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Abstract A new multiple-electrode submerged arc welding
technique has been developed that imparts improved frac-
ture toughness properties in the heat affected zone, produces
a narrower weld bead geometry, and can also be employed
with lower heat inputs than conventional SAW. This study
examines how the difference in the weld fusion zone pro-
file affects residual stresses for weldments of API X70 steel
made using the same consumable, heat input and restraint,
varying only the shape of the weld fusion zone. The con-
tour method and neutron diffraction have been employed
to map and compare longitudinal and transverse residual
stresses. Results show peak longitudinal stresses in the weld
are within 50 MPa for both, and this is believed to be
because they have the same heat input and hence similar
heat affected zone size. By contrast, the peak stress in the
transverse direction is 120 MPa lower for the new SAW
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technique. The reduction in transverse stress is attributed
to a narrower fusion zone profile. The new SAW technique
opens up the possibility of producing high quality narrower
welds with lower heat input which could lead to significant
reductions in residual stress.
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1 Introduction

Many industrial applications rely on thick section steel
welds where the structural member requires high tensile
strength, good low temperature toughness, high deformabil-
ity, and corrosion resistance. Multiple electrode Submerged
Arc Welding (SAW) is widely used to fabricate such steel
structures, particularly in the oil and gas sector. It is well
understood that residual stress develops in the welded region
of steel materials due to volume misfit that accrues from
differential expansion and contraction in differing parts of
the welded joint, associated with the weld thermal cycle,
as described in detailed review by Withers and Bhadeshia
[1]. Since tensile longitudinal residual stress can nega-
tively affect mechanical properties of welds such as fatigue
strength, buckling strength, fracture toughness, stress corro-
sion cracking, creep damage, weld deformation, and weld
metal cracking, it is desirable to reduce tensile residual
stresses or to introduce compressive residual stress. There
are a number of strategies to accomplish this, including
static/transient thermal and mechanical tensioning and the
use of low transformation temperature filler material.
Withers [2] has described and generalised strategies to
leverage mitigation techniques. Mechanical and thermal
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post weld treatments such as post weld heat treatment,
rolling, shot peening, carburized quenching, and induction
quenching can all be used to re-engineer the near weld resid-
ual stress state, but these require additional processing steps.
A reduction in residual stress has been obtained using low
transformation temperature welding wire. With this tech-
nique, the chemical composition of the welding wire is
optimized so that the martensitic transformation finishes
just above room temperature so that the volume increases
associated with the transformation can offset the thermal
contraction strains. Moat et al. [3] describe this approach
with specific filler metals for austenitic and ferritic welds.

A significant body of work has focused on optimising
welding process parameters so as to reduce residual stress,
as detailed in a recent review by Zondi [4]; essentially heat
input (a function of welding voltage, current, and speed)
is the most significant factor in determining the magnitude
and distribution of residual stresses. An increase in heat
input increases the level of tensile residual stress, increases
the size of the HAZ and the tensile residual stress area,
and increases the applied welding load which is directly
related to welding distortion. This was shown by Colegrove
et al. for a variety of fusion welding processes on DH36
steel [5]. This is because the heat input directly influences
the size of the region that experiences the peak tempera-
ture during the welding thermal cycle, and the cooling rate
obtained as shown by Francis et al. for high and low heat
input welds performed on ferritic steel [6]. Regions expe-
riencing higher temperatures incur greater contraction, and
thus great misfit strain, hence, a larger heat input typically
leads to a broader region of high tensile residual stress. Con-
versely, minimising the heat input diminishes the extent of
the high tensile residual stress region. Additionally, a lower
heat input causes the weld metal and surrounding HAZ to
attain a higher cooling rate. This leads to a refinement of
grain size in the HAZ, and a narrower HAZ width, result-
ing in improvement of HAZ toughness and suppressed HAZ
softening. A decrease in local weld heat input with high
speed welding may also save energy while retaining high
productivity. However, low heat input welding is associated
with the formation of defects such as lack of fusion in the
centre of the weld and, given the stringent specifications on
weld bead width and height, it is not possible to reduce the
heat input and obtain a sufficient quality of weld with con-
ventional multiple electrode methods. This aspect has been
detailed by Bortsov et al. [7] who demonstrated a range of
defects if high enough heat input is not reached for this type
of welding.

