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Abstract: The activities within a European network to develop accurate experimental and numerical
methods to assess residual stresses in structural weldments are reported. The NeT Task Group
6 or NeT-TG6 project examined an Alloy 600 plate containing a three-pass slot weld made with
Alloy 82 consumables. A number of identical specimens were fabricated and detailed records of
the manufacturing history were kept. Parallel measurement and simulation round robins were
performed. Residual stresses were measured using neutron diffraction via five different instruments.
The acquired database is large enough to generate reliable mean profiles, to identify clear outliers, and
to establish the systematic uncertainty associated with this non-destructive technique. NeT-TG6 gives
a valuable insight into the real-world variability of diffraction-based residual stress measurements,
and forms a reliable foundation against which to benchmark other measurement methods. The mean
measured profiles were used to validate the accuracy achieved by the network in the prediction of
residual stresses.

Keywords: welding; weld modelling; residual stress measurement; finite element modelling; materi-
als characterization

1. Introduction

Welding involves severe thermal and mechanical loads occurring simultaneously [1,2]
which result in cyclic inelastic deformation of the material adjacent to the fusion zone, and
thus generate residual distortions and stresses in the component. Residual stresses (RS)
within a component can adversely affect its structural integrity and reduce its lifetime as it
becomes more susceptible to degradation mechanisms such as stress corrosion cracking,
fatigue and creep [3–6]. Weld residual stresses in Nickel alloys are important due to the
susceptibility of such alloys to primary water stress corrosion cracking when used as
part of dissimilar metal welds (DMW) in pressurized water reactor primary circuits in
nozzles, boiler tubes and penetrations of the reactor pressure vessel, among others [7–9].
These alloys are used because they offer similar thermal expansion coefficients to low
alloy pressure vessel steels [10,11]. Nickel Alloy 600 is commonly used in applications that
operate in demanding environments that involve high temperatures and require corrosion
resistance to both organic and inorganic compounds and alkaline solutions [12]. The use
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of the matching filler, Alloy 82, in dissimilar metal welds has been shown to affect the
susceptibility of such welds to primary water stress corrosion cracking (PWSCC) [13]. It is
thus essential to accurately estimate residual stresses in these components after welding,
especially in cases where there is no option for heat treatment to relieve them, and where
they might affect the structural integrity of nuclear safety critical components [14–16].

The European Network on Neutron Techniques Standardization for Structural In-
tegrity (NeT) was first established in 2002 with the mission to develop improved experi-
mental and numerical methods and standards to reliably characterize residual stresses in
structural welds. Previous benchmarks launched by the network have developed best prac-
tices for accurate finite element (FE) prediction and measurement of weld residual stresses
in a single weld bead laid on an AISI 316L plate, NeT Task Group 1 (NeT-TG1) [17–21],
and in a three-pass weld deposited in a slot in an AISI 316L(N) plate, NeT Task Group 4
(NeT-TG4) [22–25]. The Net Task Group 6 project (NeT-TG6) was started in early 2012. It
examines a three-pass slot weld made in an Alloy 600 plate with Alloy 82 filler using the
tungsten-inert-gas (TIG) welding process. To date, the network have reported residual
stress measurements [26], thermo-mechanical material properties [27], material character-
ization practices [28] and a preliminary overview of the modelling campaign [29]. This
study presents the RS predictions of a simulation campaign conducted by several partic-
ipants using a protocol. It first describes the manufacturing of the benchmark and the
material characterization of the weld that was conducted and assisted the modelling. It
then describes the modelling methodology and finally presents a comparison of the RS
predictions and a robust Bayesian mean of measurements.

2. Materials and Methods
2.1. The NeT-TG6 Benchmark Specimen

The NeT-TG6 specimen is an Alloy 600 Ni-Cr alloy plate (also referred to as Inconel
600), with a machined slot in the middle of the top surface, filled with three superimposed
weld passes of Alloy 82 filler made using a TIG welding process. The chemical compositions
and mechanical properties of the base and filler materials are presented in Tables 1 and 2,
respectively. An automated TIG welding machine was employed for welding the plates
at the Électricité de France (EdF) laboratory in Chatou in France. Figure 1 shows a typical
NeT-TG6 specimen before and after welding, and the drawings with the dimensions of
the plate and the slot size. The dimensions were carefully selected to allow for sufficient
structural self-restraint of the plate while remaining thin enough to ensure that neutron
diffraction (ND) measurements of RS are still feasible. Figure 1c illustrates planes D
and B that correspond to the longitudinal plane along the weld centre line (WCL) and
the transverse plane at weld middle length (WML), respectively. Figure 1e,f shows the
thermocouple positions at the top and back face, respectively

Table 1. Summary of chemical composition (wt%) for Alloy 600 parent plate and Alloy 82 filler wire.

Material C Si Mn Cr Ni S Nb Ti Fe

Alloy 600 0.07 0.12 0.48 15.54 74.35 0.001 0.10 0.006 9.33
Alloy 82 0.009 0.08 3.25 20.8 72.7 0.001 2.6 0.319 0.59

Table 2. Summary of material properties (certificate) for Alloy 600 parent plate and Alloy 82 filler wire.

