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Abstract

In safety-critical industries, including the nuclear sector, ultrasonic testing (UT) of welded components is an area
of continuous improvement. We have collaborated on developing advanced UT simulation tools to address
challenges in monitoring and imaging defects near or within a weld bevel. These tools, integrated into the CIVA
software platform, use hybrid approaches combining ray models and finite elements (FE) to accurately simulate
wave propagation and diffraction phenomena in both 2D and 3D inspection configurations. While computation
time is longer compared to ray-based approaches, the results serve as a reference for improving reliability and
validating simulation tools. A comprehensive parameterization of the weld is proposed, utilizing knowledge on
anisotropy, attenuation properties, and variations within the bevel, to achieve reliable UT results. This paper
reviews the new features developed, including the integration of the MINA model for the weld description and
improvements in bevel geometry. The automated coupling methodology and meshing procedures, which do not
require any specific numerical expertise to be used, are discussed. As an application, we present TFM imaging
simulations, comparing results from the standard paraxial ray-based approach with the new module utilizing the
FE computational core.
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1. Introduction

Safety-critical industries, particularly the nuclear sector, are subject to extremely stringent
safety regulations. Nuclear power plants rely on various welded structures, such as pressure
vessels and piping systems, which are exposed to harsh environments and require regular
inspections. Ultrasonic testing (UT) is a valuable technique used to inspect these welded
components, as it enables in-depth non-destructive evaluation by allowing elastic waves to
penetrate materials like steel. The emergence of phased array technology (PAUT), specifically
TFEM/FMC or PWI imaging techniques [1], [2], has led to their increasing adoption. These
techniques provide detailed images and can detect and size potential defects. However, when
applied to the inspection of welded areas, the complexity of these new PAUT imaging
techniques is combined with the complexity of the components themselves. Welded areas often
have irregular and chaotic geometries, as well as local anisotropic and heterogeneous properties,
especially when considering austenitic steel welds. Consequently, ultrasound responses can
include numerous indications that are challenging to analyse and classify.

Thus, having access to high-performance and accurate simulation tools is crucial for a better
understanding of the phenomena involved. UT simulation tools are increasingly used to explain
the behaviour of ultrasonic waves in situations where elastic materials and/or geometries
become non-trivial. In proof-of-performance demonstrations, simulation tools offer numerous
advantages, including the integration of sensitivity analysis on uncertain parameters [3]. This
capability allows for improved detection performance and the prediction of UT signals in
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scenarios that are difficult to set experimentally [4], [5]. As a result, the implementation of new
UT techniques can be expedited while reducing associated timeframes and costs. It is then
essential to provide flexible simulation tools that facilitate parametric studies. This can be
accomplished by offering numerical models specifically tailored to typical industrial scenarios.
To meet this need, teams from EDF R&D and CEA List have collaborated to develop solutions
using parametric descriptions close to industrial data to take into account the specific features
of austenitic weld components:

— dissimilarities in the bevel geometries observed in relation to the nominal description,

— the variations in anisotropy associated with welding processes and grain growth
orientations using the MINA modelling approach [6],

— the branched crack geometries commonly encountered in stress corrosion defects.

Integrated within the CIVA NDT simulation software platform, a particular effort has been
made to obtain comprehensive parametric descriptions of the weld with relevant parameters.
Taking advantage of the work already carried out on the CIVA asymptotic ray models applied
to smoothly inhomogeneous weld properties [7]-[9], we have developed a new hybrid FE
solution which allows us to model the ultrasonic interactions within the component using only
an FE calculation kernel. The objective here is to be able to provide a reference solution to the
non-expert user to qualify or not other simulation results produced using models that are faster
but subject to additional approximations that may lead to numerical artefacts. Such artefacts are
sometimes non-negligible and difficult to apprehend a posteriori.

In the first part, we present in more detail the different possibilities for defining the variability
of the properties of the welded zone, both in terms of its geometry and its material properties.
We then describe the calculation kernels available in CIVA for simulating UT methods on these
welds, with particular emphasis on the new hybrid solutions based on an all-FE calculation in
the part. Finally, we illustrate our statements using a representative application case for the
simulation of TFM/FMC imaging procedure.

