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2 

Abstract 21 

 22 

The knowledge of grain growth directions makes it possible to describe the material anisotropy, which 23 

helps to ensure the ultrasonic testing of welded assemblies and the assessment of their mechanical integrity. 24 

Here, we study multipass welds made of 316 L stainless steel manufactured by a Gas Tungsten Arc Welding 25 

(GTAW) process. We have developed a specific model to predict the grain growth directions using a 26 

phenomenological solidification model relevant for GTAW welds. This new model follows the philosophy 27 

of the MINA model, developed since 2000 and which predicts the grain growth directions for Shielded 28 

Metal Arc Welding (SMAW) multipass welds, taking into account information from the welding notebook 29 

and macrograph analysis. Unlike the MINA model, the new model does not require measurement of the 30 
remelting parameters on macrographs, which can be complex to perform. These parameters are calculated 31 

from the measurement of dimensions on associated beads on plate. In this paper, the development of this 32 

new model is presented and the results are shown. 33 

 34 

 35 

Keywords: stainless steel multipass weld, GTAW, macrostructure modelling, grain growth, ultrasound, 36 

NDT.  37 
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1. Introduction 38 

 39 

The primary circuit in Sodium Fast Reactors includes numerous structures and components, such as the 40 

main vessel, primary pumps, heat exchangers, containing high temperature sodium. They are made of 41 

austenitic stainless steel, as it exhibits excellent corrosion resistance and very good mechanical strength at 42 

high temperature. Non-destructive examination aims to detect potential defects in the numerous welds that 43 

could be present in the primary circuit and at characterizing these defects (position and dimensions), so that 44 

their severity can be assessed. This non-destructive testing can be performed by the ultrasonic method. 45 

However, the ultrasonic testing of thick multipass austenitic stainless steel welds is complex because the 46 

macrostructure of these welds is both anisotropic (grain elongation parallel to the lines of heat dissipation 47 
with preferential crystallographic direction <100> [1]) and heterogeneous (variation of grain orientation in 48 

the welded volume), see example in Figure 1.a. Consequently, the propagation of the ultrasonic beam is 49 

altered due to the phenomena of deviation and splitting of the ultrasonic beam (Figure 1.b), as well as 50 

attenuation and structure noise [2,3] distorting the signal interpretation and diagnosis.  51 

 52 
Figure 1: (a) Macrograph of SMAW weld ; (b) Ultrasonic propagation simulated with the ATHENA 53 

code: deviation and splitting of the ultrasonic beam. Extracted from [4].  54 

 55 

Therefore, in order to make the signal interpretation and diagnosis reliable, the effects on the ultrasonic 56 

beam should be predicted, whatever the welding process. That prediction can be performed with a numerical 57 

modelling that involves the knowledge of the macrostructure of the weld and a code simulating the 58 

ultrasonic propagation. 59 

Numerous ultrasonic propagation simulation codes are used in the literature to address the problem of 60 

ultrasonic testing of polycrystalline metals with both anisotropic and heterogeneous structures. Many of 61 

them are based on ray-tracing methods [5–8] such as CIVA software which use a Dynamic Ray Tracing 62 

(DRT) method to evaluate the trajectory, the time of flight of the rays, and the amplitude associated with a 63 

ray tube during propagation [9,10]. DRT is applied on a smooth representation of the elastic properties of 64 

the weld [11] and model the beam to flaw interaction [12]. The ATHENA code used for this study and 65 
developed by EDF (Électricité De France) and INRIA (Institut National de Recherche en Informatique et 66 

Automatique) is a finite element code that solves the elastodynamic equations, in the transient regime, in a 67 

heterogeneous and anisotropic medium [13,14]. The weld is described in the ATHENA code by a finite 68 

number of homogeneous orthotropic domains (meshes), each domain being defined by a local grain 69 

orientation. Based on the set of elasticity constants of the welded metal, local elasticity constants are then 70 

deduced from those orientations. 71 

 72 

The simulation requires a realistic description of the weld as input data: geometry, material and 73 

macrostructure. Some  models at the macroscopic scale exist, most of them considering a symmetrical 74 

description [5,15–17]. The Ogilvy’s model [5] is the most commonly used. The realistic MINA model [4] 75 

developed by LMA (Laboratoire de Mécanique et d’Acoustique), EDF and Naval Group, is based on the 76 

phenomenology of the SMAW (Shielded Metal Arc Welding) process. All of these models describe the 77 

macrostructure in the weld cross-section (2D models), which has been demonstrated to be sufficient in the 78 

case of downhand position welds [18]. We therefore maintain this assumption. 79 

The welds studied here were manufactured using the Gas Tungsten Arc Welding (GTAW) process, with 80 

