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Abstract 24 

Ultrasonic NDT is used on austenitic stainless steel welds in PWRs. Propagation 25 

modelling facilitates diagnostic concerning the detection of a possible defect if a realistic 26 

description of those heterogeneous anisotropic welds is introduced. A macrography, or 27 

MINA model, coupled with the ultrasonic code ATHENA, reproduces the deviations and 28 

divisions of the beam. In certain cases, some discrepancies between theory and 29 

experimentation are observed, and this study shows that they can be partly attributed to 30 

the uncertainty of the elastic constants Cij, complex to evaluate and measured on 31 

specimens sometimes little representative of the welded metal. We chose the seismogram 32 

as descriptor of phenomena to keep a maximum amount of information, to generate 33 

sensitivity and uncertainty maps. The zones sensitive (or not) to the variations of each Cij 34 

are revealed, helping in the choice of the test configurations. The analytical uncertainty 35 

propagation method is used to quantify the influence of Cij variability on the propagation 36 

simulation. The deviation in position and in time of flight of a classical ultrasonic test 37 

(NDT) is clearly shown.  38 

 39 
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 42 
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1. INTRODUCTION 44 

The primary circuit in pressurized water reactors includes numerous components, such 45 

as the vessel, the steam generator, the primary pumps, the pressurizer, interconnected by 46 

a piping system conveying high pressure, high temperature water. Most of these 47 

components are made of austenitic stainless steel, as it exhibits excellent corrosion 48 

resistance and very good mechanical strength at high temperature. Non-destructive 49 

testing aims at detecting potential defects in the numerous multi-pass welds present in the 50 

primary circuit and at characterizing them (position and dimensions), so that their severity 51 

can be assessed. 52 

Very often, radiographic testing cannot be used for the detection of welding defects, 53 

in view of the great thicknesses to check, their sometimes large variations, the limited 54 

traceability of some planar defects, and because it may sometimes be impossible to 55 

position the film behind the part. Moreover, radiographic testing requires important 56 

radioprotection constraints. Ultrasonic testing makes it possible to detect and characterize 57 

defects whatever their orientation, but the results may be problematic to interpret, 58 

especially for these complex thick welds. A realistic prediction of the microstructure 59 

should provide valuable insight into ultrasonic propagation through those complex 60 

structures and thereby allow a better controllability. 61 

An austenitic weld is anisotropic and heterogeneous: there is together elongation of 62 

the grains parallel to the lines of heat dissipation (morphological texture), along the 63 

preferential crystallographic axis <100> of the face-centered cubic single crystal 64 

(crystallographic texture), and evolution of the grain orientation in the welded volume. 65 

The non-destructive ultrasonic testing of such welds reveals phenomena of deviation and 66 

division of the ultrasound beam generated by the structure, as well as attenuation and 67 
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structure noise [1,2]. An idea to eliminate the cause of the ultrasonic testing complications 68 

is to try to master the size and growth direction of columnar grains by modifications of 69 

the welding process (application of electromagnetic fields, pulse TIG arc welding, …) 70 

[3]. Other current work aim at use phased array technology [7,20,28–30] associated with 71 

particular methods of acquisition and post-processing (Full Matrix Capture [31], Total 72 

Focusing Method [7], DORT method based on the principle of time reversal [32] and 73 

topological energy method [33]) in order to improve detection in welds. Another way 74 

chosen here consists in performing simulation of the ultrasonic propagation with the aim 75 

of a better understanding of the propagation phenomena. 76 

Numerous simulation codes of ultrasonic propagation are available in the literature to 77 

address the problem of ultrasonic testing of polycrystalline metals with both anisotropic 78 

and heterogeneous structures. Many of them are based on ray-tracing methods [4–7] 79 

because they are less expensive in computation time than finite element methods (FEM). 80 

CIVA, developed by the CEA, proposes field computation and defect echo calculation 81 

modules based on semi-analytical formulations [8]. A hybrid model of CIVA named 82 

ECHO is based on a coupling of the CIVA model and the spectral finite element code 83 

ONDOMATIC [9]. 84 

ATHENA code used here and developed by EDF is a finite element code that solves 85 

the elastodynamic equations, in the transient regime, in a heterogeneous and anisotropic 86 

medium [10,11]. In polycrystalline materials, the main contribution to the ultrasonic 87 

attenuation, rarely taken into account in the modelling, is that of the scattering of the wave 88 

by the microstructure. The ultrasonic wave attenuation is modelled in the ATHENA code 89 

through addition of an imaginary part to the elastic constants (equivalent viscoelastic 90 

medium). It allows taking attenuation into account as a function of the direction of 91 
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propagation versus anisotropy [12,13] and the measured values were validated by 92 

comparison with experimental and theoretical data from the literature [14,15]. Provided 93 

attenuation allows the use of descriptors increasingly rich in information based on the 94 

ultrasonic amplitude, allowing better comparison between experimental and simulated 95 

data.  96 

The simulation requires a realistic description of the weld as input data. The models of 97 

grain structure at the macroscopic scale often use simplified symmetrical descriptions [4]. 98 

