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A B S T R A C T

In this research, an electron beam (EB) butt-welded P91 steel plate (~9 mm thick) is selected to measure lon-
gitudinal residual stresses (acting in the welding direction) using a promising residual stress measurement
technique - the contour method. The EB weld causes short length scale residual stresses within the narrow width
of the fusion zone with steep stress gradients lateral to the weld line, which presents a new challenge for the
residual stress measurements. The special measures were taken for all main steps of the technique to improve its
the spatial resolution, thereby the short length scale residual stresses were captured. The success of the mea-
surement is assessed by comparing the contour method result to the neutron diffraction result, and a good
agreement were found in the results of both the techniques. These results also shows that the contour mea-
surement results successfully captured the steep stress gradient on both sides of the weld centre-line (0 mm) with
tensile stress peaks situated just 2.8 mm apart. It is one of the best resolutions in residual stress length-scale in this
component achieved in contour measurements.
1. Introduction

Ferritic martensitic steels are increasingly used in manufacturing of
high integrity structural components such as main steam pipes, boilers,
steam headers, turbine castings and super heater tubings of ultra-
supercritical power plants and fossil fuelled power generating plants
that sustain elevated temperatures [1, 2]. Ferritic martensitic steels con-
taining 9–12 wt. % chromium offer a better high temperature creep
resistance than the classical 2.25 Cr–1Mo grades. They are less susceptible
to degradation through thermal fatigue due to having a lower coefficient
of thermal expansion and higher thermal conductivity compared with
stainless steel [3, 4]. However, P91 weldments (made by conventional
welding process) in service operation can exhibit premature failure due
the high tensile residual stress distribution along the welded joint. The
failure type falls into the category of ‘type IV’ cracking due to the position
of the cracks. In this case, the weldments will be weakest due to formation
of creep voids in the refined (inter-critical) region of the HAZ of the weld
[3, 5]. The tensile properties and hardness of P91 weldments can also be
improved by using the normalizing treatment. However, to improve long
term creep properties, the earlier grades of ‘type 91’ steels are modified
through small additions of niobium (Nb), vanadium (V) and nitrogen (N)
orm 1 April 2021; Accepted 7 M
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[6, 7]. The modified P91 steels are used together with high energy elec-
tron beam welds to enhance the resistance to type IV cracking [8].

High energy density welding (HEDW) processes such as electron
beam welding (EB) are capable of providing high penetration into a
component [9]. Autogenous EB welds produce excellent joint fits without
introducing excessive heat and distortion. They have a deep, narrow and
parallel sided fusion zone in the vicinity of the weld, due to the small
thermal contraction in the weld metal compared to conventional welding
processes such as arc welding [10, 11]. The small thermal contraction
prevents excessive angular deformation, bowing, buckling and twisting
of the component. High energy electron beam welds are less prone to
type IV cracking and likewise less premature failure. However, there are
some disadvantages of the EB welding process. Because of the very high
cooling rate, the molten material formed in the welding process rapidly
solidifies and shrinks. This can cause many unwanted consequences such
as material property changes, cracking within the weld, changes of shape
and deformation in some materials, for example high carbon steel [12].
Furthermore, the EB welding process produces a significant level of re-
sidual stresses in the direction of the weld (longitudinal direction). The
magnitude of these stresses are considerable at the weld centre line and
form a very fine steep gradient moving away from the weld line within a
ay 2021
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small region [13, 14]. Therefore, it is of paramount importance that the
initial state of residual stress is well characterised. This will provide an
important base to recognise the behaviour of engineering components
when they are in used during service loading.

