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Abstract

The knowledge of grain growth directions makes it possible to describe the material anisotropy, which
helps to ensure the ultrasonic testing of welded assemblies and the assessment of their mechanical integrity.
Here, we study multipass welds made of 316 L stainless steel manufactured by a Gas Tungsten Arc Welding
(GTAW) process. We have developed a specific model to predict the grain growth directions using a
phenomenological solidification model relevant for GTAW welds. This new model follows the philosophy
of the MINA model, developed since 2000 and which predicts the grain growth directions for Shielded
Metal Arc Welding (SMAW) multipass welds, taking into account information from the welding notebook
and macrograph analysis. Unlike the MINA model, the new model does not require measurement of the
remelting parameters on macrographs, which can be complex to perform. These parameters are calculated
from the measurement of dimensions on associated beads on plate. In this paper, the development of this
new model is presented and the results are shown.

Keywords: stainless steel multipass weld, GTAW, macrostructure modelling, grain growth, ultrasound,
NDT.
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1. Introduction

The primary circuit in Sodium Fast Reactors includes numerous structures and components, such as the
main vessel, primary pumps, heat exchangers, containing high temperature sodium. They are made of
austenitic stainless steel, as it exhibits excellent corrosion resistance and very good mechanical strength at
high temperature. Non-destructive examination aims to detect potential defects in the numerous welds that
could be present in the primary circuit and at characterizing these defects (position and dimensions), so that
their severity can be assessed. This non-destructive testing can be performed by the ultrasonic method.
However, the ultrasonic testing of thick multipass austenitic stainless steel welds is complex because the
macrostructure of these welds is both anisotropic (grain elongation parallel to the lines of heat dissipation
with preferential crystallographic direction <100> [1]) and heterogeneous (variation of grain orientation in
the welded volume), see example in Figure 1.a. Consequently, the propagation of the ultrasonic beam is
altered due to the phenomena of deviation and splitting of the ultrasonic beam (Figure 1.b), as well as
attenuation and structure noise [2,3] distorting the signal interpretation and diagnosis.
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Figure 1: (a) Macrograph of SMAW weld ; (b) Ultrasonic propagation simulated with the ATHENA
code: deviation and splitting of the ultrasonic beam. Extracted from [4].

Therefore, in order to make the signal interpretation and diagnosis reliable, the effects on the ultrasonic
beam should be predicted, whatever the welding process. That prediction can be performed with a numerical
modelling that involves the knowledge of the macrostructure of the weld and a code simulating the
ultrasonic propagation.

Numerous ultrasonic propagation simulation codes are used in the literature to address the problem of
ultrasonic testing of polycrystalline metals with both anisotropic and heterogeneous structures. Many of
them are based on ray-tracing methods [5-8] such as CIVA software which use a Dynamic Ray Tracing
(DRT) method to evaluate the trajectory, the time of flight of the rays, and the amplitude associated with a
ray tube during propagation [9,10]. DRT is applied on a smooth representation of the elastic properties of
the weld [11] and model the beam to flaw interaction [12]. The ATHENA code used for this study and
developed by EDF (Electricité De France) and INRIA (Institut National de Recherche en Informatique et
Automatique) is a finite element code that solves the elastodynamic equations, in the transient regime, in a
heterogeneous and anisotropic medium [13,14]. The weld is described in the ATHENA code by a finite
number of homogeneous orthotropic domains (meshes), each domain being defined by a local grain
orientation. Based on the set of elasticity constants of the welded metal, local elasticity constants are then
deduced from those orientations.

The simulation requires a realistic description of the weld as input data: geometry, material and
macrostructure. Some models at the macroscopic scale exist, most of them considering a symmetrical
description [5,15-17]. The Ogilvy’s model [5] is the most commonly used. The realistic MINA model [4]
developed by LMA (Laboratoire de Mécanique et d’Acoustique), EDF and Naval Group, is based on the
phenomenology of the SMAW (Shielded Metal Arc Welding) process. All of these models describe the
macrostructure in the weld cross-section (2D models), which has been demonstrated to be sufficient in the
case of downhand position welds [18]. We therefore maintain this assumption.

