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  1 Introduction 

Numerous multipass welds in austenitic stainless steel 
are present on the primary and auxiliary systems of 
nuclear power plants with pressurized water reactors. 
These welds are characterized by columnar grains which 
grow in relation to the direction of the thermal gradient 
and whose orientation changes according to the position 
in the weld. The solidifi cation structure is then anisotropic 
and heterogeneous.

It was demonstrated that this particular columnar structure 
leads to disturbances of the ultrasonic propagation, such 
as deviation and division of the ultrasonic beam [1-3]. On 
the other hand, the grain size is sometimes similar to the 
wavelength which may introduce high levels of attenua-
tion and structural noise.

EDF (Electricité de France), in collaboration with the 
CEA (French Commission of Atomic Energy), undertook 
numerous studies in order to evaluate the ultrasonic con-
trollability of those welds, to improve the NDT process for 
these applications and to help towards their qualifi cation 
[4-6]. Modelling tools are especially useful to improve the 
understanding of the phenomena. 

This paper is devoted to the methodology developed to 
simulate the ultrasonic inspection of austenitic welds, 

which is based on an accurate characterization of the 
material. The weld descriptions and material input param-
eters for modelling will be discussed in detail.

Two numerical approaches are presented: a fi nite elements 
code and modelling tools relying on semi-analytical solu-
tions. Experimental and modelling results are compared 
for a specifi c confi guration. Results are then discussed 
both qualitatively (description of the echoes on B-scan 
presentations) and quantitatively (echo amplitudes, defect 
sizing).

  2 Weld characteristics 

 and characterization 

This study was performed on mock-ups representative of 
AISI 316L industrial austenitic stainless steel welds. They 
were made using a manual shielded metal arc welding 
(SMAW) process with ESAB OK 63-25 electrodes. The 
measured chemical composition is given in Table 1.

The weld structure is characterized by a dendritic type 
growth parallel to the heat fl ow direction, whereas the 
wrought base metal exhibits an equiaxed structure with 
small grain size. The weld metal contains about 8 % of 
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The ultrasonic inspection of the primary coolant piping of Pressurized Water Reactors (PWR) is a major con-
cern for the nuclear industry. Numerous studies have been undertaken over some years by EDF R&D in col-
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corresponding to a set-in branch pipe on the primary 
system of a nuclear power plant. The piping thickness is 
equal to 69 mm.

The three macrographs corresponding to mock-ups welded 
by three different welders reveal some variations of the weld 
structure. Structural variations along the welding direction, 
leading to variations in ultrasonic propagation, were also 
highlighted in austenitic stainless steel welds [7].

The crystallographic texture of the material was charac-
terized by various techniques, including X-Ray diffraction 
or Electron BackScattering Diffraction (EBSD) [8]. EBSD 
analyses are illustrated in Figure 2 for a square sample 
of 4 x 4 mm2 covering two welding runs. W, T and V axes 

primary ferrite in a skeletal structure lying at the dendrite 
core. The size of this skeletal ferrite is far smaller than the 
ultrasonic wave length and so the ultrasonic propagation 
is mainly affected by the austenitic phase. In the event 
of suffi ciently low welding energy, this solidifi cation mode 
leads to elongated and oriented grains, which can grow by 
an epitaxial and selective growth process over several mil-
limetres length. An example of such a structure is shown 
in Figure 1 for a weld with a K-chamfer and backwelding, 

Table 1 – Measured chemical composition
of OK 63-25 electrode [wt. %]

C Mn P S Si Ni Cr Mo Co Cu

0.02 1.3 0.01 0.01 0.3 12.4 19.4 2.4 0.03 0.02

 a) Mock-up A b) Mock-up B c) Mock-up C

Figure 1 – Grain orientation measurement in a set-in branch pipe weld

 c) Inverse pole fi gure map for crystal direction parallel to W and to V d) Calculated pole fi gure for {200} plane

Figure 2 – EBSD analysis on an austenitic stainless steel weld

 a) Sample analysed b) Grain colour map
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integration, which allow the computation of beam propa-
gation and fl aw scattering in various cases. This makes 
it possible to predict the performance of an inspection in 
realistic industrial confi gurations for complex specimen 
geometries and with standard or phased arrays transduc-
ers. As far as ultrasonic propagation in an austenitic weld 
is concerned, the validation of semi-analytical models is 
still in progress.

