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Abstract

The transient stresses and phase evolution have been characterised in the quasi-steady state
produced around a gas tungsten arc welding (GTAW) torch in a plain carbon (ASTM 1018)
steel using in situ neutron diffraction. A novel method has been developed to isolate the
deviatoric or plane stress state in the presence of isotropic contributions to the lattice pa-
rameter, such as thermal expansion and solute content. The stress state was found to evolve
in the anticipated manner, with compressive stresses ahead of the weld and tensile stresses
behind the weld, in the weld and heat affected zone, and compression in the far field behind
the weld. In particular, the region of compression in the heat-affected zone adjacent to and
just behind the welding torch expected from weld models was observed. The evolution of
phase fraction around the weld was also determined using the technique and the stresses
obtained from the ferrite phase.

1 Introduction

Over the past 25 years, much progress has been made in the development of mod-
els for the prediction of the temperature and stress fields produced during fusion
welding, with particular emphasis on the prediction of residual stresses [3, 13, 14].
The residual stress state produced in and around the weld depends on the alloy
and phase transformations that occur, the size and shape of the weld pool and on
the welding speed. Unfortunately, it is difficult to predict, a priori, the weld pool
shape due to the large number of variables involved. The situation is complicated
by a lack of knowledge of the fundamental physical constants relating to the arc
and molten pool, and the way in which the arc couples with the material, for exam-
ple, the arc pressure and electromagnetic stirring of the pool by the arc. In spite of
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these difficulties, some models capable of predicting weld pool shapes have been
successfully created [15, 17].

To ascertain both the residual stress state and microstructure around the weld, a
modelling-based approach is attractive, since complete experimental characteriza-
tion is typically both time consuming and expensive. However, such models de-
mand knowledge of the temperature dependence of the thermophysical and me-
chanical properties of the material along with the distribution and magnitude of
heat input into the material. Obtaining these data is again usually time-consuming
and expensive, but has been performed in very many successful weld models in a
range of materials, for example in the welding of steels [5, 20], aluminium [19] and
nickel [7, 21] alloys.

Such weld models are often verified by reference to measured residual stress dis-
tributions and to the final distortion found in the workpiece, and are calibrated
using the temperature evolution in the heat affected zone measured using thermo-
couples. Among residual stress measurement techniques, neutron or synchrotron
diffraction are often preferred, since these techniques are non-destructive, capable
of characterizing the spatial distribution of the stress field rather than performing
measurements at individual points, and can measure stresses at depth. The ability
to perform measurements at depth is particularly advantageous compared to the
leading alternatives of incremental hole drilling and laboratory X-ray diffraction
using the sin?\ technique [22] as asymmetry in the stress state through the thick-
ness of the component may be significant. A further strength of these diffraction
based methods is that the measurement of strain is direct, using the expansion in
the interatomic spacing, rather than using strain relaxation during material removal,
to infer the stress state.

However, verification of a weld thermo-mechanical model using the residual stress
field and distortion may not uniquely determine the transient evolution of deforma-
tion during welding. In the very latest thermo-mechanical models, e.g. for weld-
ability and cracking [6]; for those used to rationalise the evolution of stress dur-
ing thermal tensioning techniques such as low stress low distortion welding [8] or
where phase transformations are used for stress relief [4], the transient stress state
is critical to the scientific question being posed. Therefore it is of great interest to
be able to measure the evolution of stress during welding.

In this paper we present, for the first time, measurements of the two-dimensional
stress field established in the quasi-steady state that exists around a moving weld
pool using neutron diffraction.

Measurements of phase fraction evolution have been presented before, most no-
tably in 1045 steel [9, 10], a 2205 duplex stainless steel [12] and Ti-6Al1-4V [11]
by Elmer et al.; in an Fe-C-Al-Mn steel by Babu et al. [1]; and in 1005 steel by
Zhang et al. [25]. In all of these studies, the spatial distribution of phases pro-



