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Abstract: Safety-critical pressure vessels in pressurised water reactor (PWRs), such as the
reactor pressure vessel and the steam generators, have been fabricated using arc welding
processes for several decades. However, recent interest in nuclear new-build programmes
has stimulated interest in reassessing the technologies that are available for the welding of
these components. For example, considerable effort has been directed at the development
of reduced-pressure electron beam (RPEB) welding, owing to the substantial productivity
gains it would offer, while developmental work has also been carried out on multipass
narrow-gap laser welding (NGLW). In this work we assess the effects that two current
technologies, and two candidate technologies for future build programmes, are likely to
have on the generation of residual stresses within critical nuclear components. Single-sided
welds were manufactured in 30 mm thick plates of SA508 steel, using four welding
processes: gas-tungsten arc welding (GTAW), submerged-arc welding (SAW), multipass
NGLW and RPEB welding. The residual stress distributions for each type of weld have been
measured both in the as-welded condition and after post-weld heat treatment, using
neutron diffraction and the contour method. The results are compared and discussed.

Keywords: conduction mode welding, ductile-to-brittle transition, pressuriser, structural
integrity, weld integrity, weld toughness.



1 Introduction and background

Arc welding processes have been a mainstay in the manufacture of primary components
within pressurised water reactors (PWRs), such as the reactor pressure vessel (RPV) and the
steam generators, for several decades. Indeed, fabrication standards such as those that are
overseen by professional associations such as the American Society for Mechanical
Engineers (ASME) currently prohibit the application of alternative welding technologies to
these safety-critical components. This circumstance has lingered since a significant
slowdown that was seen, particularly in the U.S.A., in the initiation of nuclear new-build
projects following the Three Mile Island accident in 1979 and the Chernobyl disaster in
1986. However, in the past decade, the prospect of an increase in the construction of new
PWRs has prompted some in the nuclear sector to re-examine the options for the welding of
these large ferritic pressure vessels.

One process that has been the subject of significant interest in recent years is reduced-
pressure electron beam (RPEB) welding [1, 2]. The prospect of completing welds that exceed
100 mm in thickness with a single weld pass is clearly attractive from an economic
standpoint. Furthermore, by welding under a reduced pressure, as opposed to under a high
vacuum, it becomes possible to employ local sealing systems, rather than having to place an
extremely large pressure vessel inside a vacuum chamber [1]. However, if a strong case is to
be made for the adoption of a process such as RPEB welding, potential economic benefits
must be accompanied by reassurances that the integrity of these safety-critical components
will not be compromised. To this end, one of the factors that must be considered is the
development of residual stresses.

Tensile residual stresses are known to have detrimental effects on the integrity of pressure
vessels in light water reactors [3], as they can increase the driving force for crack
propagation [4], and they can also contribute to degradation through mechanisms such as
stress-corrosion cracking [5]. Fusion welding processes are also known to generate
substantial tensile residual stresses [6], owing to the highly localised manner in which heat
is applied, and the associated steep temperature gradients that are imposed on the
materials being joined. Indeed, the significance of welding residual stresses to nuclear safety
has been recognised in the R6 Defect Assessment Procedure [7], which requires an account

of residual stresses in the vicinity of welds in primary nuclear components. Residual stresses



are also likely to be of concern to other industries that deploy pressure retaining vessels and
piping such as, for example, in the petrochemical sector, notwithstanding the fact that such
applications appear to have received less attention.

In the case of ferritic steels, the development of welding residual stresses is complicated by
the solid-state phase transformations that take place during welding thermal cycles [8] and,
while ferritic steel welds are subject to a post-weld heat treatment (PWHT) operation, this
does not eliminate residual stresses altogether [9]. The complicated nature of the
development of residual stresses in multipass ferritic steel welds has led to a variety of
studies being carried out, ranging from those that investigate a single weld pass [10, 11], to
others dealing with multiple weld passes [12, 13]. However, to date, studies on the
development of residual stresses in nuclear steels have generally focused on a specific
welding technology, and it has been difficult to directly compare the extent to which
alternative welding processes will influence the development of stress.

Within the NNUMAN research programme [14], a decision was taken to manufacture welds
in nuclear pedigree SA508 Grade 3 Class 1 steel, using both current arc-based technologies
and candidate technologies for future nuclear new build programmes. The objective was to
assess the implications associated with a particular choice of welding process for the
through-life integrity of nuclear components, and one of the parameters that would be used
in undertaking such an assessment was to be the development of residual stresses. The
authors formed the view that, to carry out such an assessment, it would be important to
manufacture welds at a thickness that is representative for nuclear pressure vessels.

After assessing options for the procurement of material of a suitable pedigree, the target
weld thickness was chosen to be 130 mm. However, it soon became evident that a
significant amount of development work would be required on the journey to
manufacturing welds at this thickness. Consequently it was also decided that, as a first step,
weld test pieces should be manufactured with the same welding processes at a smaller
thickness. To this end, a thickness of 30 mm was selected, as this would provide test pieces
that would capture many aspects of multipass welding, yet they would also be amenable to
residual stress measurements using non-destructive techniques such as neutron diffraction.
This article commences by describing the manufacture of 30 mm thick welds in SA508 Grade
3 Class 1 steel using the following techniques:

* Narrow-gap submerged arc welding (NG-SAW);



* Narrow-gap gas-tungsten arc welding (NG-GTAW);

* Multipass narrow-gap laser welding (NGLW); and

* Reduced pressure electron beam (RPEB) welding.
The measurement of residual stresses is subsequently described, on test pieces in both the
as-welded (AW) and PWHT condition, using neutron diffraction and the contour method.
The results are then presented and discussed. It is hoped that this work will serve to provide
insights to the development of residual stresses with each of these welding processes, while

also providing valuable validation cases for the development of weld models.