Material Yield Stress 0.2% (MPa) Ultimate Tensile Strength (MPa) Elongation (%)

Alloy 600 401 706 40.4
Alloy 82 380 620 35
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Figure 1. NeT-TG6 specimen (a) before and (b) after welding. (c) Schematic representation of the
NeT-TG6 specimen showing the dimensions of the plate; the blue lines indicate relevant residual
stress measurement lines. (d) Typical instrumentation of thermocouples. Nominal thermocouple
positions on the (e) top and (f) bottom surface of the specimen.

Nine specimens were successfully manufactured in three batches. The weld process
parameters are summarized in Table 3. All specimens were instrumented with arrays
consisted of 12 thermocouples. The specimens were left unclamped and free to distort
during welding. Laser distortion measurements were conducted on all plates after welding,
and on one plate an in-process measurement was performed after each weld pass. One plate
was used for an initial transverse contour method residual stress measurement (measuring
longitudinal stresses), followed by extraction of stress-free reference pins for neutron
diffraction measurements, and slices for material characterization and microscopy. The
reference pins accompanied a second specimen in the neutron diffraction measurements
round robin. A larger trial plate with three grooves was welded in the exact same way as
the NeT-TG6 specimens, but the individual grooves were filled with one, two and three
pass welds, respectively, and then used for characterization purposes. A transverse contour
method cut was initially performed in the transverse plane at WML to study the evolution
of residual stresses after each pass. Slices were then extracted to be used for optical
metallography and Vickers micro-indentation studies in order to reveal the evolution of the
fusion zone and the thermomechanical history of the materials after each subsequent pass.
The inferred fusion boundary profiles along with the recorded thermocouple histories were
used to calibrate the welding heat sources by all participants in the simulation round-robin.
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Table 3. Summary of welding procedure for NeT-TG6 specimen [30].

Parameter Pass 1 Pass 2 Pass 3

Plate Material Alloy 600
Welding Process GTAW

Filler Wire Alloy 82
Wire Diameter 1 mm

Arc Polarity DC Electrode (−)
Shielding Gas Argon

Tungsten Electrode 2% Lantane
Arc Length 4 mm

Electrode Diameter 2.4 mm
Gas Cup ID 8 mm

Gas Flow Rate 10–12 L/min
Gas Pre-Purge Start − 5 s
Arc On Start Start + 0 s

Starting Current 0 A
Start of Ramp Up Start Start + 0 s
End of Ramp Up Start Start + 1 s

Pulsing Frequency 1 Hz
Peak Welding Current 240 A
B/G Welding Current 200 A

Arc Voltage 10.3–11.2 V
Start of Wire Feed Start + 2.5 s

Peak Wire Feed Speed 1.7 m/mn
B/G Wire Feed Speed 1.5 m/mn

Travel Speed 70.0 mm/min
Weaving None

End of Travel End + 0 s
Start of Ramp Down End + 0 s

End of Wire Feed End + 1.5 s
End of Ramp Down End + 6.5 s

Final Current 5–10 A
Start of Travel Start + 4.5 s Start + 4.5 s Start + 4.6 s

Inter-pass Temperature 20 ◦C ± 10 ◦C 50–60 ◦C 50–60 ◦C

2.2. Residual Stress Measurements Round Robin

Neutron diffraction residual stress measurements were performed on a single NeT-
TG6 specimen, using neutrons from both reactor and neutron spallation sources. To date,
five independent series of measurements have been performed, all controlled by a detailed
measurements protocol [31]. Three orthogonal stress components were measured at defined
locations along several defined lines. Measurements were also made on the stress-free
reference pins extracted at representative locations from a second specimen. Data analysis
was informed by simple macroscopic studies (i.e., metallography) to distinguish the fusion
zone, as well as chemical composition studies such as electron micro-probe analysis that
revealed dilution effects of each successive weld pool with melted parent material and
re-melted weld beads.

Three different approaches were used to analyse the ND data.

1. The first was to use data from the reference pins to establish the stress-free lattice
spacing. This method is well established, and was used successfully in NeT-TG4
round robin.

2. The second was based on position fitting. The laser scans of the plates after welding
and the macrographs acquired were used to infer the exact measurement locations [28]
in the deformed welded plate. In particular, the profiles of the plate used for ref-
erence pin extraction and the plate used for ND RS measurements were compared.
Transverse cross sections at WML and longitudinal cross sections on the WCL were
etched to reveal the fusion zone profiles. The RS measurements were modelled using
SSCANSS [32] software to locate their exact positions in the deformed plate. The exact
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measurement locations of the gauge volume at each measurement point were then
superimposed to the scanned profiles and the macrographs. This enabled the accurate
estimation of a parent-weld fraction within the gauge volume at locations close to the
fusion boundary.

3. The small thickness of the plate (~12 mm) also allowed also the calculation of theoreti-
cal strain-free values based on the assumption that the normal stress is almost zero.
This approach was justified by the results of preliminary FE simulations [33].