duced around a welding torch were determined using time-resolved X-ray diffrac-
tion at a synchrotron source. However, measurement of stress is significantly more
complicated, because changes in lattice parameter are not solely due to mechan-
ical strains but also due to thermal expansion of the material and compositional
variations associated with phase transformations. In spite of these difficulties, two
attempts to measure stresses in situ along a one dimensional line have recently
been reported in a friction stir weld on an aluminium alloy, which does not ex-
hibit any phase transformations [23, 24]. The magnitude of the mechanical, ther-
mal and compositional contributions to the lattice parameter are similar; using the
expressions of Onink and Root [18], a 50°C temperature variation, which is at
the limit of positioning accuracy for placing a neutron diffraction gauge volume
near a thermocouple, corresponds to a change in lattice parameter of ferrite of
2.88 x 17.5 x 50 x 107 = 2.52 x 1073 A. In comparison, a 0.1at.% variation in
carbon content of austenite corresponds to a change of 0.75 x 1073 A. The solu-
bility of carbon in ferrite is small, so solute is only a significant concern in the
austenite phase. In contrast, a hydrostatic stress of 100MPa in ferrite would pro-
duce a change in lattice parameter of 2.88 x (100/180) x 1073 ~ 1.6 x 10734,
assuming a bulk modulus of 180GPa. The similarity between the magnitudes of
these effects on the lattice parameter is such that they cannot be neglected. The
successful determination of the transient stresses produced during welding there-
fore demands a method to deconvolute the mechanical contribution to the measured
lattice parameters from these other effects.

2 Methodology

Conventionally the determination of stresses by diffraction-based methods is achieved
by measurement of the lattice parameter, a;, in a given direction, i, in the sample.
This is then converted to a strain, €;, by the use of a stress-free lattice parameter,
ap, using

g =Aa/ag=ai/ap—1 (D

in which Aa = a; — ay.

By performing strain measurements in different directions the full strain tensor may
be determined, from which the associated stress tensor may be calculated using the
appropriate elastic constants. Typically, it is assumed that the three principal direc-
tions are known a priori, defined by the symmetry of the component. In the analysis
of residual stresses in welds it is common to take these to be the welding direction,
the through thickness direction and a third perpendicular direction transverse to
the weld. By making this assumption, the minimum number of independent strain
measurements required to determine the stress tensor is reduced from six to three.



However, this approach is not feasible for the measurement of strains around a
weld as the strain-free lattice parameter cannot be found because of temperature
and composition variations due to the phase transformations and the thermal pro-
file around the weld. As a result, at each measurement point insufficient data can
be acquired to uniquely determine the isotropic lattice parameter and three nor-
mal strains. This problem can be solved in two ways, either (i) by determining the
deviatoric stress state only or (i1) assuming a state of plane stress. Both of these
approaches are described below.

Deviatoric stresses only: If the lattice parameter is measured in three principal
directions, i, the isotropic, hydrostatic lattice parameter, a;, may be defined by
ap = %Zai. The deviatoric strain, sf., can then be obtained using

p_Aa_ a

€.

1 2
" ap  ap(C,T,ep) @

where ay, is a function of composition, C, thermal strain due to temperature, 7', and
hydrostatic strain, €, = %Z&:i. For an isotropic material, the normal stresses, G;, can
be found from the normal strains, €;, using

o; = 2G¢e; + 3\¢g, 3)

Where A is Lamé’s constant, given by A = VE /(1 +Vv)(1 —2v), in which E is the
Young’s modulus and v is the Poisson’s ratio, and the shear modulus, G, is given
by 2G = E /(1 + V). The deviatoric stresses, 6, can therefore simply be obtained
from

o, = 2Ge! (4)

Plane stress assumed:

For an orbital weld on a tube within the cylindrical polar reference frame where
the principal axes are assumed to lie along the radial (r), hoop (0) and axial (z)
directions, if a state of plane stress is assumed with 6, = 0, then using the three
permuations of Hooke’s Law it can be shown that

€ = E(Se‘i‘gz) (5)

Substitution for the strains in this expression with Equation 1 yields

(1-2v)a,+v(a,+ag+a;)
l+v

ao(C,T) = (6)

at which point all three principal strains and in-plane stresses, 6g and O, can be
found trivially from Equations 1 and 5 .