2 Manufacture of Weld Test Pieces

2.1 Materials

Four weld test pieces were made using each of the welding processes employed in this
study, making 16 in total. In all cases, the base material was SA508 Grade 3 Class 1 steel,
with the chemical composition as given in Table 1. This steel was purchased from Sheffield
Forgemasters International Ltd. in the form of a prolongation ring forging together with
thinner segments of material extracted from the dome that was contiguous with the
prolongation ring. The forged SA508 material had already been subjected to a quality heat
treatment at the time it was supplied to The University of Manchester. In this condition, the
yield stress of this steel has been found to be approximately 450 MPa and the ultimate
tensile strength (UTS) was in the range between 560 and 600 MPa [12].

All of the NG-SAW, NG-GTAW and NGLW test pieces were welded at The University of
Manchester, while those for the RPEB process were welded at TWI Ltd. For the NG-GTAW
and NGLW test pieces, a filler wire with a diameter of 1.2 mm was used. This filler wire was
supplied without a copper coating, since the presence of copper is known to increase the
susceptibility of nuclear steels to irradiation embrittlement [15]. For the NG-SAW test
pieces, a copper-coated filler wire with a diameter of 2.4 mm was used. The decision to use
a copper-coated wire in the case of the NG-SAW test pieces was justified on the basis of
cost, and also on the grounds that the larger wire diameter mitigated the presence of a
copper coating to the point where the copper concentration in the NG-SAW filler wire was
lower than it was for the NG-GTAW filler wire (which did not have a copper coating). The

RPEB welds were unaffected by the choice of filler wire since they were autogenous. The



chemical compositions for the filler wires that that were used in each type of weld are also

given in Table 1.

Table 1: Chemical compositions of SA508 Gr. 3 Cl. 1 steel and filler materials (wt.-%)

Materials/Elements C Si Mn Cr Co Ni Mo S P Cu Fe
SA508Gr.3Cl.1 0.16 027 143 023 0.004 0.77 052 0.002 0.005 0.04 Bal.
SDX S3Si-

0.08 0.37 1.48 0.012 - 0.037 0.003 0.005 0.008 0.054 Bal.
EH12K (NG-SAW)
ENi5 (S31Ni1/4Mo)

0.10 0.20 147 0.03 - 0.88 0.25 0.005 0.006 0.075 Bal.

(NG-GTAW/CWL)

2.2 Design of Test Pieces

In all cases the weld test pieces had dimensions of approximately 415 mm x 145 mm x 30
mm (Fig. 1). The design of the 30 mm thick specimens changed slightly depending on the
welding process that was to be applied. While an important function of these specimens
was to serve as a milestone in the development of welding procedures for 130 mm thick
joints, the specimens were also designed in a way that made them suitable benchmarks for
the validation of the finite-element (FE) modeling methodologies, which were being
employed within the NNUMAN research programme for the prediction of residual stresses.
One of the key difficulties in the modeling of residual stress development in welds relates to
the quantification of the restraint that is applied to the specimen. Welding laboratories
often feel tempted to use what is often described as “rigid clamping” in order to prevent
excessive distortion during welding operations. However, “rigid restraint” is often very
difficult to quantify precisely, as in practice it is not perfectly rigid, and it does not lead to
zero deflection at the restrained locations. While this may not be troublesome to
experimentalists, it does create difficulties in the prediction of residual stresses. For this
reason, an unconventional specimen geometry was employed for the NG-SAW, NG-GTAW
and NGLW samples. These welding techniques all involved the use of multiple weld passes
from one side of the test piece, thereby contributing to a strong tendency for “butterfly”
distortion. This type of distortion involves the apparent rotation, about the weld centerline,
of the plate segments on either side of the weld centreline. The weld centreline in Figure 1
is parallel to the z-axis, and butterfly distortion would lead to the plate surfaces on either

side of the weld centerline moving in what is denoted as the positive y-direction.



For the multipass specimens, the design of the test piece was such that a ligament of
material was left intact at either end of the weld (See Fig. 1). This meant that the specimens
had an inbuilt degree of self-restraint, which would resist butterfly distortion. As such, the
specimens did not require any significant restraint, as they needed only to be prevented
from translating on the support plate during welding operations. With the application of
very little restraint, one can have greater confidence that the restraint boundary conditions
are not having a significant influence on the residual stresses that are predicted in numerical
analyses. Furthermore, the inbuilt restraint associated with the specimen design can easily

be captured within a numerical model by recreating the specimen geometry accurately.
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Figure 1: Schematic representation of overall specimen geometry for welding experiments
at a thickness of 30 mm. Although not shown here, the weld groove geometry varied
according to the welding process.

The only weld test pieces that deviated from the configuration shown in Figure 1 were the
RPEB welds, which were manufactured at TWI Ltd. The RPEB welds were single pass
“keyhole” welds. The manufacture of a single pass weld with a deep and narrow fusion zone
geometry, in which the width of the fusion zone remains almost constant throughout the
thickness, does not lead to significant levels of butterfly distortion. As such, it was possible

to use the full length of the machined plates for the purpose of welding.



