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Modelling tools for the ultrasonic inspection of bimetallic welds, which link ferritic and stainless steel parts, are
presented. Those structures are difficult to control as anisotropy, heterogeneity and grain orientation distribution
can impede the detection of defects. Dynamic ray tracing is an efficient method to simulate the ultrasonic
propagation in welds. The weld can be described as a set of several anisotropic homogeneous domains with a
given crystallographic orientation. In this case, the rays travel in straight lines inside each homogeneous domain.
Nevertheless, if the domains are small compared to the wavelength and exhibit strong variations in grain
orientation, a chaotic behavior of rays may be observed, leading to inaccurate results. To overcome this problem,
a smooth description of the grain orientation has to be used. To achieve such a description, the grain orientations
are computed on a grid thanks to image processing techniques performed on a macrograph of the weld. In this
paper, we first present the state of the art of the welding processes and the weld descriptions. Finally, we
describe the image processing techniques that have been implemented.

1 Introduction

Ultrasonic Non Destructive Testing (NDT) is commonly
used for the detection, the localization and the sizing of
defects located inside or in the vicinity of welds. In
particular ultrasonic techniques are used in various
industrial sectors (nuclear, petrochemical, etc...) for the
inspection of bimetallic welds. Being both anisotropic and
heterogeneous, these structures can be difficult to inspect
and simulation helpful in order to design inspection,
interpret results and demonstrate the performances of the
inspection techniques.

The internal organization of grains in the weld depends
on the steel shade chosen and also on the parameters of the
welding processes like for example the electrode diameter,
the welding velocity and the welding technique.

Due to the internal organization of grains in the weld
and the characteristics of the media, the detection of detects
is complicated as the beam shows disturbances. The effects
of splitting or skewing of the beam can be observed on
experimental structural echoes [1]. The latter present
overloaded intensities along the whole length of the weld
and close to the opposite side of the control surface. This is
caused by the polycrystalline structure of the weld like
anisotropy and heterogeneity.

Various models have been proposed in the literature for
the propagation of ultrasonic waves in such anisotropic
media. In particular, finite element method has been used
by Chassignole and coll. [2, 3] (ATHENA code) to simulate
the wave propagation in welds. Alternatively, semi-
analytical propagation models based on ray theory have
been implemented in the CIVA software [4, 5] and applied
to weld inspection. The weld is described as a set of several
anisotropic homogeneous domains with a given
crystallographic orientation. The rays propagate in straight
line within those domains. At each interface, a calculation
of the reflected and refracted coefficient is done and the
propagation within the next domains is pursued. The results
are valid when the domains have dimensions larger than the
wavelength and present small variation of impedance
between two adjacent areas [6]. If this is not the case, a ray
based model on a continuously variable description of the
weld has to be used. Such models have been developed in
the literature [7]. They are based on the dynamic ray tracing
method (DRT) using a smooth description of the grain
orientation in the weld. The dynamic ray tracing model for
the propagation in anisotropic and inhomogenecous media
has been described extensively by Cerveny [8]. Using the
transport and Eikonal equations, a differential expression of
the ray position and its associated slowness in function of
the travel time is obtained. The input data of this model
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consists in a description of the material properties of the
weld at each node of a mesh.

From the macrograph of the weld, we aim at obtaining
by applying image processing two descriptions of the weld;
one as a set of several homogeneous domains and another
one continuously variable. Those descriptions will be
respectively used in the CIVA software as input data of the
conventional ray model and of a new dynamic ray tracing
model.

In this paper, we first expose the existing methods to get
descriptions of welds and their associated models. Then, we
present the image processing technique that has been
implemented and images obtained on various welds.
Finally, we expose the possible improvements of the image
processing and the perspectives of this study.

2 Characterization of bimetallic
welds

We consider here the inspection of bimetallic welds
composed of two shades of steel, a stainless steel and a
ferritic steel [9]. During the welding process, a slow cooling
leads to the formation of a dendritic structure [10]. At the
interface of two beads, the new one remelts the surface of
the previous one and the grains borrow the orientation of
the existing ones. It is called epitaxial growth. The
columnar grains grow along a preferential orientation, the
<100> orientation which is the maximal thermal gradients
corresponding to the faster direction of growth. This
microstructure is the cause of the anisotropy and
inhomogeneity of the weld. Due to the number of
parameters in the welding processes, the probability to
make two identical welds is really weak. But thanks to
macroscopic studies it is possible to better understand the
internal organization and to realize a description of a weld
[11, 12]. This method is used to obtain a description in
several domains considered as homogeneous and
orthotropic. The description can be used as input data in the
semi-analytical propagation model implemented in CIVA.