Multiple electrode SAW using a smaller diameter lead
welding electrode has been recently developed for the pur-
pose of reducing weld heat input and obtaining improved
mechanical properties of welds in heavy gauge steel plate.
Kozuki et al. [8] described the process and benefits in
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detail, summarised in Fig. 1. In this SAW process, a smaller
diameter lead welding wire as compared the trailing wires
(Fig. la) enables an elevated arc concentration and an
increase in resistant heating, resulting in an increased depo-
sition rate for the same current as compared to conventional
approaches with all wire diameters the same. This pro-
vides a with deeper penetration and a sharper deposition tip
(Fig. 1b). The resulting changes to the weld cross-section
in terms of distribution of microstructure and geometry pro-
vides elevated fracture toughness as measured by Charpy
V-Notch (CVN) testing (Fig. 1c).

Ultimately, this new SAW process enables lower heat
input welding compared to conventional SAW (CSAW),
and consequently narrower fusion and HAZ, leading to the
ability to obtain excellent toughness in the HAZ. While it
is expected that the lower heat inputs will lead to overall
lower residual stresses, it is unknown what the effect of
the different weld bead geometry will have on the resulting
residual stress distribution, although it might be anticipated
that a narrower weld leads to lower residual stress through
a reduction in shrinkage as better weld metal feeding is
obtained. As a natural extension, the current work attempts
to address whether the size/shape of the HAZ or fusion zone
(FZ) is more important for determining the final residual
stress state. In addition, due to the differences in welding
procedure, and the importance of residual stress for struc-
tural integrity, comparative measurements of the residual
stress state formed will lend confidence in adoption of this
new procedure.

There are two principal categories of stress measurement
in use; non-destructive and destructive. For confidence in
the stress profiles measured, at least two different measure-
ment techniques should be used. This is particularly the
case where engineering assessments of critical infrastruc-
ture are concerned, according to Bate and Bouchard [9].
Neutron diffraction is recognized as being one of the most
effective ways to measure bulk residual stress in heavy
gauge steel plate non-destructively. Because neutrons inter-
act weakly with materials, the technique is capable of deeper
penetration than X-rays. However, since measurement time
increases exponentially with increasing path length through
the material, it is difficult to make measurements at many
points deep within the sample. Moreover, the spatial res-
olution of neutron diffraction is restricted to millimeter
dimensions. A further limitation of neutron diffraction is
the need for appropriate arrangements to obtain strain-free
lattice spacings (do) with an appropriate specimen; a poor
choice of a dy specimen can lead to an offset error in the
magnitude of residual stress obtained. Best practice for deal-
ing with this dy issue is detailed by Withers et al. [10] and
adhered to in the present work. As access to neutron diffrac-
tion facilities is somewhat limited, it is desirable to measure
bulk residual stress in heavy gauge steel plate economically
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Fig. 1 a Schematic depiction of
the new SAW method a
employing a smaller diameter
lead wire versus the trailing
wires. b Optical macrographs of
conventional (above) and new
(below) SAW welding with
identical heat input in X70 steel.
¢ Difference in fracture
properties of conventional and
new SAW taken from [8]
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Welding direction

within the laboratory; something afforded by the contour
method.

Prime [11] first proposed the contour method of deter-
mining residual stress, which enables bulk residual stress
measurement for metallic materials. The contour method
comprises three steps:

1. Experimentally cut the sample into two halves by wire
electro discharge machining (EDM) while preventing
any movement during cutting;

2. Measure the EDM cut surface to capture deformation
due to stress relief; and

3. Analytically solve for the stress required to produce
the deformation measured via Finite Element Analysis
(FEA).

With the contour method, the depth of measurement from
a given surface is only limited by the EDM and metrology
equipment employed in the analysis, and a full 2D map of
the stress normal to the cut plane is obtained. Due to the
relative accessibility of the equipment required, the method
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is commercially very cost effective as compared to neu-
tron diffraction. The principal disadvantages are that it is
destructive, only one residual stress component is mapped
and results are susceptible to cutting artefacts, particularly
at the specimen edges.