Arc Voltage Control (AVC) and robotized axes, in downhand position. The ability of two models (Ogilvy 81 

and MINA) was tested on GTAW welds, and this has shown significant errors, due to the symmetrical 82 

hypothesis of the Ogilvy model, and due to the difference of the welding parameters between SMAW 83 
process and GTAW process for the MINA model. Consequently, this test highlight the need to develop a 84 

new phenomenological model, relevant for the GTAW process. Hence, we decided to rely on MINA main 85 

lines while adopting a new approach for calculating phenomenological parameters based on the analysis 86 
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and measurement of dimensions of corresponding beads on plate. The advantage is that the beads on plate 87 

are generally available because manufactured for each weld in order to adjust the welding parameters. 88 

Section 2 presents the GTAW welding parameters used here. Section 3 develops the grain growth direction 89 

prediction model, first by presenting the phenomenological parameters, then the calculation of the 90 

directions of the thermal gradient within a bead and the impact of the position of the pass in the chamfer on 91 

the directions of the thermal gradient. Finally, the principle of calculating grain growth directions is 92 

explained. Section 4 discusses the results and the relevance of the model, by comparing the macrostructures 93 

predicted by the model with those measured on the macrographs of the GTAW weld mock-ups performed, 94 

and then comparing the results of ultrasonic simulations. 95 

 96 
2. Definition of mock-ups and beads on plate 97 

 98 

We designed and manufactured various thick multipass GTAW welding mock-ups to analyse their 99 

macrostructures. The welding parameters that we chose to vary are those that mainly vary in the case of 100 

industrial welds, and that potentially influence the macrostructure of the weld, i.e., arc voltage (U), intensity 101 

(I) and welding speed (S). Table 1 shows the values of these parameters for the four mock-ups, chosen from 102 

usual values and tests on beads on plate in order to guarantee the welds are without defects such as lack of 103 

fusion, porosity, etc.  104 

 105 

Reference   

mock-ups 

Arc voltage 

U 

(V) 

Intensity 

I 

(A) 

Welding speed 

S 

(mm/min) 

Power  

𝑃 = 𝑈 ∗ 𝐼 
(W) 

Heat input 

𝐸 = (𝑈 ∗ 𝐼)/𝑆 
(kJ/cm) 

E1UI 10 190 164 1900 6.95 

E2UI 12 290 164 3480 12.7 

E1S 12 290 300 3480 6.95 

E3S 12 290 105 3480 19.9 

Table 1: Value of the welding parameters associated with the 4 GTAW mock-ups. 106 

 107 

In order to maintain the same operating conditions for all passes, there is no root pass. The welds studied 108 

are made on 25 mm thick plates, grooved, with a ligament thickness of 5 mm. The geometry of the chamfer 109 
is V-shaped, 20 mm high, 31 mm wide at the top and 3 mm wide at the bottom. Furthermore, the maximum 110 

inter-pass temperature is fixed at 150°C in order to minimize the risk of hot cracking. 111 

On the one hand, the E1UI and E2UI mock-ups make it possible to study the influence of the welding power 112 

on the macrostructure: the welding speeds are identical while the arc voltage and intensity are different. On 113 

the other hand, the E1S and E3S mock-ups are manufactured with the same welding power as E2UI but 114 

with different welding speeds, therefore different heat inputs. Thus, the E2UI, E1S and E3S mock-ups will 115 

make it possible to analyse the influence of the heat input on the macrostructure for the same welding 116 

power.  117 

 118 

Other welding parameters could influence the macrostructure, such as: the type of the shielding gas [19,20], 119 

the sulphur content of base and filler metals [21–24], the tip angle of electrode [25,26] as well as the welding 120 
position [18,27]. We chose to set these parameters: base metal (316L) and filler metal (Z4 Cr Ni Mo 17-121 

11-2) with sulphur content below 50 ppm, wire feed rate (2000 mm/min, cold wire), wire diameter (0.9 122 

mm) - and therefore the deposition rate (product of the density of the wire by the wire feed rate and the 123 

wire cross-section) is fixed at 0.61 kg/h - , electrode diameter and tip angle (3.2 mm and 60°, respectively), 124 

type of the shielding gas (100% Argon) and welding position (downhand). 125 

 126 

Previous studies on the SMAW process have shown that the order of the passes is very influential on the 127 

grain growth directions [28,29]. In the case of our study, the order of the passes is defined and fixed for all 128 

the mock-ups, in the left-right AMerican style (Figure 2, for each layer, the passes are alternately placed at 129 

the ends of the chamfer until they reach the centre of the weld). This is integrated into our model but fixed 130 

for the moment.  131 

 132 
Figure 2 : AMericain order of passes. 133 
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3. Model to predict the grain growth directions 134 