It can be seen in Fig. 1 that, in each of the multipass weld test pieces, holes were machined
in the plates in such a way that they effectively shortened the weld groove, and in doing so
created the ligaments of material at both ends of the plate. The holes were incorporated to
simulate the end of a plate, in the hope that the final test pieces would be representative of
groove welds, as opposed to slot welds. The distinction between these categories is that a
groove weld traverses the entire length of the plate, whereas a slot weld involves the
deposition of metal into a slot that traverses only some portion of the plate length. Slot
welds, therefore, could be expected to have residual stress distributions that differ from
those of groove welds. The incorporation of the holes in the multipass weld specimens
resulted in the nominal weld length being reduced to 240 mm. Finally, it can be seen in Fig.
1 that the ligaments of material at either end of the weld were not uniform in thickness.
This ligament geometry was chosen as a compromise between leaving as much material
intact as possible (i.e. to provide restraint) while also providing enough room for the entry

and withdrawal of the welding torch during the run-in and run-out procedures.

2.3 Welding Parameters and Bead Stacking Pattern

The weld groove geometry and the weld bead stacking pattern are shown in Figure 2 for
each welding process. The groove geometries alone appear on the left hand side of the
figure, while bead stacking patterns are shown on the right. The narrow-gap laser welding
technique (NGLW) utilised a much narrower weld groove than those for NG-SAW and NG-
GTAW. The locations at which thermocouples were attached to each test piece also appear
in the figure. However, the recorded thermal cycles were needed primarily for the validation
of numerical models in future work and, as such, they will not be presented in this article. A
summary of the basic welding parameters that were employed in the manufacture of each

type of weld test piece is given in Table 2.
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Figure 2: Details of the weld groove geometry and bead stacking pattern for (a) NG-SAW,
(b) NG-GTAW, (c) NGLW and (d) RPEB welding. The locations at which thermocouples
were attached are also shown for each specimen type.

For the welding of the NG-SAW, NG-GTAW and NGLW test pieces, argon was used as the
shielding gas, while the RPEB specimen was welded in a vacuum at a pressure of 3 x 107
mbar. In all cases, a preheat/interpass temperature of between 100 and 165°C was
maintained. After welding, two of the four welds that were made with each welding process
were subjected to a PWHT operation, while the other two were preserved in the AW
condition. The PWHT procedure did not place restrictions on the heating and cooling rates
below 300°C, but the heating and cooling rates were restricted to a maximum of 20°C per
hour between 300 and 607 °C, and the soak took place at a temperature of 607 +/- 13 °C for

a duration of 2 hours.



Table 2: Typical Process Parameters Used in the Manufacture of Weld Test Pieces

NG-SAW NG-GTAW NGLW RPEB
Voltage (V) 27 11 150000
Current (A) 225/350 275/325 7kwW 0.09
Welding Speed (mm/min) 450/325 75 240 200
Pulsing Frequency (Hz) N/A 1 N/A N/A
Beam diameter (mm) N/A N/A 6 2
Wire diameter (mm) 2.4 1.2 1.2 N/A
Wire Feed Speed (m/min) - 0.8-1.0 5 N/A
Welding position 1G 1G 1G 2G
Heat Input (kJ/mm) 0.8-1.7 2.4-2.9 1.8 4.1

The authors did consider selecting welding parameters for each technique that would have
led to a reduction in the range in weld heat input that was investigated in this study (see
Table 2). However, there were two factors that contributed to a decision in favour of the
parameters that were selected. The first is that it would not have been viable to
manufacture test pieces with each of the welding processes, while using the same weld heat
input in each case, without deviating significantly from the parameters that would typically
be employed with each process in practice. Thus, such a choice would have raised questions
relating to the extent to which this study is representative of welding practice. The second
consideration was that, while a systematic comparison of these welding processes has not
been carried out previously, it has been established that the extent of the residual stress
distribution in arc welds [10, 16] and in electron beam welds [17] correlates with the extent
of the metallurgical zones within the weldment. It can therefore been argued [10] that the
influence of the weld heat input will be evident through its influence on the extent of the

metallurgical zones in a welded joint.

2.4 Nondestructive Evaluation
All welds were radiographed, and all welds were found to be free of significant defects,

according to the acceptance criteria in ASME IX: 2013.



The distortion associated with each of the welded joints was also captured using a Creaform
EXAscan laser scanning system (Handyscan 700). This is a hand-held system that enables
surface profiles and distortion to be measured in three dimensions, with a maximum
resolution of 0.05 mm and a maximum accuracy of 0.03 mm. The data that was obtained
was used to obtain an estimate for the butterfly distortion angle, where an angle of zero
corresponds to the welded test piece remaining perfectly flat after welding (i.e. no butterfly

distortion).

2.5 Metallography and Hardness Measurements

For each weld type, one specimen in the AW condition and one in the PWHT condition were
allocated for destructive residual stress measurements using the contour method, as well as
for the extraction of macrograph slices. The macrograph sections were polished to a 1 um
finish before they were etched using a solution of 5 ml nitric acid and 95 ml ethanol.
Microstructural examination was carried out using a KEYENCE VHX-500F optical microscope.
The variation in microhardness across the joints was measured using a Vickers
microhardness machine (DurascanTM) with a load of 0.5 kg and a dwell period of 20 s. The
measurement array spanned the fusion zone and heat-affected zone (HAZ) in each welded
specimen, as well as a few millimetres of the adjacent parent material, until the hardness
values stabilized. The density of measurements changed for each welding process,
depending on the microstructure gradients that were expected. Typically, a rectangular

measurement array was used, with measurement intervals varying between 0.25 and 1 mm.

