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ABSTRACT

To improve the assessment methods of the cold cracking risk, the usage of the Tekken welding test is
proposed. The test load is generated by the residual stresses, whose magnitude is controlled by the size
of the Tekken mock-up. In order to conduct a subsequent test benchmarking campaign, the optimum
dimensions providing a suitable, realistic load are sought. A 2D computational model is developed to
answer this question. A range of thicknesses from 15 mm to 150 mm is investigated. An enrichment by
experimental data allows predictions with a great level of confidence. For the welding parameters and
metals selected, it is found that the level evolution of the self-restraint conditions reaches a stabilization
above a thickness of 50 mm. Moreover, the non-negligible effect of the solid-solid phase transformation
induced material property changes is highlighted.
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INTRODUCTION

GENERAL BACKGROUND

As one of the world’s major electricity operators and with 73 operating reactors on
several continents, the EDF group faces some technical challenges in maintaining and
modernizing its fleet of nuclear power plants. The research presented here is motivated by
the need to qualify innovative repair methods and accredit them with the local regulatory
bodies. More precisely, we are focusing on repair methods using nickel-based alloys for
ferritic steel components of the nuclear steam supply system, the core element of a
pressurized water reactor.

Part of the technical solution explored here is focused on cladding using multi-pass
welding, optimized with bead tempering principles [1]-[6] in place of additional
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conventional heatings to tackle their difficulties of execution. Indeed, these additional
heating steps are generally applied [7] for such massive parts to meet a high level of
quality and safety of the welding bead deposition during the manufacturing processes [8],
as well as for repair operations only if the component can be accessible or disassembled
and manipulated. However, in contrast with the oil & gas industry, most of the elements
constituting a nuclear reactor cannot be easily accessible or removed, because of reduced
space, structural embedment, and radioactivity (often from the component itself).

Therefore, to address the necessity to increase the expertise on these innovative
methods prior to their deployment in the nuclear industry, several experimental and
numerical analyses are being conducted. Among others, the base metal resistance to cold
cracking [8] must be assessed in the weld configuration proposed for these new methods
(this is also known as hydrogen assisted cold cracking, delayed cracking, or under-bead
cracking [9]). To conduct this assessment, strong couplings between experiments and
modelling are of great interest to inform and/or validate each other. Within this research
project [10], one of the objectives is to establish a comparative benchmark between a
conventional welding quality test and another, potentially more realistic test, respectively
the implant and Tekken tests [5], [11]-[15]. Both are allowed by the standard 1SO 17642
for characterizing the risk of cold cracking. This comparison allows the following to be
assessed:

e  First, the performance of the Tekken test in comparison with the implant test. The
latter is historically used in France for welding process qualification of
potentially susceptible components.

e Second, the accuracy of further computational models able to quantify the
margins against cold cracking.

All the modelling presented here was undertaken using the platform Salome_ Meca
[16]. The finite element solver used was Code_Aster [17]. Both are open-source software
and code developed by EDF with other partners.

TEKKEN TEST: LITERATURE REVIEW

The Tekken test was conceived and developed by the Technical Research Institute of the
Japanese National Railways [11]. This is a self-restraint test made from a plane-slotted
specimen, as shown in Fig. 1. High stress state is achieved by the slot/slit and groove
characteristics and the mock-up thickness [14], [18], [19]. It was principally designed for
guantitatively assessing base metal weldability in a configuration representative of the
intended application thanks to its massiveness and intrinsic architecture. The Tekken test
focuses mainly on assessing the risk of cold cracking. It can be also used for other defect
types within the base and/or the weld metal. It requires good repeatability in the case of
non-cracking to confirm this result. The Tekken specimen has been studied by a number
of researchers who have provided relevant conclusions on the slot/slit types, shapes, and
locations within this monolithic mock-up [20]-[23]. However, it is still difficult to
estimate or even to find in the literature accurate details of the stress state surrounding the
weld of a Tekken test.
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METHOD APPROACH

Based on previous research, it was decided to conduct this research project [10] with
centered y-slit Tekken and circular VV-notched implant designs.

