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Abstract

Ultrasonic testing of austenitic stainless steel multipass
welds is complex. Because the welded structure is both
anisotropic and heterogeneous, the propagation of the
ultrasonic beam is disturbed (attenuation, deviation,
splitting), making diagnosis difficult.

This diagnosis can be improved by modelling the
ultrasonic propagation in the inspected weld. For this
purpose, a description of the macrostructure is required.
This can be obtained by optical means which provide a
macrograph, but this involves a destructive cutting of the
weld, or a weld sample. In the latter case, the sample must
have been made and stored, and it must be representative
of the inspected weld.

As an alternative, it is possible to predict the
macrostructure of the weld by using a humerical model
more or less realistic. For example, Ogilvy’s model is an
analytical model which predicts the macrostructure by
considering a symmetrical structure of the weld. But this
assumption is often non-realistic. Since 2000, EDF and
the LMA develop another model called MINA which is a
phenomenological model and so realistic one. MINA
model predicts the macrostructure of Shielded Metal Arc
Welding (SMAW) multipass welds, taking account
information from welding conditions. It is then coupled to
an ultrasonic simulation code, to simulate the impact of
welding on ultrasonic propagation and therefore control.

In our study the welds are made with Gas Tungsten Arc
Welding (GTAW) process. In this paper we first show that
existing models are not adapted to this welding process.
Then, we present the adopted scientific approach and the
first advances aiming at the development of a new model
relevant for GTAW welds.

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

1. Introduction

The primary circuit in pressurized water reactors includes
numerous components, such as the vessel, the steam
generator, the primary pumps, the pressurizer,
interconnected by a piping system conveying high
pressure and high temperature water. This is also the case

of Sodium Fast Reactor structures. Most of these
components are made of austenitic stainless steel, as it
exhibits excellent corrosion resistance and very good
mechanical strength at high temperature. Non-destructive
examination aim at detecting potential defects in the
numerous multipass welds present in the primary circuit
and at characterizing them (position and dimensions), so
that their severity can be assessed.

Ultrasonic testing makes it possible to detect and
characterize defects regardless their orientation, but the
results may be problematic to interpret, especially for
those complex thick welds. A realistic prediction of the
macrostructure should provide valuable insight into
ultrasonic propagation through those complex structures
and thereby allow a better controllability.

The mechanical behaviour of an austenitic weld is both
anisotropic (grain elongation parallel to the lines of heat
dissipation and preferential crystallographic direction)
and heterogeneous (variation of grain orientation in the
welded volume), see example on Figure la. The non-
destructive ultrasonic testing of such welds reveals
phenomena of deviation and splitting of the ultrasonic
beam (Figure 1b), as well as attenuation and structure
noise [1],[2].

Thereby to inspect such a weld by ultrasonic testing, those
effects on ultrasound beam have to be predicted, by
performing a numerical modelling that involves the
knowledge of the macrostructure of the weld and a code
simulating the ultrasonic propagation.

Numerous simulation codes of ultrasonic propagation are
available 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 [3-6]. ATHENA code
used here and developed by EDF is a finite element code
that solves the elastodynamic equations, in the transient
regime, in a heterogeneous and anisotropic medium [7,8].
The weld is described in ATHENA code by a finite
number of homogeneous orthotropic domains (meshes),
each domain being defined by a local grain orientation.
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Figure 1 : a) Macrograph of a SMAW weld. b) Ultrasonic
propagation simulated with ATHENA code: deviation and splitting
of the ultrasonic beam.

The simulation requires a realistic description of the weld
as input data: the geometry, the material and the
macrostructure. Some models of grain structure at the
macroscopic scale exist. Analytical ones consider a
symmetrical description [3,9,10]. The phenomenological
MINA model is more realistic but is relevant for SMAW
(Shielded Metal Arc Welding) welds. These models are
explained in the sections 2.1 and 2.2.

The welds studied here are made by a Gas Tungsten Arc
Welding (GTAW) process, in flat position. In the section
2.3, Ogilvy and MINA models for GTAW welds are
tested by comparing their results to macrographs, and
highlighting their inadaptability. This is confirmed by the
comparison of numerical and experimental ultrasonic
propagation results.

Thereby we want to develop a new phenomenological
model, relevant for GTAW process. The adopted
scientific approach is then exposed and consists in
beginning with analyses of specific GTAW mock-ups
with well-chosen varying parameters. It will allow
concluding on specific solidification mechanisms, and
then provide the way to predict the macrostructure
through a new phenomenological model.