Since the contour method gives residual stress normal to
the EDM cut surface as described above, attempts have been
made to measure multiple stress components by multiple
cuts, such as by Pagliaro et al. [12], and later coupling the
contour method with XRD [13]. However, most studies have
been conducted on flat plate samples such as butt welded
joints and bead on plate welds. To validate the contour
results, most of these aforementioned studies have reported
additional results measured by neutron and synchrotron X-
ray diffraction and particularly good agreement has been
reported, such as by Thibault et al. [14] for stainless steel
welded plates. There are examples in the literature where
the contour method has been applied to assess more compli-
cated welded pipe samples, most recently by Hosseinzadeh
and Bouchard [15].
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This work aims to quantify and compare the residual
stress distributions in thick-walled X70 steel mockups rep-
resentative of a tubular component welded with a conven-
tional SAW (CSAW) technique, and a recently developed
high speed new SAW (NSAW) technique. Welding restraint
conditions reflecting those present in the manufacture of
tubular components were simulated with the use of plate
geometry and restraint to eliminate ‘butterfly’ distortion
during all welding operations. In order to focus on the weld
profile, effects similar levels of heat input were used for the
two welds.

In this study, NSAW and CSAW welds were made using
the same heat input, consumable, weld preparation, and
restraint to separate the effect of the weld bead profile on
the residual stress distribution from that of heat input, and to
ensure that the new welding method did not incur a penalty
in terms of residual stress generated. Thw use of a lower
heat input while employing NSAW would be expected to be
accompanied by further benefits in terms of reduced resid-
ual stress and improved mechanical properties. The current
work is the first to focus on the effect of weld bead width
at constant heat input to understand the effect of chang-
ing fusion zone boundaries on residual stresses for SAW.
This study further aims to investigate whether the contour
method can easily be extended to measure a 2D stress map
of the transverse stresses as well as longitudinal, further
enhancing its applicability for determining weld residual
stresses. Finally, this work is the first to assess through-
thickness residual stresses for API X70 steel weldments.
This is data necessary to generate computational process
models, validate them and permit further refinement.

2 Experimental procedure
2.1 Sample preparation

For the purpose of evaluating the effect of weld bead shape

Yy 250

A
Normal Z
Longitudinal

z
Transverse

on the residual stress distribution in welded joint of heavy
gauge thick plate, two double "V’ groove welded joints with
the second "V’ weld having different weld bead shapes were
prepared with the same weld heat input per unit length at
JFE Steel Corporation’s East Japan Works. The material
used was API X70 steel plate rolled to a 26.8 mm thickness,
200 mm wide, and 1 m long. Run-off strips and restraints
of the same thickness were affixed via GMAW welding.
For one of the samples, CSAW was applied to both back-
ing and finishing sides, and for the other sample, CSAW
was applied to only to the backing side and NSAW was
applied to the finishing side. Two sets of restraining plates,
R1 and R2, were employed, with R1 to support the back-
ing weld and removed via grinding prior to the finishing
pass once the R2 series of restraints were applied. The
R2 set of restraints were left on the component through-
out the residual stress characterisation. Complete details
regarding sample preparation, dimensions, and restraint pro-
cedure are shown in Fig. 2, with global manufacturing
tolerances estimated at =4 mm for all dimensions depicted.
The consumable type and offsets between electrodes were
identical in all cases, with the difference between the new
and conventional being that the lead electrode was 2.3
mm in diameter for new versus 4 mm for conventional
(Fig. D).

Welding conditions and groove depths are given in
Table 1; the groove angle in all cases was 70°. The backing
weld was carried out in an identical manner for both speci-
mens, however, finish welding was carried out with identical
groove shapes and identical heat input per unit length, with
a slightly different welding power.

Figure 3 shows the geometry of the samples which were
extracted from welded joints shown in Fig. 2. Two speci-
mens were extracted from each of the CSAW and NSAW
weldments. One was committed to contour method mea-
surements, metallography, hardness testing, and dyp samples
for neutron diffraction, whilst the other was reserved for
neutron diffraction (Fig. 3a).