In parallel, prior to manufacture the Tekken specimens, it was decided to conduct a
series of computational studies to optimize the specimen thickness. The local stress level
increase with thickness, at the expense of higher material consumption. It was decided to
aim at maximum load in order to generate the highest risk of cold cracking.
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Fig. 1 lllustration of a Tekken test mock-up ; before & after the weld bead deposition [11]

A 2D thermo-metallo-mechanical finite element model was constructed to compare the
evolution of local stress level depending on the mock-up thickness. The 2D idealization
ensures a good ratio between the calculation duration and sufficient accuracy of the
results. The model represents a mid-length transverse cross-section of a Tekken mock-up,
as shown in Fig. 2. This ignores the perturbations at the welding start and stop regions at
the bead extremities. Models were generated and run for a full range of different mock-up
thickness (15 mm to 150 mm), allowing rapid identification of the stress state level for
each Tekken size, for the base and filler metals selected and for welding parameters
previously defined by parallel experiments.
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Fig. 2 lllustration of the modelled 2D slice position within the Tekken test mock-up

MATERIAL DATA

The base metal employed is from a 18MND5 material batch whose chemical composition
diverges slightly from specification, allowing it to be treated —only for research
purposes — as a 16MND5, commonly used for manufacturing reactor pressure vessels. It
is equivalent to similar specifications such as SA-508 Grade 3 Class 1 or SFVV3 [24],
[25]. The filler metal utilized is nickel-based alloy 52M, which has been selected
previously for the proposed repair procedure. A potential application is repairs to the
nickel-based alloy 182 welds which join the wvessel to the bottom-mounted
instrumentation nozzles. The exact metal chemical compositions are given in Table 1, as
well as additional details.

The thermal, metallurgical and mechanical properties used in the simulations have
been principally identified by several previous studies carried out by EDF with different
partners [26]. These have been supplemented with updated values from recent studies. In
order to reliably reproduce the actual mechanical properties of this metal batch after
guenching-tempering-rolling operations, the initial distribution of micro-constituents was
assumed to be a mixture made of 61 % ferrite and 39 % bainite (which may not reflect the
real microstructure composition).

In addition, some major features considered in all the simulations presented in this
study can be highlighted. For the base metal:

o Metallo-dependent elasto-visco-plastic model, including the effects of the solid-
solid phase transformation induced plasticity and of the strain-hardening recovery

e Grain growth modelling during the austenitization steps (driving parameter for
the micro-constituent fraction predictions)

Concerning the filler metal:
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e Chaboche elasto-visco-plastic model (parameters recently calibrated within
parallel studies [27], [28])

Table 1 Chemical composition analysis of the employed metal batches (values from the
material certificates provided by the suppliers Creusot-Loire Industries and Special Metals
Corporation)

Base Metal
considered . Si  Mn Ni cr Mo P s cu v Al
designation
16MND5
rolled
0,181 0216 153 0625 0,202 0479 00063 00029 0,111 <0,005 0,022
quenched
tempered
Filler Metal
commercial c Si  Mn Ni cr Mo P s Cu Co Al
designation
Inconel 52M 17 12 072 5936 3005 001 0004 0001 003 0006 011
(coiled wire)
Nb + Ta Fe Al+Ti Ti B Zr other
0,83 8,49 0,34 023 0001 <001 <050

In order to refine the microstructure prediction abilities used for the particular chemical
composition of this steel batch, a specific continuous cooling transformation diagram was
calculated using a tool recently developed at the Modelling and Simulation Center (EDF
& The University of Manchester), based on Li’s model [29]-[32]. However, a preliminary
estimation of the austenitization temperature and prior austenite grain size range that
could be typically encountered in the gas tungsten arc-welding process was necessary.
Considering the observations of [29], a range from 3 um to 130 um was adopted. Hence,
the average value (66 um) and the commonly considered temperature of welding molten
pools (1450 °C [33], [34]) were utilized to run this continuous cooling transformation
diagram calculation. It was directly returned under a table format readable by the
Code_Aster solver. An overview of this continuous cooling transformation diagram is
given in Fig. 3. During simulation, the feature enabling this solver to adapt its
interpretation of the continuous cooling transformation diagram as function of the
calculated grain size was activated.
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Fig. 3 Representation of the continuous cooling transformation diagram calculated for the
base metal (each dotted line represents a cooling rate step)