In the present paper, the plane stress assumption has been employed as the samples



were thin (3.2 mm thickness). From the measured time-of-flight neutron diffraction
data an overall lattice parameter, a, was determined by Rietveld refinement of the
entire diffraction spectrum. Previous work has shown that such a fitting procedure
is robust and that bulk elastic constants can safely be used, even in the presence of
moderate textures and elastic anisotropy [2]. The final problem is to determine a set
of appropriate elastic constants for the material being used. Rigorous conversion of
the measured deviatoric strains to stresses would require use of the temperature de-
pendent elastic constants. However, if such data are to be used, the temperature pro-
file around the weld pool must be determined, either using a model, thermocouples
or an optical pyrometer. Alternatively, the hydrostatic strain might be assumed to
be entirely a consequence of thermal expansion and therefore used to determine the
temperature. However, for the sake of simplicity in this first study of stress fields
around welds, constant values of the elastic moduli of bcc ferrite (E = 205 GPa,
v = 0.29) were used. It is acknowledged that the moduli of bcc ferrite have a tem-
perature dependence, which will reduce the magnitude of the stresses determined
at high temperature.

3 Experimental Description

Measurements of the phase distributions and strains in the vicinity of the weld-
ing torch during gas tungsten arc (GTA) welding of ASTM 1018 steel tubes were
performed using the ENGIN-X time-of-flight neutron diffractometer at ISIS, Did-
cot, UK. ASTM 1018 steel is a ferritic low carbon steel with a nominal C content
of 0.15 — 0.20 and Mn content of 0.60 — 0.90, in wt.%, with the balance Fe. The
tubes were 203.3 mm in diameter and 3.2mm in thickness and were fabricated by
electrical welding of steel sheet. Any preexisting residual stresses would be ex-
pected to be uniform around the tubes and, as such, by taking the lattice parameter
of the unwelded tube as the reference lattice parameter for strain calculation, any
strains measured may be directly associated with the thermal expansion and stress
response of the steel during the welding process.

Gas tungsten arc welding was performed to manufacture autogenous, bead-on-plate
welds. DCEN conditions were employed using a 35A input current, a nominal
torch-tip potential of 14V and a welding speed of 0.5mms~!. The nominal heat
input was therefore 1000 W mm~!. To maximise arc stability and the welding ther-
mal efficiency, an Ar-25%He welding gas mixture was used. In order to remove the
residual heat during welding, He gas cooled in liquid nitrogen was passed over the
opposite side of the tube. The torch-tip distance was maintained at 3mm using a
sprung slide arrangement and a grub screw in contact with the tube.

[Fig. 1 about here.]

Orbital welds were made around the tube, with the tube rotating in place under a



static welding torch. This enabled measurements to be made in the quasi-steady
state that exists in the vicinity of the welding torch. The torch location was mea-
sured using the neutron beam prior to welding in order to reliably locate the mea-
surement positions. At each measurement position, diffraction spectra were simul-
taneously acquired from the two detectors on the ENGIN-X instrument using count
times of 60s, with a dead time between acquisitions of ~ 20s to move the torch,
tube and rotation stage to another position relative to the torch and for detector data
read-out. Each orbital weld was started just ahead of the axial tube seam weld and
measurements were avoided from the vicinity of the seam as it was anticipated that
both the local microstructure and preexisting residual stress field may differ from
the remainder of the tube in this region. In this way, it was possible to collect data
from 14 positions from each weld during the ~ 21 minutes required for the tube to
complete one revolution. During each such weld, data were acquired along a trace
parallel to the weld path at 5 mm intervals from 20 mm ahead of the weld to 45 mm
behind the weld. Measurements were made on multiple welds using several tubes
cut from the same length of pipe at locations 5, 8, 12, 18 and 24 mm from the weld
path. The fusion zone was avoided. As two strain components could be acquired
simultaneously, two sets of measurements were made so that each of the three as-
sumed principal strain directions could be obtained; one with the tube vertical, to
acquire data from the radial and hoop directions, and another with the tube hori-
zontal to collect data from the axial and hoop directions. Additional measurements
were also made in the fusion zone in a single orientation to capture just the phase
evolution. The two setups are shown schematically in Figure 1. The incident beam
size was defined using slits in the incident beam and collimators on the detectors to
obtain a gauge volume of 2 X 2 X 2mm.

In addition, nominally identical measurements were performed at the L3 diffrac-
tometer at NRC Chalk River, ON, Canada using monochromated neutrons of wave-
length 1.56 A and the {211} ferrite peak, which was found at a diffraction angle of
83.1°. The welding conditions and diffraction geometries closely matched those
used at ISIS, Figure 1(d). Measurements of lattice spacing were made in the hoop,
radial and axial directions in the tube. Due to the additional uncertainty in position
generated by performing three measurements rather than two, it was not possible to
reliably analyse these data for stresses, although the hydrostatic lattice parameter
variation could be attained.