The welds studied here were manufactured using the Gas Tungsten Arc Welding (GTAW) process, with
Arc Voltage Control (AVC) and robotized axes, in downhand position. The ability of two models (Ogilvy
and MINA) was tested on GTAW welds, and this has shown significant errors, due to the symmetrical
hypothesis of the Ogilvy model, and due to the difference of the welding parameters between SMAW
process and GTAW process for the MINA model. Consequently, this test highlight the need to develop a
new phenomenological model, relevant for the GTAW process. Hence, we decided to rely on MINA main
lines while adopting a new approach for calculating phenomenological parameters based on the analysis
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and measurement of dimensions of corresponding beads on plate. The advantage is that the beads on plate
are generally available because manufactured for each weld in order to adjust the welding parameters.
Section 2 presents the GTAW welding parameters used here. Section 3 develops the grain growth direction
prediction model, first by presenting the phenomenological parameters, then the calculation of the
directions of the thermal gradient within a bead and the impact of the position of the pass in the chamfer on
the directions of the thermal gradient. Finally, the principle of calculating grain growth directions is
explained. Section 4 discusses the results and the relevance of the model, by comparing the macrostructures
predicted by the model with those measured on the macrographs of the GTAW weld mock-ups performed,
and then comparing the results of ultrasonic simulations.

2. Definition of mock-ups and beads on plate

We designed and manufactured various thick multipass GTAW welding mock-ups to analyse their
macrostructures. The welding parameters that we chose to vary are those that mainly vary in the case of
industrial welds, and that potentially influence the macrostructure of the weld, i.e., arc voltage (U), intensity
(1) and welding speed (S). Table 1 shows the values of these parameters for the four mock-ups, chosen from
usual values and tests on beads on plate in order to guarantee the welds are without defects such as lack of
fusion, porosity, etc.

Arc voltage Intensity Welding speed Power Heat input
Reference
MOCk-UDS U | S P=UxI E=UxD/S
P (V) (A) (mm/min) (W) (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.

In order to maintain the same operating conditions for all passes, there is no root pass. The welds studied
are made on 25 mm thick plates, grooved, with a ligament thickness of 5 mm. The geometry of the chamfer
is V-shaped, 20 mm high, 31 mm wide at the top and 3 mm wide at the bottom. Furthermore, the maximum
inter-pass temperature is fixed at 150°C in order to minimize the risk of hot cracking.

On the one hand, the E1UI and E2UI mock-ups make it possible to study the influence of the welding power
on the macrostructure: the welding speeds are identical while the arc voltage and intensity are different. On
the other hand, the E1S and E3S mock-ups are manufactured with the same welding power as E2UI but
with different welding speeds, therefore different heat inputs. Thus, the E2UI, E1S and E3S mock-ups will
make it possible to analyse the influence of the heat input on the macrostructure for the same welding
power.

Other welding parameters could influence the macrostructure, such as: the type of the shielding gas [19,20],
the sulphur content of base and filler metals [21-24], the tip angle of electrode [25,26] as well as the welding
position [18,27]. We chose to set these parameters: base metal (316L) and filler metal (Z4 Cr Ni Mo 17-
11-2) with sulphur content below 50 ppm, wire feed rate (2000 mm/min, cold wire), wire diameter (0.9
mm) - and therefore the deposition rate (product of the density of the wire by the wire feed rate and the
wire cross-section) is fixed at 0.61 kg/h -, electrode diameter and tip angle (3.2 mm and 60°, respectively),
type of the shielding gas (100% Argon) and welding position (downhand).

Previous studies on the SMAW process have shown that the order of the passes is very influential on the
grain growth directions [28,29]. In the case of our study, the order of the passes is defined and fixed for all
the mock-ups, in the left-right AMerican style (Figure 2, for each layer, the passes are alternately placed at
the ends of the chamfer until they reach the centre of the weld). This is integrated into our model but fixed
for the moment.

AMericain Left Right AMericain Right Left

@ IIIIL”'I‘(I” “(I‘ @

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

The grain growth direction prediction model is based on the study of the effects of welding parameters on
beads on plate (single pass) as well as on multipass weld mock-ups. This model uses as input data the
information from the welding notebook (chamfer dimensions, number of layers, number of passes per layer,
sequence of passes and welding parameters), as well as four phenomenological parameters (see diagram in
Figure 3) : the pass width Wheass, the vertical remelting Ry, the total pass height Heass and the lateral remelting
Ri. The model calculates the directions of the thermal gradient within a single pass, then takes into account
the position of the pass in the chamfer. Since the maximum inter-pass temperature is fixed at 150°C, its
effect on the thermal gradient is negligible.. It then reproduces the two solidification mechanisms within a
multipass weld: epitaxial growth - a grain in formation adopts the direction of the grains on which it rests,
leading to the formation of columnar grains [26] - and selective growth - when two grains "cross", the grain
that will continue to grow is the one whose growth direction (i.e., crystallographic direction <100>) is the
closest to the local direction of the thermal gradient [30].