Chassignole [16] defined a realistic description of the weld as large domains in which the 99 

average orientation of the grains is obtained by macrographic analysis, but this implies a 100 

calibrated workpiece representative of the part. Grain-scale modelling (grain width is 101 

about one hundred microns) is possible [17,18] but requires as input data grain size 102 

distribution and local crystallographic orientations (which can be estimated by EBSD 103 

analysis). The LMA has developed a welding model named MINA (Modeling anIsotropy 104 

from Notebook of Arc welding) [19], which provides the microstructure of a weld, with 105 

no need for cutting. This model, created for shielded metal arc welding in flat position, 106 

allows good prediction of the grain orientation [6,20–22]. It uses information from the 107 

welding notebook (describing the welding procedure), and the rules related to crystal 108 

growth and specific welding process parameters. The elastic constants are then assigned 109 

to these orientations and the modelling of ultrasonic propagation can be performed.  110 

Further work in the laboratory has been oriented towards the understanding of certain 111 

discrepancies occurring between modelling and experimentation. When the MINA-112 

ATHENA coupling is used, in an inversion process, to refine the description of the 113 

microstructure of a weld [23], or to retrieve the order of passes (first order parameter in 114 

the MINA model) [24] which would not be indicated in the welding notebook, the 115 
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inversion algorithm may not converge because of the differences between the model and 116 

the experimental measures. Similarly, when grain orientations are extracted from the 117 

macrograph, the coupling with ATHENA also results in some differences.  118 

ATHENA as all simulation codes uses as input data the description of the weld, and 119 

the elastic constants Cij, for which experimental measurements on calibrated workpieces 120 

have shown they have a certain variability. How this variability affects the simulation 121 

results is studied in this paper. 122 

The method of analytical uncertainty propagation is applied. This method makes it 123 

possible to determine the influence of each Cij uncertainty on the simulation result. The 124 

parametric descriptor used is the seismogram, which is a representation in the {space; 125 

time} domain, corresponding to the signals recorded in each receiving point at the surface 126 

of the part. The analytical uncertainty propagation approach, under condition of linearity, 127 

is perfectly competitive with the Monte-Carlo approach, since the latter requires a much 128 

longer calculation time, given the number of random variables to simulate. Indeed the 129 

Athena model used in this study presents 4 freedom degrees. According to central limit 130 

theorem an acceptable evaluation of the uncertainties requires thousands of simulations 131 

with Monte-Carlo approach. It is a good solution for an accurate study of a particular 132 

configuration, but it is a heavy one if the goal is to prepare NDT and check multiple 133 

configurations. 134 

The configuration that has been selected for inversion is chosen as starting 135 

configuration, because of its great sensitivity to the highly dissymmetric orientations 136 

present in the weld, here a horizontal position weld (horizontal welding of two vertical 137 

pieces) and a T60 testing beam (transverse waves at 60°). 138 
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The consequences of Cij uncertainty are discussed in terms of Non-Destructive 139 

Testing, in particular how it influences the position and the time of flight of the amplitude 140 

maximum according to the position of the transducers.  141 

 142 

2. MODELLING OF ULTRASOUND PROPAGATION THROUGH ANISOTROPIC 143 

HETEROGENEOUS WELDS. CONFRONTATION WITH EXPERIMENTAL DATA 144 

 145 

2.1 Propagation modelling 146 

The heterogeneous and anisotropic weld is described in ATHENA by a finite number 147 

of homogeneous orthotropic domains (meshes). Each domain has its own local grain 148 

orientation, so that the propagation code can deduce the orientation of the coordinate 149 

systems of the elastic constants in each point of the weld. Required parameters are then: 150 

- the elastic constants of the medium (Cij). Elastic constants of austenitic stainless 151 

steel welds have been the subject of dedicated research [16,25]. 152 

- the orientation of the coordinate systems of the elastic constants, which 153 

corresponds to the mean orientation of the grains within the defined domain. 154 

The weld selected for this study is an austenitic stainless steel multi-pass weld made 155 

by a manual process of shielded metal arc welding, in horizontal position (that is to say, 156 

horizontal welding of two vertical pieces). The adaptations that the use of the MINA 157 

model requires in this case have still not been validated. Here, the orientation of the grains 158 

in the weld (see Figure 1b below) is thus obtained from macrographic analysis.  159 

In order to obtain the Cij values, seven homogeneous, orthotropic samples with 160 

different grain orientations (from 0° to 90°, 15° increment) were cut out from a weld 161 

mockup. The tensor of the elastic constants of homogeneous orthotropic materials is 162 
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composed of 9 independent elastic constants (Table 1). They were determined [26] from 163 

a measurement of velocities associated with an optimization algorithm in the framework 164 

of a previous project ANR MOSAICS [27]. 165 

 166 

Elastic constants (GPa) 