2.6 Neutron Diffraction Measurements

The residual stresses in the NG-SAW, NGLW and the RPEB test pieces in the AW condition
were measured using the Engin-X beam line at the ISIS Neutron and Muon Source in the
U.K. The residual stresses in the NG-GTAW test piece in the AW condition, and in the NG-
SAW and RPEB welds in the PWHT condition, were measured at the SALSA beam line at the
Intitut Laue-Langevin (ILL) in Grenoble, France. Finally, the residual stresses in the NG-GTAW
and NGLW specimens in the PWHT condition were measured at the Kowari beamline at the
Australian Nuclear Science and Technology Organisation (ANSTO) at Lucas Heights, N.S.W.,

Australia.



The significance of the measurement location is associated with the method in which
neutrons are generated. ISIS is a spallation source, which employs the time-of-flight
technique to measure strains within crystalline materials. This results in the simultaneous
measurement of strains on different crystallographic planes within the material, so that the
resulting measurements are less sensitive to errors associated with texture [18]. The raw
time-of-flight data are subjected to a Pawley-type [19] spectrum refinement based on the
General Structure Analysis System (GSAS) software [20]. This procedure results in an
estimate for the lattice parameter of the material, a, in the position being interrogated. In
contrast, ILL in France and ANSTO in Australia are both reactor sources, where strain
measurements are carried out using neutrons of a single wavelength. At such facilities,
Bragg’s law of diffraction is applied to measure the spacing, d, between specific {hkl/}
crystallographic planes, and this spacing is represented by dh. Such measurements can be
more vulnerable to texture within the material and to intergranular strains. However, errors
can be mitigated to some degree by selecting a wavelength for the neutrons that generates
measurements from a crystallographic plane that is known to be relatively insensitive to
these effects. In this work, the {211} crystal plane was employed for all measurements made
at reactor sources on ferritic steels.

Once values for either the lattice parameter, a, or the inter-planar spacing, d,11, were
obtained at a particular location (x, y) within the measurement plane (Fig. 1), the strain in
either the longitudinal (L), transverse (T) or normal (N) direction, €.(xy), €r(xy) OF €n(xy) Was

calculated using an expression of the following form:

— ALGy) “Aoxy)
EL(x,y) - 20(xy) (1)

In eq. (1), the parameter ag(xy) is the stress-free lattice parameter at the position (x, y) of
interest. The method that was employed for determining the stress-free lattice parameter
will be described in a later section. In all cases in this work, the longitudinal direction
corresponds to the z-direction as defined in Figure 1, while the transverse direction
corresponds to the x-direction, and the normal direction corresponds to the y-direction. In
cases where a reactor source was used, the parameter a,( y) in eq. (1) must be replaced by

dip11y,x,y), @and the parameter ag(x, y) must be replaced by dop11,(xy)-



Having determined the values for strain in the three mutually orthogonal (L, T, N) directions,
the stresses acting in each of these directions Oyx,), Or(xy) and On(xy) Were calculated using a

generalised expression based on Hooke's law, which had the following form:

E \Y
OL(xy) = T1v [EL(x,y) + o (eLey ey + EN(x.y))] (2)

In cases where the data were measured at ISIS, bulk values for E and v (209 GPa and 0.3)
were employed in the determination of stresses. However, for cases involving data that
were obtained from a reactor source, plane-specific values (216 GPa and 0.3) were used,

following Daymond and Priesmeyer [21].

In all cases, a gauge volume for the longitudinal strain measurements of 3 mm x 3 mm x 3
mm was employed, while for the measurement of strains in the transverse and normal
directions the gauge volume had the dimensions of 3 mm x 3 mm x 10 mm, with the gauge
volume being elongated in the welding (z) direction. It is reasonable to elongate the gauge
volume in this way because, under steady-state welding conditions, the gradients in strain
(and hence in stress) should, in principle, be zero in this direction. Elongation of the gauge
volume in this manner also leads to a reduction in measurement times, and it therefore

provides for more efficient use of the beam time that is available.

2.6.1 Measurement Array

Figure 3 shows the arrangement of measurement points within the measurement plane, the
location of which is shown in Figure 1. All neutron diffraction measurements were carried
out within the measurement plane. It can be seen that the density of measurement points
was high in the vicinity of the weld centreline, where both the stresses and the stress
gradients were expected to be high. The density of measurement points decreased with
increasing distance from the weld centerline, where both the magnitude of the stresses and
the stress gradients were expected to decrease. Values for either g, or d,11, were measured
at all points (both open and solid) that are shown in Figure 3, making 53 measurement

locations in total.



2.6.2 Stress-Free Lattice Parameter

In order to determine strain, and hence stress, in a weld test piece it is necessary to
compare the measured lattice spacing (or interplanar spacing), at a particular location, with
the lattice spacing (or interplanar spacing) that is measured in nominally identical material
(in terms of chemical composition, microstructure and degree of work hardening), which is
also free of macroscopic stress. In order to achieve this, a comb-shaped specimen was
extracted from the corresponding location in a nominally identical weld, for each of the
weld types interrogated in this study. Electric-discharge machining (EDM) was used to
extract the comb-shaped specimens in order to avoid work hardening of the material. An
outline of the comb specimens is shown in Figure 3. By making cuts in the material, the
majority of the macroscopic stresses that were present in the material would have relaxed,
since the material would no longer have been constrained by surrounding material. In this
way, the material would have approached a (macroscopic) stress-free state.