2. Modelling of a weld structure

Several models have been developed to model the
macrostructure of a weld, mainly following two
approaches: the analytical one and the phenomenological
one.

2.1. Analytical models

Ogilvy’s model is the most commonly used for analytical
model. The main and restrictive assumption of this model
(like most of the analytical models) is the symmetry of the
welded structure.

The local orientations of the grains are calculated as
follow:

(T1.(D1+z.tan(ay)))

. ) (when y>0; 6, < 0).

6:(7,7) = tan”* (
(T2.(Dy+z.tan(ay)))

" ) (when y<0; 8, > 0).

6:(y,2) = tan”™" (
where a1, oz, D1 and D; are defined by the geometry of
chamfer, T; T, are the local grain orientations at the
sloping edges and n is an evolution parameter of the local
grain orientations from the sloping edges to the weld axis

are refined in order to fit the real macrostructure (Figure
2).
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Figure 2 : Definition of parameters used in Ogilvy’s model [3].

Those kinds of model were not sufficient to model welded

structures as far as the result is obviously symmetrical,

that is rarely the case in reality (see example of Figure 1a).
2.2. Phenomenological model MINA

The MINA model [11] was created for SMAW welds
made in flat position. It allows a more realistic prediction
of the grain orientations [12-15]. MINA model aims at
predicting the grain growth direction in order to predict
the real disturbances of the ultrasonic beam travelling
through a weld.

It uses information from the welding notebook
(describing the welding procedure and chamfer
geometry). The main parameters of the welding procedure
are as follows: number and sequencing order of passes,
diameter of the electrodes, remelting rates and
temperature gradient tilts.

It has been shown [16] that the first-order parameter
which influences the most the welded structure is the
sequencing order of passes. Figure 3 shows the four
sequencing orders of passes.

VTN F W VN

Parallel way

Left side towards Right side Right side towards Left side

American way

AMerican Left and Right side towards center

Figure 3 : Sequencing order of passes [16].

AMerican Right and Left side towards center

The MINA model exploits a proportionality rule between
the electrode diameter and the pass thickness.
Furthermore, MINA uses four parameters measured on

. l
macrographs: remelting parameters (R; = T« lateral »

and R, = % « vertical ») and the temperature gradient tilt
for a pass against the chamfer (6p) or against another pass
(08¢). The Figure 4 illustrates those four parameters.

Hb gc Hc

Figure 4 : Multipass welding with tilt parameters (left) and lateral
and vertical remelting of a pass (right) [16].
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The local grain orientation is predicted by an algorithm
that takes into account the physical rules of epitaxial and
selective growth together with the influence of the
temperature gradient.

The austenite grains grow in an epitaxial mode: a grain
grows from the neighbouring grain of the lower pass (with
the same crystallographic direction) then tends to line up
in the direction of the temperature gradient [17-20]. The
phenomenon of selective growth implies that the
columnar grains which crystallographic direction

<100 >is close to the local direction of the temperature
gradient grow faster than the neighbouring grains. The
growth of the latter is therefore stopped [21,22].

2.3. Application on GTAW welds

In this section, the ability of those two models to predict
the structure of a GTAW welds are tested. Figure 5 shows
a macrograph of the GTAW weld considered here. The
sequencing order of passes is American left and right side
towards center for all layers.

20 mm

Figure 5: Macrograph of GTAW weld

One can first observe that the macrostructure of this weld
is relatively symmetrical. This is induced by the
“American” sequencing order of passes.

The values of parameters of Ogilvy’s model were chosen
by optimisation in order to minimize the discrepancies
with the macrographs. They are: a;=0,=35°, D;=D»=1.5
mm, Ti=-T,=-0.5, n=0.8. The chosen values of
parameters of MINA model were measured on a
macrograph and are: Ri=0.45, Ry=0.4, 6,=27.7°, 0.=23.7°.

Figures 6 and 7 show at the top the prediction of the
macrostructure by Ogilvy’s model (Figure 6) and by
MINA model (Figure 7), and at the bottom the
comparison with the grain growth directions measured on
the macrograph of figure 5 and predicted by models
(Ogilvy’s model (figure 6) and MINA model (figure 7)).
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Figure 6: Prediction of grain growth directions by Ogilvy’s model
(top) and comparison between Ogilvy’s model and macrograph

(bottom).
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Figure 7: Prediction of grain growth directions by MINA model
(top) and comparison between Ogilvy’s model and macrograph
(bottom).