R,=D . /H

pass Pass

RL =iy WPass

pass j

Figure 3: Phenomenological parameters: vertical remelting (Ry) and lateral (R)), as well as pass
dimensions (width Weass and height Hpass).

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

Among the four phenomenological input parameters of the model, we chose to measure one (the pass width
Whass), directly on the beads on plate and the other three (vertical remelting Ry, total pass height Hpass and
lateral remelting R)) are calculated from the measurements made on the beads on plate (bead width Waead,
penetration depth Dgeag, and reinforcement height Rgeaq). This is the main advance over the MINA model,
for which these parameters are measured on representative weld macrographs [4]. The choice was made to
integrate only the Wh4ss direct measurement into the model, because the comparison between the bead on
plate and the weld pass proved to be good for the width Weass, but not for the height Hpass.

Table 2 presents the values of the welding parameters of the beads on plate manufactured and studied (the
other parameters fixed are identical to those of the mock-ups). A total of 15 beads on plate were

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

derive trends or laws.

N° beads on U | S P=UxI E=WU=*1)/S

plate V) (A) (mm/min) (W) (kd/cm)

Beads1to5 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.
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Figure 4 illustrates the three characteristic dimensions that are measured on each of the beads on plate:
reinforcement height (Rgead), depth of penetration (Dgeag) and width (Waead). And we note the total height
Of the bead on plate HBead = RBead + DBead.

Figure 4: Characteristic dimensions of a bead on plate.

The evolution of these characteristic dimensions with the welding speed S is plotted in Figure 5. Some
points are worth noting when considering these measures. First of all, from a general point of view, the
three dimensions evolve in a manner that is inversely proportional to the welding speed. These observations
are in accordance with the data in the literature [23].
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Figure 5: Evolution of the characteristic dimensions measured for 5 welding powers as a function of the
welding speed: (a) bead width, (b) bead penetration depth, (c) bead reinforcement height.

Whatever the welding speed, bead width Wgeaq (Figure 5.a) and bead penetration depth Dgead (Figure 5.b)
measured for low powers (in yellow) are always lower than those for high powers (in blue), while the
opposite holds true for the bead reinforcement height Reeas (Figure 5.¢). Indeed, between two beads laid at
the same welding speed (and therefore with the same volume), a decrease in power and therefore in width
implies an increase in bead reinforcement height.
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Over the ranges of welding parameter values studied, power has a significantly greater effect on the
penetration and bead width than on the height of the curved bead. The evolution of the dimensions Wegead,
Dgead and Rgeaq OF @ bead on plate within these ranges of parameter values can be approximated by a linear
regression law in each power group.

We now compare the width Wpgeaq from beads on plate with pass widths Wpeass measured on the mock-ups
to validate its use in the model. We choose to measure the width pass only on the last layer passes (at the
top of the weld, see example in Figure 6) because these passes are not affected by the vertical re-melting.
Therefore, it facilitates the estimation of the pass contour. And it seems reasonable to postulate that the
widths are similar in the full thickness of the weld (excepted for the very first layers, see below). The
measurements of Whpss are performed on the macrographs of the four mock-ups (E1UI, E2UI, E1S and
E3S), where the number of passes involved is 6, 5, 15 and 3, respectively.

Figure 6: Macrograph of ELUI weld Were the number of passes of the last layer is 6. Measurement of
the pass width (Whpass) after contour plotting (in red), extrapolated for laterally remelted parts (red dotted
lines).

Table 3 presents the comparison of the average pass widths (Mean Weass) measured on the mock-ups, with
the corresponding bead on plate widths (Weg.aq), measured on the beads on plate. It is clearly observed that
the measurements on the beads on plate are in very good agreement with those on the mock-ups at the last
layer, with maximum deviations of less than 10%. Thus, estimating the pass width of the last layer from
the measurements on the beads on plate is a valid approach.