High stress gradients over very short distances associated with EB weld
type becomes it necessary to make stress measurements on as small and
highly precise region as possible. Thus,measurement spatial resolution is an
important consideration for residual stress investigation of this welded
components. The limitations of the deep-hole drilling (DHD) techniquehave
beenstudiedpreviously, observedit less suitedto resolving short lengthscale
residual stress variations in thin sectionEBwelds.A thick cylindrical steelEB
welded sample has been tested using the DHDdrilling method [15]. But the
spatial resolutionof theresidual stressmeasurementwas limitedbythe5mm
diameter trepanned core. It can also be affected by stress relaxation due to
progression of plastic unloading during trepanning the material [16].
Recently, someadvancementhasbeenproposedin this technique tomeasure
the through-thickness residual stressdistributionwithacomparatively lower
degree of damage to the specimen. However, the application of this need to
be explored in the thin welded components [17]. The neutron diffraction
measurement technique has sufficient spatial resolution and depth pene-
tration for many cases. However, the application of this technique has some
additional limitations: for example it is not suitable for near surface mea-
surements[18], it is sensitive to thematerial grain sizeand texture, and it can
bedifficult toobtainreliablestress freelatticeparametermeasurements[19].
In addition to this, for the thick components (>40 mm), the neutron
diffraction technique is not worked well for measuring residual stresses.
Residual stress measurement results for an EB welded plate using neutron
diffraction have been reported in [14, 20]. However, reliable stress mea-
surements were not achieved within and around the weld region because of
variations in reference lattice constant measurements.

The contour method has emerged as a promising technique for the
measurement of residual stresses in engineering components. This
method was invented in 2000 by Mike Prime [21]. It is based on cutting
the test component of interest in two halves. The cut surfaces deform,
owing to the relaxation of residual stresses. The deformations of the two
cut surfaces are then measured, and used to back calculate the 2-dimen-
sional map of original residual stresses normal to the plane of the cut
[22]. The contour method is effective of measuring through-thickness
stresses. This technique is relatively simple, inexpensive, and utilizes
readily available equipment in workshops [23]. It has been successfully
validated by commonly used residual stress measurement techniques,
such as neutron diffraction [24], slitting [25, 26], synchrotron x-ray
diffraction [27, 28] and sectioning [29]. The method is useful to obtain
detailed information of residual stresses introduced by various
manufacturing processes such as welding [23, 30, 31, 32], hammer
peening [33], laser peening [34, 35, 36], cold expanded hole [37] and
aluminium alloy forging [38]. Nevertheless, like the other residual stress
measuring techniques, the contour method also suffers from factors that
impact on the accuracy and the spatial resolution of the method, and
cause uncertainties in the measured stresses. The residual stress mea-
surement results for a EB welded plate using the contour method have
been reported in [38]. However, reliable stress results were not achieved
within and around the weld region because of the limited spatial reso-
lution of the method. The reliability and accuracy of the contour method
measurement results can be improved by minimising errors and un-
certainties that can be introduced during cutting and data analysis pro-
cedures. In another study, the residual stress was investigated in
Table 1. The chemical composition of the Mod.9Cr–1Mo steel (remaining Fe) [39].

C Mn Zr Si

0.106 0.443 0.005 0.221

Ni Cu Al N

0.212 0.045 0.010 0.0464

2

electron-beam welded Ti–6Al–4V alloy rings using different measure-
ment techniques including X-ray diffraction (XRD), hole drilling method
and the contour method, and there is a good correlation found in the
residual stress results [40]. However, in this study it was not demon-
strated that how the contour method steps were implemented such as
specimen cutting to avoid cutting artefacts and selection of appropriate
parameters such as surface deformation measurement spacing, data
smoothing parameters (‘knot spacing’ for example cubic spline smooth-
ing) and finite element mesh size. All steps in the contour method [21,
41] contribute some errors and uncertainty in the measured stresses. In
order to achieve high-precisionmeasurements, appropriate knowledge to
perform each step has to be acquired. Previously, errors related to the
cutting step that are dependent on stress magnitude, such as bulge error
[42] and plasticity error [43], have been addressed. Other limited studies
address errors related to the cutting step that are independent of the
stress magnitude where cutting artefacts are present in the surface con-
tour data [30, 44, 45]. In order to minimise the error related to the
cutting process, cutting conditions can be optimised by performing trial
cuts on a stress free part of the test component [45, 46, 47], or on another
piece of similar stress free material [42].