The relatively large data set acquired at five instruments allowed the calculation of a
Robust Bayesian Estimate (RBE) of the mean using the ‘Duff Data’ method individually
for each stress component. The RBE of the mean has already been implemented within
NeT Task Group 4 [34]. It is less susceptible to outliers, and thus allows a more reliable
characterization of the residual stress distribution in the component. The actual RBE
uncertainties were calculated by subtracting the systematic uncertainties from each data
set, and provided a more realistic approximation of the uncertainties associated with the
neutron diffraction measurements. Detailed descriptions of the measurements, the analysis
methodology and the RBE calculation are given in [26].

2.3. Residual Stress Simulation Round Robin

The simulation round robin activities were controlled by a simulation protocol [33],
which was followed by all participants and contained:

• the plate geometry
• a comprehensive list of the pre-programmed welding process parameters (reproduced

in Table 3)
• thermocouple data acquired from nine specimens obtained using the thermocouple

array presented in Figure 1e,f
• transverse weld fusion boundary profiles and cross-sectional areas for one, two, and

three pass welds made in a trial plate using the exact welding parameters as for the
NeT-TG6 specimens

• Recommended thermo-physical and physical properties for Alloy 600 material
• Recommended mechanical properties for Alloy 600 plate and Alloy 82 weld metal

(discussed in more detail below)

Six organisations participated in the simulation campaign. These were The University
of Manchester from UK (UoM), The Australian Nuclear Science and Technology Organ-
isation (ANSTO), EC2 Modélisation from France (EC2), Imperial College from UK (IC),
Institute of Nuclear Research in Romania (INR) and Doosan Babcock from UK (DB). A
total of eleven simulations were completed and reported in sufficient detail. Details of
the submitted analyses are given in Table 4. Three finite element packages were used,
namely Code_Aster, ANSYS and ABAQUS, with the latter being the most popular. Model
sizes varied considerably, incorporating between ~10,000 and ~100,000 elements. Both
linear and quadratic elements were employed. Weld residual stress simulations are nor-
mally performed in two stages as uncoupled thermal and mechanical analyses, with the
transient temperature field predicted by the thermal analysis used as the “load” for the
subsequent mechanical analysis. Validation then also proceeds in two stages: the thermal
solution is compared with temperatures measured by the thermocouple arrays, and the
predicted fusion boundary profiles are compared with metallographic sections extracted
from representative welded plates.



J. Manuf. Mater. Process. 2022, 6, 61 6 of 19

Table 4. Summary of the details of the different weld modelling attempts by all NeT participants.

Organisation FE Package Elements Constitutive Behaviour Annealing Heat Source

EC2-A Code Aster
(3D half model)

~30,000 Linear
hexahedral

Chaboche—1.5%TSR
monotonic fit parent/weld

800–950 ◦C Linear
two stage

Moving (triangular
shaped)

EC2-B Code Aster
(3D half model)

~10,000 Quadratic
hexahedral

Prager—1.5%TSR
monotonic fit parent/weld

800–950 ◦C Linear
two stage

Moving (triangular
shaped)

INR ANSYS
(3D 1/4 model)

25,470 Quadratic
hexahedral

Chaboche—1.5%TSR
monotonic fit parent/weld

1100 ◦C
Single stage

Fixed (block
dump)

IC-A Abaqus
(3D half model)

69,380 Linear
hexahedral

Chaboche—1.5%TSR
monotonic fit parent/weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

IC-B Abaqus
(3D half model)

69,380 Linearc
hexahedral

Chaboche—1.5%TSR
monotonic/cycle 2 fit

parent/weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

ANSTO-A Abaqus
(3D half model)

40,722 Quadratic
hexahedral

Chaboche—1.5%TSR
monotonic fit parent/weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

FEAT-WMT

ANSTO-B Abaqus
(3D half model)

40,722 Quadratic
hexahedral

Chaboche—1.5%TSR
monotonic/cycle 2 fit

parent/weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

FEAT-WMT

UoM-A Abaqus
(3D half model)

40,722 Quadratic
hexahedral

Chaboche—1.5%TSR
monotonic fit parent

Cycle-2 fit weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

FEAT-WMT

UoM-B Abaqus
(3D half model)

40,722 Quadratic
hexahedral

Chaboche—2.5%TSR
monotonic fit parent

Cycle-2 fit weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

FEAT-WMT

UoM-C Abaqus
(3D half model)

40,722 Quadratic
hexahedral

Chaboche—2.5%TSR
monotonic fit parent

Cycle-2 fit weld
>1200 ◦C Soft parent

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

FEAT-WMT

DB Abaqus
(3D half model)

100,862 Quadratic
hexahedral

Chaboche—1.5%TSR
monotonic fit parent/weld

1050 ◦C
Single stage

Moving (Goldak
elllipsoid)

2.3.1. Thermal Analyses

Recall that the simulation protocol specified the plate geometry, the material properties,
the weld paths and process parameters. These should not vary between participants. No
recommendations were made on the handling of convective and radiative heat losses from
the plates. Experience with previous NeT projects has shown that heat losses from the
plates only affect the later stages of cooling when temperature gradients in the plate are
small: they have little effect on the peak temperatures achieved as the weld torch traverses
the plate. This leaves the implementation of the welding heat source as the key analysis
variable to be examined.