Reference Mean Weass (Mmm) Whead (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%

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

However, we observed on the macrographs (see example Figure 6) that the pass width is smaller at the first
layers than in the rest of the weld. In fact, the chamfer width at the first layers is smaller than the width of
the passes. Consequently, we chose to adapt for those cases the pass widths according to the width of the
chamfer.
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The measurement of the vertical remelting parameters (R,) on weld macrographs requires the estimation
of the pass contour. Thus, we chose to calculate the value of this parameter from the measurements from
the beads on plate:

D
Rv _ “Bead (1)

HBead

The results reported in Figure 7 show that this parameter, under the previously established fixed conditions
(in particular deposition rate), does not depend on the welding speed, but only on the welding power. The
two power groups are again distinguished: for low powers, the average value of Ry is 0.39 (orange line) and
for high powers, 0.61 (blue line). Thus, we conclude that a variation in welding power of about 10%
(variation in power within each group) has little influence on the value of the vertical remelting parameter.
These power variations within each group are of the same order as those encountered in the industrial case
(arc voltage at + 1V and intensity at + 10A). We therefore assume that the prediction of the vertical
remelting parameter from the average data from the welding notebook is satisfactory.

0.8
0.7 High power
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0.6 X—x% X 2 X <R,>=0.61
X . P=1900W (U=10V I=190A)
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Figure 7: Evolution of the vertical remelting parameter for 5 welding power levels as a function of the
welding speed.

The total pass height H,,, is calculated from data from the welding notebook (height h of the chamfer,
number of layers N) and the vertical remelting parameter:
h

Hpass = N, +(<R) 2

As for the lateral remelting parameter, R, cannot be calculated directly from the measurements of the
dimensions on the beads on plate, because physically it depends on the layer width, the number of passes
per layer and the width of each pass. Thus, by assuming that R is constant within the same layer and can
vary from one layer to another, we calculate for each layer k the value of the lateral remelting parameter
Ri(k) by first determining the vertical position Gy(K) of the layer k in the chamfer, then its width W ayer(K)
from the dimensions of the chamfer and the vertical remelting:

Gy(k) = Hpgss * (1 —Ry) x k 3)
letc=b
Wiager 0 = b+ 22,1y 2 Q

where b is the width at the bottom of the chamfer, ¢ is the width at the top and h is the height. Finally R;(k)
is calculated as follows:

VVlayer (k) - WPass
(NPass(k) - 1) * WPass

where Npass(K) is the number of passes in the k layer.

Ri(k) =1~ 5)
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3.2. Calculation of the thermal gradient in a pass

As the grain growth is directly related to the thermal gradient, we start by analysing a bead on plate in order
to develop the calculation of the thermal gradient in an isolated pass, a.**, then for a pass in the chamfer
with consideration of the surrounding metal, a,,.

Figure 8 shows that the grain growth directions (yellow and black arrows) are generally symmetrical with
respect to the axis of the bead on plate (dotted white line), and that three zones can be distinguished: the
central zone (orange) with rectangular geometry and the lateral zones (blue) with square geometry. The
lateral zones are characterized by varying grain growth directions, while the central zone is characterized
by grain growth directions rather parallel to each other and to the axis of symmetry of the weld.

Axis of symmetry

Figure 8 : Analysis of the mcrostructure of the beads on pate: definition 0 3 grain growth zones.

Figure 8 also shows that the grain growth at the contour is orthogonal to this contour (yellow arrows).
However, the latter corresponds to an isotherm (solidus) and by definition the thermal gradient is orthogonal
to the isotherms. Therefore, we assume that the directions of the thermal gradient are orthogonal to this
contour. Figure 8 highlights that the grains within the bead are straight (black arrows), and so we assume
that the thermal gradient is also straight. The grains do not cross within the pass, and so selective growth
within the pass alone is very limited. In order to reproduce these different observations and automatically
calculate the directions of the thermal gradient, we consider here the contour of a pass with a "U-flat" shape
(Figure 9). The ends of the pass are quadrants of a circle whose radius is the total height of the pass. Thermal
gradient directions a " are then calculated to be normal to the modelled contours.