R1

1500

Backing weld

[«— 200 —>|

Fig. 2 Specimen welding sequence. Run-off strips, plate and two
finishing-side restraints (R1) were tacked together and then the back-
ing weld was performed (a). The specimen was then flipped and four
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Finishing weld

finishing restraints (R2) were applied (b). The finishing-side restraints
(R1) were removed and the finishing weld was performed (c). All
dimensions in millimeters
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Table 1 Groove depth, fusion zone (FZ) width 7.5 mm from the plate surface, and welding conditions for each process and weld

Technique Weld Groove depth FZ width Welding speed Heat input Arc power

(mm) (mm) (mm/min) (kJ/mm) (kW)

Conventional Backing 9.5 13.5 1600 4.44 188.40
Finishing 11.0 15.3 1470 5.97 146.27

New Backing 9.5 13.4 1600 4.44 188.40
Finishing 11.0 14.0 1370 5.97 136.32

2.2 Metallography and hardness testing

To investigate the effect of the difference of weld bead
profile between conventional and new conditions on
microstructure and hardness, weld cross section samples
were extracted and macrographs of the samples were taken
to evaluate penetration depth, bead height and width of fin-
ishing welds on both joints at a single location. After inspec-
tion of the bead shape, the microstructure was investigated
by optical microscopy and hardness mapping. Hardness
mapping was carried out with a Struers DuraScan 80 auto-
mated Vickers hardness testing machine with 1 kg ¢ loading,
with points distributed over an optimised mesh of spacing
~ 1 mm produced using MATLAB!.

2.3 Contour method

Welded joint samples were cut along the plane normal to
the welding direction with a wire-EDM (Agie-Charmilles
FI1440CCS CNC Wire EDM Machine) to measure the lon-
gitudinal residual stress distribution on the cut surface
(Fig. 3b). EDM cutting was also performed at mid-length
of the samples along the transverse direction of one of
the halves, cutting from the weld and into the restrain-
ing plate (Fig. 3c). Specimens halves were rigidly clamped
on either side of the cut to prevent rigid body movement
and reduce cutting induced plasticity. After EDM cutting,
distortion of the cut surface was measured using a laser
scanner (NanoFocus puScan-CF4). After scanning of the
cut surfaces, finite element analysis was performed using
ABAQUS 6.13-12 and MATLAB to calculate the residual
stress normal to the EDM cut surface from the deformation
of the EDM cut surface. 3D models for FEA were created by
extruding the EDM cut surface geometry along the longitu-
dinal direction. Stress analysis was performed with Young’s
modulus E = 210 GPa and Poisson’s ratio of v = 0.30 for
both weld metal and base material.

After measurement of the longitudinal residual stress on
cuts performed on the xy plane, samples were cut in the zy

I'MATLAB is a trademark of The MathWorks Inc., Natick, Mas-
sachusetts, United States

2ZABAQUS is a trademark of Dassault Systémes, Surenes Cedex,
France

plane with the wire traversing the weld first and then the
restraint to acquire a transverse residual stress distribution
(i.e., the wire moved in the —y direction as shown in Fig. 3).
The origin for the contour method stress measurements ori-
gins was taken as the weld centreline in x and half the plate
width in y for both conventional and new joints.

Geometry, boundary conditions, and the characteristic
mesh employed for the contour analysis is given in Fig. 4.
The geometry for the FEA aspect of the longitudinal con-
tour method measurement was generated by extruding the
cross-section of the sample obtained via surface scanning
by 100 mm in the z direction. A similar approach was taken
for the transverse analysis, where the restraint and plate out-
lines were extruded by 100 mm. Macrographs were used
to determine the weld bead and other details, and then the
two components were joined by a section matching the local
restraint plate thickness. The characteristic mesh used for
longitudinal measurements contained approximately 81,000
elements and the transverse ~103,000 C3D10 tetrahedral
elements. Characteristic mesh edge lengths were 1.5 mm,
with a geometric distribution away from the cut face. One of
the longitudinal analyses was repeated using C3D20 quadri-
lateral elements with the same edge length, and identical
results were obtained.

Specific boundary conditions for the FEA were found
from bivariate spline fitting of averaged point cloud mea-
surements of the EDM cut surfaces. A cubic B-spline
was employed with knot positions set every 4 mm in the
weld region and 6 mm elsewhere to apply the displace-
ment boundary conditions on the nodes corresponding to
the cut face. Rigid body boundary conditions were applied
to the bottom left and right-most nodes on each, preventing
translation and rotation of the cut surface.