2. Parametric weld descriptions for UT simulations in CIVA

CIVA is best known for its simulation capabilities oriented towards a very broad parametric
description (sample, probe, material properties, defects, delay laws ...). It enables users to
create virtual components, define inspection parameters and simulate the behaviour of various
existing or original UT methods. In the case of austenitic welds for stainless steels, it is very
useful to model the welded zone as accurately as possible in order to understand the possible
wave interactions between the geometry of the chamfer, the properties of the weld and the
defects located in this region.

2.1 Bevel and assembling surface geometries

The "weld" type part model in CIVA is defined as a parametric 2D CAD incorporating the
geometry of the chamfer between the two butt-welded components, the thickness of which is
defined. The 3D geometry of the component is then defined as a rectilinear or circular extrusion
of this profile. The chamfer geometries available include all the standard chamfers used in
existing welding processes, as well as more generic models that can be adapted to mock-up
configurations deformed from their nominal state (see Figure 1).
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Figure 1: Features of the CIVA GUI for defining various bevel geometries

In addition, other geometric specificities can be added, such as cladding, but also geometric
deformations on the surface or on the backwall of the part corresponding to slopes linked to
counter-boring processes (see Figure 2).
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Figure 2: New specific settings to define geometry changes to the top and bottom of the welding component in
the connection area with the bevel.

2.2 Advanced material properties for austenitic welds

The simulation of UT inspection of welding structures requires a good knowledge of the
geometry but also of the mechanical properties attributed to the weld. In practice, it is unrealistic
to define a detailed microstructure of the material of the welded part. To model the effects of
the microstructure on the coherent wavefront of the ultrasonic beam, we typically use effective
material properties that correspond to an anisotropic damped material. Due to its columnar grain
microstructure textured around the grain elongation axis, the symmetry of austenitic weld
material is considered to be quasi-hexagonal, with a symmetry axis correlated to the main
elongation axis. In the following simulation results, we assume to define such macroscopic
behaviour with the help of a complex-valued stiffness tensor (see Table 1).

Effective stiffnesses (GPa) Cu C2=Csz C12=Cus Cazs Cua Css = Ces
Real Part 220 245 135 110 80 110
Imaginary Part 1.6 12 2 25 2.7 4.3

Table 1. Complex stiffness coefficients used for effective austenitic weld properties inspired from [10].



Austenitic welded material microstructure obtained with Shielded Metal Arc Welding (SMAW)
can vary within the chamfer depending on welding process. These variations can be modelled
in general either by a piecewise description, or with the help of continuously variable
orientation maps. In order to assist the user in defining such inputs, the MINA model
(Modelling anisotropy from Notebook of Arc welding) co-developed by EDF [6] is now
integrated into CIVVA using specifications linked to the deposit process (number of passes, order
in which the passes are applied as illustrated Figure 3).
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Figure 3: Commonly used models for grain orientation descriptions within the bevel and the MINA panel
recently implemented in CIVA to generate orientation map.

2.3 Realistic crack geometries

The last part concerns the definition of a complex-shaped defect imitating the shape of a stress
corrosion cracking (SCC), which often has a multiple ramification. These can be represented in
CIVA using extruded 2D CAD, the latter being defined using the mesh of a deformed grid,
certain edges of which are tagged as a defect part and ultimately correspond to interfaces for
which free boundary conditions are considered (see example Figure 4).
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Figure 4: Parametric description of defects to represent stress corrosion cracking in CIVA: the original image, its
representation in a deformed mesh grid and its positioning in the welding part.

For example, we can try to fit the geometry of the defect according to a macrographic picture.
The nodes associated with the defect geometry can then be moved randomly to perform some
variation analysis and quantify the influence of the geometry perturbations for a given simulated
testing scenario containing uncertain parameters.



3. Modelling approaches for UT in welding component

In the given context, we focus on a modelling framework where the weld bevel material is
considered smoothly inhomogeneous and anisotropic. When dealing with complex and
heterogeneous parts, such as butt-welded components, two main families of models emerge.
The first family concerns semi-analytical ray-based approaches that utilize a high frequency
(HF) approximation and modal decomposition of the solution to the elastodynamics wave
equation. The second family encompasses finite element (FE) or finite difference numerical
methods, widely used in engineering.

The main challenge is to create customized solutions for simulating the propagation of bulk
waves in three-dimensional structures while minimizing computational costs and memory
usage. Ray models are known for their efficiency, but they can still produce notable quantitative
errors. On the other hand, numerical models offer excellent error control but are
computationally expensive, especially for 3D simulations. Hence, there is a significant interest
in offering both aspects of these simulation tools. This would allow for intensive calculations
using ray approaches while providing the option to assess model biases through reference
solutions obtained from numerical methods.