WPass

y

H Pass

init
\agcenter

Figure 9: Illustration of the directions of the thermal gradient (a 1%, a2t er, arisp) calculated for
each area of the bead.
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The initial thermal gradient a."* in a single pass being modelled, it must now be adapted to take into
account the fact that the pass is deposited at a certain position in the chamfer. Indeed, the position of the
pass in the chamfer has an impact on the average orientation of the grains in the pass. Figure 10 shows the
average grain orientation for three passes in the chamfer. As for those with a yellow outline, one is located
at the edge of the chamfer and the other within the weld that rests laterally on a single pass. For these passes,
the average grain orientation is strongly inclined, which means an overall inclination of the thermal gradient
directions. The green contour pass corresponding to a last pass in a layer (resting laterally on two passes),
the average grain orientation is vertical.

Figure 10: Example of E1UI. Influence of the position of the pass in the chamfer: last pass in a layer
(green contour) and pass at the edge or within the weld resting on a single pass (yellow contour).

These observations can be explained, by a symmetrical balance of heat flow for the last passes per layer
because the quantities of heat transmitted (by thermal conduction) from the pass to the surrounding material
are then almost symmetrical. On the other hand, for the other passes, there is an asymmetrical balance of
the heat flows transmitted to the surrounding metal.

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

G = —A.grad(T) (6)
where ¢ represents the surface density of the heat flux (W.m™2), A represents the thermal conductivity of
the medium (W.m™.K) and grad(T) represents the thermal gradient (K. m™1).

The initial directions of the thermal gradient calculated above are therefore modified by a value  for all
passes except for the last ones per layer, B resulting from the calculation of the asymmetrical balance of
heat flows on the contours of the pass:

a; =af B 7
where the sign (-) is associated with the passes on the left and the sign (+) with the passes on the right, and

HPass- (1 - RVPass)- (1 + A)

Hpass+Wpass

w ass
WPass + HPass- (1 - RVPass)- (P—)

HpasstWpass

B =tan"!

®)

10
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3.3. Calculation of grain growth directions: solidification mechanisms

The calculation of thermal gradient directions «, was established from analyses on beads on plate and
mock-ups to take into account the effect of the position of the pass on the directions of the thermal gradient.
The principle of the model is to build the weld pass by pass, taking into account the order of the passes, the
welding notebook, and therefore to take into account the passes previously deposited. For the first layers,
the pass widths are adapted according to the width of the chamfer.

To integrate the complexity of the solidification mechanisms into the model, a grain growth calculation was
developed. This calculation was performed locally, in a mesh size of 0.5x0.5 mm2. Indeed, macrographic
analyses had confirmed that a mesh size of 0.5x0.5 mm? allows the physics of the problem to be well
represented at the grain scale [4]. A pass is modelled with a rectangular geometry and meshed as shown
on Figure 11. Thus for each mesh (i, j) of the pass (i being the line number and j the column number), the
direction of the thermal gradient is a, (i, /). The grain growth direction in (i, j) is noted 6(i, ).

| WPass

i
I
Figure 11: Example of modelling of a rectangular geometry pass with dimensions of 8x2 mm2;

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

3.3.1.  On the contour of the pass

For the meshes next to the chamfer, the grain directions are simply defined equal to those of the thermal
gradient: 6(i, j) = a,(i, j).

Concerning the remelting of a pass on one or more than one other pass, selective growth can come into
play. Indeed, macrographs show in places sudden variations in grain growth directions, when remelting a
pass on another pass. The minimum difference in measured direction variation is about 40° (Figure 12,
yellow arrows). We therefore assume that the selective growth mechanism dominates when the absolute
difference in angle between the thermal gradient and the grain growth direction is greater than 40°.

The directions of the grains on the contour of a pass deposited on (or against) another pass are therefore
defined equal to those of the grains on which they rest (epitaxial growth): 6(i, j) = 6(i,j — 1) on the left,
or 8(i,j) = 6(i — 1,j) at the bottom, unless the absolute difference between these directions (0(i — 1,j)
or 8(i,j — 1)) and a, (i, j) is greater than 40°. In this case, the grain directions are defined equal to those
of the thermal gradient: 6(i, j) = a, (i, /).

11
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Figure 12: Selective growth (yellow arrows): sudden change in growth direction.