SIMULATION: FIRST CALIBRATION & QUALIFICATION

DILATOMETRY

Different thermal cycles have been explored using dilatometry testing in parallel studies
[27], [28], [35]. In a few words, a dilatometry machine measures the material expansion
as a function of the temperature. It allows investigation at the same time of both
conventional thermal expansion behavior and solid-solid phase transformation. The
experimental data produced on the base metal have been used as reference to assess the
reliability of the numerical continuous cooling transformation data set utilized in the
welding simulation. Testing has been performed both on the used 16MND5 material lot,
and also on the SA-508 Grade 3 Class 1 steel. The 2D axisymmetric modelling of the
dilatometry test specimen (half-rod) comprised an imposed heating temperature
(reproducing the induction heating), a heat exchange (reproducing the convective loss and
gas cooling), and the radiation loss. The nodes of one half-rod end were considered as
embedded along the longitudinal direction, and the nodes of the half-rod axis of symmetry
as fixed along the transverse direction. The displacement was therefore followed using the
nodes on the other half-rod end. The mesh was built of 125 linear quadratic elements
about 400 pum x 400 pm.

A few examples of the predicted temperature-strain cycles compared with the
experiments are presented in Fig. 4 & 5. Agreement is generally good, confirming the
suitability of the calculated continuous cooling behavior.
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Fig. 4 Comparison between the simulated 16MNDS5 behavior and the experimental
observations for this modelled steel (NeT-TG8 project [27], [28]) as well as for the SA-508
(NNUMAN project [35], [36])
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Fig. 5 Comparison between the simulated 16MNDS5 behavior and the experimental
observations for this modelled steel (NeT-TG8 project [27], [28]) as well as for the SA-508
(NNUMAN project [35], [36])
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TEKKEN MODELLING

MESHING STRATEGY

As presented above in Fig. 2, only slices representing the mid-length transverse cross-
section of the Tekken mock-ups were modelled in 2D. The meshes were built of linear
quadratic elements (4 977 for the 30 mm specimen). Particular attention was paid to the
element refinement and quality in the critical areas surrounding the weld bead. The
element size adopted in these locations is about 250 um, and it is gradually increased in

the remote areas that were expected to be relatively unaffected. The weld bead thickness
was estimated of 4,5 mm.
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Fig. 6 lllustrations of the mesh generated for a mock-up thickness of 30 mm

The sketching and meshing operations were fully executed using Python command
script instructions for Salome_Meca. To aid computation, the slices were sub-divided into

different zones constituting the global geometry and then concatenated. Some illustrations
of the mesh modelling the 30 mm thick mock-up are given in Fig. 6.
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Fig. 7 Results of the mesh element quality control, the criterion being based on the shape
ratio of the quadrangles (size: 30 mm thick)

The global element quality assessment has shown that 82 % of the elements have an
aspect ratio inferior at 1,5, which is considered acceptable for this study (refer to Fig. 7).
In particular, elements within the heat-affected zone and fusion zone all have relatively
good aspect ratios despite of the geometry singularities. The method utilized for
calculating this ratio is given with Equations (1)-(2)-(3) [16]. Note that a perfect square
would have a ratio equal to 1,0.

g =melotlitletly) LG O
L;
Ls
:
” Linax = max(Lo, Ly, Ly, L3) ®3)

AUTOMATION OF COHERENT MESHING’S

Considering the wide range of Tekken mock-up thicknesses to investigate, a sampling of
representative thicknesses was selected: every 5 mm from 15 mm to 50 mm thick, then
every 10 mm from 50 mm to 100 mm, and a final thickness of 150 mm. This resulted in a
total of 14 Tekken tests to simulate.
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The meshing command script was coded to automatically adjust the element sizes
when necessary to ensure suitable junctions at the refinement zone frontiers. The element
size of the critical area mentioned previously was however imposed. In addition, the
biggest element size (at the mock-up edges) was set at 3 mm for mock-ups under 25 mm
thick, and then at 4 mm for other sizes.