 135 

The grain growth direction prediction model is based on the study of the effects of welding parameters on 136 

beads on plate (single pass) as well as on multipass weld mock-ups. This model uses as input data the 137 

information from the welding notebook (chamfer dimensions, number of layers, number of passes per layer, 138 

sequence of passes and welding parameters), as well as four phenomenological parameters (see diagram in 139 

Figure 3) : the pass width WPass, the vertical remelting Rv, the total pass height HPass and the lateral remelting 140 

Rl. The model calculates the directions of the thermal gradient within a single pass, then takes into account 141 

the position of the pass in the chamfer. Since the maximum inter-pass temperature is fixed at 150°C, its 142 

effect on the thermal gradient is negligible.. It then reproduces the two solidification mechanisms within a 143 
multipass weld: epitaxial growth - a grain in formation adopts the direction of the grains on which it rests, 144 

leading to the formation of columnar grains [26]  - and selective growth - when two grains "cross", the grain 145 

that will continue to grow is the one whose growth direction (i.e., crystallographic direction <100>) is the 146 

closest to the local direction of the thermal gradient [30]. 147 

 148 

 149 
Figure 3: Phenomenological parameters: vertical remelting (Rv) and lateral (Rl), as well as pass 150 

dimensions (width WPass and height HPass). 151 

 152 

3.1.  Phenomenological parameters: measurements and calculations on beads on plate 153 

 154 

Among the four phenomenological input parameters of the model, we chose to measure one (the pass width 155 

WPass), directly on the beads on plate and the other three (vertical remelting Rv, total pass height HPass and 156 

lateral remelting Rl) are calculated from the measurements made on the beads on plate (bead width WBead, 157 

penetration depth DBead, and reinforcement height RBead). This is the main advance over the MINA model, 158 

for which these parameters are measured on representative weld macrographs [4]. The choice was made to 159 

integrate only the WPass direct measurement into the model, because the comparison between the bead on 160 

plate and the weld pass proved to be good for the width WPass, but not for the height HPass.  161 
Table 2 presents the values of the welding parameters of the beads on plate manufactured and studied (the 162 

other parameters fixed are identical to those of the mock-ups). A total of 15 beads on plate were 163 

manufactured in order to analyse dimensional variations according to welding parameters and possibly to 164 

derive trends or laws. 165 

 166 

N° beads on 

plate 
U 

 (V) 
I  

(A) 
S 

(mm/min) 
𝑃 = 𝑈 ∗ 𝐼  

(W) 

𝐸 = (𝑈 ∗ 𝐼)/𝑆  

(kJ/cm) 

Beads 1 to 5 10 190 75-125-164-200-250 1900 4.5-15.2 

Bead 6 11 190 164 2090 7.6 

Bead 7 11 240 164 2640 9.6 

Bead 8 11 290 164 3190 11.6 

Beads 9 to 15 12 290 75-105-125-164-200-250-300 3480 6.95-27.9 

Table 2: Welding parameters of the beads on plate (total 15), classified into 5 levels of welding power.  167 
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Figure 4 illustrates the three characteristic dimensions that are measured on each of the beads on plate: 168 

reinforcement height (RBead), depth of penetration (DBead) and width (WBead). And we note the total height 169 

of the bead on plate HBead = RBead + DBead. 170 

 171 

 172 
Figure 4: Characteristic dimensions of a bead on plate. 173 

 174 

The evolution of these characteristic dimensions with the welding speed S is plotted in Figure 5. Some 175 

points are worth noting when considering these measures. First of all, from a general point of view, the 176 

three dimensions evolve in a manner that is inversely proportional to the welding speed. These observations 177 

are in accordance with the data in the literature [23]. 178 
 179 

 180 
Figure 5: Evolution of the characteristic dimensions measured for 5 welding powers as a function of the 181 

welding speed: (a) bead width, (b) bead penetration depth, (c) bead reinforcement height. 182 

 183 

Whatever the welding speed, bead width WBead (Figure 5.a) and bead penetration depth DBead (Figure 5.b) 184 

measured for low powers (in yellow) are always lower than those for high powers (in blue), while the 185 

opposite holds true for the bead reinforcement height RBead (Figure 5.c). Indeed, between two beads laid at 186 

the same welding speed (and therefore with the same volume), a decrease in power and therefore in width 187 

implies an increase in bead reinforcement height.  188 
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Over the ranges of welding parameter values studied, power has a significantly greater effect on the 189 

penetration and bead width than on the height of the curved bead. The evolution of the dimensions WBead, 190 

DBead and RBead of a bead on plate within these ranges of parameter values can be approximated by a linear 191 

regression law in each power group. 192 

 193 

 194 

We now compare the width WBead from beads on plate with pass widths WPass measured on the mock-ups 195 

to validate its use in the model. We choose to measure the width pass only on the last layer passes (at the 196 

top of the weld, see example in Figure 6) because these passes are not affected by the vertical re-melting. 197 