3.3.2.  Within the pass

The direction of a grain in the mesh (i,j) within the pass depends on the directions in the adjacent meshes,
the thermal gradient, and the possible epitaxy.
It should be noted that 6(i, j), the average direction around the mesh (i,j), is calculated for the left part of
the pass by:

_ oG, j—-1D+0(G—-1,j—-1D)+0(—-1,j

8Gi,j) = (j-1D+6( 31 )+6G—-1)) )
and e(i, j) is the absolute difference in direction between the average grain (i, j) and the thermal gradient
g (i,))

e(i,)) =100,)) — ay @) (10)
If e(i,j) is less than 40°, then the growth occurs through the epitaxy mechanism, and:
(i, j) = cos(e(i, /) .0, ) + [1 — cos(e(i, N)]- a, (. /) (11)
However, if e(i, j) is greater than 40°, then the growth is selective, and we have:
030, ) = ay(i.)) (12)
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4. Results and discussion

The relevance of the model is assessed in two ways: first by comparing the grain growth directions
measured on the macrographs with those predicted by the model, and then by comparing the ultrasonic
results (maxima of ultrasonic amplitudes after propagation through the weld) simulated using the ATHENA
finite element code, through the macrostructure (grain growth directions) measured on macrographs and
the macrostructure predicted by the model.

4.1. Comparison between modelled and measured macrostructures

As mentioned above, the grain directions were measured on the macrographs of the four mock-ups in a
mesh size of 0.5x0.5 mm2. Two types of average errors (in degrees) between the directions measured on
the macrograph and predicted by the model were calculated. We first calculated the global average error
Abg (average of the absolute errors of all meshes), and the standard deviation o of this error in order to
analyse its dispersion. This global error represents both the gaps within the welded area and also at the
edges (i.e. the chamfer). In the latter case, the difference can be significant, mainly due to three sources of
error: the modelled pass shape, which is rectangular whereas the actual pass shape is more of the "U-flat"
type, the failure to take into account the dilution at the edges of the chamfer by the model and the failure to
take into account the geometric inclination of the passes by the model (only the thermal inclination is
adopted). This results in meshes identified simultaneously as welded metal in the model and base metal on
the macrograph, and conversely. For this purpose, the error ABw within the welded zone and its associated
standard deviation ow were also calculated. In this case, only the deviations of orientation in the meshes
where the model and the measurement both concern welded metal were retained. Figure 13 maps the local
errors and gives the associated values of average errors, with their respective standard deviations.
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Figure 13: Comparison of grain directions measured on macrographs and predicted by the model for the 4
welding mock-ups.

Modelling errors within the welded areas are relatively small, the white areas correspond to deviations of
less than 10°. Thus, the model is in good agreement with the actual macrostructures.

For the four mock-ups, the global average error is between 14° and 20°. The maps of the local errors show
that the errors are rather localized for the E1UI, E2UI and E3S mock-ups (the value of the associated
standard deviation is relatively high: between 15.3° and 17.8°). Indeed, for the E2UI and E3S mock-ups,
these errors are located at the last welding layer where the passes have a parabolic shape, and not a shape
of the “U-flat” type (leading to a different thermal gradient). For ELUI mock-up, these errors are located
within the welded area, at the location of two passes identified on macrograph, which are particularly
inclined while the others are rather horizontal. This local inclination is not really explained, and is not taken
into account in the model.

Conversely, the map of the local errors for E1S welding shows that the errors observed are rather distributed
over the whole weld (the value of the associated standard deviation is lower, equal to 14.3°). Indeed, the
welding speed for this mock-up is very important (300 mm/min), which seems to have an impact on the
directions of the thermal gradient and therefore on the grains [23]. We are at the limit of the model’s validity
here.
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4.2. Comparison of simulated ultrasonic results

The objective of the model is not to perfectly represent the macrostructure of a weld but to predict the
propagation of the ultrasonic beam through the weld. Thus, we compared the simulated ultrasonic results
through the measured and predicted grain directions using the ATHENA finite element code. The size of
the finite element in ATHENA was chosen equal to one twelfth of the shortest wavelength, which is that
of the shear waves (possible generation by mode conversion). For a frequency of 2.25 MHz we obtained a
value of 0.1 mm.