The finite element thermal simulations of the welding process were conducted by
employing volumetric heat sources with spatial flux distributions to represent the energy
introduced by the arc to the weld pool. The best known example is the Goldak double
ellipsoid heat source [35], although there are several types available, often incorporated
into specialized welding heat-source fitting tools [36]. The weld deposition process can
be simulated using a moving heat source, the entire bead can be deposited at once, and
a so-called “block-dumped” analysis, or even a simple 2D analysis may be used [37–39].
These three options use progressively fewer computational resources. All participants
in the round-robin performed 3D analyses. INR used a block dumped approach, which
allowed the use of a quarter model with symmetry planes at planes B and D. The remaining
participants performed moving heat source simulations, using half models with a single
symmetry plane at plane D. An example model, developed by ANSTO and also used for
UoM simulations, is presented in Figure 2a. This also shows the locations of the selected
“virtual” thermocouples used for heat source calibration and the initially defined weld
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beads. Figure 2b shows an example of a calibrated thermal analysis, plotting the maximum
temperatures reached throughout the three-pass welding process.

Figure 2. (a) Typical finite element half-model of NeT-TG6 specimen and (b) final predicted fusion
profile of from ANSTO simulation.

The recommended methodology to calibrate the thermal analysis was based on expe-
rience in the NeT-TG1 [17,40] and NeT-TG4 [23,41] round robins. The participants were
given the following accuracy targets:

• “The predicted cross-sectional area of fused weld/parent metal at mid-length of each
of the three beads shall be within ±20% of the mean measured fused area of the
trial beads.

• The analysis should reproduce the observed mid-length transverse fusion bound-
ary profiles.

• The analysis should reproduce the observed longitudinal fusion boundary envelope.
• The predicted increases in temperature, ∆θ = (θpeak − θ0), at mid-length far-field

thermocouple positions (TC5, TC7, TC8, TC9, and TC12, see [42]) should agree with
the recommended mean measured increases, ∆θmean, to within 10%. Note that re-
sults from symmetrically arranged thermocouples on opposite sides of the bead may
be combined.

• Analysts should strive to achieve similar levels of agreement for the mid-length near-
field thermocouples (TC2, TC10 and TC11, see [42]), and for the thermocouple arrays
at the start and stop ends.”

These accuracy targets are consistent with those recommended by the weld modelling
guidelines in the R6 structural integrity assessment procedure [14,43]. A simple measure of
the overall accuracy achieved by a simulation is the root-mean-square (RMS) error between
predicted and measured temperature rises over a range of thermocouples. The RMS error
was evaluated for the “far-field” thermocouples at weld mid-length, as follows:

ErrorRMS =

√√√√√ 1
n ∑

n


(
θTi,peak − θTi,0

)
− ∆θTi,mean

∆θTi,mean

2

(1)

where n is the number of thermocouple responses taken into account, T is temperature,
∆ is temperature rise, the suffixes Ti identify individual thermocouple locations, the suffix
mean indicates mean measured data, and the suffixes 0 and peak refer to FE predictions of
initial and peak temperature respectively.

2.3.2. Mechanical Analyses—Constitutive Behaviour

Experience with other NeT Task Groups has indicated that the assumed material
constitutive behaviour is the most important variable affecting the final residual stress state
in an unrestrained welded plate, once a calibrated thermal load is achieved.
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The TG1 and TG4 benchmarks were made from AISI 316L steel, which exhibits mixed
isotropic–kinematic hardening behaviour. The simulation campaigns for NeT-TG1 and
NeT-TG4 showed that accurate predictions of the final residual stresses required the use
of mixed isotropic–kinematic hardening models [24,25,40]. The testing performed on the
NeT-TG6 materials showed that both Alloy 600 and Alloy 82 exhibit mixed hardening
behaviour. Thus, participants in NeT-TG6 were advised to assume mixed hardening, and
avoid simple isotropic and kinematic hardening.

The Lemaitre–Chaboche model is primarily designed to predict the material response
upon cyclic loading, where the cyclic load can be imposed either mechanically or ther-
mally [44]. The isotropic–kinematic formulation of this model allows the simulation of both
the Bauschinger effect and cyclic hardening with plastic shakedown. Both are important
phenomena during welding [45]. The isotropic hardening component, which defines the
evolution of the yield surface, σ0, as a function of the equivalent plastic strain, is defined
as follows:

σ0 = σ|0 + Qinf

(
1− e−bεpl

)
(2)

where σ|0 is the yield stress at zero plastic strain, εpl is the equivalent plastic strain and
Qinf and b are material parameters. Qinf defines the maximum change in the yield surface
size and b defines the rate at which the size of the yield surface changes as plastic strain
develops. The kinematic hardening component is defined as a combination of a kinematic
term and a relaxation term. The kinematic hardening law is defined as follows:

·
α = ∑

i

[
Ci

1
σ0

(σ− α)
.
ε

pl
− γiα

.
ε

pl
]

(3)

where Ci and γi are material parameters, σ and α are the stress and back-stress tensors, σ0

is the equivalent stress defining the size of the yield surface, and
.
ε

pl
is the equivalent plastic

strain rate [44,45]. (Note that the translation of the yield surface in stress space is described
via the back-stress tensor.). Thus, seven parameters must be fitted per temperature. This
is usually achieved using data from an isothermal uniaxial symmetric strain-controlled
cyclic test. Aside from yield strength σ|0, two parameters are fitted per back-stress tensor
(i.e., C1 − γ1, C2 − γ2) to describe the kinematic hardening response and two parameters
(Qinf, b) to describe the isotropic hardening component at each temperature. The choice
of two back-stresses is based upon prior experience with AISI 316L steel, where this is
sufficient to achieve an accurate response. Despite the large number of parameters in
the fitted model, it is not possible to develop a single set of kinematic parameters that
can accurately define the yield strength and hardening both for first loading (monotonic
behaviour), and subsequent cyclic unloading and re-loading. It is also observed that the
cyclic isotropic hardening behaviour is strain-range dependent.