2.4 Neutron diffraction

Residual stress measurement was conducted using neu-
tron diffraction with the intention of validating the contour
method results. The neutron diffraction experiment was
performed on the SALSA beamline [16] at the Institut
Laue-Langevin, Grenoble, France. The samples for neutron
diffraction measurement were the same as shown in Fig. 2
except that the holes on the restraining plates were opened

@ Springer
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Extraction
cuts

R2

a

Fig.3 Sample extraction and contour cutting arrangement. Specimens
had two samples extracted via saw cutting (a); one for contour and dp
measurement and the other for neutron diffraction. Longitudinal con-
tour cuts were performed by clamping on either side of the cut face, as

from 60 x 30 mm to 70 x 100 mm, retaining the same ori-
entation about the centreline. This was to allow the neutron
beam to avoid the restraint features which would otherwise
attenuate the signal.

Measurement locations and dimensions employed for a
dp ‘comb’ specimen are given in Fig. 5, including specific
locations identified as being representative of parent and
weld metal along with the HAZ. Stress measurements were
made at only one side of the weld center line in order to
reduce measurement time. Equivalent positions were mea-
sured in the dy specimen to provide accurate stress-free
reference lattice spacings for all the measurement locations
in both the longitudinal and transverse directions. Resid-
ual strains along the longitudinal, transverse, and through-
thickness directions were measured using a gauge volume
of 2 mm x 2 mm X 2 mm at all measurement points
using a neutron beam having a characteristic wavelength of

Fig. 4 Characteristic mesh and
boundary conditions for the
contour method analyses on the
conventionally welded specimen
in both the a longitudinal and b
transverse configurations.
Distortion has been magnified
100x. Note that only one node
requires a zero-displacement
boundary condition in the x
(longitudinal analysis) and z
(transverse analysis) direction to
eliminate rigid body movement
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indicated (b). Once longitudinal cuts were completed, transverse con-
tour cuts were performed by cutting first through the weld and then
through the restraint while the arrangement was clamped both top and
bottom (c¢). Extraction cuts are shown with black dashed lines, and
EDM contour cuts in solid orange lines. All dimensions in millimeters

1.642 A with a scattering angle (26) of &~ 90°. The (211)
diffraction plane was used for the measurements and bulk
elastic constants of 210 GPa and Poisson’s ratio of 0.30 were
used for residual stress calculation because the (211) has a
diffraction elastic constant close to that of the bulk. Neu-
tron diffraction counting statistics were such that the error
in diffraction peak fitting translated to < 1 MPa in the cal-
culated stress, additional sources of error from the dy comb
weld profile were much higher.

Far from the weld, there should be no microstructure
variations and, in the absence of retained stress, little to no
variation in the measured dgy. This was found not to be the
case; the absolute variation in dg at 40 mm from the weld
centreline would give rise to 415 microstrains, and the vari-
ation from the mean 250 microstrains, which would lead to
a change in stress of the order of 50-100 MPa. This sug-
gested that the combs were not effectively stress relieved

uy = f(2,9)

N\
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Fig. 5 Detail of neutron
measurement arrangement, all
dimensions in millimeters. The
weld centreline was located 100
mm from a free edge in the x
direction for the purposes of
creating a dg specimen and
locating measurement points. |
Highlighted points show
positions used to find averaged
do values for weld, HAZ and
parent metal (left to right)
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along their length and that there may have been a gauge 3 Results and discussion

problem in the measurement closest to the free tip of the

comb. Thus, averaged transverse and longitudinal dg values 3.1 Microstructural characterisation

for weld metal, HAZ and parent material, at reference loca-

tions shown in Fig. 5 were used. A stress balance approach ~ As shown in the macrograph of the weld cross section of
was also taken, as described by Withers et al. [10] where the  each joint (Fig. 6), a small weld crown was obtained for the
normal stresses were assumed to be zero and the value of dyg  finishing weld (<2.5 mm) for both techniques. Even though
was then back-calculated. a common groove angle and heat input was employed in