The contour method steps should perform in a manner that they do
not change the underlying features of surface deformation especially
where the residual stress distribution varies over short distances such as
EB welded components. Therefore, to carefully implement these steps, it
is important to select appropriate parameters such as surface deformation
measurement spacing, data smoothing parameters (‘knot spacing’ for
example cubic spline smoothing) and finite element mesh size. Recently,
the research has been done to investigate these important parameters
[48]. In this research, a simple approach for choosing initial parameters
is developed based on an idealised cosine displacement function (giving a
self-equilibrated one-dimensional residual stress profile). In that
research, guidelines are proposed to help the measurer to select the most
suitable choice of these parameters based on the estimated wavelength of
the residual stress field. In this paper, these guidelines are considered to
select deformation measurement spacing and data analysis parameters
for improving the spatial resolution of contour measurements. For this
study, an electron beam (EB) butt-welded P91 steel plate (~9 mm thick)
was used to measure longitudinal residual stresses (acting in the welding
direction) using the contour method. The EB weld causes short length
scale residual stresses within the narrow width of the fusion zone with
steep stress gradients lateral to the weld line. In order to capture the short
length scale residual stresses, the special measures are taken for all main
four steps of the technique. The success of the improvements imple-
mented is assessed by comparing the new measurements with conven-
tional contour method results and published neutron diffraction results.

2. Materials and methods

2.1. Specimen detail

The chemical composition for the base material of the EB welded P91
steel plate used for the present investigation is given in Table 1 [39]. The
test specimen was fabricated from a hot rolled plate material. As a first
step of specimen preparation, the hot rolled plate material was normal-
ized at 1050 �C for 1 min mm�1 thickness. Then, it was tempered at 770
�C for 3 min mm�1 followed by cooling in air. Then, the tempered ma-
terial was machined to create plates of dimensions 290 mm long by 75
P S Cr Mo

0.018 0.0008 8.965 0.901

Nb Ti V

0.073 0.004 0.194



Table 2. The welding parameters for the EB welded P91 steel plate [39, 50].

Welding parameters

Beam current (mA) 70

Gun voltage (kV) 60

Travel speed (m/min) 1

Pre-heat (�C) No
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mm wide by 10 mm thick. Finally, the top and bottom surfaces of the
sample plates were ground to get flat parallel surfaces by removing the
surface irregularities caused by the hot rolling fabrication process. A final
plate thickness of ~9 mm was achieved [39]. Pairs of prepared plates
were then butt welded along the 290 mm edge by an electron beam
process. The recorded welding parameters are given in Table 2. The final
dimensions of the test plate obtained were 290 mm length, 150 mm
width and ~9 mm thick. In this study, the plate is used for residual stress
measurement in the as-welded state. The contour residual stresses are
analysed using a bulk Young's modulus of 218 GPa and a Poisson's ratio of
0.3 for both the P91 base metal and the fusion zone.
2.2. First contour measurement

The first contour residual stress measurement was carried out using a
conventional contour method [39]. The longitudinal residual stress was
determined by performing the contour cut across the mid-length of the
plate, in the normal direction to the weld as shown in Figure 1. Before
specimen cutting, sacrificial layers were attached along the plane of the cut
to both faces (top and bottom) of the plate. They help to avoid undesirable
wire entry and exit effects [45]. Theseweremade up of carbon steel with a 5
mm � 10 mm cross-section. In order performed a precise cut, an Wire
Electro Discharge Machine (EDM) was employed. The cut was performed
using a 0.25mmdiameter brass wire. This diameter of wire provides limited
surface finish and which will restrict the stress resolution length-scale. After
finishing the cut, a Mitutoyo Crysta Plus 547 CMM with 4 mm diameter
Renishaw PH10M touch trigger probe was used tomeasure the deformation
of the contour cut surfaces by using 0.5 mmmeasuring density. The contour
cut surface data were prepare into a suitable form using standard contour
routines coded in MATLAB 7.10. The cut surface data was processed using
basic steps such as alignment of the two data sets, removing of noise and
outliers in the raw data, averaging of themeasurements points from the pair
of cut halves and smoothing by fitting cubic spline functions, with a 1mm�
1 mm knot spacing [39]. The data analysis steps are discussed in detail in
[50, 51]. Finally, the linear elastic finite element analysis was carried out
using ABAQUS. For the 3D model, one half of the plate was built in the
software by extruding the measured shape of the perimeter at the cut
interface. The contour cut surface was modelled as a flat surface because the
displacements values that were measured from the contour cut surfaces
Figure 1. Sketch of the EB-welded P91 plate showing the locations of the
contour cuts.