Figure 14 shows the configuration tested: in immersion, in transmission mode, in normal incidence. The
emitter is a single element (212.7 mm). It is positioned at a distance of 20 mm from the face side and
maintains a fixed position with respect to the axis of the weld during the simulation. The "receiving line"
is positioned 4 mm from the opposite surface and extends over a length of 70 mm (from -35 mm to +35
mm). The listening line records the received signal at each mesh point, and an echodynamic curve is
extracted, which corresponds to the maximal amplitude of the received signal at each point. In addition,
Figure 14 again highlights the effects of beam deviation and splitting within the welds.

emitter

Base metal

receiving line
Figure 14: Configuration of ultrasonic simulations (transmitter position: -10 mm).

For the four weld mock-ups, we performed a total of eleven simulations through the macrostructures
measured and predicted for eleven fixed positions of emitter in relation to the weld axis: -10, -8, -6, -4, -2,
0, +2, +4, +6, +8, +10 (data in millimetres). Figure 14 presents the simulated results for two fixed positions
of the emitter (-10 and 0 mm with respect to the weld axis) in order to study the propagation of ultrasonic
waves fairly close to the chamfer (-10 mm) and quite within the weld (0 mm, on the weld centreline). The
blue curves are obtained by inputting the orientations measured on the macrographs, and the red curves
those resulting from the model.
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Figure 15: Comparison of simulated echodynamic curves from measured (real structure, in blue) and
predicted (model structure, in red) grain directions.

These results show that for welds E1UI, E2UI and E3S, for the position of the emitter at -10 mm with
respect to the axis of the weld, a good match is obtained for the ultrasonic propagation through the modelled
structure compared to the propagation through the real one. The global shape of the transmitted beam is
well recovered, thus deviations and splittings are properly modelled. The amplitude seems more sensitive
to the modelling errors but the amplitude differences remain reasonable.

With regard to the simulated results obtained for an emitter position at 0 mm from the weld axis, it can be
seen that for welds E1UI, E2UI and E3S, the results are again in good agreement. Despite global average
modelling errors of between 14° and 20°, the effects of deviation and splitting of the ultrasonic beam are
correctly predicted.

Concerning the E1S weld, higher discrepancies are observed which are caused by higher modelling errors
within the welded area (see Figure 12 in section 4.1). The energy spread at -10mm in the case of the actual
structure is not found in the case of the simulated structure. The beam was therefore not deflected in the
same way. And at Omm, a beam splitting between the x-axis -5mm and 5mm appears in the case of the
modelled structure. Indeed, we are at the limit of the model's validity here. However, these differences
obtained are not prohibitive and the model still provides a rather good description of ultrasonic propagation.
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5. Conclusion

We have developed a new model adapted to GTAW welds. It is based among other things on the analysis
of macrographs of cross sections of beads on plate. This makes it possible to avoid measuring
phenomenological parameters (in particular remelting parameters) on weld macrographs, this measurement
being complex. The model calculates the local thermal gradient at the pass scale and then takes into account
the position of the pass in the chamfer. Finally, it reproduces the phenomena of selective and epitaxial
growth to infer the orientation of the grains throughout the weld.

The macrostructure prediction of the developed model is in good agreement with the macrostructures of
the mock-ups, with global average errors between 14° and 20°.

Ultrasonic simulations show that the resulting propagation through the modelled and the real
macrostructures are also in good agreement. The welding model allows the deviations and splittings of the
beam to be clearly reproduced and identified. However, in the case of the weld manufactured at very high
welding speed, we observed larger differences in grain orientation between the model and the actual
structure, resulting in equally larger differences in ultrasonic results. Thus, this is a model validity limit for
high welding speeds.

In addition, it has been shown that the dimensions of a bead on plate change rather linearly with respect to
welding power and speed, the other parameters having been set. It should therefore be possible to deduce
the dimensions of a bead on plate in the long term by only knowing the welding power and speed.

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

Firstly, concerning the order of passes, previous works for SMAW welds showed that this parameter had a
dominant impact on the macrostructure. Currently, this parameter is integrated in the model but fixed at
“American”. We continue in this direction by manufacturing new mock-ups where the order of passes
varies.

Secondly, we plan to perform other ultrasonic testing configuration, in oblique incidence, for example
longitudinal waves at 60°, which will allow, on the one hand to use an industrial configuration, and on the
other hand, to carry on the validation stage of this new model.

Thirdly, concerning the welding position, it will be necessary to integrate a 3D modelling of the
macrostructure. Indeed, the 2D hypothesis is valid for the downhand welding position, but it is no longer
valid for the other welding positions (vertical-up, horizontal-vertical and overhead), frequently used in
industry.
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