An example of the different fitted behaviour achieved is presented in Figure 3. The
experimental response of a 2.5% Tensile Strain Range (TSR) cyclic test at room temperature
using Alloy 600 is plotted against the predicted stresses from two models. One model used
Chaboche kinematic parameters fitted to the first monotonic response of the cyclic test
data (cycle-1 fit) and the second used the reloading response after the first load reversal
in compression (cycle-2 fit). It can be seen that both fitting strategies produce very similar
stresses at the load reversals. However, the cycle-1 fit better describes the first monotonic
response and produces a lower Bauschinger effect at the initial stages of yielding in the
following cycles whereas the cycle-2 fit under-predicts the stresses during the initial stages
of the first monotonic response and better captures the Bauschinger effect [46] thereafter.
Isothermal cyclic test data were made available to NeT-TG6 participants in two stages:

1. The simulation protocol [42] included Alloy 600 test data obtained at 1.5% TSR, and
surrogate data for the weld metal, namely 1.5% TSR testing performed on Alloy 182,
the manual metal arc welding filler equivalent to Alloy 82.
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2. Additional testing was performed at UoM using a spare plate of alloy 600 and a
fabricated alloy 82 weld pad. The tests were performed at 2.5% TSR for temperatures
between 20–600 ◦C and the results of this study are presented in [27].

Figure 3. Comparing the predicted responses after first load reversal of mixed hardening material
models with different parameter fitting strategies.

Both raw test data and a series of Chaboche fits were supplied to the round robin
participants in the simulation protocol, allowing them the option to re-fit the data if desired.
In all cases the participants made use of the parameter fits, although EC2 used the data
to fit an additional elasto-plastic mixed-hardening Prager model, and INR generated
additional fits using three back-stresses. Some participants used the parameters fitted to
the first monotonic response for both parent and weld material, while some used cycle-1
fitted parameters for parent material and cycle-2 fitted parameters for the weld, based on
experience gained from TG4 specimens. UoM made use of data from the additional testing
for a second contribution to the weld modelling campaign.

Unlike previous NeT Task groups, no simulations were performed using pure kine-
matic or pure isotropic hardening. The choices made for the simulations discussed here
are given in Table 4. It is also customary to make assumptions about “annealing”—namely
the temperature or temperature range over which a heated material loses its hardening
“memory”. Most simulations used a simple, single-stage annealing functionality set at
1050 ◦C based on the observations made by the characterization studies (i.e. metallography,
Vickers hardness). In ABAQUS, this defines the temperature at which the radius of the
yield surface is reset to its unhardened level. As mentioned earlier, the specimen was
unrestrained during welding. Therefore, the only constraints required were any symmetry
planes plus restraint against rigid body motion. Temperature-dependent physical proper-
ties (Young’s modulus (E), Poisson ratio (v) and thermal expansion (α)) were provided in
the protocol to all participants and used for both parent and the weld materials [42], and are
presented in Table 5. The majority of mechanical analyses employed the Chaboche mixed
isotropic–kinematic hardening model [44]. Table 6 lists the different sets of the temperature-
dependent Chaboche hardening parameters as inferred from 1.5% and 2.5% TSR isothermal
tests using Alloy 600 material. Table 7 lists the sets of the temperature-dependent Chaboche
hardening parameters as inferred from 1.5% and 2.5%TSR isothermal tests on Alloy 182
and 82 weld metal, respectively.
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Table 5. Temperature-dependent thermo-physical and elastic properties used for both Alloy 600 and
Alloy 82 materials [42].

Temperature
(◦C)

Heat Capacity
(J kg−1 ◦C−1)

Temperature
(◦C)

Thermal
Conductivity
(W m−1 C−1)

Temperature
(◦C)

Poisson
Ratio

Young’s
Modulus

(MPa)

20 444 27 0.0142 20

0.31

213,745
100 465 77 0.0151 93.3 208,229
200 486 127 0.016 148.9 206,161
300 502 177 0.0168 204.4 203,403
400 519 227 0.0177 260 199,955
500 536 327 0.0195 315.6 197,887
600 578 427 0.0213 371.1 194,439
700 595 2527 0.023 426.7 190,302
800 611 627 0.0248 482.2 186,165
900 628 727 0.0265 537.8 182,028

1204 733 827 0.0283 600 180,000
1316 766 927 0.0301 700 172,000

1027 0.0318 800 164,000
1127 0.0336 900 154,000
1227 0.0353 1000 143,000
1327 0.0371 1150 115,000

1260 78,258
1315.6 39,300
1371 2000

Table 6. Temperature dependent Chaboche parameters of (a) Alloy 600 material from isothermal
(a) 1.5% TSR and (b) 2.5% TSR cyclic tests. The proportional limit stress (σ0) and the four kinematic
hardening parameters (C1, C2, γ1, γ2) were fitted to the first monotonic response. The two isotropic
hardening parameters (Qinf, b) were fitted to the first three cycles [42].