 C11 C22 C33 C23 C13 C12 C44 C55 C66 

mean 230.9 256.7 242.9 131.1 142.9 143.6 64.7 110.0 111.0 

mini 217 254 230 123 134 140 54 98 110 

maxi 236 258 283 135 153 154 69 130 113 

Table 1. Elasticity constants of the welded metal (austenitic stainless steel), where the 167 

axis of crystallographic texture <100> corresponds to axis 1 [26] 168 

 169 

In the hypothesis of a 2D problem, with ultrasonic wave propagation in the symmetry 170 

plane (1,3), only the four values of elastic constants C11, C33, C13 et C55 are taken into 171 

account in the ATHENA modelling.  172 

 173 

2.2 Experimental configuration and comparison with modelling 174 

In order to get closer to industrial conditions, single side tandem in reflection mode 175 

was used (Figure 1a). A single element transducer, 7.7mm in diameter, mounted on a 176 

variable-incidence perspex wedge, and tuned to generate transverse waves with a 177 

propagation angle of 60° (T60) in the base metal, was chosen for the emission. A linear 178 

array, 2.25 MHz frequency, consisting of 64 elements with a pitch of 2.05 mm, that is, 179 

reception over about 130 mm (no delay law, element by element listening), was chosen 180 

for the reception. The advantage of being able to achieve reception over a long distance 181 
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is that the appreciation of the profile of the ultrasound beam after its crossing through the 182 

weld (notably, visualization of the beam division and deviation phenomena) is made 183 

possible without moving the receiver. This ensures a constant coupling. A series of tests 184 

conducted within the frame of the ANR MOSAICS project has shown that the T60 185 

acquisition, compared with L0 and T45, was of great interest for this work, as it is highly 186 

sensitive to the orientations of the grains in the horizontal weld studied (Figure 1b). 187 

Acquisitions are made with mechanical displacement of the emitter/receiver pair (fixed 188 

relative to each other) every 10 mm in the base metal, and then every 5 mm as soon as 189 

the beam reaches the weld, totalling 36 positions (Figure 1c). 190 

 191 

 192 

Figure 1. Experimental testing procedure; a) tandem mode; b) macrograph of the 193 

multi-pass horizontal weld (h 28mm x l 22mm, 27 passes on 10 different layers); c) 194 

principle diagram of tandem mode testing (e.g. position P140, where emitter is at 140mm 195 

from the center axis of the weld) 196 

 197 
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Figure 2 represents the “beam tracing” which is actually the norm of maximum velocity 198 

reached at each node of the mesh during the FEM simulation. This representation amounts 199 

more or less to plot the energy propagation and makes it easier to visualize the ultrasonic 200 

propagation (especially deviations and divisions) inside the part. Given the central 201 

frequency of the ultrasonic beam (2.25 MHz) and the velocity of the shear wave in steel 202 

(about 3200 m/s), the wavelength in the weld is about 1.5 mm. The size of the mesh in 203 

ATHENA - which must be at most equal to one-twelfth of the wavelength - is taken equal 204 

to 0.1mm. Figure 2 shows perfectly the disturbances of the ultrasonic beam through a 205 

heterogeneous anisotropic weld.  206 

 207 

 208 

Figure 2. Energy propagation in the horizontal weld for the position of the transmitter 209 

70mm from the centre axis of the weld (P70). Image deliberately saturated to enhance 210 

contrast in the area of interest 211 

 212 

The surface waves generated by the 2D simulation (visible on the left of the surface) 213 

are highly numerically amplified compared with the actual 3D case. In the configuration 214 

used in our study, these waves arrive at the receiver elements almost at the same time as 215 

the T60 waves reflected on the bottom of the piece. Three flat defects were then artificially 216 

positioned on the entry surface (at abscissa about -20mm) to block those surface waves. 217 
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The maximum of received amplitude over the whole receiving elements is registered 218 

for each position of the tandem transducers. This type of preliminary result enables 219 

observing mainly the deviation (and attenuation too) undergone by the beam during the 220 

propagation through the weld. The comparison between the modelled and experimental 221 

values is shown in Figure 3. There is a good overall agreement. The mean relative error 222 

is less than 20%, and the same general trends can be found. 223 

The remaining amplitude discrepancies between model and experience can be partly 224 

accounted for by the fact that contact coupling remains difficult to keep constant between 225 

the sensors and the piece, for all the positions of the emitter-receiver set. In particular, it 226 

can be seen that the experimental amplitudes beyond the 20mm abscissa, unlike the 227 

simulated ones, do not regain their initial height (between -140mm and -120mm) while 228 

again propagation occurs in the base metal only.  229 

 230 

 231 

Figure 3. Maximum amplitude received over the whole receiving elements, as a 232 

function of the position of the emitter. Simulated and experimental results 233 

 234 
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Discrepancies can also be explained by considering the elastic constants Cij and their 235 