The mean error between Ogilvy’s model and macrograph
is about 18° (with a standard deviation of 15.9°). The
mean error between MINA model and macrograph is
about at 19° (with a standard deviation of 14.8°).

We observe here that the results are very similar, with a
quite high mean error. Usually, in the SMAW case, the
mean error is rather about 10°-12°, with the standard
deviation about 8°-10° [11,23].
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In order to confirm the fact that these models are not
adapted to GTAW welds, we now compare the ultrasonic
results obtained experimentally on the one hand, and
numerically on the other hand, by using MINA result as
input data for ATHENA finite element code. As the mean
error of the models are quite similar, we only consider
MINA result.

This experience was performed in immersion with two
transducers in transmission.

Figure 8 illustrates the principle of measurement. The two
transducers (emitter and receiver) and the weld mock-up
are immerged in water. During the measurement, the
emitter is placed at a fixed position, in total, at five
positions (-8, -4, 0, +4, +8 mm from the weld axis).

The receiver scans the opposite surface to measure the
ultrasonic field transmitted over 70 mm (-35 mm to +35
from the weld axis) with a step of 0.5 mm.

Position of emitter from the weld axis . Here -4 mm.

Propagation of longitudinal

waves « L0 » in water,

Base metal

35 mm from the weld axis. +35 mm from the weld axis.

receiver

of receiver during
-35mm to +35 mm from the weld axis.

Figure 8: Principle of ultrasonic measurement in immersion, in
transmission with two transducers.

At each location of the receiver, the maximum of acoustic
amplitude is registered, and we obtain a so-called
echodynamic.

The Figure 9 shows the two resulting echodynamics (red :
experimental and blue : numerical (MINA model +
ATHENA)) for position “-4” of the emitter.
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Figure 9 : Experimental and numerical echodynamics at position
“-4” of the emitter.

As we observe, the difference between measured and
predicted amplitudes is high. The simulation present
several discrepancies with experience (in particular
position and amplitude of the peaks). Thus, we show here
the necessity of developing a new model for GTAW
welds to improve the prediction.

3. Specificities of GTAW welds

As we have noted, Ogilvy’s model or MINA model are
not able to well predict the macrostructures of GTAW
welds. In this part, we expose the specificities of GTAW
welds.

We observe on GTAW welds macrographs that the grain
growth direction is overall orthogonal to the boundary of
the passes (Figure 10). Consequently, the shape of pass
boundary has a high impact on grain growth direction as
it was observed for SMAW welds [11].

Figure 10 : GTAW weld macrograph (yellow arrows represents
the grain growth direction at the boundaries of passes).

We present in this part, a summary of the state of art
regarding the impact of welding parameters on the shape
of pass boundary.

The heat transfer from the arc plasma to the weld pool and
fluid flow in the weld pool determine the weld profile in
the arc welding process [24,25].

Figure 11 illustrates the fluid flow in the weld pool and
the arc plasma transfer. There are four driving forces of
fluid flow in the weld pool: the Marangoni effects (surface
tension), the Lorentz force (welding current), the
buoyancy force (temperature gradient within the weld
pool) and the drag force (velocity of shielding gas).

Tungsten Cathode

Mass balance Energy balance

Radiation & Conduction

Thermionic emission
| of electron
Cathode jet

Conduction, and
Neutralization of ion

Arc plasma

Radiation & Conduction
Ohmic

heating
Drag of
cathode jet Conduction, and

Electron absorpnon

Surface te nslnn

i
\ Rad\ahcn
-Anode
Q 1 Ohmic
Electromagnetic \ heatin

Buoyancy Conduction

Figure 11 : lllustration of the four driving forces of fluid flow in
the weld pool and arc plasma transfer [25].

As we noted, several welding parameters could modify
the shape of pass boundary by the heat transfer from the
arc plasma to the weld pool and fluid flow in the weld pool
like welding voltage, intensity and speed, flow rate and
type of shielding gas, and thus base metal and filler
designation.
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Figure 12 shows the effect of sulphur content in base
metal on the shape of pass boundary.