This algorithmic automation has permitted the Tekken test meshes to be produced with
constant and coherent characteristics, to minimize the risk of mesh differences confusing
the results. Fig. 8 illustrates this with the extreme cases, 15 mm and 150 mm thick.
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Fig. 8 Coherence illustration from the 15 mm to the 150 mm meshes with a focus on the weld
bead area

BOUNDARY CONDITIONS

Conventional convection exchange and radiation loss were taken into account in the
thermal calculation. The value of the convection exchange with air was set at
h =15 W-m2K"!, which is slightly superior to a natural convection in order to add the
effect of the shielding gas flow. The emissivity coefficient was assumed at £ = 0,50 as the
average value for ground or machined steel surfaces. In the mechanical calculation the
nodes of the two slice extremities were considered as fully embedded for reproducing the
mock-up stiffness (refer to Fig. 9).
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MODELLING OPTIMIZATION

The selected modelling type was axisymmetric about the Y-axis. This approach allows
more realistic out-of-plane constraint than mathematical plane strain, and aids mechanical
solution convergence in Code_Aster, according to the developer team.

embedded
nodes

<

embedded
nodes

GLOBAL SITUATION VIEW FOCUSED VIEW

Fig. 9 Schematic view of the mesh re-positioning (modified scale) and mechanical boundary
conditions

However, the Tekken test specimens are not axisymmetric. Therefore, the modelled
mock-up has been rotated by 90°, and placed at 10 meters from the Y-axis to give an
effectively infinite radius and tackle the non-axisymmetry of this test device. The impact
of this large radius was successfully examined by a quick comparison with one meter
shorter and one meter longer radii: the results were not affected. Fig. 9 summarizes this
re-positioning.

EQUIVALENT HEAT SOURCE

The heat input induced by the electric arc was reproduced through an imposed time-
depended heat flux Hg,,, on the weld metal elements. This was simply composed of two
stages: a heating phase as described in Equations (4) and a cooling phase as described in
Equations (5).

_ Qmax

Hflux -

Qmax (4) (5)

H . —=— Ymax
Dty xt Flux = pe,x(t-(Dt, +Dt,))
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Fig. 10 The thermocouple-instrumented mock-up before assembly and after the welding run
completion

For calibrating the parameters of this modelled heat source, a thermocouple-
instrumented Tekken test was performed at EDF with the welding parameters selected for
this research project [10]. These have been optimized within parallel studies [27], [28],
[37] to ensure the weld bead deposition quality, as well as maximizing the hydrogen
absorption (deliberate placement in unfavorable conditions [38]-[40]). These welding
parameters are detailed in Table 2.

TC-CO-CL
(doubled)
TC-CO-RE b
(single)  35mm iy Iq TC-SU-RE
56mm_— < (tripled)

Fig. 11 Thermocouple locations utilized for the heat source calibration with a 40 mm Tekken
mock-up
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Welds were deposited using a robotized tungsten inert gas welding station
Valk Welding VWPR QE Extern (composed of a VWPR-TIG | welding torch and a WGIII-
E1400 robot system (Panasonic TA-1400 model)). A 40 mm thick mock-up made from
two parts was utilized (Figure 10). K-type thermocouples were placed at five different
buried and surface locations. The device utilized for recording the temperatures is a
NI 9213 / cDAQ 9174 acquisition system supplied by National Instruments, coupled with
the software LabVIEW — SignalExpress. The Tekken test device was then placed on
special supports designed to minimize the heat transfer to the welding table. Some
thermocouple locations were doubled or tripled to determine repeatability. For this study
calibration, only three positions were selected in order to get rid of any potential
perturbations caused by the heat source shape assumptions. They are detailed in Fig. 11.