3

were very small and the analysis is elastic. The cut face was meshed using
0.5 mm size first order elements. The processed surface contour data were
applied as boundary conditions, with reverse sign at the cut face nodes of
the FE model. The elastic material properties (Young's modulus, E ¼ 218
GPa and Poisson's ratio, ϑ ¼ 0.3) of the specimen were defined and the
elastic FE analysis conducted to determine the released residual stress dis-
tribution across the created cut surface. The longitudinal residual stresses
map from the first cut measured using the conventional contour method
[39] is represented in Figure 2. The conventional contour stress results are
compared with published neutron diffraction measurements [39, 49] along
a line 1.5 mm below the top surface of the plate in Figure 3. The conven-
tional contour measurement was conducted at the samemid-length location
as the neutron diffraction measurements. For Neutron diffraction mea-
surements, the gauge size of (1� 1� 1) mm3 are used for strains measured
in the longitudinal direction. The longitudinal residual stress profile
measured by neutron diffraction had an ‘M’ shaped stress distribution across
the weld centre line. In these results, high tensile stress peaks were observed
on both sides of the weld centre line beyond the heat affected zone
(HAZ)/parent material boundary. The tensile peaks of this stress distribu-
tion are spread across a very short length, that is within ~3 mm spanning a
1 mm wide fusion zone. Overall, the residual stress results measured from
both the methods show the same M-shaped trend. However, the contour
methodmeasurement has not captured themaximum tensile stress peaks on
both sides of the weld centre line observed in the neutron diffraction results
[39, 49]. This evidence illustrates the limited spatial resolution of the
contour method measurement approach used.

Table 3 summarises the cutting conditions, deformation collection
and data analysis parameters used for this “conventional” contour mea-
surement and compares them with the guidelines presented in [48]. Note
that the minimum residual stress wavelength, w, of interest is defined
here based upon a residual stress wavelength estimated from the neutron
diffraction measurements conducted on the same plate [39, 49].
2.3. Second contour measurement

A second contour cut was conducted with the aim to improve the spatial
resolution of the contour method. The location of the second contour cut in
one of the half-plates remaining from the first cut (145mm long and 150mm
wide) is indicated in Figure 1. The second cut was made 60 mm away from
the first contour cut plane as shown in Figure 4. The following sub-sections
describe the details of the special measures taken in the cutting and data
analysis steps to improve the quality of the contour measurement results.

2.3.1. Wire EDM cutting
Sacrificial layers 5 mm thick were attached on the top and bottom

faces of the plate along the plane of the cut to avoid wire entry and exit
artefacts [45]. A 1.8 mm diameter start pilot hole was drilled at 10 mm
from one end of the plate. This provided an embedded cutting configu-
ration giving self-restraint during cutting [43]. Finger clamping tools
were used to provide support and to stop any movement of the test
component on the EDM bed table. The test component and the fixture
were left to reach thermal equilibrium conditions within the EDM
deionised water tank before clamping to prevent any thermal stresses. It
also helps to produce the cut surface with better precision and fine sur-
face finish by minimising any recast layer and cutting induced stresses
[30]. WEDM was used to carried out the cut. In order to improve the cut
surface finish quality, the WEDM wire diameter was reduced for the
second cut from 0.25 mm to 0.1 mm [42]. The set of WEDM cutting
parameters were selected as a result of the study of cutting trials to
optimise the WEDM cutting parameters. The cut was performed using the
S3 (designated on the machine) set of cutting parameters with the ‘A’
(Pulse rise time) value of 0.2 μs and ‘TAC’ (Reduced pulse rise time A for
difficult cutting conditions) value of 0.1 μs. After cutting, the cut length
was reduced by 20 mm from both sides in order to remove cut start and
stop effects.