Therefore, it facilitates the estimation of the pass contour. And it seems reasonable to postulate that the 198 
widths are similar in the full thickness of the weld (excepted for the very first layers, see below). The 199 

measurements of WPass are performed on the macrographs of the four mock-ups (E1UI, E2UI, E1S and 200 

E3S), where the number of passes involved is 6, 5, 15 and 3, respectively. 201 

 202 

 203 
Figure 6: Macrograph of E1UI weld where the number of passes of the last layer is 6. Measurement of 204 

the pass width (WPass) after contour plotting (in red), extrapolated for laterally remelted parts (red dotted 205 

lines). 206 

 207 

Table 3 presents the comparison of the average pass widths (Mean WPass) measured on the mock-ups, with 208 

the corresponding bead on plate widths (WBead), measured on the beads on plate. It is clearly observed that 209 

the measurements on the beads on plate are in very good agreement with those on the mock-ups at the last 210 
layer, with maximum deviations of less than 10%. Thus, estimating the pass width of the last layer from 211 

the measurements on the beads on plate is a valid approach. 212 

 213 

Reference Mean WPass (mm) WBead (mm) Discrepancy 

E1UI 10.6 10.2 4% 

E2UI 13.3 12.3 8% 

E1S 11.1 10.2 9% 

E3S 15.6 14.3 9% 

 214 

Table 3: Comparison of the average pass widths measured on the mock-ups with the bead widths 215 

measured on the beads on plate. 216 

 217 

However, we observed on the macrographs (see example Figure 6) that the pass width is smaller at the first 218 

layers than in the rest of the weld. In fact, the chamfer width at the first layers is smaller than the width of 219 

the passes. Consequently, we chose to adapt for those cases the pass widths according to the width of the 220 

chamfer.  221 
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The measurement of the vertical remelting parameters (𝑅𝑣) on weld macrographs requires the estimation 222 

of the pass contour. Thus, we chose to calculate the value of this parameter from the measurements from 223 

the beads on plate:  224 

𝑅𝑣 =
𝐷𝐵𝑒𝑎𝑑

𝐻𝐵𝑒𝑎𝑑

 (1) 

 225 

The results reported in Figure 7 show that this parameter, under the previously established fixed conditions 226 

(in particular deposition rate), does not depend on the welding speed, but only on the welding power. The 227 

two power groups are again distinguished: for low powers, the average value of Rv is 0.39 (orange line) and 228 

for high powers, 0.61 (blue line). Thus, we conclude that a variation in welding power of about 10% 229 

(variation in power within each group) has little influence on the value of the vertical remelting parameter. 230 
These power variations within each group are of the same order as those encountered in the industrial case 231 

(arc voltage at ± 1V and intensity at ± 10A). We therefore assume that the prediction of the vertical 232 

remelting parameter from the average data from the welding notebook is satisfactory. 233 

 234 
Figure 7: Evolution of the vertical remelting parameter for 5 welding power levels as a function of the 235 

welding speed.  236 

 237 

The total pass height 𝐻𝑝𝑎𝑠𝑠 is calculated from data from the welding notebook (height h of the chamfer, 238 

number of layers NL) and the vertical remelting parameter:  239 

𝐻𝑝𝑎𝑠𝑠 =
ℎ

𝑁𝐿 ∗ (1 − 𝑅𝑣)
 (2) 

 240 

As for the lateral remelting parameter, Rl cannot be calculated directly from the measurements of the 241 

dimensions on the beads on plate, because physically it depends on the layer width, the number of passes 242 
per layer and the width of each pass. Thus, by assuming that Rl is constant within the same layer and can 243 

vary from one layer to another, we calculate for each layer k the value of the lateral remelting parameter 244 

Rl(k) by first determining the vertical position Gy(k) of the layer k in the chamfer, then its width Wlayer(k) 245 

from the dimensions of the chamfer and the vertical remelting:  246 

𝐺𝑦(𝑘) = 𝐻𝑃𝑎𝑠𝑠 ∗ (1 − 𝑅𝑣) ∗ 𝑘 (3) 

𝑊𝑙𝑎𝑦𝑒𝑟(𝑘) = 𝑏 +

1

2
∗ (𝑐 − 𝑏)

ℎ
∗ 𝐺𝑦(𝑘) ∗ 2 (4) 

where b is the width at the bottom of the chamfer, c is the width at the top and h is the height. Finally Rl(k) 247 

is calculated as follows: 248 

𝑅𝑙(𝑘) = 1 −
𝑊𝑙𝑎𝑦𝑒𝑟(𝑘) − 𝑊𝑃𝑎𝑠𝑠

(𝑁𝑃𝑎𝑠𝑠(𝑘) − 1) ∗ 𝑊𝑃𝑎𝑠𝑠

 (5) 

where NPass(k) is the number of passes in the k layer. 249 

 250 
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3.2. Calculation of the thermal gradient in a pass 251 