Conventional

10 mm 180 190 200 210 220 230 240

XXX XX X3F XXX XTXR
5 XXX X XX X X X X X X Xy

RN R X X B o X <R | R
X X X X XeX X

X X X

X X X X X X X
XX XX X X X X XXX

X XX X X X X X XX X X

“FZ HAZ

Fig. 6 Macrographs (left) and hardness maps (right) of characteris- squares indicate location of micrographs in Fig. 7 and dashed lines
tic cross sections for CSAW (top) and NSAW (bottom) welds. Dotted correspond to locations in Fig. 11. Black crosses indicate hardness
lines indicate the weld metal boundaries inferred from macrographs, measurement point locations
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both NSAW and CSAW welds, the bead profile is differ-
ent between the two. As compared to CSAW, at the top
of the finishing weld, the NSAW had a slightly wider FZ
and near-identical HAZ extent. Conversely, at the root of
the weld, the NSAW featured a narrower FZ as well as a
near-identical HAZ extent. The main difference between the
HAZ widths of both finishing welds is observed at 7.5 mm
below the surface, where is clear that the NSAW HAZ width
is appreciably wider than the CSAW, even though the FZ
is ~1.3 mm narrower. The penetration depth of the NSAW
finishing weld was slightly greater than that of CSAW
by ~1 mm. It appears that the weld profile only changes
slightly along the longitudinal direction in each weld; how-
ever, readily observable differences in fracture toughness
properties between NSAW and CSAW welds produced with
identical processing [8].

Figure 6 also shows a 2D map of hardness distribu-
tion across the weld and HAZ. It is evident that the
hardness profile of the backing weld is almost identical
in both cases. However, in the finishing weld, the HAZ

Weld metal
N IAT

(]
[ =%
2K
-
ci
[}
>
c
<]
O

is significantly different, corresponding to what is observed
in the macrographs. While the width of the coarse grained
HAZ (identified as regions between 200 and 220 HV1) is
approximately the same, the fine-grained HAZ (between
180-200 HV1) is significantly wider, even though the FZ
(220-240 HV1) is narrower in the NSAW finishing weld.

It is believed that this slightly wider fine-grained HAZ
is due to small differences in conductive heat transfer. The
bulk of the heat flux is more narrowly biased towards the
root in NSAW, as evidenced by the fusion zone. As a
result, more heat must be transported from the midplane
than CSAW, creating a slightly wider HAZ. It remains
to be seen what the overall difference in performance is
between the two approaches, as design engineers and opera-
tors need to decide whether a small region with a marginally
decreased yield stength is tenable in light of improved
fracture toughness and residual stress.

Figure 7 shows the microstructure of the weld metal and
HAZ of the finishing weld for the two welded joints ~7.5
mm below the plate surface. The microstructure of both

3 ,.4 \ a2 |
ﬁ . \\}"'.h {466:."‘}-";"@ £
PR pm
JErEAV I et

Fig. 7 Micrographs of weld metal (left) and HAZ (right) of the finishing weld for conventional and new (fop & bottom) NSAW welds. The

locations from which the micrographs were taken are indicated in Fig. 6
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Fig. 8 Longitudinal residual stress obtained by contour method anal-
ysis. Fusion and HAZ boundaries from Fig. 6 are superimposed with
dotted lines, the dashed box shows the region over which neutron

welded joints is fine acicular ferrite in weld metal and bai-
nite in the HAZ adjacent to the fusion boundary. These
microstructures are typical of welds performed on API X70
class steels, when compared to those obtained by Li et al.
[17] in the same grade of material with similar processing.

3.2 Residual stress

Figure 8 shows 2D maps of the longitudinal residual stress
(o) distribution measured by the contour method across
the weld cross section. While broadly similar, a slight dif-
ference in the overall distribution of longitudinal residual
stress is evident between the two welded joints. The ten-
sile region extends to ~5 mm outside the HAZ in each
weld, up to 40 mm from the weld centreline at the top and
bottom of each plate and 20 mm from the weld centreline
at the midpoint of each plate. The peak value of tensile
longitudinal residual stress is very similar for CSAW and
NSAW (460/470 MPa, respectively). Broadly speaking, the
longitudinal residual stress state is identical between the two.