Figure 2. Map of the longitudinal stress measured using the conventional contour method [39]. Units are in MPa.
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Figure 3. Comparison of the conventional contour method measurement with neutron diffraction measurements [39, 49] for a line profile at 1.5 mm below the top
surface of the EB butt-welded P91 plate.
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Figure 5 shows the different stages of the contour method. Figure 6
shows the contour cut surfaces after the cut.

2.3.2. Surface contour measurement
The thin cutting wire diameter (0.1 mm compared with 0.25 mm

diameter for the first contour cut) produced a finer surface finish. Two
further measures were taken to help improve the resolution of the short
length-scale residual stresses in the plate. A 1 mm diameter Renishaw
PH10M touch trigger probe (i.e. smaller than the 4 mm diameter probe
used for the first cut) was used to measure the surface profiles of the cut
parts in the Coordinate Measuring Machine - CMM (a Mitutoyo Crysta
Plus 547) as shown in Figure 5 (c). Also, the measurement spacing was
reduced from 0.5 mm to 0.125 mm.

2.3.3. Data processing and FE simulation
The surface deformation data from the second contour cut were

processed using standard contour routines coded in MATLAB 7.10. as
described in [50, 51]. Figure 7 shows the map of the averaged surface
Table 3. Cutting conditions, deformation collection and data analysis parameters for

Case Cutting wire
Diameter (mm)

Deformation spacing, d (mm) Knot spa

Conventional 0.25 0.5 1.0

Criteria 0.25 << k, � w/12 � w/4

Met Yes No No

Required 0.25 << 0.75, �0.25 �0.75

4

displacement measurements across the transverse cut plane. The
maximum peak to valley deformation is about 32 μm in the region of the
weld. Then, a cubic spline function was used with appropriate knot
spacing to smooth the measured contour data. The criteria given in [48]
were applied to make the best choices for suitable knot spacing (k) and
finite element mesh size (s), based upon a residual stress wavelength (w)
estimated from the neutron diffraction measurements and the hardness
profile across the weld joint conducted on the same plate [39, 49]. Taking
the minimum wavelength as w ¼ 3 mm, an initial knot spacing k � w/4,
that is k� 0.75 mm, should be selected and the finite element mesh size s
� w/12, that is s � 0.25 mm, should be chosen. Then, the knot spacing
was optimised using the uncertainty approach of Prime [50], by exam-
ining spacings ranging from 1 mm to 0.3 mm with 0.1 mm increments.
Stresses were calculated for each k value using finite element analysis. A
0.25 mmmesh size was used for the cut face and adjacent to the cut face.
The knot spacing was selected which minimised uncertainty in the
calculated stresses [50]. Figure 8 illustrates that the minimum averaged
stress uncertainty in the calculated stresses was found to be 17 MPa at a
the first “conventional” contour measurement.

cing, k (mm) FE mesh size, s (mm) Residual stress wavelength, w (mm)

0.5 3

� d, � w/12 w

No -

�0.25 3



Figure 4. Photo of one half of the EB welded P91 plate after the 1st contour
measurement showing the location of the 2nd contour measurement cut.
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knot spacing of 0.4 mm. Thus, a knot spacing of 0.4 mm was selected to
smooth the surface deformation data. The processed contour data were
then used to perform a final linear elastic finite element with the 0.25
mm mesh size. The elastic constants used in the analysis were a Young's
modulus of 218 GPa and Poisson ratio 0.3. A map of the longitudinal
residual stress measured using the improved contour approach is
Figure 5. Represents different stages of the conotur method: (a) P91 plate with top sa
of 20 mm from the wire cut start and stop edges (c) Measurement of surface profile

Figure 6. Shows the contour cut

5

presented in Figure 9. The new results are comparedwith results from the
first conventional contour measurement and the neutron diffraction
measurements along a line 1.5 mm below the top surface of the plate in
Figure 10. The macrostructure of the weld joint of the same EB welded
plate has been examined previously [39] and showed the full penetration
of the weld. It also showed that the width of the fused zone tapers from
~2.5 mm at the top of the plate and~0.8 mm at the bottom. The width of
the HAZ can also been seen to extend 0.8 mm beyond the fusion
boundaries on both sides. The same macrograph was superimposed on to
the stress map measured using the improved contour approach in
Figure 9.