4 Results and Discussion

Microstructure

A macrograph of the weld cross-section is shown in Figure 2, together with the
parent metal and fusion zone microstructures. The base metal was ferritic-pearlitic,



with grain boundary carbides and a mixture of ferrite and pearlite grains that trans-
formed from the austenite phase. The weld microstructure was composed of grain
boundary ferrite with some Widmanstitten ferrite growing from the grain bound-
aries, and pearlite in the interior of the grains. The parent metal grain size was
around 30 um and the fusion zone grains were around 250 pm in width and several
mm long in the welding direction.

[Fig. 2 about here.]

[Fig. 3 about here.]

Diffraction data

Examples of the diffraction patterns collected along the track 5 mm from the weld
path in the vicinity of the weld are shown in Figure 3. Ahead of the weld, only the
ferrite phase was detected; the carbides known to be present in the material were
not observed due to the short acquisition times and low volume fraction. In the
data acquired, the first five bcc peaks were readily discerned and fitted by Rietveld
refinement using the GSAS program [16] with peak profiles described by a con-
volution of pseudo-Voigt and back to back exponential functions. Smm from the
weld center line and adjacent to the welding torch, first a mixture of bcc ferrite and
fcc austenite was detected and until 10mm behind the weld torch a pure austenite
structure was measured. As the material in the heat affected zone cooled, the ferrite
phase was again detected in the two phase field 20mm behind the welding torch
until only ferrite was observed again 25 mm behind the torch. As with the data ac-
quired from the pure ferrite material, five peaks were discerned from the austenite
phase and used in fitting the data.

The ferrite phase fractions extracted using Rietveld refinement are shown in Fig-
ure 4. Material in the two-phase field was measured at nine locations and 100%
austenite was identified at a further eleven locations. Immediately ahead of the
weld torch the heating rate is typically so high that the two phase region would be
expected to be less than 1 mm in length and therefore it was not detected using the
gauge volume and relatively course measurement grid employed here.

[Fig. 4 about here.]

The spatial variation of the ferrite ag lattice parameter is shown in Figure 5, plot-
ted as a strain referred to the far field ahead of the weld. If ayp were primarily a
consequence of thermal expansion, then the measured change of 0.0266 A between
the smallest and largest values of ay recorded would correspond to a temperature
change of 0.0266/(2.88 x 17.5 x 10%) ~ 530°C. As a result of the considerable sta-
tistical deviations seen in the data recorded, a better comparison may be made be-
tween the mean of the three largest lattice parameters recorded and the mean of the



three smallest. This difference, 0.0240 A, suggests a temperature rise of ~ 480°C.
These values are far smaller than the austenite transformation temperature; the dif-
ference may be attributed to the effect of hydrostatic compression that occurs due
to constrained thermal expansion in the region of the weld. However, they indicate
the desirability of the approach of only attempting to measure the in-plane stress
components, ignoring the hydrostatic and thermal strains. They also indicate that
the approach of ascribing all of the hydrostatic change in lattice parameter to heat-
ing in order to determine temperature and hence the appropriate elastic constants
would have been erroneous.

[Fig. 5 about here.]

The measurements made using the {211} peak at Chalk River are broadly con-
sistent with those made at using the Rietveld-refined lattice parameter at ISIS, al-
though the ISIS measurements generally show slightly greater variation and the
form of the profile around the weld pool observed is slightly different.

[Fig. 6 about here.]

[Fig. 7 about here.]

Stresses

Before reviewing the measured stress data, it is useful to review the expected stress
profile around a weld. A generic depiction of this stress variation, derived from a
weld model for a single-phase material [6] is shown in Figure 6. As the material is
heated up ahead of the welding torch it expands, but this expansion in constrained
by the surrounding cool material and so a large region of hydrostatic compression is
expected. This results in yielding of the material in the heat affected zone because
the yield strain is typically much smaller than the amount of thermal expansion - in
a plain carbon steel with a bulk modulus of 180 GPa, a yield stress of 350 MPa and
a thermal expansion coefficient of 17.5 x 1079 K~! this point would be reached at
on the order of (350/180),/0.0175 ~ 110°C. The compressive plastic strain thereby
produced makes the material in the heat affected zone smaller in the longitudinal
and transverse directions and therefore when the material cools tensile stresses are
produced in the weld and heat affected zone, which are typically of magnitude
equal to the yield stress. In the vicinity of the weld itself the compressive stress
drops as the yield stress of the material falls precipitously near the melting point.
This modifies the stress around the weld and pushes the region of maximum com-
pression into the heat affected zone (HAZ) adjacent to the weld pool itself. After
solidification, the constrained thermal contraction of the weld bead generates large
tensile stresses in the fusion zone. Of course, these tensile stresses in the weld and
heat affected zone must be balanced by compression elsewhere in the weldment
and therefore compressive stresses are found away from the heat affected zone.