In order to simulate the ultrasonic propagation in the weld, 
input data are required; in particular, realistic descriptions 
of the weld. It has been demonstrated that the welds can 
be described by a fi nite number of anisotropic but homo-
geneous zones which are characterized by the direction 
of the fi bre axis and a set of elastic constants [4]-[5]. This 
type of description is illustrated in Figure 4.

An illustration of beam propagation modelling in an auste-
nitic weld is shown in Figure 5. In this test confi guration, a 
longitudinal probe with normal incidence and a frequency 

correspond respectively to welding, transverse and verti-
cal directions. The {200} calculated pole fi gure highlights 
a crystallographic texture characteristic of an orthotropic 
symmetry and with a fi bre axis slightly misaligned with the 
V axis. Grain size can also be estimated: grain width aver-
age is about 200 μm and grain length can reach several 
millimetres.

The orientation of the long axis of the columnar grains, 
which is directly linked to the crystallographic fi bre axis, 
can be estimated from image processing performed on 
the images shown on Figure 1. This approach is valid 
only if the grain disorientation along the welding direction 
is null (i.e. the (TV) plane is a material symmetry plane), 
which is the case for this weld, realized in a fl at position.

When the weld structure is not accessible for metallo-
graphic examination, the local direction of grains in a weld 
can also be calculated with the MINA model. MINA was 
developed to describe the structural heterogeneity of a 
multipass shielded metal arc weld [9]. This model is based 
on parameters connected to the welding process (weld 
run inclinations and remelting rates) and on the informa-
tion extracted from the welding notebook geometry of the 
chamfer, number of weld runs and series order, diameters 
of electrodes used for each weld run etc.). A comparison 
between image processing and MINA results for the set-
in branch pipe weld is illustrated in Figure 3. The cell size 
is equal to 2 x 2 mm2. Note that the structure hetero-
geneity and dissymmetry are well described by MINA. In 
particular, this model will be useful to perform parametric 
studies on the infl uence of weld structure variations.

  3 Modelling codes 

3.1 Generalities

The modelling study is based on two complementary 
approaches, permitting simulation of the propagation of 
the ultrasonic waves in anisotropic and heterogeneous 
complex media and the interactions of the beam with 
defects of complex geometry.

The ATHENA 2D code, developed by EDF R&D, solves 
the elastodynamic equations, expressed with the stresses 
and the velocities of the displacements by a fi nite ele-
ments method [10]-[11]. The numerical methods of a 
fi nite element or fi nite differences approach the exact 
equations that represent the physical phenomena and 
give, in particular, quantitative information on the energy 
of the signals. The error does not depend on the number 
of media crossed by the wave, thus multiple refl ections 
are always taken into account. The development of a 3D 
version of this code is in progress.

Modelling tools incorporated in the CIVA simulation plat-
form developed by CEA are used to model 3D confi gu-
rations with reasonable computation time [12]-[13]. The 
models are based on semi analytical kernels and numerical 

Figure 3 – Grain orientation measurement
in a set-in branch pipe weld

 a) Image processing b) MINA results

The black arrows stand for the orientation of columnar grains in each anisotropic domain.

Figure 4 – Example of description of an austenitic weld
used in ultrasonic modelling codes
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have demonstrated that the variations in velocity and 
attenuation versus the angle between the beam direction 
and the grain orientation are characterized by anisotropic 
constitutive equations [14]-[16].

In the semi-analytical tools, an attenuation coeffi cient is 
associated with each ray during the calculation of the 
ultrasonic beam. The value of the coeffi cient depends on 
the direction of the ray relative to the grain orientation.

Work is also in progress to simulate the structural noise 
in the fi nite elements code. The approach consists in a 
grain scale modelling of the structure in each anisotropic 
and homogeneous domain defi ned in Figure 4 [17]. The 
average length and width of the austenitic grains must be 
estimated, for example, from EBSD analysis. Future work 
will carry out validation of this model.

  4 Application for the ultrasonic 

 examination of the set-in branch 

 pipe weld 

The different testing confi gurations are presented in 
Figure 6. Notches with heights from 5 to 30 mm were 
machined in the base metal and in the weld of the mock-
up of Figure 1 a), which is representative of a set-in branch 
pipe weld. This mock-up was inspected with standard 
probes (single element and TRL probes) which produce 
60° longitudinal waves at a frequency of 2 MHz [6], [18].