uncertainties. This idea emerged when the MOSAICS project [27] was nearly completed 236 

and has been used by Rupin et al [34], which confirm this influence in a context of defect 237 

detection (side drilled hole and notch), according a fixed test configuration (L45). As for 238 

us, we have chosen to study the influence of the Cij uncertainty on the whole ultrasonic 239 

propagation in a weld, in various testing configurations (T60, T45, L45…), using the 240 

analytical uncertainty propagation method. This work has been carried out within the 241 

frame of the ANR MUSCAD project. 242 

 243 

3. ANALYSIS OF THE INFLUENCE OF THE ELASTIC CONSTANT 244 

UNCERTAINTY ON ULTRASONONIC PROPAGATION IN A WELD 245 

3.1 Introduction 246 

Elastic constants are of the utmost importance for the numerical simulation of wave 247 

propagation. In our case, they were obtained from a series of measures of longitudinal 248 

and transverse wave phase velocities, for numerous incidences and in numerous planes 249 

of incidence, combined with an optimization algorithm [25,26]. Let us recall that only 250 

four elastic constants are to be considered in the case of a 2D problem. Measurements of 251 

the Cij values were performed 7 times, once per sample exhibiting a particular 252 

homogeneous grain orientation (Figure 4). These measurements show a variability that 253 

can be great (Table 2).  254 

 255 



13 

 256 

Figure 4. Elastic constants measured on 7 homogeneous orthotropic samples as a 257 

function of the cut angle with respect to the grain elongation axis in the sample 258 

(measurements of LVA INSA Lyon, ANR MOSAICS) 259 

 260 

 C11 C33 C13 C55 

mean (GPa) 242,9 230,9 142,9 110,0 

mini (GPa) 230 217 134 98 

maxi (GPa) 283 236 153 130 

standard deviation σCij (GPa) 18 8 6 5,5 

Table 2. Elastic constants expressed in the appropriate 2D coordinate system for 261 

ATHENA (axis 3 corresponds to the grain elongation axis) 262 

 263 

The method of analytical propagation of uncertainties is used here to study the 264 

simulation sensitivity to the uncertainties of the Cij. For a given position of the transmitter 265 

and a given acquisition mode (T60), this method makes it possible to determine, in a 266 

defined domain of the weld, the influence of the uncertainty of the Cij on the result of the 267 

simulation. The analytical uncertainty propagation method makes it possible to test a great 268 
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number of possible acquisition configurations (acquisition mode, position of the 269 

transmitter, descriptor) in a short space of time (unlike a method of the Monte Carlo type 270 

for example). 271 

 272 

3.2 Method of analytical propagation of uncertainties 273 

It is proposed to apply a method of analytical propagation of the variances [35] of 274 

measurement of the elastic constants Cij to the simulation results. This method is based 275 

on several hypotheses, among which the main one is the hypothesis of linearity of the 276 

chosen parametric descriptor with respect to the variations of the Cij. Attempts will thus 277 

be made to identify and formalize a descriptor that obeys this hypothesis.  278 

The parametric descriptor selected here is the amplitudes of the seismogram (cf. 279 

schematic diagram of Figure 5 and example on Figure 7). A seismogram is like a Bscan 280 

representation, in the {space; time} domain, but corresponding to the time signals 281 

recorded by each element in the linear receiver array (the transducer does not act as a 282 

transmitter/receiver and does not move, unlike the Bscan case). From the seismogram, it 283 

is possible to extract numerous information, such as the amplitude (e.g., the maximum 284 

amplitude), the time of flight (associated with the maximum amplitude for example) as 285 

well as the deviation (discrepancy between the actual arrival position of the maximum 286 

amplitude and the theoretical one for example).  287 

The raw seismogram supplied by ATHENA is the set of time signals received in each 288 

point of the surface. The amplitude sensitivity to the Cij is studied. A Hilbert transform 289 

is applied on the time axis to obtain the envelope of the signals, and a 2D Gaussian filter 290 

is used aiming at smoothing the numerical artefact phenomena. 291 
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In order to provide clarity for the theoretical developments presented, it is decided to 292 

use as notation for the Cij the vector �� with � ranging between 1 and 4, for which �� = 293 

C11, �� = C33, �� = C13 et �� = C55. Each �� being measured 7 times experimentally, the 294 

term ��	 will represent the kth measure of ��. 295 

Let S be the seismogram expressed as a matrix 
 = ���� where �� corresponds to 296 

the amplitude of a point (x,t) on the seismogram. The number of points along the space 297 

axis x, given a 0.1 mm mesh and 160 mm acquisition (capturing the whole surface of the 298 

piece), is equal to 1600. The number of points along the time axis t, given the 0.016225 299 

