP1 (Numerical modelling of micro-/Macrostructure-related effects). This
model has been integrated through a plugin into the ADVISE project version of CIVA which is already
distributed to all partners.

It is a field calculation plugin that allows simulations of ultrasonic field radiation within a component in an
area near a weld bead. The computation results are obtained using a coupling procedure between the ray
tracing model used in CIVA and the finite element (FE) calculation code ONDO from CEA LIST. The ray
calculation is used to define the field at the surface of the part in the coupling medium thus benefiting from
the management of many types and shapes of UT probes available in CIVA. The FE calculation manages all
the propagation of the radiated field in the part and allows considering weld descriptions with anisotropic
properties including orientation maps as defined in WP2. This development thus provides the partners with
a simulation tool to evaluate the relevance of the weld descriptions proposed in the macroscopic approach
as described in D1.1 and developed in the tasks of WP2.

This new simulation tool should make it possible, on the one hand, to overcome the limitations of asymptotic
ray models when necessary (e.g. surface phenomena on the chamfer or caustics) and, on the other hand, to
make comparisons with other approaches considering the microstructure at the grain scale.

Public © ADVISE consortium Page5/17



D1.3 — FE-code for scattering media suitable offline use

Within the framework of the propagation of elastodynamic waves, apart from the dedicated analytical
solvers such as those proposed in canonical cases, one can mainly consider two large families of generic
modeling strategies. First, the class of asymptotic high frequency (HF) methods are based on an asymptotic
expansion of the wave field w.r.t. the frequency. Among these, ray techniques are widely used in NDT and
seismic wave modeling communities. This type of method offers an efficient and judicious way to represent
the propagation of waves over long distances. However, they do not depict various and potentially important
phenomena such as surface waves, edge diffraction or interactions near critical angles. The second class
includes numerical methods, especially finite element (FE) methods, where full-wave modeling of
propagation and interaction phenomena can be achieved. However, they are based on discretization steps
and often require dedicated solvers based on specific hardware architectures in order to obtain sufficient
performance. Indeed, discretization is not only linked to the scale of wavelengths but also to variations in
material properties which can compromise the feasibility of a 3D simulation.

In order to propose new powerful offline tools for the simulation of ultrasonic wave inspection of welds, CEA
LIST has favored in this project the development of a calculation module based on a macroscopic description
of the weld. This approach aims to overcome the limitations of the ray-type asymptotic models used in CIVA
in the generic modeling of certain phenomena such as surface waves on the chamfer or caustics. Hence, this
new simulation tool should make it possible to provide a standard reference for modeling in order to better
define the practical limits of HF models in the case of macroscale descriptions of welds.

To do so, within the framework of this project, CEA LIST has developed a coupling method between the CIVA
ray model and the FE calculation kernel ONDO by providing the source field radiated near the surface of the
sample by the standard ray method (thus benefiting from the wide variety of sensors offered in CIVA) to then
manage the radiation of the ultrasonic field in the part with welding by the FE method. This work has been
integrated into the ADVISE project version of CIVA, in coordination with actions of WP5, and the simulation
tool is now made available to all partners in the form of a new plugin called “FE Beam” to be evaluated.

In this document, we first briefly recall the principle of the coupling method and the way in which this
coupling is carried out and the model hypothesis underlying the current coupling. We then present the
features of the plugin developed and the various parameters in the CIVA GUI specific to the plugin. We then
illustrate these features through a set of application cases with calculation results performed on the CIVA
project version. The limits of the field of application of the plugin are then set out and the future desirable
developments that would lead to a more complete modeling module are discussed.
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We give here a brief presentation of the features of the plugin developed within the ADVISE WP1. In general
terms, we first recall the principle of coupling as well as the functional and technical framework of the version
provided in this version of CIVA. Next, we detail some examples of application cases and give some
perspectives to this work.

The code developed at CEA LIST is based on the transient Spectral Element Method (SEM). The SEM is a
specific high-order mass-lumped FE method that provides a fully explicit time-transient solver as the mass
matrix is diagonal by construction. This technique has been initially used in computational fluid [1] dynamics
then extended to 3D elastodynamics for seismic wave applications [2]. Since 2010, CEA LIST has been
developing a SEM, named ONDO, dedicated to the modeling of UT inspections and focusing on two essential
criteria for NDT studies [3], [4]:

allowing 3D calculations on personal workstations,
being able to efficiently manage parametric variations of the configurations of interest.

In order to meet these objectives, we assume that the geometry associated with the UT configuration can be
decomposed into parametric subdomains composed of macro-elements (MEs) to thus obtain a parametric
hyper mesh structure. This approach allows an optimized solution through a structured refinement of the
mesh inside each ME and the implementation of a robust exchange procedure at the interfaces of these MEs.