Temperature
(◦C)

Proportional
Limit Stress
σ0 (MPa)

C1
(MPa)

C2
(MPa) γ1 γ2

Qinf
(MPa) b

(a)

20 229 399,950 9630.1 2526 66.4 204 16
200 221.6 359,000 10,950 2526 66.4 80 8
400 187.4 244,600 16,432 2526 66.4 158.6 10
600 182 300,800 5612 2526 66.4 148 10
700 178.9 259,000 2526 2526 66.4 45 60
850 125.5 27,106 1460.5 2526 66.4 0 0

1050 50 0 0 2526 66.4 0 0
1200 10 0 0 2526 66.4 0 0
1400 10 0 0 2526 66.4 0 0

(b)

20 229 113,390 16,893 2127 123 151.5 11.5
200 221.6 90,000 15,284 2127 123 80 8
400 187.4 61,951 13,361 2127 123 236.2 5
600 182 52,732 10,872 2127 123 151.4 16
700 178.9 40,000 5526 2127 123 45 60
850 125.5 27,106 1460.5 2127 123 0 0

1050 50 0 0 2127 123 0 0
1200 10 0 0 2127 123 0 0
1400 10 0 0 2127 123 0 0
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Table 7. Temperature-dependent Chaboche parameters of Alloy 182 material from isothermal
1.5%TSR cyclic tests with the proportional limit stress (σ0) and the four kinematic hardening parame-
ters (C1, C2, γ1, γ2) fitted to (a) the first monotonic response or (b) the monotonic response of the
second cycle. (c) The mechanical properties for Alloy 82 from isothermal 2.5%TSR cyclic tests with
the proportional limit stress (σ0) and the four kinematic hardening parameters (C1, C2, γ1, γ2) fitted
to the monotonic response of the second cycle. The two isotropic hardening parameters (Qinf, b) of
all sets were fitted to the first three cycles [42].

Temperature
(◦C)

Proportional
Limit Stress
σ0 (MPa)

C1
(Mpa)

C2
(Mpa) γ1 γ2

Qinf
(Mpa) b

(a)

20 220.75 114,060 7572.5

2044

89.4 202.5 1.65
200 197 61,185.5 6654.25 89.4 185 1.45
400 163.75 59,899 7004 89.4 301.5 3
600 151.25 68,079.5 6331.5 89.4 243 4
700 148.5 65,133 5486 89.4 56.5 18
850 125.5 27,106 1460.5 89.4 0 0
1050 61.75 5119 538 89.4 0 0
1200 10 0 0 89.4 0 0
1400 10 0 0 89.4 0 0

(b)

20 128.5 93,742 28,362.5 982.5 233.35 202.5 1.65
200 116.4 80,705 21,295 982.5 233.35 185 1.45
400 133.7 77,309 12,600 982.5 233.35 301.5 3
600 137.5 48,224 7817 982.5 233.35 243 4
700 140 40,961.5 8000 982.5 233.35 56.5 18
850 125.5 12,000 3000 982.5 233.35 0 0
1050 61.75 3000 1000 982.5 233.35 0 0
1200 10 0 0 982.5 233.35 0 0
1400 10 0 0 982.5 233.35 0 0

(c)

20 135 96,902 6017 588.1 114.7 239.1 2.4
200 110 81,072 4054 588.1 114.7 288 1.8
400 115 62,940 3450 588.1 114.7 355.4 1.8
600 140 25,646 3082 588.1 114.7 279.6 3.8
700 140 20,000 2700 588.1 114.7 56.5 18
850 125.5 12,000 2000 588.1 114.7 0 0
1000 61.75 3000 1000 588.1 114.7 0 0
1050 50 0 0 588.1 114.7 0 0
1200 10 0 0 588.1 114.7 0 0
1400 2 0 0 588.1 114.7 0 0

3. Results and Discussion

An example of the thermocouple responses from nine NeT-TG6 specimens compared
with the predicted responses for the third pass is given in Figure 4 for the thermocouples
located at top and bottom surface at WML of the plate and nearby the start and stop
positions. The repeatability of the recorded thermocouple histories was very good, as
shown by the recorded thermal transients presented in Figure 4. The predicted responses
are generally in very good agreement with the measured ones.

The RMS accuracy targets achieved for each weld pass were calculated based on the
thermocouples on the top surface (i.e., TC2–TC11, TC5–TC12), those on the bottom surface
(i.e., TC7–TC8 and TC9) of the plate, and all the mid-length far-field thermocouples. These
are presented in Figure 5. All the thermal simulations achieved RMS errors of less than
10%, with the exception of the Doosan analysis for pass 3. The highest RMS errors were
observed for the top surface thermocouples in the final pass. This is reasonable, since they
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are at their closest to the heat source and hence more sensitive to the details of the heat
source such as its shape and size, in addition to its overall intensity.