A different method allowing to compute the orientation
of grains from a visual examination of the metallurgical
structure and information from the welding book has been
proposed by Moysan and coll. [13]. The orientation of the
dendrites in the weld is mapped on a 2x2mm? mesh, chosen
as an intermediate scale between the microscopic one (scale
of the dendrites) and the macroscopic one (scale of the
beads). Alternatively, Ogilvy [14] described the crystalline
structure of the dendrites by an analytical law deduced from
the observation of macrographs of V-butt weld.
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3 Proposed methods for describing
welds

We consider simulating the ultrasonic propagation in
welds with two different models: the “straight” ray tracing
model, compatible with a description as a set of several
homogeneous domains, and the dynamic ray tracing model
adapted to a continuously variable description of the
orientation of the dendrites. The input data of each one of
those models is a compatible description of the weld. In this
part, we develop the work done in order to obtain two
different compatible descriptions of weld from a
macrograph with an image processing technique.

From the macrograph, we aim to develop an image
processing technique in order to describe the weld as an
image of the orientation of the grains. This work was done
with the ImageJ [15] software.

3.1 Image processing techniques from the
macrograph

We apply our process on a double-U butt weld with one
buttering on the side of the ferritic steel. It is also composed
of a cladding as shown in Figure 1(a) in order to protect the
ferritic steel from corrosion.

(a)

(b)

Figure 1: Images of the studied weld. (a) Original
macrograph. (b) Image with equalized histogram.

A macrograph of a bimetallic weld is shown in Figure 1(a).
The first operation of the image processing is to enhance its
contrast. The image histogram (Figure 2(a)) of the
macrograph exposes an irregular tonal distribution. The
high intensities are more numerous than the low intensities.
In order to increase the contrast of the macrograph, we
realize an equalization of the image histogram. The result is
shown in Figure 2(b).
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Figure 2: Histograms. (a) Histogram of the macrograph.
(b) Equalized histogram

The aim of this process is to spread out the most frequent
intensity values on the whole tonal distribution. It consists
in an application of a transformation on all the pixels of the
image so as to obtain a new one (Figure 1 (b)) with a better
redistribution of the intensity values. Comparing the two
histograms and the associated images, we notice the
enhancement of the contrast.

This “equalized” image enables us to better distinguish the
dendrites of the weld but some areas seem to be a little bit
blurred especially near the boundary of the weld with the
stainless and ferritic steels. Furthermore, the stainless and
ferritic steel parts appear to be noisy. With the intention of
reinforcing the sharpness of the image, we apply a filter
called “unsharp” or “blurred” mask (explanation in Figure
3). It acts on the image at the positions of well-marked
edges. It sharpens edges of the image without increasing the
noise.

An image considered as the original image (the “equalized”
image) is first duplicated. A smoothing is then realized with
a Gaussian blur acting as a low pass filter. This second
blurred image is subtracted to the first one. The result is the
original image with an increase of the sharpness; the edges
seem to be more abrupt. This result enhanced high
frequencies components of the image. This “unsharp” mask
acts like a high-pass filter.

Computing the Unsharp Mask
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Figure 3: Representation of the “unsharp” mask principle.
Top graph: the first black curve represents the intensity
value of each pixel on a line of the image. The red curve
represents the smoothed duplicated line. The second black
curve is the ‘unsharp’ filtered image. Bottom graph: the
black curve shows the superposition of the original line and
the ‘unsharp’ filtered one.
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This filter has two parameters, the radius and the mask
weight. The radius corresponds to the standard deviation of
the Gaussian blur; it represents the number of pixels
affected by sharpening on either side of an edge. The larger
the radius is, the more the contrast is increased. The mask
weight (0.1-0.9) is the strength of filtering. The edge
enhancement is more important for a large strength.

Figure 4: Image with the filter “unsharp” mask.

We choose to apply this mask with the higher possible
weight, as to get the better enhanced image, and a length of
a quarter of the wavelength. The size of the filter must not
be too large in order to enhance small-scale details and
avoid the apparition of halos at edges. The final image
represented in Figure 4 shows dendrites more enhanced
than before and the boundaries of the weld are sharper.