The experimental results are illustrated in Figure 7 with 
a comparison between B-scan images for notches in the 
isotropic base metal and in the weld. For the isotropic con-
fi guration, the notch detection is characterized by three 
echoes (diffraction, corner and LLT echoes) explained on 
Figure 8. The LLT echo corresponds to the following travel 
path: refl ection of the longitudinal waves from the defect 
(LL mode) followed by a second refl ection from the back 

 a) Finite elements modelling b) Semi-analytical modelling

Figure 5 – Illustration of beam skewing in an austenitic weld (2 MHz probe)

of 2 MHz is located in the middle of a butt weld with a 
V-chamfer and 40 mm thickness. The weld structure is 
described by seven zones because it is less heteroge-
neous regarding the grain orientation than the structure 
of the K-chamfer weld in Figure 4. The double skewing of 
the beam due to the material anisotropy and the structural 
heterogeneity is clearly highlighted by both codes.

3.2 Modelling of ultrasonic scattering

As the wavelength of the ultrasonic waves is of the same 
order of magnitude as of the grain size, the waves can be 
strongly scattered at each grain boundary. This scattering 
leads to two specifi c phenomena: attenuation of the wave 
and structural noise. The latter is due to the backscattered 
waves intercepted by the probe and can lead to spurious 
echoes on the ultrasonic images. Because of these distur-
bances, the signal to noise ratio of defect echoes can be 
signifi cantly reduced in comparison with inspection of the 
base metal (grain size close to 120 μm).

The attenuation due to grain scattering has been imple-
mented in both codes. In the case of the fi nite elements 
code, the equations are as follows:

( )D C v
t  

(1)

v
div f

t
 
 

(2)

where

σ is the stress tensor, 

ε is the strain velocity tensor, 

ρ is the density and 

ƒ is a strength source. 

Tensor C is characteristic of the elastic constants whereas 
tensor  D is characteristic of the attenuation coeffi cients. 
Tensors C and D are determined by an optimization pro-
cess based on the adjustment of experimental data of 
ultrasonic velocities and attenuations for quasi-longitu-
dinal and quasi-transversal waves [11]. Several studies 

ƒ
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of –9 dB was found for the corner echo in the B-scan 
corresponding to the notch centre.

Both codes reproduce correctly the experimental ampli-
tudes. The amplitude of the corner echo is low for 
notches in the weld because of the beam distortion and 

wall producing a mode conversion to transversal waves 
(LT mode). 

For the weld inspection, these images show that the 
anisotropic and heterogeneous structure leads to the 
presence of additional echoes (named “spurious echoes”). 
Moreover, beam deviations due to the weld structure lead 
to bad positioning of the defect indications. The errors in 
defect sizing, based on depth location of diffraction and 
corner echoes, are then greater than in the base metal.

Notch responses were predicted with both modelling 
codes. Modelling results are illustrated in Figure 9 and 
amplitudes of the diffraction and corner echoes for a 
notch of 15 mm height are given in Table 2. The reference 
defect is a notch of 10 mm height, machined in the isotro-
pic base metal. A negative value in Table 2 denotes attenu-
ation of the ultrasonic signal in the weld. Furthermore, the 
maximum experimental amplitude is indicated but a value 

Figure 6 – Confi gurations of inspection
of notches machined in a set-in branch pipe mock-up

 a) on the notch in the base metal b) on the notch in the weld

Figure 7 – Experimental B-scan presentations – different echoes observed

Figure 8 – Ultrasonic paths associated with corner, 
diffraction and LLT echoes

Figure 9 – B-scan presentations for a 15 mm notch
in the weld (fi nite element modelling)

Table 2 – Amplitudes of corner and diffraction echoes
for a 15 mm notch in the weld compared
to the same echoes without weld (dB)

Corner echo Diffraction echo

Experiment -6.5 -1

Finite elements 
modelling

-9.0 +1.5

Semi-analytical 
modelling

-9.0 +1
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can therefore be concluded that the risk of obtaining a 
signal to noise ratio below the experimental value (5 dB) 
is low.

Furthermore, this specifi c study demonstrates that the 
conditions for occurrence of the spurious echoes depend 
on the characteristics of the structure (grain orientation, 
chamfer orientation, degree of heterogeneity). This con-
clusion is illustrated in Figure 10, with the comparison 
of B-scan presentations obtained for two different weld 
descriptions.