3.1 Evolution of the modelling strategies available in the future CIVA version

Already available in the current commercial CIV A version, the ray-based approach applied for
weld orientation map descriptions is an adaptation of the pencil method [11], where the straight
ray tracing in homogeneous parts is replaced by calculations of curved ray paths. This technique
was initially applied for curved composite laminates [12] and then improved for austenitic weld
material defined with grain orientation variations [8]. This model is much more relevant to the
development of imaging techniques exploiting the properties of the coherent wavefront and the
implementation of modal time-of-flight mapping as for TFM imaging. In this way, we reduce
the artefacts of HF ray model generally obtained with piecewise descriptions with coarse
homogeneous domains of grain orientation (see e.g. [13]). The calculation cost of these curved
ray trajectories increases particularly in 3D. In fact, this requires the implementation of an
iterative scheme to determine the ray propagation, whereas its cost is virtually zero for a
homogeneous medium. Even if this reduces artefacts, there are still some HF singularities
linked to spatial variations in the properties of the weld, and more particularly the singularities
linked to caustics.

As latter mentioned, to check the impact of the HF approximations, a second option is to use
numerical models, particularly FE methods, the only ones that can be adapted to
inhomogeneous media and non-regular geometries. Therefore, in the next version of CIVA, we
propose to simulate wave propagation in the part using only a transient spectral FE method. By
combining high-order finite element basis functions with a lumped mass technique and an
optimised mesh structure, we obtain an efficient FE solution with a small memory footprint
compared with other standard finite element codes [14], [15]. Already implement in recent
CIVA simulation modules (guided waves [16], coupling for local defect diffraction [17]),

we have leveraged several enhancements to the calculation kernel, specifically addressing
variable anisotropy and attenuation related to curved composite applications [18]. These
improvements have enabled us to adapt these FE techniques to weld part features and add a
new hybrid technique coupling ray and FE models.

3.2 Principles of the FE hybrid solutions for beam radiation and echo response

In practice, the principle of coupling for beam calculation is straightforward. Suitable for both
immersed and wedge probes, the radiated fields outside the part are estimated with the ray
model and the simulation of elastic wave propagation inside the part is carried out by our FE
kernel. Hence, the ray field is used as a source field for the FE computation given as a boundary
condition on the surface of the component exposed to the transmitter. The FE computation



accounts for the interaction between the emitted ultrasonic wave and the inspected structure,
producing simulated waveform evolution as in Figure 5.
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In the case of a UT simulation where we are trying to determine the ultrasound signal received
by a probe, we simply need to capture the FE solution on the surface exposed to the receiver
and applied the reciprocity principle as proposed in [17]. When simulating a full matrix capture
(FMC) acquisition, a FE computation is conducted for each emitted shot and subsequently,
elementary A-scans are determined for all receiving elements. This process involves
performing individual calculations for each element in the reception array. The elementary A-
scans represent the response of each receiving element as a function of time, providing
information on the detected echoes received by the array probe. This step allows for the
reconstruction of the complete FMC dataset, which can then be further analyzed and processed
for various inspection purposes like TFM.

The main challenge lies in effectively controlling and automating the meshing and coupling
procedures according to the variety of cases to be processed. Based on the macro-element (ME)
decomposition strategy explained in [15], the specific meshing requirements will depend on
factors such as the geometry of the weld, the position of the probe(s), and the control mode
being employed (such as pulse-echo or pitch-catch techniques). By way of illustration, we give
an example of a standard decomposition of the FE scene in the case of a welding component
including a CSC near the bevel (see Figure 6). In the case presented, the control corresponds to
pulse-echo inspection with a contact wedge probe, the coupling interface is defined close to the
surface of the component at a distance of one wavelength. In addition, a thin layer of fluid
coupling is considered between the wedge and the part, using low-order finite elements in the
thickness direction so as not to penalize the FE time step imposed by the CFL condition. In this
particular case, the calculations are penalized by the geometry of the defect and by the
transverse wave velocities in the Rexolite material.