 252 

As the grain growth is directly related to the thermal gradient, we start by analysing a bead on plate in order 253 

to develop the calculation of the thermal gradient in an isolated pass, 𝛼𝑔
𝑖𝑛𝑖𝑡 , then for a pass in the chamfer 254 

with consideration of the surrounding metal, 𝛼𝑔. 255 

Figure 8 shows that the grain growth directions (yellow and black arrows) are generally symmetrical with 256 
respect to the axis of the bead on plate (dotted white line), and that three zones can be distinguished: the 257 

central zone (orange) with rectangular geometry and the lateral zones (blue) with square geometry. The 258 

lateral zones are characterized by varying grain growth directions, while the central zone is characterized 259 

by grain growth directions rather parallel to each other and to the axis of symmetry of the weld. 260 

 261 

 262 
Figure 8 : Analysis of the macrostructure of the beads on plate: definition of 3 grain growth zones. 263 

 264 

Figure 8 also shows that the grain growth at the contour is orthogonal to this contour (yellow arrows). 265 

However, the latter corresponds to an isotherm (solidus) and by definition the thermal gradient is orthogonal 266 
to the isotherms. Therefore, we assume that the directions of the thermal gradient are orthogonal to this 267 

contour. Figure 8 highlights that the grains within the bead are straight (black arrows), and so we assume 268 

that the thermal gradient is also straight. The grains do not cross within the pass, and so selective growth 269 

within the pass alone is very limited. In order to reproduce these different observations and automatically 270 

calculate the directions of the thermal gradient, we consider here the contour of a pass with a "U-flat" shape 271 

(Figure 9). The ends of the pass are quadrants of a circle whose radius is the total height of the pass. Thermal 272 

gradient directions 𝛼𝑔
𝑖𝑛𝑖𝑡  are then calculated to be normal to the modelled contours. 273 

 274 
Figure 9: Illustration of the directions of the thermal gradient (𝛼𝑔𝑙𝑒𝑓𝑡

𝑖𝑛𝑖𝑡 , 𝛼𝑔𝑐𝑒𝑛𝑡𝑒𝑟
𝑖𝑛𝑖𝑡 , 𝛼𝑔𝑟𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡 ) calculated for 275 

each area of the bead.  276 
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The initial thermal gradient 𝛼𝑔
𝑖𝑛𝑖𝑡  in a single pass being modelled, it must now be adapted to take into 277 

account the fact that the pass is deposited at a certain position in the chamfer. Indeed, the position of the 278 

pass in the chamfer has an impact on the average orientation of the grains in the pass. Figure 10 shows the 279 

average grain orientation for three passes in the chamfer. As for those with a yellow outline, one is located 280 

at the edge of the chamfer and the other within the weld that rests laterally on a single pass. For these passes, 281 

the average grain orientation is strongly inclined, which means an overall inclination of the thermal gradient 282 

directions. The green contour pass corresponding to a last pass in a layer (resting laterally on two passes), 283 
the average grain orientation is vertical. 284 

 285 

 286 
Figure 10: Example of E1UI. Influence of the position of the pass in the chamfer: last pass in a layer 287 

(green contour) and pass at the edge or within the weld resting on a single pass (yellow contour). 288 

 289 

These observations can be explained, by a symmetrical balance of heat flow for the last passes per layer 290 

because the quantities of heat transmitted (by thermal conduction) from the pass to the surrounding material 291 

are then almost symmetrical. On the other hand, for the other passes, there is an asymmetrical balance of 292 

the heat flows transmitted to the surrounding metal. 293 

Fourier's law shows the direct link between the directions of heat flow and the directions of the thermal 294 

gradient:  295 

�⃗� = −𝜆. 𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗(𝑇) (6) 

where �⃗� represents the surface density of the heat flux (𝑊. 𝑚−2), 𝜆 represents the thermal conductivity of 296 

the medium (W.m-1.K-1) and 𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗(𝑇) represents the thermal gradient (𝐾. 𝑚−1).  297 

The initial directions of the thermal gradient calculated above are therefore modified by a value β for all 298 

passes except for the last ones per layer, β resulting from the calculation of the asymmetrical balance of 299 

heat flows on the contours of the pass: 300 

𝛼𝑔 = 𝛼𝑔
𝑖𝑛𝑖𝑡 ± 𝛽 (7) 

where the sign (-) is associated with the passes on the left and the sign (+) with the passes on the right, and 301 