Values for the stress-free lattice parameter, ag, or the stress-free interplanar spacing, dop113,
were measured at the solid points in Figure 3. It is important to make a significant number
of measurements in the vicinity of the weld [22], since there will be significant variations in
the microstructure in this region. The value of ao (or do;113) should have been relatively
uniform across the unaffected parent material, so fewer measurements were made in the
far field. In this work, an average value was used for far-field values of ag (or do113) in each
specimen, in order to obtain the most reliable estimate for this parameter far from the
weld. Values were judged to be in the far field if they were 10 mm or more from the fusion

boundary on either side of the specimen, after referring to a weld macrograph.

2.7 Contour Method Measurements
Contour method residual stress measurements were made in both the AW and PWHT
conditions. In all cases the necessary EDM cuts in the 30 mm thick plates were made on a
transverse plane at the weld mid-length, thereby recovering the longitudinal stresses on this
plane. In this work, the contour method measurements were carried out in the following
four steps:

* EDM cutting;

* Measuring out-of-plane deformations (i.e. the contour) on the EDM-cut surface;



* Data processing (averaging and fitting (smoothing) of the surface); and

* (Carrying out an elastic finite element analysis to calculate stresses.

{92\
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Figure 3: Spatial distribution of measurements within the measurement plane (see Fig. 1)
for neutron diffraction experiments. Strains were measured at both open and solid points,
while values for ag or dog211; were measured only at solid points. An outline of the comb
specimens is also shown, along with the positions of the pilot holes for contour method
measurements.

Wire electric discharge machining (EDM) was selected as a technique that would fulfil the
requirements [23] for achieving a straight cut and minimising the stresses that are
generated during the cutting operation. Cutting was performed in a GF Agie Charmiles Fl
440 ccS wire-EDM machine, with cutting parameters that were optimised for SA508 Grade 3
Class 1 steel through a number of trials. The cuts were made between pre-drilled pilot
holes, positioned 12 millimetres from the edges of the plate in each case, in order to
minimize plasticity during the cutting process, since plastic deformation during cutting is a
major source of systematic errors in contour method measurements [24]. The locations for

the pilot holes, which had a diameter of 2 mm, are shown in Figure 3.

Figure 4 shows the clamping arrangement for the specimens during EDM cutting. The
arrangement was designed to prevent movement of the sample while avoiding the
undesirable forces that conventional clamping techniques would normally introduce.
Adjustable thrust pads were brought into contact with copper sheets, which were placed on

the top and bottom surfaces of the sample, by adjusting a set of screws that passed through



each of the restraining bars. Restraining bars and adjustable thrust pads were located on
both sides of the sample. In this way, it was possible to ensure good contact, but also to
avoid forcing a distorted sample down on to a flat surface: an approach that would have led
to the introduction of bending stresses to the test piece. A number of thrust pads were
located close to the cutting plane, which has been identified as good practice for the
mitigation of plastic flow as cutting progresses [25, 26]. Any effects associated with the
clamping arrangement are likely to be most significant for the transverse residual stresses,
and in this work the contour method has been used to measure the longitudinal residual
stress distributions. As such, the authors were of the view that the benefits associated with
the minimisation of plasticity errors through clamping were likely to be more significant

than the potential for introducing errors.

Figure 4: Clamping arrangement for contour method (EDM) cutting process. An NG-SAW
test piece can be seen prior to (top) and after (bottom) fixing of the restraining bars.



For the surface profilometry, a Nanofocus laser scanner was used, with the distance
between measurement points set to 30 microns. Processing of the surface profile data is a
multi-stage process [27] and several issues need to be considered [28]. Data are initially
cleaned and the surface outlines are captured. Averaging of the two cut surface profiles is
required, to eliminate errors associated with cutting and localised plasticity. A bi-variate
cubic spline is then fitted to the averaged surface (a smoothing operation), based on a least-
squares fitting procedure. The points where the 3" order polynomials of the spline are
joined are called the ‘knots’, with the knot-spacing being a parameter that can be adjusted
according to the anticipated level of detail in the data [29]. In this work, trials were
undertaken to identify the best compromise between removing noise and losing

information. On this basis, a knot-spacing of 0.5 mm was selected.

The model for the finite element analysis (FEA) was created in ABAQUS, using quadratic
(C3D20) elements. The processed surface profile data were imported to the model and
applied as displacement boundary conditions. Additional boundary conditions were applied
to prevent rigid body motion. An elastic analysis was performed, since the primary
assumption [23] underpinning the contour method is that all out-of-plane deformations
result from the elastic relaxation of stress. While the method can be employed with
excellent results, one must always be alert to the potential for plasticity-induced errors

when interpreting the results.

All except one of the contour maps and line plots for residual stress that are presented in
this work were derived using the methodology and parameters that are described above.
The only case that required different treatment was the RPEB weld, for which the measured
data had to be treated differently in order to capture the M-shaped residual stress
distribution in the vicinity of the weld [17]. Owing to the steep gradients in stress, this
feature could only be captured using data that were subject to less smoothing, at the

expense of retaining a greater level of noise in the fitted stress profile.