µs increment imposed by ATHENA and 60 µs acquisition duration, is equal to 3697. Each 300 

seismogram thus corresponds to a matrix of about 5 million points. 301 

 302 

The analytical uncertainty propagation equation indicates that the variances of the 303 

simulation results are equal to the product of the gradients representing the sensitivities 304 

of the model to the Cij and the covariance matrix of the Cij:  305 

���� � = ∑ ∑ �������  �������  ��� (��, ��)�� ��� �        (1) 306 

with  ��� !��, ��" = ∑ #�$% &��	'#�(% &��	'�)&��)* �         (2) 307 

where nb is the number of experimental measures. 308 

 309 

The method includes three notions (cf. Figure 5): 310 

- the covariance matrix of the measured Cij, 311 

- the gradients of the amplitudes of the simulated seismogram depending on each 312 

Cij (sensitivity maps), 313 

- the variances of the amplitudes of the simulated seismogram (uncertainty map). 314 
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 315 

 316 

Figure 5. Schematic diagram of the method principle  317 

 318 

3.2.1 Calculation of the covariance matrix of the Cij 319 

The covariance matrix of the Cij is calculated from the experimental measures (cf. 320 

Figure 4). For instance, the variance of C11 is obtained as follows: 321 

+,-(��) = ∑ #�.///&�.	'0
�)&��)* �                (3)  322 

 323 

The covariance between C11 and C33 is calculated from equation 2, so that:  324 

1��(��, ��) = ∑ #�.///&�.	'#�0///&�0	'�)&��)* �              (4) 325 

 326 
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The complete variance-covariance matrix is constructed under the form: 327 

1��!��, ��" = 2 +,-(��) 1��(��, ��)1��(��, ��) +,-(��) 1��(��, ��) 1��(��, ��)1��(��, ��) 1��(��, ��)1��(��, ��) 1��(��, ��)1��(��, ��) 1��(��, ��) +,-(��) 1��(��, ��)1��(��, ��) +,-(��) 3      328 

                  = 2 332,5 15,615,6 67,1 −16,1 −32,2−50,4 32,1−16,1 −50,4−32,2 32,1 38 −23,6−23,6 30,6 3            (5) 329 

 330 

It is to be noted that the absolute values of covariance are quite high, particularly 331 

between �� and ��, that is to say, between C33 and C13, which means that they are 332 

correlated. It is thus important these correlations be taken into account in assessing the 333 

model sensitivity to the Cij. 334 

 335 

3.2.2 Creation of the maps of sensitivities to the Cij 336 

The analytical uncertainty propagation method is based on the hypothesis that the 337 

modification of the simulation results is linear with respect to the variations of the Cij 338 

(Figure 6a). Thus in each point of the seismogram, one must check the linearity of the 339 

amplitude depending on each Cij. The linearity results are plotted and discussed below in 340 

the “results” paragraph, and an example of the principle is given here for C11, for a given 341 

point on the seismogram, within a variation range for C11 of ± 20GPa (Figure 6b). 342 

 343 
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 344 

Figure 6. a) Linearization for the analytical propagation of uncertainties b) Example 345 

of a linearity test for C11 (x = 70mm and t = 27µs on the seismogram) 346 

 347 

The sensitivity to a given Cij corresponds to the partial derivative of the amplitude of 348 

each point on the seismogram with respect to this Cij (cf. equation 1). The slope α of the 349 

linear regression line (see example of Figure 6b) corresponds to the sensitivity. For each 350 

point on the seismogram, a sensitivity to a particular Cij is thus calculated, and is 351 

represented, in the same system (x,t), in the form of a sensitivity map. 352 

 353 

3.2.3 Creation of the map of uncertainties due to the variations of the Cij 354 

Multiplying model sensitivities to the Cij by the variance-covariance matrix of the Cij, 355 

one obtains the variances of the simulation results (equation 1), which are represented 356 

under the form of an uncertainty map. The uncertainty corresponds to the containment of 357 

the possible error on the simulated ultrasonic amplitude. It is calculated according to the 358 

equation: 359 

>?�@-A,�?AB(C, A) = ±3 ⋅ F�G�� �         (6) 360 
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Thanks to the use of the uncertainty analytical propagation model, a complete study of 361 

a test configuration requires 37 simulations. A first simulation is carried out using the 362 

mean Cij estimates. This simulation serves as a reference for the study of the simulation 363 

variations. For each of the 4 Cij, 9 simulations are then performed, with a variation of the 364 

Cij centered on the average Cij and in a variation range of the same order of magnitude 365 

as the range observed experimentally. These 9 simulations make it possible to study the 366 

sensitivity of the simulation results, as well as verify the linearity assumption. The 367 

exploitation of these 9 simulations will be represented on Figure 9. 368 

The simulations are parallelizable, making the method viable, from the perspective of 369 

the calculation time, for the preparation of test configurations on demand. In comparison, 370 

a similar study with the Monte-Carlo method requires several thousands of simulations, 371 

but this latter makes it possible to forget about statistical assumptions such as the linearity 372 

of the simulation result with respect to the Cij variations. 373 

 374 

3.3 Results 375 

Figure 7 shows the seismogram associated with the simulation of the test configuration 376 

where the emitter is positioned at P70 (position in Figure 7). The numerical « listening » 377 