β = tan−1 (
𝐻𝑃𝑎𝑠𝑠 . (1 − 𝑅𝑉𝑃𝑎𝑠𝑠). (1 +

𝐻𝑃𝑎𝑠𝑠

𝐻𝑃𝑎𝑠𝑠+𝑊𝑃𝑎𝑠𝑠
)

𝑊𝑃𝑎𝑠𝑠 + 𝐻𝑃𝑎𝑠𝑠 . (1 − 𝑅𝑉𝑃𝑎𝑠𝑠). (
𝑊𝑃𝑎𝑠𝑠

𝐻𝑃𝑎𝑠𝑠+𝑊𝑃𝑎𝑠𝑠
)

) (8) 

  302 
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3.3. Calculation of grain growth directions: solidification mechanisms 303 

 304 

The calculation of thermal gradient directions 𝛼𝑔 was established from analyses on beads on plate and 305 

mock-ups to take into account the effect of the position of the pass on the directions of the thermal gradient. 306 

The principle of the model is to build the weld pass by pass, taking into account the order of the passes, the 307 

welding notebook, and therefore to take into account the passes previously deposited. For the first layers, 308 

the pass widths are adapted according to the width of the chamfer.  309 

To integrate the complexity of the solidification mechanisms into the model, a grain growth calculation was 310 
developed. This calculation was performed locally, in a mesh size of 0.5×0.5 mm². Indeed, macrographic 311 

analyses had confirmed that a mesh size of 0.5×0.5 mm² allows the physics of the problem to be well 312 

represented at the grain scale [4]. A pass is modelled with a rectangular geometry and meshed as shown 313 

on Figure 11. Thus for each mesh (𝑖, 𝑗) of the pass (𝑖 being the line number and 𝑗 the column number), the 314 

direction of the thermal gradient is 𝛼𝑔(𝑖, 𝑗). The grain growth direction in (𝑖, 𝑗) is noted 𝜃(𝑖, 𝑗). 315 

 316 

 317 
Figure 11: Example of modelling of a rectangular geometry pass with dimensions of 8×2 mm²: 318 

calculation of grain growth directions on the contour of the pass (grey mesh) and within the pass (orange 319 

mesh). 320 

 321 

3.3.1. On the contour of the pass 322 

 323 

For the meshes next to the chamfer, the grain directions are simply defined equal to those of the thermal 324 

gradient: 𝜃(𝑖, 𝑗) = 𝛼𝑔(𝑖, 𝑗). 325 

Concerning the remelting of a pass on one or more than one other pass, selective growth can come into 326 

play. Indeed, macrographs show in places sudden variations in grain growth directions, when remelting a 327 
pass on another pass. The minimum difference in measured direction variation is about 40° (Figure 12, 328 

yellow arrows). We therefore assume that the selective growth mechanism dominates when the absolute 329 

difference in angle between the thermal gradient and the grain growth direction is greater than 40°. 330 

The directions of the grains on the contour of a pass deposited on (or against) another pass are therefore 331 

defined equal to those of the grains on which they rest (epitaxial growth): 𝜃(𝑖, 𝑗) = 𝜃(𝑖, 𝑗 − 1) on the left, 332 

or 𝜃(𝑖, 𝑗) = 𝜃(𝑖 − 1, 𝑗) at the bottom, unless the absolute difference between these directions (𝜃(𝑖 − 1, 𝑗) 333 

or 𝜃(𝑖, 𝑗 − 1)) and 𝛼𝑔(𝑖, 𝑗) is greater than 40°. In this case, the grain directions are defined equal to those 334 

of the thermal gradient: 𝜃(𝑖, 𝑗) = 𝛼𝑔(𝑖, 𝑗). 335 

 336 
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 337 
Figure 12: Selective growth (yellow arrows): sudden change in growth direction.  338 

 339 

3.3.2. Within the pass 340 

 341 
The direction of a grain in the mesh (i,j) within the pass depends on the directions in the adjacent meshes, 342 

the thermal gradient, and the possible epitaxy. 343 

It should be noted that �̅�(𝑖, 𝑗), the average direction around the mesh (i,j), is calculated for the left part of 344 

the pass by: 345 

�̅�(𝑖, 𝑗) =
𝜃(𝑖, 𝑗 − 1) + 𝜃(𝑖 − 1, 𝑗 − 1) + 𝜃(𝑖 − 1, 𝑗)

3
 (9) 

and 𝑒(𝑖, 𝑗) is the absolute difference in direction between the average grain �̅�(𝑖, 𝑗) and the thermal gradient 346 

𝛼𝑔(𝑖, 𝑗) : 347 

𝑒(𝑖, 𝑗) = |�̅�(𝑖, 𝑗) − 𝛼𝑔(𝑖, 𝑗)| (10) 

If 𝑒(𝑖, 𝑗) is less than 40°, then the growth occurs through the epitaxy mechanism, and: 348 