2.4. 3D surface roughness measurement

The surface texture and surface roughness over the first and second
contour cuts were measured to investigate the quality of the cut surfaces
using a confocal microscope with 10x magnification. The instrumental
configurations for the confocal microscope are given in Table 4. The
survey area was measured over a 15 mm region across the EB weld
covering the whole thickness of the plate for both first and second cuts, as
shown in Figure 11. A lateral spatial resolution of 12 μmwas achieved by
stitching data sets together. For the first cut, a Sq (the root-mean square)
value of 2.9 μm and Sa (the arithmetic mean of the absolute height) value
of 2.2 μm were measured. For the second cut a Sq value of 2.3 μm and Sa
value of 1.8 μm were measured. Thus, the quality (roughness) of the
second contour cut surface was improved by using a thinner wire
diameter.
crificial layer (b) Both parts of the plate after the second contour cut and removal
s of the cut part using CMM with 1 mm diameter touch trigger probe.

surfaces with cutting details.



Figure 7. Map of averaged surface displacement measurements across the transverse cut plane (2nd contour cut) for the EB welded P91 steel plate (scale is mm).
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3. Results and discussion for the EB welded P91 plate

An electron beam welded joint forms a narrow weld fusion zone that
introduces short length scale residual stresses. For the EB welded P91
plate additional local stress variations arising from martensitic phase
transformation were seen in neutron diffraction measurements [39, 49].
But the initial conventional contour method measurement was unable to
resolve the tensile stress peaks in the HAZs adjacent to the weld fusion
zone. The second contour cut used a smaller diameter wire to achieve a
better surface roughness and implemented the criteria developed in [48]
as summarised in Table 5 below. A knot spacing of 0.4 mm (smaller than
w/4) was adopted on the basis of the uncertainties analysis described
0
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earlier (see Figure 8). Sensitivity studies were carried for mesh size 0.25
mm and the effect of different knot spacings was observed. It can be seen
that in Figure 12 that the large knot spacing failed to capture the dip in
stresses at the weld centre arising frommartensitic phase transformation.
On the other hand, the small knot spacings more precisely captured the
stress distribution at and around the weld region.

A map of the longitudinal residual stress measured using the
improved contour approach is presented in Figure 9. The overall distri-
bution suggests low stresses near to the weld within the HAZ and in the
weld bead, and regions of high tensile stress at both sides of the weld in
the parent material. Figure 10 shows comparison of the second and first
contour measurements with neutron diffraction measurements [39,49]
0.5 0.6 0.7 0.8 0.9 1
spacing (mm)

Averaged stress uncertainty (MPa)

in calculated stresses for the 2nd contour measurement of the EB P91 butt-



Figure 9. Map of the longitudinal stresses from the improved (2nd cut) contour measurement. (Units are in MPa).
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Figure 10. Comparison of the improved and original contour measurements with neutron diffraction measurements [39,49] for a line profile at 1.5 mm below the top
surface of the EB butt-welded P91 plate.
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for a line profile at 1.5 mm below the top surface of the plate. It shows
that in the second contour results, the tensile stress peaks and
approaching steep gradients have been successfully captured on both
sides of the weld centre line. The contour method tensile stress peaks are
situated 2.8 mm apart. Sharp stress variations are also found in the
contour results away from the peak tensile stress region. This is most
likely to be because of over fitting of the surface displacement data away
from the weld region. This problem can be resolved by controlling the
knot spacing along the cut length. Finer knot spacing can be used for a
highly concentrated stress region with a short residual stress length-scale
Table 4. Confocal microscope parameters used for 3D roughness measurements.