Maps of the hoop and axial stress determined from the lattice parameters obtained
through Rietveld refinement of the data from ISIS are shown in Figure 7. The
stresses are presented as filled and open circles showing tensile and compressive
stresses respectively, with radii proportional to the magnitude of the stress. Trends
may be observed in the spatial distribution of stresses around the weld that are con-
sistent with those expected, as shown in the region identified by the grey dashed
lines in Figure 6. The expected region of compression ahead of the weld is ob-
served in both the longitudinal (hoop) and transverse (axial) directions and extends
significantly ahead of the region heated by the weld torch, because of elastic ac-
commodation around the heated region. This region of compressive stresses also
extends some distance downstream of the weld pool at greater distances from the
weld center line. In the far field behind the weld in the HAZ, tensile stresses are
observed in the longitudinal direction and only small transverse stresses. In the
heat affected zone 18 and 24 mm away from the center line a region of longitudinal
compression extends behind the weld pool, as expected and shown in Figure 6.

The residual stress profile from such a weld might be expected to extend up to
~ 70mm away from the weld; the data has not been obtained to perform a stress
balance between the compressive far-field and the tensile weldment regions. In the
transverse and longitudinal directions compressive stresses were observed at the
furthest measurement locations, 24 mm from the weld line. These were in excess of
300 MPa for the transverse compressive stress and ~ 220 MPa for the longitudinal
compressive stress.

[Fig. 8 about here.]

The data obtained from Chalk River using the {211} peak could not be analysed
successfully to obtain recognizable welding stress profiles. This is most probably
due to the additional measurement direction required, three compared to the two
required at ISIS, where the radial measurement is repeated to give a consistency
check. The more independent measurements required, the more onerous the posi-
tioning demands, especially in the present case where the tube can distort during
welding. The possibility that intergranular strains during the oo — ¥ and Y — o
transformations were responsible for the anomalous behaviour was examined by
referring to the {211} single peaks obtained at ISIS; this attempt failed to recon-
cile the two data sets. As a result of these considerations, the Chalk River stress
measurements are not presented here.

The evolution of longitudinal stress obtained from the ISIS data along each track
parallel to the weld is shown in more detail in Figure 8. Nearest the weld, 5 mm
from the weld center line, the stress is slightly compressive 20mm ahead of the
torch and becomes more compressive closer to the weld pool, reaching ~ 280 MPa
10mm ahead of the weld. As the weld pool is approached further the longitudinal
stress remains compressive but decreases in magnitude as the local temperature is
higher and the stress that the material can support is lower. No data was acquired



from within the weld pool. 15mm behind the torch large tensile stresses are seen
with a peak stress of ~ 530 MPa being measured. Between 30 and 45 mm behind
the torch the longitudinal stress decreases gradually to ~ 200 MPa. 12 mm from the
weld center line, the stress evolution simply shows a gradual rise from compression
ahead of the weld to tension behind the weld. At 18 mm from the weld center line
the longitudinal stresses are slightly in excess of 100MPa between 10 and 15 mm
ahead of the weld. In the region between 5Smm ahead of the weld and 15mm be-
hind the weld compressive stresses —70MPa to —130MPa are seen, indicating that
a region of compression extends behind the weld, as anticipated and illustrated in
Figure 6. At larger distances behind the torch, near zero stresses are typically seen,
suggesting that this distance from the weld center line will be close to the transition
from tensile to compressive residual stress on completion of welding. The stresses
obtained from the data acquired 24 mm from the weld center line show consider-
able point to point scatter but do indicate that compressive stresses are seen at this
distance from the weld center line, with stresses of the order of —200MPa both
ahead and behind the weld torch and smaller magnitude compressive stresses in the
region between 5Smm ahead and 5mm behind the weld.