3.2 Computation of the local orientation

The last step of the process is the calculation of the
orientation of the dendrites. We wuse one of the
functionalities of an ImagelJ plugin called Orientation]J [16].
Based on the evaluation of the structure tensor in a local
neighbourhood, the plugin helps us to determine the
orientation of every pixel of an image. The algorithm
consists in applying a Gaussian-shaped window on the
image. As for the “unsharp” mask, we define the size of the
window in function of the wavelength. Then, the structure
tensor is evaluated for each pixel of the entire image by
sliding the Gaussian window. Finally, the program
computes a colour image of the local orientation properties.
The size of the window of a filter depends on the
wavelength. For the “straight” ray tracing model, we want
to be able to describe the weld as a set of several
homogeneous domains.

The size of the Gaussian window has to be chosen
carefully. Thus, we choose a Gaussian-shaped window with
a length of a quarter wavelength for the description in
domains as it is shown in Figure 5. From this result, we can
describe the weld as a set of homogeneous domains (Figure
6).
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(a)

(b)

Figure 5: Image of the local orientation of the dendrites.

Figure 6: Superimposition of the image of the local
orientation and the description in domains.

For the dynamic ray tracing model, we aim to obtain
a continuous description of the orientation of the dendrites;
so the window has to be chosen so as to ensure a slowly
varying orientation with respect to the wavelength. So we
choose a Gaussian-shaped window with a length of a half
wavelength. The result is shown in Figure 7.

Figure 7: Image of the local orientation for the continuously
variable description of a V-butt weld.
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The aim of the process is to describe the orientation of
the grains in the entire image for every type of welds. For
example, we applied it on a V-shaped butt weld composed
of a buttering and a cladding area in the side of the ferritic
steel. The result of the process is shown in Figure 8.

Figure 8: Representation of the superimposition of the
image after applying the “unsharp” mask and the
calculation of the local orientation of the dendrites.

3.3 Automation of the process

We have exposed an image processing technique for
describing the orientation of the dendrites of a weld from its
own macrograph. The description for a continuously
variable orientation is automatic and the result can be used
as an input data for a dynamic ray tracing model. However,
the description as a set of several homogeneous domains is
not totally automated. The process technique depends on
the operator. Thus, this work has to be pursued with the
intention of separating automatically the weld in several
homogeneous domains.

4  Simulation of weld inspection in
CIVA

The ray-based model (pencil model [5]) implemented in
CIVA deals with heterogeneous and anisotropic material. In
this case, ray paths are straight lines. The results are valid
for domains with dimensions larger than the wavelength
presenting a weak acoustic impedance contrast. Figure 9
represents the beam in a V-butt weld with a description as a
set of several homogeneous domains observed in 3.2.

The extension to smoothly inhomogeneous anisotropic
media has been proposed in [17] for simulating the
propagation of ultrasonic waves in curved composite
components. To achieve this, the model has to deal with a
continuously variable anisotropy. It is based on a ray
calculation for an inhomogeneous medium using an
iterative time-step method. This method consists in solving
for each time step a system of differential equations taking
into account the continuous anisotropic orientation
variation along the trajectory.
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Figure 9: 2D beam visualization in a V-butt weld with
CIVA

This dynamic ray tracing model has been described by
Cerveny [8]. Using the Eikonal equation and the Christoffel
equation, a differential expression (Eq. 4) of the ray
position X and its associated wave slowness S with the
travel time of the ray 7' is obtained:

dx;
E=cyleszPk =V
_ , (1)
@=_l—a(p lcf"’")s S P.P
dT 2 ox, kentitl

1
where ¢, is the elastic stiffness tensor, P are the

components of the normalized polarization associated to the

ray mode, p is the density and V, is the energy velocity.

This model will be applied on the continuously variable
descriptions of bimetallic welds previously obtained.

5 Conclusion

In this communication we have presented image
processing technique developed for describing bimetallic
welds. The motivation of this work is to obtain a
description of the orientation of the dendrites of bimetallic
welds from a macrograph. The image processing can be
adapted with the intention of getting two different
descriptions of the weld (a set of several inhomogeneous
domains with privileged orientation and a continuously
variable description of the orientation). Results for two
types of bimetallic welds have also been shown. The
descriptions will be used as input data for two different
models of propagation: a conventional ray tracing model
and a dynamic ray tracing model.
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