Finally, the sizing of notch heights based on the position-
ing of the diffraction and corner echoes was analysed. 
Errors between 1 and 3 mm are found, both in over-sizing 
and in under-sizing. These values are in agreement with 
those obtained experimentally. For a particular case, the 
simulation yields a sizing error of 5 mm. Moreover, for cer-
tain confi gurations, modelling predicts a spurious echo 
amplitude higher than the corner echo amplitude which 
may disturb the analysis.

  5 Conclusions and outlook 

This paper presents a methodology developed for mod-
elling ultrasonic inspection of austenitic welds realized 
by the SMAW process. This methodology is based on an 
accurate characterization of the material. Different tech-
niques of material characterization were used to provide 
input data (grain orientation, stiffness tensor, coeffi cients 
of attenuation) to modelling codes. 

Experimental analysis on a mock-up with notches reveals 
disturbances of the ultrasonic inspection related to the 
anisotropic and heterogeneous structure of the weld: 
attenuation of echo amplitude due to grain scattering and 
beam distortion, errors in defect sizing due to the beam 

attenuation. The amplitude of the diffraction echo is far 
more stable because the ultrasonic path in the weld is sig-
nifi cantly shorter than for the corner echo (see Figure 6). 
However, a previous study showed that the amplitude of 
this echo for a 30 mm notch is 8 dB weaker than for a 
15 mm notch because the ultrasonic path in the weld is 
greater to detect the 30 mm defect tip [18].

This study thus demonstrates that it is necessary to take 
into account the ultrasonic attenuation due to grain scat-
tering in order to obtain realistic echo amplitudes. Analyses 
on other confi gurations with various austenitic stainless 
steel welds lead to a similar conclusion [11].

Moreover the fi nite elements code predicts the presence 
of spurious echoes. Thanks to modelling, these echoes 
were identifi ed as complex trajectories in the weld with 
mode conversions of longitudinal and transversal waves in 
the presence of the defect [18]. Mode conversions through 
the chamfer and the interfaces of the weld structure are 
not simulated in the current semi-analytical tools. New 
developments will be incorporated in future versions of 
the semi-analytical tools to simulate these phenomena.

A parametric simulation study was also conducted with 
the fi nite element code to analyse the infl uence of varia-
tions in the weld structure on ultrasonic testing results. 
This was limited to the case of the notch of 15 mm height. 
Three weld descriptions were obtained from the images 
of Figure 1. Ten more descriptions were given by MINA, 
by varying the different input parameters of the model. 

We therefore conclude that the variation in amplitude of 
the corner echo is about 4 dB, depending on the struc-
ture. Experimentally, the same value was found for defects 
machined at different locations along the welding direction 
of the mock-up. Moreover, the minimum amplitude of the 
corner echo in modelling is obtained for the weld descrip-
tion corresponding to the experimental confi guration. It 

 a) b)

Figure 10 – B-scan presentations with the fi nite elements modelling for two different weld descriptions
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skewing, presence of spurious echoes due to mode con-
versions in the weld.

Modelling, with two complementary approaches, allows 
prediction of these disturbances. The test confi gurations 
studied validate the methodology developed for SMAW 
austenitic welds. Taking into account the attenuation 
related to grain scattering makes it possible to obtain more 
pertinent simulation results regarding the amplitudes of 
the different echoes. The origins of spurious echoes were 
explained with fi nite elements modelling.

Validations of the models must be continued. In particu-
lar, future use of the 3D version of the fi nite elements 
code will permit the study of complex confi gurations (for 
example a plane defect tilted from the welding direction) 
and comparison with semi-analytical codes will be pro-
posed for these cases. Mode conversions due to the weld 
structure, which are behind the spurious echoes, will be 
implemented in the semi-analytical tools. 

Further work might be carried out to try to improve the 
performance of defect sizing. Work in signal processing is 
in progress to try to distinguish between echoes of inter-
est and spurious echoes. On the other hand, methods of 
defect reconstruction are being developed in the CIVA 
software, taking into account the actual direction of the 
beam into the weld. This requires detailed knowledge of 
the structure of the weld but access to this information is 
not easy. An alternative consists in using the MINA model 
in order to simulate the local direction of grains. The study 
of the infl uence of variations in the weld structure on the 
propagation of ultrasonic waves of which details are given 
in this paper demonstrates the usefulness of this model in 
performing parametric studies.

Two further lines of work may be outlined:

1. To apply this approach with other SMAW electrodes. A 
comparison between experiment and modelling results 
for a welding mold in Inconel 182® has already been 
proposed [19].

2. To adapt this methodology to Gas Tungsten Arc Welding 
(GTAW) process.
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