There is a slight bias in the distribution from one side
to the other, with the transition from tensile to compressive
occurring at 20 mm from the weld centreline on one side,
and 30-40 mm on the other. This may be due to the slight
misalignment between the backing and finishing welds or

Distance from mid-thickness (mm)

diffraction measurements were made as shown in Fig. 10. The line pro-
files in Figs. 6 and 11 were take along the dashed line at y =5 mm. The
change from tensile (T) to compressive (C) stress has been annotated

due to plasticity encountered during cutting. The ‘die-away’
length [18] in the out-of-plane direction, i.e., the location
along z where o7 = 0 was found to be approximately 40
mm for both welds. This implies that an adequate mesh
length was employed, and the restraining plates were loca-
ted sufficiently far enough away from the contour cut location.

The peak tensile stress value is close to the yield stress of
API X70 class steel (485 MPa). In both welds, tensile stress
in the weld and HAZ is balanced by compressive stress of
~ 350 MPa in the base plate 40-80 mm from the weld cen-
treline. Such tensile stress is common in welds where high
levels of contraction in the weld bead and HAZ are not off-
set by volume expansion due to phase transformation as
seen in welds containing a high proportion of martensite [2].
A combination of high tensile residual stress and hardness
is particularly deleterious for structural integrity.

Figure 9 show 2D maps of transverse residual stress at
the weld centreline obtained by the contour method. Again,
both welded joints show similar trends but in this orienta-
tion quite different peak values, i.e., a compressive residual
stress developed 5 mm below the surface of the finishing
weld accompanied by a tensile peak approximately one third
of the way through for both backing and finishing welds.
The finishing weld in the conventional SAW sample shows
the highest tensile stress, 520 vs. 390 MPa for the new SAW

Conventional
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Fig. 9 Transverse residual stress along the weld centreline obtained by contour method analysis. The vertical dashed line denotes the line along

which the contour stress data is plotted in Fig. 12

@ Springer



3460

Int J Adv Manuf Technol (2017) 90:3451-3464

weld. The cause for this peak to be higher than the reported
yield is surmised to be due to a highly constrained hydro-
static residual stress state. However, peak stresses in the
backing weld are similar in both cases, ~420 MPa. The
complex distribution of stress in each case is a function of
varying transverse finishing and backing weld offset, the
degree to which stresses were relieved by saw cutting and
contour cutting performed on either side of the component,
and the presence of the restraining plate.

Figure 10 shows the longitudinal and transverse residual
stress across one side of the weld cross sections as measured

Conventional

D
-
=
-
-
.

Longitudinal (ND)

-10-

Longitudinal (CM)

by neutron diffraction, along with the longitudinal stresses
determined by the contour method in equivalent regions.
These neutron results were obtained by assuming that the
normal stress values were zero. The longitudinal neutron
measurements are broadly similar to the contour method but
approximately 50—-100 MPa higher, again showing that the
longitudinal stresses are very similar between the two welds.
The neutron diffraction results for the transverse stress show
that the conventional weld has a peak tensile region approx-
imately at the root of the finishing pass, with this region
extending further away from the weld centreline than the
new weld.

mm 0

Fig. 10 Maps of residual stresses as seen on the xy plane, plotted
from the weld centreline (x=0). Longitudinal stress found from the
contour method is compared to the same region/orientation obtained
from neutron diffraction alongside fusion and HAZ boundaries. The
same shown for transverse stresses found by neutron diffraction. Black
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crosses indicate neutron diffraction measurement locations, and neu-
tron diffraction results were calculated assuming zero normal stress.
The change from tensile (T) to compressive (C) stress has been
annotated
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Figure 11 compares the longitudinal residual stress
between measurement methods with the position of the
HAZ identified via hardness results taken approximately
halfway through the finishing weld for each case. Although
the trends of the stresses as determined by neutron and con-
tour broadly agree, the magnitudes found by neutron in the
region of the HAZ demonstrate some discrepancies. This is
surmised to be due to both a strong influence of texture and
slight variation in weld position/shape at the two locations
selected. With the uncertainty in the neutron diffraction
measurements arising from the variation in position spe-
cific dg, both techniques agree well. Since the peak stresses
approach yield, it is also possible that some plasticity has
occurred during contour cutting, which is known to shift and
reduce the location and magnitude of the peak stress deter-
mined [19]. However, as the cutting parameters were the
same between the two components, this demonstrates that
there is little difference between the two welds, albeit the
HAZ is larger in the new SAW case.