In order to use this numerical model in a large NDT context, CEA LIST proposes this new numerical UT
modeling tool in CIVA coupling ONDO and the CIVA ray field to provide the source field radiated by an
ultrasonic probe.

From a prior decomposition of the scene of interest into MEs, building the final mesh through a structured
refinement of each ME allows unassembled FE operations that improve the performance of standard FE
procedures in terms of memory footprint and computational load with an optimal data structure for multi-
threaded calculation [3], [5]. Each ME is meshed and defined as a deformation of a reference cube using a
predefined hexahedral mesh and is considered as a physical domain or a perfectly matched absorbing layer
(PMLs) for which specific characteristics are defined according to the properties of the material (fluid, solid).
Two neighbour MEs communicate with each other using a mortar element method defined at their interface.

In the specific case of welded parts, a dedicated graphical user interface (GUI) is proposed in CIVA to
parametrically describe a selection of weld geometries decomposed into such MEs. For this proof of concept,
we first limited ourselves to geometries with V-shaped chamfers as illustrated in Figure 1.
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Figure 1: Typical domain decomposition of a UT scene defined in CIVA for weld sample and identification of
MEs with their specific features according to material properties.

In order to define the source term of the field radiated by the probe, we define the loading interfaces as
those located between the physical fluid domains and the adjacent PML fluid layers (see Figure 1). At each
degree of freedom located on these interfaces, one has to communicate the particle velocity field and its
potential in a time gate corresponding to the computation provided by the CIVA ray model.

For this plugin, we can distinguish 3 main steps:

construction of the mesh from the UT scene properties (geometry, materials, central frequency) and
estimation of the optimal time step for FE computation (condition of stability);

Ray tracing calculation of the source field at the coupling points;

FE calculation in the entire sample and recording of the field (displacement or velocity) on given
observation points.

The ultrasonic source field is provided using a simple coupling protocol through a binary file containing the
signal data from the ray model. This plugin manages both 2D and 3D configurations. The 2D calculation
corresponds, as is already the case in CIVA, to a section of the UT scene in the incidence plane of the probe.

3.1.2 Component geometries

For the time being, the plugin only supports simple chamfer geometries consisting of a planar parametric
section that is extruded to build the 3D component. The two geometries of section allowed are (see Figure
2):

V-shaped chamfer,
straight chamfer,

for which two standard extrusion types are supported:

planar extrusion,
cylindrical extrusion.
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Straight chamfer

V-shaped chamfer

Plane extrusion Cylindrical extrusion
Figure 2: Types of component geometries managed by the current version of the plugin.

3.1.3 Material properties

The sample is always defined with a list of 3 materials corresponding to the 3 solid domains obtained with
the proposed descriptions (the CIVA “homogeneous” check box is not managed). For each domain, you can
define different material properties, such as:

Fluid material (density, P wave velocity),
Isotropic elastic material (density, L and T wave velocities),
Anisotropic elastic material (density and stiffness matrix).

As expected, the material can be considered homogeneous or smoothly inhomogeneous for anisotropic
properties with spatial variation w.r.t. the crystal orientation. These variations of morphological grain
orientations can be described considering either parametric Ogilvy’s laws [6] or orientation maps given by
welding process simulations (see Figure 3).
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Figure 3: lllustration of the graphic interface used to define the material properties: case of a weld beam
medium described with its stiffness matrix and an associated orientation map.
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Regarding the type of sensors managed in this version of the plugin, we can consider immersion and wedge
contact probes. For both we can consider single element or any phased array patterns available in CIVA. As
for a standard CIVA application, all transducer shapes (rectangular, circular or elliptical) and focus settings
can be considered.

The only limitations relate to the type of inspection that can be carried out. For immersion testings, there is
no approximation on the radiated beam in the coupling fluid. However, for wedge probes, we make the
approximation that the solid material is considered as a fluid. If this temporary solution is acceptable for
carrying out benchmarks between numerical models with similar assumptions, it will be necessary to improve
it beyond the project for experimental comparisons.

Another problematic point concerns the distance between the coupling interface and the part. For the time
being a coupling layer of one wavelength is imposed in the fluid domain (Figure 1) and errors occur when the
probe surface intersects this layer. This will be solved by transferring the coupling surface to the surface of
the sample itself. It requires modifying the formulation of the source field imposed at the interface between
the fluid domains and the solid part, a numerical feature that has not yet been implemented. This problem
will not be solved within the framework of this project.