Table 2 Welding parameters selected for this research project

parameter

value

shielding gas

gas flow rate

welding torch travel speed
nominal current intensity

pulsing frequency

filler wire feeding speed
contact-tip to workpiece distance
standoff distance

electrode stick out

electrode extension

arc length (from groove bottom)
filler metal wire-electrode distance
gas cup internal diameter

filler metal wire diameter

arc polarity

electrode

electrode diameter

electrode angle

arc voltage control feature (A.V.C.)
voltage

welding process type

deposited metal section

linear energy

average power

Linde — Varigon 5 (5 % Hz + 95 % Ar)
11,0 £ 0,3 I/min

0,12 m/min

240+ 1A

0 Hz (direct current)

3,0 m/min

30,75 £ 0,50 mm

21,25+ 0,35 mm

15,00 £ 0,1 mm

24,50 + 0,25 mm

6,25 + 0,25 mm

2,50 £ 0,25 mm
11,25+ 0,10 mm

@ 0,9 mm

electrode [ - ]

tungsten — 2 % lanthanum
@ 2,4 mm

30°

enabled

15,60 £ 0,75V

tungsten inert gas (T.1.G.)
15,9 mm?

18,7 kd/icm

3,7kw

Following the welding test, the three thermal cycle curves from the experiment were
generated by first synchronizing the time axis, and then averaging when doubled or
tripled. A wide range of heat source parameter combinations were simulated using a
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design of experiment matrix. Then, the set providing the most suitable match in terms of
peak temperatures and cooling rates was selected. Hence, the identified parameters used
in Equations (4)-(5) was Qpax =18,0J, Dt; =6,0s and Dt, = 8,6 s. The heating phase
has been considered as having a limited effect for this study needs. The base material heat
capacity function has been also slightly adjusted. The comparison between the
experimental data and the obtained simulation results with the calibrated heat source are
presented in Fig. 12.

Although there is a certain degree of uncertainty about how suitable this calibration
would be for other mock-up thicknesses, which still have slight meshing differences,
these parameters were assumed as being constant.

TC-SU-RE
e Code_Aster TC-CO-1-RE

1
1
! — —TC-CO-CL
|
1

800 ; |- Code Aster TC-CO-CL
o h 1 -
g / ' Code_Aster TC-SU-RE
5 e~ o\ |
£
<
g
=
B
400 -

0 T T T time (s) ————
40 50 60 70 80

Fig. 12 Comparison of the experimental thermocouples data with the virtual ones of the
Code_Aster simulation after the heat source parameter calibration using a 40 mm Tekken test
mock-up

RESULTS

Once the thermal model was calibrated, the 2D thermo-metallo-mechanical simulation
was run on each mesh. According to [41], mainly a uniform normal stress is experienced
by bead deposited in an oblique y-slot. Considering this, the temporal evolution of the
nodal loads on the restrained faces (as shown in Fig. 9) was extracted and used to estimate
the average normal stress oayg Occurring on the weld bead cross-section. This last value
was then utilized as the benchmark criterion for studying the effect of thickness. This
comparison is presented in Fig. 13 at a focused time scale. Fig. 14 shows an observation
over a period of 10 hours for the 15 mm, 30 mm and 50 mm specimens.
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Fig. 13 Benchmarking of the relative effect of the Tekken mock-up thickness on the average
stress Oavyg experienced by the weld bead perpendicular cross-section (relative stress value)

weld bead
620 1 average stress
Oug (MPa)

\=-=-=-=-T--- 1
—— 15mm,

—— 30 mm :

400 1

—————

— 50 mm :

180

T T — time 7 (s) —
10 100 1000 10 000

Fig. 14 Average stress Oay evolution 10 hours after the weld completion for the 15 mm,
30 mm and 50 mm Tekken specimens (relative stress value)
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DISCUSSION

The results show a compressive stress state during the filler metal deposition and the
beginning of the cooling. This is in line with the experimental observations by indirect
measurement conducted by [21] using similar y-slit crack test specimens. However, this
must be treated with caution : the simulation approach considers the weld metal elements
already in place before their simulated deposition (no “inactive element method”),
without a deactivation or mitigating feature for their thermo-mechanical characteristics
(no “quiet element method”). Considering that the weld metal is molten at this stage, the
magnitude of this first part of the mechanical results cannot be considered as entirely
correct. Only the results after complete metal solidification can be exploited here.
According to the experimental and computational results produced, it can be estimated
that the weld metal is fully solidified approximately five seconds after the passage of the
welding torch. At that stage, the stress state is more or less equal to zero.