Automating these procedures ensures consistent and efficient analysis in different scenarios
without requiring mesh expertise from the user. This enables accurate and reliable results to be
obtained in studied non-destructive testing applications, including components with welds.
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Figure 6: Example of automated mesh construction used to perform an FE calculation with an unstructured
triangular mesh in the area around the bevel and structured quadrangular parts elsewhere if possible.

4. TFM simulation results

In the numerical example following, we have considered a 64-element linear phased-array
probe with a L60 wedge. The central frequency is fixed at 2.25 MHz with a pitch of 0.6 mm
and an aperture of 38.4 mm. In order to simulate a FMC acquisition, we have to compute
elementary A-scans for each of emitted element, and therefore to perform 64 FE calculations.
Note that for all the next TFM imaging results, we consider a homogeneous isotropic part for
the three different direct modes LL TT and LT.

As an example, we compare here only full FE simulations for a defect positioned before and in
the bevel in order to estimate the effect of the weld material description on simulation results.
To do this, we define three types of description: one where the component is homogeneous and
isotropic and the two others where the weld is an anisotropic material with an orientation map,
one without attenuation and the other with attenuation phenomena taken into account.
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Figure 7: FE simulations of TFM imaging of a defect positioned before the bevel and comparisons considering
three different descriptions for the weld material: on the left the homogeneous isotropic case, in the middle the
MINA description without attenuation and on the right the same weld properties with attenuation accounted for.

As shown in Figure 7, when the crack is positioned before the bevel, the bevel material
properties has virtually no influence on the simulated imaging results. Of course, the elementary
A-scans are slightly different, but for acquisition times greater than the times of predominant
indication values associated with the crack. Once the TFM imaging algorithm based on a time-
of-flight cartography in a homogeneous part is applied, the differences according to the
description of the weld material properties are negligible. Since calculation times increase with
the complexity of the model describing the weld and therefore of the FE scheme used for the
simulations, it seems sufficient, for a defect located before the weld, to consider a simple
homogeneous medium. While this observation is relevant for a defect position before the bevel,
it should be no longer the case if the defect position is chose into the weld.
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Figure 8: FE simulations of TFM imaging of a defect positioned on the left side of the bevel and comparisons
considering three different descriptions for the weld material: on the left the homogeneous isotropic case, in the
middle the MINA description without attenuation and on the right the same weld properties with attenuation
accounted for.



In a second case, we are still comparing the influence of the properties of the weld material, but
this time for a defect located on the right-hand side of the weld root (see Figure 8). The effects
of the weld properties are then clearly visible. Without taking attenuation into account, we
observe a drop in the amplitude of the indications that is solely linked to the inhomogeneous
anisotropic properties of the weld. This corresponds to a kind of defocusing linked to the
assumptions used to calculate the times of flight used for TFM imaging. It is worth emphasing
that this loss is much more noticeable for T waves (-4 dB for TT mode compared with -1 dB
for LL mode). These losses are much greater when attenuation is taken into account in the
propagation model (-5 dB and -9 dB for LL and TT modes resp.). This result is quite expected
since the scattering phenomena at a fixed frequency are much more significant for T waves than
for L. Thus, with the help of simulation, we quantify the performance losses due to diffusion
phenomena in the microstructured part while guaranteeing a complete solution thanks to the
use of fast FE models.

5. Conclusion

In view of the growing interest in advanced PAUT inspection methods for welded components,
new features have been added to the CIVA simulation platform concerning weld description
and new UT simulation tools. Two important points were discussed. The first concerns the
various means used to help the user define the welded zone, both in terms of its geometry and
the associated elastic properties. The other aspect concerns the need for simulated reference
solutions for this type of components in order to overcome, if necessary, the limitations of HF
propagation models or diffraction models on complex defects. The main challenge has been to
efficiently control and automate the meshing and coupling procedures for the variety of cases
allowed depending on various factors such as weld bevel and cracks geometries or probe
position. The capabilities of the new FE module were demonstrated through short examples of
simulated TFM imaging results. Other representative applications of the PAUT inspection
simulation can already be carried out to compare this reference solution with other approximate
CIVA models, highlighting all the advantages of this new approach.

Overall, the continued development and use of these advanced simulation tools offers great
potential for improving inspection methods and gaining a better understanding of the
phenomena induced by the presence of welds. The future challenges involve accelerating
computations, especially in 3D, through innovative coupling techniques that accommodate
variations in crack geometry and orientation.
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