Finally, it is not currently possible to simulate an inspection with a probe in direct contact with the part. In
this case, the source field should be defined, as a first approximation, as a loading source force on the surface
of the part (without ray calculation) assuming free boundary conditions. This limitation concerns in particular
EMAT type sensors, which nevertheless have a strong interest in the context of this project and other civil
engineering applications for the development of innovative control methods.

The ray field computation is parametrized with the standard simulation settings of CIVA (in particular the
precision and the dimension of the calculation). As for any other UT field calculation in CIVA, we can define
a 1D linear, 2D surface or 3D volume observation area. The mesh step is automatically defined based on
criteria related to both the order of the elements used and the central frequency of the excitation signal.

A plugin-specific option panel has been added to control some parameters that are useful for the FE
calculation and its results (see Figure 4).

[W7ctva phogn Edte

File

T0 0| us
TMax 0 ws

Output quantity (@) Displacement
(O velodty

[[] Disable bottom material

Specimen Probe Inspection settings Simulation settings Simulation options Run

Figure 4: Panel of simulation options added to manage specific plugin parameters.

The first two parameters deal with the time gate of the observation process. The time TO corresponds to the
initial observation time and has no effect on the FE calculation. The TMax time, on the other hand, sets the
upper limit of the observation time window and the FE calculation is then stopped as soon as the TMax time
is reached. The CIVA (full) ray tracing model can be used to define this observation time window.
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If the values of TO and TMax are set to O (default values), it means that the FE calculation is performed from
the initial time of the source field for a duration corresponding approximately to the propagation time of the
wavefront in the coupling fluid over the dimension of the source interface. We do not recommend to keep
these default values.

As far as output quantities are concerned, we can choose between the module of the displacement or
velocity field. Selecting the velocity field allows for a comparison with the CIVA/ATHENA module.

3.2 Examples on some application cases

In this part, we present some application cases of the plugin. Three test cases have been chosen to illustrate
the functionalities offered by this FE Beam module.

3.2.1 Homogeneous isotropic sample and immersed focused probe

This first case does not present any complexity on the material properties of the component as the sample
is chosen to be isotropic and homogeneous. Note that, in order to consider the weld part as homogeneous,
each of the three media must be defined with identical properties, the "homogeneous" check box not being
functional in the current version.

In this example, we consider a circular transducer with a diameter of 23 mm and a spherical focusing with a
radius of 80 mm. The water path between the transducer and the part is fixed at 40 mm and the central
frequency is 1MHz. In this way, the field radiated by the sensor in the sample can be estimated in 3D and
visualised in a chosen subdomain using CIVA's standard analysis tools (see Figure 5).
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Figure 5: Field visualisation of the maximum of the displacement modulus and corresponding panels used to
defined simulation options and observation zone.
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Note that the time step selected for the outputs of the ultrasonic field is automatically defined in such a way
that there are approximately 20 points per main period, i.e. in this case about 0.05 ps, as illustrated in
Figure 6.
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Figure 6: Signal of the displacement modulus at the centre of the observation zone for the chosen timeline.

3.2.2 Homogeneous anisotropic sample and wedge probe

Let us consider a homogeneous sample with anisotropic properties defined as illustrated in Figure 7 for which
specific energy beam deviation can be observed especially for shear waves.

B8
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Figure 7: Specimen panel used to define material properties of the homogeneous anisotropic sample and
the corresponding ray tracing for the considered configuration.

In this other case we consider a contact probe with a perspex wedge whose orientation is defined in order
to radiate longitudinal waves at 45° in an isotropic steel. The excitation signal of the sensor has a central
frequency of 2 MHz and the diameter of the sensor is 12.7 mm without focusing.

In the specific plugin option panel, we chose to set the observation timeline from 0 to 30 us and consider the
velocity as the output quantity. Considering this output quantity can then allow direct comparison with other
results such as those from ATHENA computations for benchmarking cases planned in the project.

The calculation time for this 2D case is about 1 minute on a personal laptop computer including the writings
of the outputs which are preponderant in view of the number of points in the zone (80 mm long and 50 mm
high with a pitch 0.5 mm). Results are given in Figure 8 illustrating typical anisotropic characteristics.
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15 ps

30 ps

Figure 8: Maximum field (modulus of particle velocity) and snapshots of the radiated beam at several time
during the propagation for the anisotropic case.

This case may be an interesting first comparison in the perspective of cross-validation tests between models.
Finally, it should be noted that for longer periods of time, certain problems may arise concerning the stability
of PML absorbing layers. To avoid these problems, we can extend the size of the physical domains by moving
the interfaces with PML domains away from areas of high ultrasonic energy.