𝜃(𝑖, 𝑗) = cos(𝑒(𝑖, 𝑗)) . �̅�(𝑖, 𝑗) + [1 − cos(𝑒(𝑖, 𝑗))]. 𝛼𝑔(𝑖, 𝑗) (11) 

However, if 𝑒(𝑖, 𝑗) is greater than 40°, then the growth is selective, and we have: 349 

𝜃(𝑖, 𝑗) = 𝛼𝑔(𝑖, 𝑗) (12) 

  350 
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4. Results and discussion  351 

 352 

The relevance of the model is assessed in two ways: first by comparing the grain growth directions 353 

measured on the macrographs with those predicted by the model, and then by comparing the ultrasonic 354 

results (maxima of ultrasonic amplitudes after propagation through the weld) simulated using the ATHENA 355 

finite element code, through the macrostructure (grain growth directions) measured on macrographs and 356 

the macrostructure predicted by the model. 357 

 358 

4.1. Comparison between modelled and measured macrostructures 359 

 360 

As mentioned above, the grain directions were measured on the macrographs of the four mock-ups in a 361 

mesh size of 0.5×0.5 mm². Two types of average errors (in degrees) between the directions measured on 362 

the macrograph and predicted by the model were calculated. We first calculated the global average error 363 
ΔθG (average of the absolute errors of all meshes), and the standard deviation σG of this error in order to 364 

analyse its dispersion. This global error represents both the gaps within the welded area and also at the 365 

edges (i.e. the chamfer). In the latter case, the difference can be significant, mainly due to three sources of 366 

error: the modelled pass shape, which is rectangular  whereas the actual pass shape is more of the "U-flat" 367 

type, the failure to take into account the dilution at the edges of the chamfer by the model and the failure to 368 

take into account the geometric inclination of the passes by the model (only the thermal inclination is 369 

adopted). This results in meshes identified simultaneously as welded metal in the model and base metal on 370 

the macrograph, and conversely. For this purpose, the error ΔθW within the welded zone and its associated 371 

standard deviation σW were also calculated. In this case, only the deviations of orientation in the meshes 372 

where the model and the measurement both concern welded metal were retained. Figure 13 maps the local 373 

errors and gives the associated values of average errors, with their respective standard deviations. 374 
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  375 

 376 

Figure 13: Comparison of grain directions measured on macrographs and predicted by the model for the 4 377 

welding mock-ups. 378 
 379 

Modelling errors within the welded areas are relatively small, the white areas correspond to deviations of 380 

less than 10°. Thus, the model is in good agreement with the actual macrostructures. 381 

For the four mock-ups, the global average error is between 14° and 20°. The maps of the local errors show 382 

that the errors are rather localized for the E1UI, E2UI and E3S mock-ups (the value of the associated 383 

standard deviation is relatively high: between 15.3° and 17.8°). Indeed, for the E2UI and E3S mock-ups, 384 

these errors are located at the last welding layer where the passes have a parabolic shape, and not a shape 385 

of the “U-flat” type (leading to a different thermal gradient). For E1UI mock-up, these errors are located 386 

within the welded area, at the location of two passes identified on macrograph, which are particularly 387 

inclined while the others are rather horizontal. This local inclination is not really explained, and is not taken 388 

into account in the model.  389 
 390 

Conversely, the map of the local errors for E1S welding shows that the errors observed are rather distributed 391 

over the whole weld (the value of the associated standard deviation is lower, equal to 14.3°). Indeed, the 392 

welding speed for this mock-up is very important (300 mm/min), which seems to have an impact on the 393 

directions of the thermal gradient and therefore on the grains [23]. We are at the limit of the model’s validity 394 

here.  395 
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4.2. Comparison of simulated ultrasonic results 396 

 397 

The objective of the model is not to perfectly represent the macrostructure of a weld but to predict the 398 

propagation of the ultrasonic beam through the weld. Thus, we compared the simulated ultrasonic results 399 

through the measured and predicted grain directions using the ATHENA finite element code. The size of 400 

the finite element in ATHENA was chosen equal to one twelfth of the shortest wavelength, which is that 401 

of the shear waves (possible generation by mode conversion). For a frequency of 2.25 MHz we obtained a 402 

value of 0.1 mm. 403 

Figure 14 shows the configuration tested: in immersion, in transmission mode, in normal incidence. The 404 

emitter is a single element (Ø12.7 mm). It is positioned at a distance of 20 mm from the face side and 405 
maintains a fixed position with respect to the axis of the weld during the simulation. The "receiving line" 406 

is positioned 4 mm from the opposite surface and extends over a length of 70 mm (from -35 mm to +35 407 

mm). The listening line records the received signal at each mesh point, and an echodynamic curve is 408 

extracted, which corresponds to the maximal amplitude of the received signal at each point. In addition, 409 