An indication of the uncertainty associated with the stress measurements is given
for one of the data points. This uncertainty was derived from the accuracy with
which all of the lattice parameters associated with each measurement location could
be determined. In general, the level of accuracy of all of the data points are com-
parable to the one shown. The exception to this being those points in which both
ferrite and austenite were observed and the volume fraction of ferrite was low.

In this study, the lack of reliable temperature data from within the neutron-irradiated
gauge volume has limited the accuracy of the results obtained such that the stresses
could only be measured in the ferrite phase with the assumption that the elastic
constants were independent of temperature. It is recommended that in future a
non-contact temperature method be used, measuring the same point as the incident
beam. This would enable appropriate elastic moduli to be used for each data point
and may allow determination of the hydrostatic strains with use of appropriate val-
ues of the coefficient of thermal expansion. In addition, it would be more desirable
to use a finer grid of measurement positions than that used here. This would require
significantly faster data acquisition times. Finally, the accuracy of the technique is
limited by the requirement that the axial and hoop strains are measured from differ-
ent welds. This introduces an uncertainty in the measurement positions, which is of
greatest concern for those measurements conducted in regions with high tempera-
ture and stress gradients, such as those near the weld pool. This could be mitigated
by measuring the two components together, which would require the diffraction
angles employed to be small to avoid the unacceptably long count times neces-
sary to obtain adequate coating statistics with the large path lengths that would be
required. This could most readily be achieved with the use of a high energy syn-
chrotron source.
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5 Conclusions

The phase and stress evolution around a ferritic steel GTAW weld have been char-
acterised using in sifu neutron diffraction. The following conclusions can be drawn
from this work

¢ A novel method has been developed to isolate the deviatoric or plane stress state
in the presence of isotropic contributions to the lattice parameter such as ther-
mal expansion and solute content. The method can be applied using constant
wavelength or time-of-flight neutron diffraction.

e The stress state was found to evolve in the anticipated manner, with compressive
stresses ahead of the weld torch and tensile stresses behind the weld torch in the
weld and heat affected zone, and compression in the far field behind the weld.

e Importantly, the region of compression in the heat-affected zone adjacent to and
just behind the welding torch expected from weld models is observed.

e The evolution of phase fraction around the weld can be observed using the tech-
nique.

The technique can also be applied to examine materials and processes where the
stress state is modified to minimise cracking and/or to produce compressive stresses
in the weldment itself, such as in steels which exhibit transformation-induced stress
relaxation or in low-stress low-distortion welding; this should provide a fruitful
avenue for future investigation.
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Fig. 1. Schematic illustration of the two setups used at ISIS for measurement of (a) the
radial and hoop and (b) the radial and axial lattice parameters; (c) photograph of the axial
setups used at ISIS and (d) Chalk River during welding.
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Fig. 2. (a) macrograph of the weld cross-section (with the tube seam below), micrographs
of the (b) parent metal, (c) heat affected zone and (d) fusion zone microstructures.
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Fig. 3. Diffraction data associated with the measurements made of the hoop strain compo-
nent. The data shown is from the measurements made from 10mm ahead of the weld to
25 mm behind the weld along a track at 5 mm from the weld path. The peak positions of the
o - ferrite and 7y - austenite are identified.
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Fig. 4. Map of the austenite phase fraction around the weld, obtained from Rietveld refine-
ment of the diffraction data collected. Note that additional data points are included in the
vicinity of the weld from which no strain data were acquired. Material in the two-phase

region is denoted by open circles.
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Fig. 5. Map of the measured aq lattice parameter of ferrite, relative to the lattice parameter
at room temperature ao(RT), (ag — ao(RT))/ao(RT), x 1075, obtained from (a) the {211}
ferrite peak (Chalk River) and (b) Rietveld refinement of the diffraction data (ISIS).
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Fig. 6. Expected variation of temperature and longitudinal stress around a weld in a single
phase material. The dashed grey box provides an indication of the equivalent region of
interest from which the in situ measurements reported in Figures 5 and 7 were made.
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Fig. 7. Maps of the hoop (top) and axial (bottom) stresses in the ferrite, determined from
the measured data around the weld.
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Fig. 8. Plots of hoop stress in the ferrite along the welding direction at distances between 5
and 24 mm from the weld path.
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