100% —————— - 500
]
ke Gl
3=
5 s
P N
75% 18 =
o g
b= ©
o 2
=i 8
s [+]
50 % 4 9 £ 250
s 0 N ___ g
g hot phases I g
- . 1
e T martensite i E
- 1
_____ stress evolution 1 =
©
25 % 4
0% time 7 (s) T T 0
5 15 25 35

Fig. 15 Focus on the thermocouple TC-CO-CL location (Tekken 40 mm): correlation
between the drop in the stress increase during the metallurgical changes

Following this, rapid growth of the tensile stress is observed, until a sudden drop. The
divergences for the smallest thicknesses start at the end of this first stress increase. The
drop observed results from metallurgical changes (solid-solid phase transformations),
principally from “hot” to “cold” micro-constituents, as seen previously with the
dilatometry testing. This aspect has been studied in detail by [42], who measured a similar
drop in magnitude during their welding test. This is mainly caused by the atomic re-
arrangement occurring within the unit cells during solid-solid transformations, as well as
differences in the thermo-mechanical properties of the different micro-constituents. This
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correlation is shown in Figure 15 with a 40 mm Tekken mock-up by focusing on the local
changes surrounding the closest thermocouple to the fusion boundary (TC-CO-CL).

After solid-solid phase transformations are complete, the tensile stress increase
resumes. The increasing rate is rather moderated in the thinnest specimen thicknesses due
to their lower mass, which reduces the cooling rate. From this point onwards, there is a
net effect of the thickness. The maximum achievable self-restraint condition is reached
above a thickness of 50 mm. It can take more than 10 hours to experience the final
residual stress level. Moreover, it was found that this stabilization phenomenon is
insensitive to variations of the material and equivalent heat source parameters made
during the model calibration steps, which raised confidence in these findings.

CONCLUSION

A numerical study enriched by experimental analyses was conducted to develop
understanding of the Tekken welding test. The finite element model was used to
investigate the effect of mock-up thickness on the self-restraint conditions. The thickness
is often considered as the major parameter for driving the stress state self-generated in this
test device [14], [18], [19], [43].

Nevertheless, there was a lack of precise information on this impact. This study has
permitted to propose a qualitative estimation through a first approach in 2D. A complete
benchmarking of the different thicknesses was established, focusing on the level of the
average normal stress experienced by the weld bead. The following are the main findings:

e Although the standard Tekken design allows thicknesses up to 150 mm, the
residual stress saturates above a thickness of 50 mm using these materials and
welding parameters.

e Moreover, this saturation stress is rapidly reached at such thicknesses because of
fast heat dissipation into the material remote from the weld. This demonstrates
that the mechanical loading peaks quickly after weld completion when the
hydrogen level is at its peak, which is thereby the moment when the risk of cold
cracking occurrence is the highest.

Thanks to this study and the established benchmarking, it has been possible to
conclude that for the remainder of this research project [10], a thickness approaching
50 mm would provide the best compromise for quickly maximising the stress state using
this metal combination with these specific welding parameters.
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RECOMENDATIONS

Finally, this study has also permitted to identify several elements that would require
further development :

Quantitively speaking, the convergence to a maximum stress state of about
650 MPa may seem plausible (relative value). Nevertheless, this would require
additional verifications before any conclusion on the absolute values of the
residual stress experienced. For instance, an extensive experimental small-scale
testing under different temperature intervals and for several microstructure types of
this base metal would be of interest to finely adjust its material properties and
calibrate the model.

Improvements of the meshing strategy are now possible using the weld
macrography realised at the end of this project. This would allow modelling of the
actual weld bead shape, the y-slot dimensions, fusion boundaries, and heat-affected
zone limits.

The equivalent heat source could also be improved by modelling its shape
accurately and refining its parameters using the experimentally measured isotherm
boundaries.

The calculation duration could be optimised by applying simpler material
behaviour models to regions outside the heat-affected zone.

Prior austenite grain size is an important variable, as the prediction of the micro-
constituent proportions within the heat-affected zone is highly dependent on this
parameter. This only had an impact in the smallest thicknesses, since heat
dissipation there was insufficient to lead to fully martensitic heat-affected zones.
However, a lack of experimental data and model development makes optimisation
of this part of the solver difficult.

Finally, a transposition to a 3D model would be of interest to validate a part of the
assumptions made for these 2D simulations.
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