Figure 4. Comparison of measured welding temperature transients during pass 3 with predictions
from FE simulation (black dashed line) at thermocouples located at (a) mid-length bottom surface,
(b) mid-length top surface, (c) start position and (d) stop position.

Figure 5. RMS errors inferred from temperature rises at (a) top, (b) bottom and (c) all mid-
length thermocouples.

The etched slices used for hardness and optical metallography studies are presented
in Figure 6a,b. The macrographs revealed the fusion zone of each individual weld bead
and a ~1 mm distinct coarse-grained heat affected zone (CGHAZ) surrounding the fusion
boundary (Figure 6b). The CGHAZ appears to be much softer than the unaffected parent
material in the hardness contour maps (Figure 6a). The latter also revealed an under-match
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between the mechanical properties of weld and parent and progressive cyclic hardening of
parent material beneath the weld and in the first weld bead laid.

Figure 6. A depiction of (a) Vickers hardness distribution after one, two, and three passes, (b) trans-
verse weld macrographs showing weld fusion zone and CGHAZ, (c) predicted fusion boundary
profiles from ANSTO thermal analysis (1375 ◦C isotherm). (NOTE that the 3-slot plate used for metal-
lographic and micro-indentation studies was ~1.6 mm thicker than the actual NeT-TG6 specimens).

The measured and predicted fusion zones at WML are presented in Figure 6c. The
predicted fusion zone shape and size at each pass is presented using the 1375 ◦C isotherm.
The hardness maps acquired for the single pass weld in a three-slot plate may be compared
with the predicted maximum temperatures reached in a calibrated thermal analysis to
reveal two important features of material property development in the welded plates. The
first is that the “soft parent” coarse-grained recrystallized zone develops when temperatures
exceed ~1200 ◦C and the second is a zone adjacent to the coarse-grained region where the
parent material ceases to harden in the temperature range between ~900 ◦C and ~1200 ◦C.

3.1. Contour Maps of Residual Stress Distribution

Contour maps for representative transverse, normal and longitudinal stresses on
planes D and B are presented in Figure 7, for the UoM-B analysis. The assumed final
fusion zone profile is indicated by a black line. The predicted stresses in the fusion zone
are generally lower than those in adjacent parent material, especially in the longitudinal
direction, due to the weld/parent under match. The transverse stresses are tensile at the
centre of plane D, balanced by compressive stresses near the ends of the plate (Figure 7a).
The simulations also predict reasonably low normal stresses on this thin plate (Figure 7b).
The longitudinal stresses are tensile in the weld region, balanced by compressive stresses
near the edges of the plate in plane B (Figure 7c). The developed stress distribution is
indicative of the long-range structural restraint around the central slot containing the weld.
A gradient in stress is observed along the weld, with the highest tensile stresses beneath
the weld stop position, in both transverse and longitudinal directions.
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Figure 7. Predicted (a) transverse, (b) normal and (c) longitudinal stresses on planes D and B from
UoM−B simulation.

3.2. Comparison Line Plots of Measured and Predicted Residual Stress Data
3.2.1. Line BD

Line BD is the most informative line for examining the accuracy of residual stress
predictions, as it passes through several zones that have been subjected into different
thermo-mechanical histories, namely the three weld beads, the HAZ, and the cyclically
hardened parent zone near the back face. Transverse and longitudinal stress predictions
from the simulation campaign are plotted in Figure 8. The RBE mean is plotted in yel-
low, and the error bars are the actual RBE uncertainties after subtracting the systematic
uncertainty from each individual set [26]. The following observations may be made:

• Both longitudinal and transverse measured stresses are tensile throughout the depth of
the plate on line BD. The measured transverse stresses peak within the first pass of the
weld metal and decrease to almost zero at the bottom surface of the plate (Figure 8a),
whereas the longitudinal stresses are lower in the fusion zone than in the base metal,
and then rise as the back face is approached (Figure 8b). The two stress components
are similar in both distribution and magnitude within the fusion zone.

• There is a general tendency to slightly over-predict longitudinal stresses over the whole
depth of the plate. In particular, almost all simulations predict higher longitudinal
stresses in the fusion zone where the second and the third passes have been laid which
suggests that the just deposited material is softer than modelled. Additionally, all
simulations over predict the longitudinal stresses in the CGHAZ and the adjacent
cyclically hardened zone.

• The UoM-C simulation performs better in the region adjacent to the fusion boundary
as it takes into account a soft parent zone (Figure 8b). The EC-B simulation also
predicts lower stresses in this region. It employed the Prager constitutive behaviour
and a more aggressive annealing behaviour.

• Most of the simulations predict the transverse stress profile reasonably well. The
simulations that used Chaboche parameters fitted to 1.5% TSR cyclic tests appear to
match measurements slightly better than those that used parameters fitted to 2.5% TSR
cyclic tests, regardless of the annealing scheme employed. The latter tend to slightly
under-predict the transverse stresses (Figure 8a).

• Both the IC and the DB simulations predicted unusually high transverse stresses in
the parent material ligament. This appears to be due to their modelling shorter weld
beads than the remainder of the simulations (see discussion of line D7.5 below), which
increases the structural restraint imposed on the weld region.