(i.e., reception) is done on the whole surface of the part. Thus the seismogram is 378 

composed of 2 different zones. Zone 1 is not accessible experimentally. It is possible to 379 

visualize the emission as well as the surface waves and their reflection by the “numerical 380 

cracks” (notches). Zone 2 is the region of interest, where the ultrasonic waves are received 381 

after passing through the weld. In the following, the results will be plotted only in this 382 

zone. Figure 7 emphasises again that passage through the weld causes splitting, skewing 383 

and attenuation of the ultrasonic beam.  384 



20 

 385 

 386 

Figure 7. Ultrasonic propagation and seismogram for configuration T60 and position 387 

P70 of the emitter. Images voluntarily saturated to enhance propagation through weld 388 

 389 

In the section 3.2.2 the hypothesis of linearity has been made. The linearity of 390 

simulation results against Cij variations is the condition to obtain a Gaussian probability 391 

density function (pdf) of the error. If a non-linearity is present, this can induce a 392 

deformation of this function. It is important to check the linearity to detect potential bias 393 

in the uncertainties evaluation. It has been shown that the sensitivity is estimated by the 394 

slope of a linear regression. The residues’ variance of the linear regression is compared 395 

to the residues’ variance of a quadratic regression. If the two variances are close, it means 396 

that the quadratic regression and the linear one are equivalent. The linear regression is 397 

then sufficient. The linearity index is considered as the ratio of the two variances, and a 398 
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Fisher test is applied on this linearity index. A linearity index below the α-risk of 5% 399 

means that the probability that the linearity assumption is respected becomes low.  400 

Figure 8a represents the echodynamic curve, which corresponds to the maximum of 401 

amplitude received at each point on the surface of the part (maxima of seismogram 402 

columns). And Figure 8b shows the linearity index along the echodynamic curve. The 403 

condition of linearity for the whole Cij is respected at the beginning of the main echo 404 

from 70 mm to about 88 mm. That means that in this region the uncertainties are well 405 

estimated. In the next zone mostly the linearity of C13 exceeds the α-risk of 5% threshold. 406 

Thus the error bar, which is usually centered on the mean value of the seismogram 407 

amplitudes considering a gaussian pdf, can lose its symmetry and be decentered. This 408 

region must be then considered with caution, as well as an area that would be linear but 409 

with a large standard deviation. 410 

 411 

a)  412 
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b)  413 

Figure 8. a) Echodynamic curve drawn in the region of interest zone 2, from position 414 

70 to 120 mm b) Linearity index of the echodynamic points, for configuration T60 and 415 

position P70 of the emitter 416 

 417 

The maps of sensitivities to the elastic constants are shown Figure 9. They were 418 

calculated for Cij variations of ± σCij listed in Table 2, and plotted in the coordinate system 419 

of the seismogram. Also, the value of the standard deviation (calculated from the Cij 420 

variances, cf. equation 3) is indicated for each Cij. 421 

To facilitate the analysis, the initial sensitivity map was processed: the seismogram 422 

was segmented so that only the points on the image corresponding to the main wavefront 423 

appear, and it was chosen to keep on the image only the main wavefront sensitivities.  424 

 425 
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 426 

Figure 9. Maps of the amplitude sensitivities (GPa-1) to the Cij (Cij variation from -427 

σCij to +σCij of Table 2, T60, P70) 428 

 429 

The map of the amplitude uncertainties due to the variations of the elastic constants 430 

(Figure 10) gives the influence of the variation of all the Cij simultaneously, this time 431 

taking into account their standard deviations. Each point in the map has an uncertainty 432 

corresponding to the possible simulated amplitude error containment.  433 

As in the case of the sensitivities, in order to facilitate the analysis the initial map of 434 

uncertainties was processed: it was chosen to keep on the image only the main wavefront 435 

uncertainties. 436 

 437 



24 

 438 

Figure 10. Map of amplitude uncertainties due to the variations of Cij (T60, P70) 439 

 440 

Figure 11 shows the echodynamic curve in blue, surrounded by the corresponding 441 

uncertainties at ±3� (red and green curves) extracted from Figure 10. The zone of the 442 

echodynamic curve comprised between 70 and 85 mm corresponds to a surface wave 443 

generated by reflection on the weld bead. As this surface wave propagates mainly in the 444 

base metal, it is only hardly influenced by the weld. On the abscissa from 90 to 100 mm, 445 

the echodynamic curve presents a high amplitude and a quite low uncertainty. From this 446 

observation it is possible to highlight a more reliable zone for a NDT test in this 447 

configuration. Conversely, the zones situated beyond 100 mm show a higher uncertainty, 448 

and should therefore be avoided. 449 

 450 
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 451 

Figure 11. Result in terms of echodynamic curve (T60, P70) and associated uncertainty 452 

at ±3� 453 

 454 

Results showed that for the chosen test configuration (T60, emitter in position P70), 455 