Figure 14 again highlights the effects of beam deviation and splitting within the welds. 410 

 411 
Figure 14: Configuration of ultrasonic simulations (transmitter position: -10 mm). 412 

 413 

For the four weld mock-ups, we performed a total of eleven simulations through the macrostructures 414 

measured and predicted for eleven fixed positions of emitter in relation to the weld axis: -10, -8, -6, -4, -2, 415 
0, +2, +4, +6, +8, +10 (data in millimetres). Figure 14 presents the simulated results for two fixed positions 416 

of the emitter (-10 and 0 mm with respect to the weld axis) in order to study the propagation of ultrasonic 417 

waves fairly close to the chamfer (-10 mm) and quite within the weld (0 mm, on the weld centreline). The 418 

blue curves are obtained by inputting the orientations measured on the macrographs, and the red curves 419 

those resulting from the model. 420 
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 421 
Figure 15: Comparison of simulated echodynamic curves from measured (real structure, in blue) and 422 

predicted (model structure, in red) grain directions. 423 

 424 

These results show that for welds E1UI, E2UI and E3S, for the position of the emitter at -10 mm with 425 

respect to the axis of the weld, a good match is obtained for the ultrasonic propagation through the modelled 426 

structure compared to the propagation through the real one. The global shape of the transmitted beam is 427 

well recovered, thus deviations and splittings are properly modelled. The amplitude seems more sensitive 428 

to the modelling errors but the amplitude differences remain reasonable.  429 

With regard to the simulated results obtained for an emitter position at 0 mm from the weld axis, it can be 430 
seen that for welds E1UI, E2UI and E3S, the results are again in good agreement. Despite global average 431 

modelling errors of between 14° and 20°, the effects of deviation and splitting of the ultrasonic beam are 432 

correctly predicted. 433 

Concerning the E1S weld, higher discrepancies are observed which are caused by higher modelling errors 434 

within the welded area (see Figure 12 in section 4.1). The energy spread at -10mm in the case of the actual 435 

structure is not found in the case of the simulated structure. The beam was therefore not deflected in the 436 

same way. And at 0mm, a beam splitting between the x-axis -5mm and 5mm appears in the case of the 437 
modelled structure. Indeed, we are at the limit of the model's validity here. However, these differences 438 

obtained are not prohibitive and the model still provides a rather good description of ultrasonic propagation. 439 



17 

5. Conclusion 440 

 441 

We have developed a new model adapted to GTAW welds. It is based among other things on the analysis 442 

of macrographs of cross sections of beads on plate. This makes it possible to avoid measuring 443 

phenomenological parameters (in particular remelting parameters) on weld macrographs, this measurement 444 

being complex. The model calculates the local thermal gradient at the pass scale and then takes into account 445 

the position of the pass in the chamfer. Finally, it reproduces the phenomena of selective and epitaxial 446 

growth to infer the orientation of the grains throughout the weld.  447 

The macrostructure prediction of the developed model is in good agreement with the macrostructures of 448 

the mock-ups, with global average errors between 14° and 20°.  449 
Ultrasonic simulations show that the resulting propagation through the modelled and the real 450 

macrostructures are also in good agreement. The welding model allows the deviations and splittings of the 451 

beam to be clearly reproduced and identified. However, in the case of the weld manufactured at very high 452 

welding speed, we observed larger differences in grain orientation between the model and the actual 453 

structure, resulting in equally larger differences in ultrasonic results. Thus, this is a model validity limit for 454 

high welding speeds. 455 

In addition, it has been shown that the dimensions of a bead on plate change rather linearly with respect to 456 

welding power and speed, the other parameters having been set. It should therefore be possible to deduce 457 

the dimensions of a bead on plate in the long term by only knowing the welding power and speed.  458 

The development of this model will continue along three main workstreams.  459 

Firstly, concerning the order of passes, previous works for SMAW welds showed that this parameter had a 460 
dominant impact on the macrostructure. Currently, this parameter is integrated in the model but fixed at 461 

“American”. We continue in this direction by manufacturing new mock-ups where the order of passes 462 

varies.  463 

Secondly, we plan to perform other ultrasonic testing configuration, in oblique incidence, for example 464 

longitudinal waves at 60°, which will allow, on the one hand to use an industrial configuration, and on the 465 

other hand, to carry on the validation stage of this new model. 466 

Thirdly, concerning the welding position, it will be necessary to integrate a 3D modelling of the 467 

macrostructure. Indeed, the 2D hypothesis is valid for the downhand welding position, but it is no longer 468 

valid for the other welding positions (vertical-up, horizontal-vertical and overhead), frequently used in 469 

industry.  470 

 471 
  472 
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