Roughness instrument

Objective 10X Resolution 12μm
Overlap area 10% Threshold 10%

Z-Scan value 200μm

7

and for the rest of the cut length relatively coarser knot spacing can be
used where the wavelength of this stress field is much larger. There are
low stresses found in the weld bead and stresses rise sharply to around
697 MPa and 540 MPa on right and left sides of the weld as shown in
Figure 10. The asymmetric shape of the residual stress profile found cross
the distance from weld center-line that might be because of the plastic
deformation occurred during cutting process [52], despite the special
measures were taken to minimise this effect (the cut was started from a
small pilot hole and embedded cutting configuration was used to
self-restraint the specimen during the cutting). These results can be
further improved by further investigating the cutting direction and
claiming configurations to reduce the plastic deformation and the
stresses associated with it [53]. The new contour stress results within the
weld region and HAZ are closely aligned with the neutron diffraction
results as shown in Figure 10 along the line 1.5 mm below the top sur-
face, except at the weld centre where the contour measurement indicates
a dip to zero stress. This reduction is plausible owing to martensitic solid



Figure 11. 2D surface profile for (a) First contour cut and (b) Second contour cut.

Table 5. Cutting conditions, deformation collection and data analysis parameters for the second “improved” contour measurement.

Case Cutting wire
Diameter (mm)

Deformation spacing, d (mm) Knot spacing, k (mm) FE mesh size, s (mm) Residual stress wavelength, w (mm)

Improved Contour 0.15 0.125 0.4 0.25 3

Criteria 0.25 << k, � w/12 � w/4 � d, � w/12 w

Met Yes Yes Yes Yes -
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state phase transformation during the weld fusion zone cooling process
[54, 55]. The low values of stresses close to the weld center also coincide
with the hardness measurement results showed in the previous study that
was conducted on the same plate [39], which indicates the extent of the
martensitic zone created during cool down. The differences in the loca-
tion and magnitude of both the tensile stress peaks in the new contour
method results and neutron diffraction results are mainly because there
are some limitations associated with the comparison of the results of both
the techniques. In the studies [44, 49] for the neutron diffraction results,
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the lattice parameter variation in the Ferrite BCC-lattice caused only by
the residual stresses were considered and any variations due to the
chemical composition modifications after the electron-beam welding
were not considered. The lattice constant can also be affected by the
amount of carbon and the other elements in the BCC-phase. Moreover,
both the methods are executed using different gauge sizes. The neutron
diffraction measurements were conducted using (1 � 1 � 1) mm3 gauge
size. For the contour method it can be argued that the first order finite
element mesh size, s, represents the gauge size providing an appropriate
4 6 8 10

weld centreline (mm)

Stresses _ 0.4 knot spacing

Stresses _ 0.6 knot spacing

stresses _ 0.5 knot spacing

Stresses _ 0.7 knot spacing

t spacing for element mesh size (0.25 mm).
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knot size has been used with sufficient measurement density. Thus, the
new contour measurement had an effective “gauge size” of 0.25 mm and
therefore this captured the stress field near to the weld more precisely.

4. Conclusions

The following conclusions can be drawn from the present study.

� The contour method, as conventionally applied, failed to provide a
detailed characterisation of the short length scale residual stress
distributions that can be formed as a result of advance welding
techniques such as high power density electron beam welds

� The criteria developed in [48] by the author, informing choices for
contour method data analysis parameters, can be successfully applied
to capture short length scale residual stress variations (2–3 mm peak
to peak) if the wavelength of such variations can be estimated.

� Contour method measurements can be significantly improved by
careful execution of the cutting process, surface measurement steps,
and suitable selection of data analysis parameters.

� The quality of the contour cut surfaces can be improved by under-
taking following measures.

○ Use of thinner WEDM wire diameters.
○ Careful selection of wire WEDM cutting parameters.
○ Use of sacrificial layers at the both faces (top and bottom) of the
plate along the plane of the contour cut, as well as at the start and
end of the cut.

○ Use of embedded cutting configuration.
� Improved quality of the contour cut surfaces allows a finer defor-
mation measurement spacing to be used that can help to capture the
underlying short length scale surface features.

� In this study, in order to capture the short length scale stress varia-
tions fine knot spacings were used. This caused the problem of un-
realistic sharp stress variations appearing away from the peak tensile
stress region. This is most likely to be because of the over fitting of the
surface displacement data away from the weld region. This problem
can be resolved by controlling the knot spacing along the cut length.
Finer knot spacing can be used for highly concentrated stress region
and short residual stress length-scale and for the rest of the cut length
relatively coarser knot spacing can be used where the wavelength of
this stress field is much larger.
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