40 ppm sulfur 220 ppm sulfur

Figure 12 : The effect of sulphur rate in base metal on the shape of
pass boundary [25].

Itis clearly noted that shape of pass boundary is different:
a low sulphur content generates a wide and shallow weld
pool whereas a high sulphur content which generates a
narrow and deep weld pool.
That is due to Marangoni effects, and as we noted, these
effects are stimulated by surfactant elements as sulphur by
surface tension gradient which depends on temperature.
In our case, the sulphur content in base metal and filler
metal is around 20 ppm and surface tension gradient is
relatively constant on a large bandwidth of temperature.
Thus, the Marangoni effects are very low.
Mills and al [26], achieve to explain the variable weld
penetration (shape of pass boundary) by three causes:
Alterations to the arc characteristics (welding
voltage, intensity, type of shielding gas, ...).

2. Changes in liquid/vapor or solid/vapor
interfacial energy.

3. Differences in the direction of fluid flow in the
weld pool, produced by surface tension gradients
(sulphur content or other active elements).

Nestor [27] measured the distribution of heat intensity and
current density at the anode of high current. By this way,
he demonstrated the impact of several welding parameters
(welding intensity, arc length, tip of electrode, ...) on heat
intensity and current density distributions and so on shape
of pass boundary. Furthermore, he studied the effect of
type of shielding gas on welding parameters like arc
voltage, arc length, ...

Evans and al [28] had showed that the relationships
between welding voltage and arc length is linear (if
welding voltage increase, the arc length increase).

Following this bibliographic work, an exhaustive list of
the most influential welding parameters on the shape of
pass boundary is proposed:

e Intensity, voltage and welding speed.

e  Type of current, polarity.

Diameter and tip of electrode, nozzle and filler metal
diameter.

Inclination of the torch and filler metal.

Base metal, electrode and filler metal designation.
Sequencing order of passes, welding position.
Sweeping of the pass (amplitude and speed).
Flow rate and type of shielding gas.

Wire feed rate.

Cold or hot wire.

Rate deposition

To summary GTAW process has got globally three times
more parameters than SMAW process.

In order to understand the effects of these welding
parameters on the macrostructure (direction of grain
growth), we manufactured several welds mock-ups. By
analysing macrographs of these welds, it will be possible
to conclude on the effect of these parameters.

4. Towards a new model for predicting
macrostructure of GTAW welds :
elaboration of new mock-ups

The scientific approach adopted to study the effects of the
welding parameters is to manufacture several mock-ups
by modifying some well-chosen parameters and analysing
their macrographs. At a first step, we choose to study the
effect of the most five important welding parameters on
the macrostructure among the many ones listed above:
welding intensity, voltage and welding speed, sweeping
of the pass and wire feed rate. The Table 1 shows a review
of varying parameters of the six GTAW mock-ups.

For all of these mock-ups the following parameters are
identical: the type of current is direct and the polarity is
Direct Current Electrode Negative (DCEN), together with
the geometry of chamfer (V-shaped groove welds), base
metal designation (316 L(N)), the filler metal designation
and the sequencing order of passes (American Left Right).

Reference & | Welding | Welding | Welding Wire feed Sweeping
description intensity voltage speed rate pass
1: Llow Interme- Interme-
energy Low Low diate diate No
2: Medium . . Interme- Interme-
energy High High diate diate No
3: Low . . . Interme-
energy High High High diate No
4: High
energy . . Interme-
(higher than High High Low diate No
2)
5: Low wire
feed rate z_ind High High Inte_rme— Low No
no sweeping diate
pass
6: Low wire
feed rate_ and High High Inte_rme— Low Yes
sweeping diate
pass

Table 1 : Review of qualitative parameters of the six GTAW
welds.
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5. Conclusion

In this paper, we highlighted that both MINA model and
Ogilvy’s model are not able to predict properly the
macrostructure of GTAW welds. The prediction of
disturbance effects of the ultrasonic beam in order to
inspect GTAW welds will be performed by developing a
new phenomenological model.

Thanks to representative mock-ups, with well-chosen
varying parameters, it will be possible to analyse the
effects of welding parameters on the macrostructure and
solidification mechanisms.

By this way, we will have a better understanding for
developing a new phenomenological model.

The validation process of this model will be performed by
comparing the orientations evaluated by the model with
those measured on macrographs and then by comparing
ultrasonic simulation results and experimental ones.
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