3 Distortion, Metallography and Hardness Results

3.1 Distortion Measurements

An example of the type of data that can be obtained from the three-dimensional laser
scanning system is given in Figure 5, and the measured butterfly distortion angles are listed
in Table 3. It can be seen that some distortion was measured in each case, with the RPEB
weld leading to the lowest level of distortion. The NGLW process also led to a very low level
of distortion, while a greater degree of distortion was observed for the arc welding
processes. The NG-GTAW test piece was associated with the highest level of distortion,
presumably owing to the fact that a high number (25) of weld passes was employed using a
relatively high weld heat input. Overall though, the levels of distortion are not excessive
when consideration is given to the sizes of the test pieces that were employed and the fact

that the level of restraint that was applied during welding was low.

Figure 5: Three dimensional surface profile of the NG-SAW test piece as obtained by laser
scanning after the completion of welding.

Table 3: Butterfly distortion angles for test pieces manufactured with each welding process.

Butterfly angle (degrees)
NG-SAW NG-GTAW NGLW RPEB

1.86 2.6 0.73 0.27




3.2 Weld Macrographs

Macrographs for each type of weld are shown in Figure 6. It can be seen that each welding
process generated sound welds. It is worth noting the differences in the weld width for each
of these processes. The narrowest fusion zone was produced by RPEB welding (~ 4 mm).
However, the fusion zone for the NGLW process (~ 10 mm) was also considerably narrower
than those for each of the arc welding processes. Even though the total volume of weld
metal that was deposited using the NGLW process was significantly lower than for the arc
welding processes, it is worth noting that the deposition rate with NGLW is significantly
lower than for NG-SAW, for example. As such, from a productivity standpoint, the benefit of
depositing less metal per unit length of weld with NGLW is to a significant extent offset by

its lower deposition rate.

3.3 Hardness maps

Hardness maps are presented in Figure 7 for each type of weld, and for test pieces in both
the AW and PWHT conditions. It can be seen that both arc welding processes result in some
level of pass-to-pass tempering, so that hardness values are not extremely high in the AW
condition, except for in the vicinity of the last weld pass. Some degree of pass-to-pass
tempering also occurs in the NGLW test piece, but to a much lesser extent, while none
occurs in the single pass RPEB weld. PWHT is effective in all cases, bringing hardness values
to < ~ 300 HV. Higher hardness values persist in the RPEB weld, presumably due to the lack
of pass-to-pass tempering, and also due to the higher carbon content that would have been

present in an autogenous weld.



NG-SAW NG-GTAW
(18 passes, 2 passes per layer) (25 passes, one weaved pass per layer)

RPEB weld
(autogenous root pass, 8 filling passes) (single autogenous pass)

Narrow-Gap Laser Weld

Figure 6: Macrographs for each type of weld: NG-SAW (top left), NG-GTAW (top right),
NGLW (bottom left) and RPEB weld (bottom right).
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Figure 7: Hardness maps for the NG-SAW (top), NG-GTAW (second from top), NGLW (third
from top) and RPEB welds in the AW (left) and PWHT (right) conditions.



4 Residual Stress Measurements - Results and Discussion

4.1 Measurements in As-Welded Condition

The longitudinal residual stresses that were measured for each of the welding processes are
presented in Figure 8. The results that were obtained using neutron diffraction and using
the contour method are presented side by side so that the level of agreement between each
of the techniques can be assessed. It can be seen that the agreement between the
techniques is generally very good.

The residual stress distribution that differs most significantly from the others is that for the
RPEB process. In particular, a region of low-magnitude or mildly compressive residual stress
can be seen to exist at the weld centreline, while the regions of peak tensile residual
stresses reside a few millimetres to either side of the weld centreline. This type of residual
stress distribution is known to result from the effects of the solid-state phase
transformations that take place within the steel during welding [10, 16, 17], and it is also a
consequence of the RPEB process being a single-pass process. In all of the other test pieces,
subsequent weld passes will have resulted in reheating of the regions that were subject to
solid-state phase transformations, leading to regions within the fusion zone, excluding the
final capping pass, which sustain high levels of tensile residual stresses.

Among the multipass welding processes, the tensile residual stresses in the NG-SAW and
NGLW test pieces appear to be consistently high throughout the fusion zone and HAZ. While
this observation is not yet fully understood, it may be related to the steep temperature
gradients that would have been introduced by each of these processes. Although SAW is not
normally associated with steep temperature gradients, the welding speed for NG-SAW in
this work was substantially higher than it was for NG-GTAW, and the heat source power
(voltage x current) was low for what might be considered typical for NG-SAW, being slightly
lower than (but in the order of) the beam power that was used in the NGLW. (These choices
for NG-SAW were related to the size of the test pieces being welded, and the corresponding
choice for the diameter of the filler wire.) One would therefore expect the temperature
gradients in the NG-SAW weld to be at least as steep as they would have been in the NGLW
sample. When the temperature gradients are particularly steep, the extent of the

surrounding material that is subjected to significant re-heating will remain small, and this



may result in highly tensile residual stresses persisting within previously deposited weld
metal.

It is clear that, for the NG-GTAW weld, there is a region that is sustaining high levels of
tensile residual stress, but that this region does not span the entire fusion zone. For this
process in particular, this is understandable, owing to the very low welding speed that was
employed. By travelling slowly, the temperature gradients will have been relatively modest
(for a fusion welding process) and this will have resulted in substantial reheating of
previously deposited weld metal. This, in turn, may have contributed to the alleviation
and/or redistribution of tensile residual stresses in previously deposited weld metal.