3.2.3 Heterogeneous sample with orientation map and immersed phased array
probe

This last case includes this time two other complexities managed by the plugin, namely:

- Aninhomogeneous anisotropic environment based on a given orientation cartography;
- the management of phased array probes with specific delay laws.

In order to define an orientation mapping it is just necessary to define with the CIVA interface a specific
medium of type "mapped anisotropic orientation", then to associate a file containing the information of the
orientation mapping using a 2D grid mode with the following simple format in ascii:

V2 (tag for the version)

2 (the dimension of the grid always 2 in our case)

Nu (integer corresponding to the grid dimension for the first axe denoted ®)

Nv (integer corresponding to the grid dimension for the second axe denoted )
Orientationl
Orientation2

OrientationNuNv (set of 0 Q) Uorientation values ordered first according to @and then according to &)

The orientation values are given in degrees and correspond to the angle of orientation of the grain with
respect to the u-axis in the trigonometric direction of @bihp .

We use for this case an orientation map given by EDF as illustrated in Figure 3 for mechanical properties and
Figure 9 for the orientation map properties. In the “Orientation” panel, the user can define the position, size
and orientation of the image and set a smoothing value (Gaussian filtering size) to spatially regularize, if
necessary, the orientation variations of a mapped anisotropic material.
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Figure 9: GUI for the definition of the map properties in the orientation panel.

We have chosen a phased array probe to illustrate the ability of the module to handle any type of probe and
delay laws already available in the CIVA software. The used transducer is a 32-element linear probe with a
central frequency of 1.5MHz. The delay law is computed to impose a 60° deviation of the longitudinal beam
with a focusing at 30 mm from the surface in this direction. Hence the focus point is located just before the

weld bead as shown in Figure 10 on the left.
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Figure 10: CIVA UT scenes on the left with ray tracing of the delay law and smoothed grain orientation in the
weld bead and on the right the corresponding radiated beam calculated by the FE Beam plugin.
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This plugin module has vocation to be enriched and to be deployed under the CIVA software in the long term.

In the short and medium term, the main expected evolutions concern:

The part geometry, for which we expect to handle other curved shapes such as welding beads at the
top and bottom of the sample and U-shaped welds;

The damping properties of the materials that should allow to account for coherent wavefront energy
loss phenomena due to grain diffraction. Indeed, it is already possible to take into account
attenuation phenomena with the ONDO calculation kernel. However, the calibration methods
implemented for the CIVA input parameters still need to be validated;

The improvement of the management of UT probes on several points. As already mentioned, the
current limitation on the minimum distance from the acoustic source to the part surface can be
raised by considering the source field at the component surface itself. The extension to EMAT type
sensors may be considered by imposing a force source loading on the surface of the part as imposed
boundary conditions. The last case concerns the wedge probe for which more complex problems
arise in setting up a complete model (wedge/coupling layer/part). This point requires more
consequent developments (mesh, effective interface condition of thin leyers) that can only be
considered in the mid-term.

An update is planned in order to integrate some corrections of the plugin (GUI display bug for orientation

mapping, instability at cross points at the corners of the domains). As far as possible and depending on the

progress of CEA LIST developments, we hope to take advantage of this update to deliver some of the new

features mentioned above, such as taking into account attenuation of the coherent wave for macroscale

description of polycrystalline structures. We hope that it will be possible to provide this improvement to the

plugin while being careful about this calibration procedure and its validation.

In the longer term, the challenge is to be able to manage more complex weld profiles that are more

representative of the real component (cladding, deformed weld bead interface).

Public
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Within the framework of the ADVISE project, CEA LIST has developed a numerical calculation tool to process
UT inspection simulations on weld components considering a macroscopic description of the polycrystalline
structure in the welding material. In order to benefit from the wide variety of sensors managed in CIVA, CEA
LIST has implemented a coupling method between the CIVA ray model and the FE calculation kernel. While
the source field radiated close to the sample surface in the coupling is evaluated by the standard ray method,
the radiation of the ultrasonic field in the component is entirely calculated by the FE method whether in 2D
or 3D. Afirst version of this tool, delivered as a plugin called FE BEAM, has been integrated in a version of the
CIVA ADVISE project and distributed to all the partners in coordination with WPS5.

In this document, we have recalled the principle of the coupling method and the principal features of the
ONDO calculation kernel. A description of the different plugin specific features has been given detailing the
characteristics on the type of sample, materials or probes that can be used. The limits of the scope of
application of the plugin in its current version have been recalled. However, among the short and mid-term
perspectives, we think that we can integrate some corrections and improvements, in particular taking into
account attenuating materials.
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