Cij uncertainties have a certain impact on the simulation results. It should be noted that 456 

the chosen configuration is quite favourable, the ultrasound beam being reflected first on 457 

the bottom of the part before passing through the weld. The Cij variation has little effect 458 

on the ultrasonic propagation, as propagation after the weld is short, which limits the 459 

effects of beam deviation and division caused by the weld. 460 

Simulation tests, still in T60, but for a new emitter position (P30) were carried out 461 

(Figure 12). The ultrasonic beam passes through the weld before being reflected on the 462 

bottom of the part. The same calculations are performed, with the same uncertainties on 463 

the Cij as before. 464 

 465 
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 466 

Figure 12. Ultrasonic propagation and seismogram for configuration T60 and position 467 

P30. Images voluntarily saturated to enhance propagation through weld 468 

 469 

The uncertainty associated with the echodynamic curve in Figure 13 is on average 470 

largely greater than the uncertainties observed in Figure 11. This increase can be 471 

accounted for by the fact that, on the one hand, ultrasound pass through the weld 472 

differently from the previous configuration, and, on the other hand, the distance covered 473 

in the base metal beyond the weld is much greater, amplifying the modifications of the 474 

propagation occurring in the weld when the Cij vary. However, at positions 85-90 mm 475 

and 105-110 mm, two narrow stabilization zones appear. The analytical propagation 476 

method allows identification of these two zones as being reliable control areas, hardly 477 

sensitive to the Cij variations. 478 

 479 
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 480 

Figure 13. Result in terms of echodynamic curve and associated uncertainty at ±3� 481 

(T60, P30) 482 

 483 

3.4 Discussion on the consequences for NDT 484 

In conventional industrial NDT, the location of a detected defect, its nature and its 485 

dimensions, can be obtained by studying the propagated acoustic beam. The procedures 486 

are different depending on whether a pulse-echo mode or a tandem mode is used, but the 487 

principle remains the same: the position of the maximum ultrasonic amplitude is sought. 488 

This position corresponds to the theoretical axis of the propagated beam if there is no 489 

deviation of the beam (isotropic material), and if the input data in terms of ultrasonic 490 

velocity are those of the material. Otherwise, there will be a gap between the theory and 491 

the experiment that prevents a reliable control result. Confidence in the control performed 492 

can be given if one is able to relate this deviation of the beam to the characteristics of 493 

anisotropy and heterogeneity of the material. It is therefore necessary that these latter are 494 

perfectly known. 495 
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Our study shows that the uncertainty about the knowledge of these characteristics, 496 

therefore of the Cij, not only has a negative consequence on the control simulations of a 497 

weld, but also that this consequence is different according to the controlled weld zones. 498 

Focusing on the maximum amplitude point of the main wavefront on the seismogram, 499 

for position P70 (Figure 7), the displacement of this maximum point in position (dispx) 500 

and in time (dispt), caused by the variation of each Cij, can be noted. The results obtained 501 

are presented in Table 3 and they show that for this control position, the uncertainty on 502 

the Cij has practically no effect on the simulated results. 503 

 504 

Displacements of the maximum amplitude point  

 C11 C33 C13 C55 

dispx (mm) 0 0 0.1 0.1 

dispt (µs) 0.05 0.03 0.03 0.02 

Table 3. Displacements in position and in time of the maximum amplitude point of the 505 

main wavefront (Cij variation from -σCij to +σCij of Table 2, T60, P70) 506 

 507 

However for position P30 (seismogram of Figure 12), we show that the displacements, 508 

in position and in time, of the maximum amplitude point of the main wavefront are, for 509 

this control configuration, far greater (Table 4). The variation of a Cij can cause a 510 

significant displacement of the echo (for example here, about 8 mm and 2.5 µs) and 511 

thereby lead to false NDT diagnosis. Indeed, a deviation greater than 2-3 mm in the 512 

position of the amplitude maximum and/or a difference of 1 µs are sufficient to disturb 513 

the controller. He/she no longer understands the propagation of the beam, and he/she can’t 514 
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reliably decide for example if an echo corresponds to a defect or to a specific geometry 515 

of the sample. 516 

 517 

Displacements of the maximum amplitude point  

 C11 C33 C13 C55 

dispx (mm) 8.3 4.1 3.9 0.7 

dispt (µs) 2.56 1.25 1.25 0.26 

Table 4. Displacements in position and time of the maximum amplitude point of the 518 

main wavefront (Cij variation from -σCij to +σCij of Table 2, T60, P30) 519 

 520 

4. CONCLUSION AND PERSPECTIVES 521 

Among the various parameters that may affect modelling of the non-destructive testing 522 