In all cases, regions of peak tensile residual stress in the order of the yield stress exist in the
vicinity of the weld region, and these stresses gradually decay before becoming compressive
at greater distances from the weld centreline. If the plates were infinitely wide, the stresses
would be expected to decay towards zero in the far field (assuming that the parent material
is relatively free of stress). However, in this programme of work, it appears that the plates
were not always sufficiently wide for this to be the case. This is not problematic from the
standpoint of understanding the effects of each process, as the data that have been
obtained will ultimately serve to validate numerical modelling methodologies, which can be
used retrospectively to assess the effects that finite plate dimensions might have had on the
development of stresses.

A final observation would be that the extent and the detailed features of the distribution of
peak tensile residual stresses do vary according to the welding process, the welding
parameters that were employed, and the number of passes that was used to make the
weld. There is some variability in the details of the residual stress distributions in the vicinity
of the fusion zone, particularly in the case of the neutron diffraction measurements. This is
not unexpected, as it is known that neutron diffraction measurements are often
problematic in the weld metal region [30], as it can be difficult to obtain reliable
measurements for the stress-free lattice parameter. Overall though, the AW tensile residual
stress distributions present a relatively consistent picture. It would appear that the extent to
which previously deposited material is reheated by subsequent weld passes is significant in
determining the extent to which residual stresses in previously deposited weld metal may

be alleviated or redistributed by subsequent welding thermal cycles.



4.2 Measurements in PWHT Condition

The longitudinal residual stresses that were measured in the PWHT condition for each of the
welding processes are presented in Figure 9. It can be seen that the PWHT operation has
generally been effective in relieving residual stresses, as the stresses are greatly reduced
when compared to the corresponding plots for the samples in the AW condition. However,
it should be noted that the residual stresses were not removed altogether and that, in some
cases, residual stresses in excess of 100 MPa persist. From a structural integrity standpoint,
this may not be of concern at the start of life when ferritic steels components exhibit upper
shelf toughness. However, it may become significant as components age within a reactor,
particularly if neutron irradiation leads to shifts in the ductile-to-brittle transition
temperature [15], thereby creating a situation in which components have toughness values
that reside on the shoulder of the transition curve.

While the results for the PWHT condition generally provide a consistent picture, the results
for the NG-GTAW weld, as obtained by neutron diffraction, appear to be anomalous. The
authors believe this is due to problems associated with obtaining reliable measurements for

the stress-free lattice parameter in this test piece.

4.3 Measurements for Transverse Residual Stresses

The measurement of transverse residual stresses (Figure 10) in welded components by
neutron diffraction can be unreliable for reasons that are not fully clear [30]. It is possible
that sources of uncertainty arise in part as a consequence of the difficulties associated in
measuring the stress-free lattice parameter in weld metal. The patterns that were observed
in the transverse stresses that were measured in this work also appeared to be somewhat
erratic, which suggests that some caution should be applied in interpreting the results.

One of the “sanity checks” that can normally be carried out on the transverse residual
stresses, assuming that the weld traversed the full length of the specimen and that the heat
source was always centred on the weld centerline, is that the transverse stresses should not
introduce a net bending moment across the thickness of the specimen. In this study,
however, the specimen geometry was such that ligaments of material remained intact at

either end of the specimen for each of the multipass welds. On this basis, the form of the



transverse residual stress distribution in the NG-GTAW specimen, for example, cannot be
assumed to be incorrect at first glance.

The transverse stresses in the electron beam weld are likely to be low, in reality, across the
entire measurement plane. This assertion is based on the weld being a single-pass weld in
which the extent of the fusion zone and HAZ is fairly consistent throughout the thickness of
the plate. The weld was also made along the full length of the plate, without any external
restraint. There are, therefore, no obvious contributing factors to the generation of bending
stresses that might act on the plane of the weld centerline. In can be seen, however, that
there are some significant spikes in compressive stress located in the vicinity of the fusion
zone. These are likely to be artifacts associated with variability in the values that were
measured for the stress-free lattice parameter, and they reflect the degree of caution that
must be applied when examining measurements from a single technique in isolation. In
contrast, the multipass welds were all subject to factors that would lead to the generation
of bending stresses on the plane of the weld centerline. The most important of these factors
is the fact that the welds involved a number of passes, which were all deposited from the
same side of the plate.

There are some consistencies in the patterns observed in the NG-SAW and NGLW samples,
with tension at the top of the weld, compression at the mid-thickness position, returning to
tension at the back surface, with maximum tensile stresses being between 200 and 300 MPa
in each case. Although the distribution of the transverse residual stresses in the NG-GTAW
sample is somewhat different, maximum tensile stresses in the order of 300 MPa were also
observed. Thus, the maximum transverse residual stresses were observed to be in the order

of 50% of the peak values in longitudinal residual stresses.
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Figure 8: Longitudinal residual stresses (MPa) in the AW condition for each welding process, as measured using neutron diffraction and the
contour method.
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Figure 9: Longitudinal residual stresses (MPa) in the PWHT condition for each welding process, as measured using neutron diffraction and
the contour method.
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Figure 10: Transverse residual stresses (MPa) as measured by neutron diffraction for each welding process, in the AW condition (left) and

after PWHT (right).