• The EC2 simulations made use of an annealing scheme that affected both the kinematic
back-stress and yield surface diameter, which is expected to be more aggressive
in its effects on stresses near the fusion zone. In addition, the EC2-A simulation
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exhibited stress oscillations which appear to be associated with the Chaboche model
implementation in Code_Aster.

• The simulations that did not account for switching from parent to weld the material
properties of regions that reached 1375 ◦C eventually ended with significant jumps
in the stress prediction within the fusion zone. The jumps are more profound in the
longitudinal stress component.

Figure 8. Comparison of the predicted (a) transverse and (b) longitudinal stresses on line BD from
the different welding simulations performed with the ND-based Bayesian mean (RBE−ND).

3.2.2. Line B2

Line B2 extends in the transverse direction 2 mm below the top surface at weld mid-
length, and goes through the weld close to the pass-2 and pass-3 boundary. It also passes
through the CGHAZ in the parent material either side of the weld. The longitudinal and
transverse stress predictions from simulations are plotted with the calculated RBE stresses
in Figure 9. The following observations may be made:

• Most simulations predict the transverse stresses relatively well (Figure 9a). It should
be noted that since ANSTO and UoM share the same thermal analysis, the lower
stresses predicted in the UoM-B and UoM-C simulations are associated with the use
of Chaboche parameters fitted to 2.5% TSR tests.

• Longitudinal stresses are also predicted well (Figure 9b). There is noticeable scatter in
predictions close to the weld fusion boundary. This is most probably due to a combina-
tion of differing assumptions about the weld/parent boundary location (and therefore
the switch of properties), and whether the softer CGHAZ has been explicitly modelled.

Figure 9. Comparison of the predicted (a) transverse and (b) longitudinal stresses on line B2 from the
different welding simulations performed with the ND-based Bayesian mean (RBE−ND).
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3.2.3. Line D7.5

Line D7.5 is 7.5 mm below the top surface and extends along the welding direction
in the cyclically hardened parent material underneath the weld that has undergone three
thermo-mechanical cycles. Predicted and measured stresses are compared in Figure 10.
The following observations can be made:

• The transverse stress profiles appear to be more accurately predicted by simulations
with lower RMS errors in the thermal solution (Figure 10a). This is evident both in the
cyclically deformed parent zone underneath the fusion zone but also in the ligaments
at the start and stop ends, where there is clear evidence that different simulations have
assumed/predicted different weld bead lengths, with a consequent effect on the levels
of tensile stress near the centre of the plate.

• The measured longitudinal stresses in parent material beyond the weld zone are in
good agreement with the simulations (Figure 10b). However, all the simulations
over predict the tensile stresses in the cyclically hardened parent zone underneath
the fusion zone. This is an area that presents challenges for both ND measurements,
where the inferred stresses are affected by the proportion of weld and parent material
assumed in the gauge volume, and for simulations, where weld, CGHAZ and parent
material are all present, and not necessarily fully represented.

Figure 10. Comparison of the predicted (a) transverse and (b) longitudinal stresses on line D7.5 from
the different welding simulations performed with the ND-based Bayesian mean (RBE−ND).

4. Conclusions

Nine NeT-TG6 specimens were manufactured using a robotic TIG welding process
to ensure consistency, each instrumented with 12 thermocouples. This approach pro-
vides accurate definition of the thermal transients associated with welding for later use
in simulations.

Post-welding microscopic characterization and hardness mapping determined that the
Alloy 82 weld metal is under-matched compared with the Alloy 600 parent plate, and that
both constituents show evidence of cyclic hardening due to the cyclic thermo-mechanical
loading imposed during welding. They also revealed the presence of a soft re-crystallized
coarse-grained heat affected zone adjacent to the fusion zone where temperatures exceeded
~1200 ◦C during welding

Isothermal cyclic testing performed on both alloy 600 plate and Alloy 82 extracted
from a weld pad revealed that both materials show mixed isotropic–kinematic hardening
behaviour, with a pronounced Bauschinger effect, and cyclic isotropic hardening at a lower
rate than previously observed in the AISI 316L used for previous NeT benchmarks.

The neutron diffraction residual stress measurement round robin undertaken on NeT-
TG6 produced reliable robust Bayesian estimates of the residual stress field with sufficient
reliability to validate the results of the simulation round robin.
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Most of the thermal simulations performed for NeT-TG6 achieved a root-mean-square
error in the predicted weld mid-length temperature rises of better than ±10%. The most
accurate analysis achieved RMS errors of 2.9% or less at the same location.

All simulation participants adopted mixed isotropic–kinematic hardening models.
These models were calibrated relevant isothermal cyclic test data at two different strain ranges.

The predicted residual stresses were generally in good agreement with measured
stresses, with the following areas where performance could be improved or there was
significant scatter between different predictions:

• The transition region between weld and parent material where the softened re-
crystallized CGHAZ occurs. Most simulations over-predicted longitudinal stresses in
this region.

• The weld region itself, where there is evidence that longitudinal stresses are generally
slightly over predicted.

• Parent material in the ligament beneath the weld that does not reach temperatures
where softening can occur. Here, transverse stresses in particular were affected by the
differences in modelled weld length between simulations, and those simulations that
modelled welds that were too short, over-predicted stresses.
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