of a multi-pass weld, we have identified the uncertainty on the values of Cij, which are 523 

critical input parameters for any ultrasonic propagation simulation code.  524 

On the one hand, they are difficult to evaluate experimentally, and on the other hand 525 

the samples on which the measurements are performed may not be representative of the 526 

welded metal.  527 

This study has made it possible to quantify the influence of the precise knowledge of 528 

the Cij on the ultrasonic propagation simulation, this influence being highly dependent 529 

on the testing conditions (position of the sensors relative to the weld). It has clearly 530 

demonstrated that conventional non-destructive testing (consisting of searching the 531 

evolution for echo maxima) will be influenced and disturbed by the beam deviation, and 532 

the change in time of flight. The only way to reduce this disturbance is the most precise 533 

knowledge possible of Cij. This can be done through a specific characterization procedure 534 
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of the controlled materials. But here we show the limits obtained when, in industrial 535 

condition, we use a database of Cij recorded for a wide range of materials. Indeed 536 

elasticity constants generally used are taken from the literature and they are not exactly 537 

in accordance with those of the tested specimen.  538 

Choosing the seismogram as descriptor makes it possible to keep the maximum 539 

amount of information. Its association with the sensitivity and uncertainty maps reveals 540 

the zones that are sensitive (or not) to the variations of each Cij. This can help in the 541 

choice of the best experimental configurations, whether for testing or for determining, 542 

through an inversion process, the properties of the weld structure (e.g., the grain 543 

orientations). This experimental phase of in-situ weld characterization should thus 544 

precede the ultrasonic testing itself aimed at the detection of defects. 545 

The calculation time is significantly reduced, with 37 necessary simulations instead of 546 

several thousand for a typical Monte-Carlo method, through application of the analytical 547 

uncertainty propagation method. This will allow us to carry on with our work, studying a 548 

great number of other configurations (L45, T45, L60, other sensor positions, other welds).  549 

Further study will be also carried out on the influence of the uncertainty of the 550 

imaginary part of the Cij, very difficult to measure, and whose effect on the modelled 551 

attenuation will be significant.  552 

 553 
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Collected figure captions 685 

Figure 1. Experimental testing procedure; a) tandem mode; b) macrograph of the 686 

multi-pass horizontal weld (h 28mm x l 22mm, 27 passes on 10 different layers); c) 687 

principle diagram of tandem mode testing (e.g. position P140, where emitter is at 140mm 688 

from the center axis of the weld) 689 

Figure 2. Energy propagation in the horizontal weld for the position of the transmitter 690 

70mm from the centre axis of the weld (P70). Image deliberately saturated to enhance 691 

contrast in the area of interest 692 

Figure 3. Maximum amplitude received over the whole receiving elements, as a 693 

function of the position of the emitter. Simulated and experimental results 694 

Figure 4. Elastic constants measured on 7 homogeneous orthotropic samples as a 695 

function of the cut angle with respect to the grain elongation axis in the sample 696 

(measurements of LVA INSA Lyon, ANR MOSAICS) 697 

Figure 5. Schematic diagram of the method principle 698 

Figure 6. a) Linearization for the analytical propagation of uncertainties b) Example 699 

of a linearity test for C11 (x = 70mm and t = 27µs on the seismogram) 700 

Figure 7. Ultrasonic propagation and seismogram for configuration T60 and position 701 

P70 of the emitter. Images voluntarily saturated to enhance propagation through weld 702 

Figure 8. a) Echodynamic curve drawn in the region of interest zone 2, from position 703 

70 to 120 mm b) Linearity index of the echodynamic points, for configuration T60 and 704 

position P70 of the emitter 705 

Figure 9. Maps of the amplitude sensitivities (GPa-1) to the Cij (Cij variation from -706 

σCij to +σCij of Table 2, T60, P70) 707 

Figure 10. Map of amplitude uncertainties due to the variations of Cij (T60, P70) 708 
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Figure 11. Result in terms of echodynamic curve (T60, P70) and associated uncertainty 709 

at ±3σ 710 

Figure 12. Ultrasonic propagation and seismogram for configuration T60 and position 711 

P30. Images voluntarily saturated to enhance propagation through weld 712 

Figure 13. Result in terms of echodynamic curve and associated uncertainty at ±3σ 713 

(T60, P30) 714 

 715 

Collected table captions 716 

Table 1. Elasticity constants of the welded metal (austenitic stainless steel), where the 717 

axis of crystallographic texture <100> corresponds to axis 1 [26] 718 

Table 2. Elastic constants expressed in the appropriate 2D coordinate system for 719 

ATHENA (axis 3 corresponds to the grain elongation axis) 720 

Table 3. Displacements in position and in time of the maximum amplitude point of the 721 

main wavefront (Cij variation from -σCij to +σCij of Table 2, T60, P70) 722 

 723 