Figure 12 compares the stresses found in the transverse
direction in a similar manner to Fig. 11. It can again be seen
that there is a reasonable agreement in magnitudes between

Fig. 11 Longitudinal residual

the contour results and neutron diffraction for the whole
joint, and in trend for the backing weld only. While the neu-
tron results do not show the double peak observed in the
contour results, it is clearly evident that the measurement
locations and density were not sufficient to capture the peak
stress locations. Furthermore, the different dy approaches
highlight the effects of texture variation. The double peak
observed is surmised to be due to the interaction of the back-
ing and finishing weld. The finishing weld both induces new
residual stress and redistributes the stress developed during
the backing run to appear just above the finishing root. The
second peak is due to the finishing pass and is clearly found
smaller in the new SAW weld.

The main conclusions based on these collected obser-
vations are, firstly, that both neutron and contour mea-
surements show the existence of high near yield level
tensile residual stress in the longitudinal and transverse
directions of CSAW and NSAW welds, the magnitude of
which approaches the yield stress of the material. Accord-
ing to the neutron diffraction measurements, the CSAW and
NSAW welding processes produce almost identical stress
fields. The contour method also determined almost identical
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Fig. 12 Transverse residual
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stress as a function of the depth :
through the plate, measured via
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longitduinal stress distributions for CSAW and NSAW, but
did show a noticable difference in the transverse stress dis-
tribution which was not evident in the neutron results due
to limited spatial coverage. This highlights the advantage of
the contour method over neutron diffraction; given the time
and cost restrictions for neutron diffraction measurements it
cannot be guaranteed that the location and magnitude of the
peak stresses will be captured, whereas the 2D stress map
generated by the contour method enables stress variations
over a short (<1 mm) lengthscale to be resolved.

Secondly, given the inherent differences in fusion line
profile, HAZ width, and even weld centreline, of a few mm
are not significant in terms of distinguishing the CSAW
and NSAW processes with the variability found with SAW
welding. However, since the macrographs were taken at the
plane of the stress measurements, it can be speculated that
the difference in transverse stress measured at this location
is due to the change in weld bead profile observed.

@ Springer

Distance from plate mid-thickness

4 Conclusion

Two weld samples of API X70 steel were fabricated with
identical consumables and restraint conditions representa-
tive of welded pipe. These were produced with similar
welding heat inputs using a four electrode SAW process.
Changing the diameter of the lead wire from a conventional
4 mm to a new 2.4 mm (CSAW vs. NSAW) produced a weld
cross-section which had a narrower root and wider cap, and
a ~1.3 mm wider HAZ overall.
The findings obtained are as follows:

—  While the same groove shape and same weld heat input
per unit length were applied, small differences between
the two weld bead profiles were seen with a greater pen-
etration and wider HAZ shape in the new SAW weld as
compared to the conventional one. While the observed
microstructure was essentially the same, the distribution
of hardness in the HAZ for both welded joints were minor.
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— The contour method was applied to measurement of
longitudinal and transverse residual stress in welded
joints of heavy gauge steel plate and was compared
with neutron diffraction. In this case, neutron diffrac-
tion measurements were seen to be at a disadvantage to
contour method results due to the uncertainty of the dg
determination and the reduced coverage.

—  The residual stress distribution of conventional and new
SAW showed only very slight differences in the longitu-
dinal direction, with the peak tensile stress approaching
yield in both welds. This is thought to be due to the
similar heat inputs employed.

—  Forthe transverse direction, the stresses in the new SAW
weld were found to be noticeably lower (~120 MPa),
as identified by the contour method, but the peak tensile
stress in the conventional weld was still close to yield.

— The results indicate that the differences in the resid-
ual stress distribution and magnitude for each type of
weld were due to the FZ profile obtained and to a lesser
extent, the HAZ produced.

The implications of our findings are as follows. The
transverse stresses for constrained welds or the butterfly dis-
tortion for unconstrained welds appears to be effectively
reduced by narrowing the weld bead, accomplished by more
localised heat input. This of itself has little effect on the
longitudinal stress but it is surmised that by combining a
narrower weld bead width with lower heat input compared
to the conventional SAW it would be possible to reduce both
transverse and longitudinal residual stresses.
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