4.4 Comparison of Stresses Measured with Each Technique

The longitudinal residual stresses that were measured with neutron diffraction and the
contour method at the mid-thickness position are compared in Figure 11 for each welding
process. It can be seen that, in general, excellent agreement is achieved between the
measurement techniques, which provides broader confidence in the longitudinal stresses
that were measured in this work. Peak tensile residual stresses in the order of 600 MPa
were measured for each welding process, which is consistent with previously published
measurements on SA508 Grade 3, Class 1 steel [9] and corresponds approximately to the
UTS for the steel. It is worth noting that residual stresses in the order of the UTS are feasible

when multi-axial residual stresses are present. The very high value of tensile stress that was

obtained by neutron diffraction, near the weld centreline in the NGLW sample, is almost

certainly anomalous, potentially resulting from a spurious

value for the stress-free lattice
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Figure 11: Line plots showing the longitudinal residual stress distributions measured at the

mid-thickness position for each welding process before and after PWHT.



The characteristic “M-shaped” residual stress measurement profile was obtained with both
measurement techniques in the RPEB weld, which is reassuring. Another interesting
observation is that the width of the region sustaining highly tensile residual stresses can also
be discerned for each of the welding processes in Figure 11. Among the multipass welding
processes, NGLW has the narrowest tensile region, followed by NG-SAW, with NG-GTAW
having the widest tensile region. In all cases, PWHT has been effective in reducing the levels
of residual stress, with values at the mid-thickness position generally being reduced to 100

MPa or less.

5 Summary

In the present work, the manufacture, measurement and analysis of residual stresses has
been described in 30 mm thick specimens, for four welding processes that were applied to
SA508 Grade 3 Class 1 steel. Some clear trends have emerged and it is possible to draw

definitive conclusions. These conclusions include the following:

* Good overall agreement was achieved between the longitudinal residual stresses
that were measured using the contour method and neutron diffraction. All welding
processes produced peak tensile residual stresses in the order of the UTS for SA508
Grade 3 Class 1 steel. The peak tensile residual stresses reside in the vicinity of the
weld region in all cases, and decrease in magnitude with increasing distance from
the weld centerline, until they become compressive in the far field.

* The distribution of the peak tensile residual stresses varied according to the welding
process. RPEB welding produced a longitudinal residual stress distribution that
displayed the characteristic M-shape, being of a low magnitude on the weld
centerline, and having regions of peak tensile residual stress immediately outside the
heat affected zone. This distribution is known to result from the solid-state phase
transformations that take place in SA508 Grade 3 Class 1 steel during welding, in
combination with the fact that only a single welding thermal cycle was employed.
The distributions for the other welding processes are complicated to a varying
degree, owing to the fact that multiple weld passes were employed. The tensile

residual stresses were high throughout the entire weld thickness for the NGLW, as



well as for the NG-SAW test piece. This may be related to the welding parameters
that were employed in each case, which will have led to particularly steep
temperature gradients during welding. In contrast, the NG-GTAW specimen did not
sustain peak levels of tensile residual stress throughout the entire thickness, which
may be related to the slow welding speed that was employed, in combination with a
weave welding configuration.

Among the multipass processes, the width of the region of peak longitudinal tensile
residual stresses was maximum for the NG-GTAW weld, followed by the NG-SAW
and the NGLW test pieces. The distribution for the RPEB weld is not directly
comparable since the stresses on the weld centerline are close to zero, if not slightly
compressive, owing to the effects of solid-state phase transformations. However, the
outer boundaries of the regions sustaining peak tensile residual stresses reside at a
similar distance from the weld centerline as for the NG-SAW test piece.

The interpretation of the measured transverse residual stresses was more
challenging. In the case of the multipass welds, the peak tensile stresses appear to
be (~50%) lower in magnitude than the peak longitudinal residual stresses. There are
some unusual and localised spikes in the measured transverse residual stresses
which may be artifacts associated with variability in the measured values for the
stress-free lattice parameter.

Post-weld heat treatment (PWHT) was effective in reducing the levels of residual
stress that were present in all of the welded test pieces. However, values of residual
stress in the order of 100 MPa were measured in specimens after PWHT. While
residual stresses may not be of concern when a steel is clearly exhibiting upper shelf
toughness, these levels may be of concern in aging vessels that have experienced a
shift in the ductile-to-brittle transition temperature.

The peak tensile residual stresses in the RPEB weld were comparable to those for the
other processes so, from this standpoint, the RPEB process may not offer advantages
in terms of the susceptibility of a welded joint to brittle fracture. However, this is
unlikely to present an obstacle to the adoption of RPEB welding, since a major
advantage of the RPEB process is that it reduces typical welding times by an order of

magnitude when compared to current practice.



6 Further Work

In carrying out the research that has been described in this article, some important areas for

further work were identified:

While this investigation has focused on the welding of ferritic steels, the RPEB
process can also be applied to austenitic stainless steels and other materials in which
the final state of stress will not be affected by solid-state phase transformations. It
would clearly be informative to carry out a similar cross-process comparison on a
material that falls within this category.

Further questions will need to be answered before the RPEB welding process can be
applied to safety-critical components with confidence. For example, RPEB welding is
autogenous, which means that the weld metal can be expected to have the same
nominal chemical composition as that of the parent material. In the case of ferritic
steels this might mean that RPEB weld metal will have a higher carbon concentration
than arc-deposited weld metal. Any potential implications for weld toughness will
need to be explored. Such work should also address the potential influence of the
different fusion zone and HAZ geometries on the potential for through-wall crack
propagation.

A comprehensive cross-process comparison of the type described in this work should
also involve the testing of mechanical properties such as strength and toughness.
The authors are currently addressing this issue for welds made with the same steel
that was used in this study, but at the greater thickness of 130 mm. This work will be

reported in the near future.
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