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a b s t r a c t

This paper is a research output of DMW-Creep project which is part of a national UK programme through
the RCUK Energy programme and India's Department of Atomic Energy. The research is focussed on
understanding the characteristics of welded joints between austenitic stainless steel and ferritic steel
that are widely used in many nuclear power generating plants and petrochemical industries as well as
conventional coal and gas-fired power systems. The members of the DMW-Creep project have under-
taken parallel round robin activities measuring the residual stresses generated by a dissimilar metal weld
(DMW) between AISI 316L(N) austenitic stainless steel and P91 ferritic-martensitic steel. Electron beam
(EB) welding was employed to produce a single bead weld on a plate specimen and an additional
smoothing pass (known cosmetic pass) was then introduced using a defocused beam. The welding re-
sidual stresses have been measured by five experimental methods including (I) neutron diffraction (ND),
(II) X-Ray diffraction (XRD), (III) contour method (CM), (IV) incremental deep hole drilling (iDHD) and (V)
incremental centre hole drilling (iCHD). The round robin measurements of weld residual stresses are
compared in order to characterise surface and sub-surface residual stresses comprehensively.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The DMW-Creep project is part of an international scientific
collaboration between the UK research councils and India's
Department of Atomic Energy. Four universities, Manchester, Bris-
tol, Oxford, and the Open University, are working with the Indira
Gandhi Centre for Atomic Research (IGCAR). DMW-creep is
focussed on understanding the characteristics of electron beam
(EB) welded joints between austenitic stainless steel (AISI Type
316LN) and ferritic-martensitic steel (P91). This type of weld,
known as dissimilar metal weld (DMW), is extensively used in
nuclear power generating plants. For instance, IGCAR is responsible
for the design of the Prototype Fast Breeder Reactor (PFBR) inwhich
the steam generator (made of P91) is required to be joined with the

intermediate heat exchanger (made of AISI 316LN) [1,2].
Welding leads to the development of significant residual

stresses. These are the stresses remaining inside the material in the
absence of any external loads or thermal gradients. Dissimilar metal
welds offer several complications not found in similar metal welds.
For instance, the AISI 316L(N) stainless steel has a thermal con-
ductivity of one-half of P91 while the coefficient of thermal
expansion is 45% greater than P91. These mismatches in material
properties result in differing stress profiles on either side of the
weld. AISI 316L(N) and P91 offer the further complication that P91,
which is normally martensitic, undergoes solid-state phase trans-
formation (SSPT) in the heat affected zone while AISI 316, which is
austenitic, does not. It is important to quantify the levels of residual
stress in critical components such as those operating at high tem-
peratures in nuclear plants, since they can significantly impact in-
service performance.

The measurement of residual stresses can be achieved through
non-destructive methods (e.g., ultrasonic techniques [3], X-Ray* Corresponding author.
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diffraction [4,5] and Neutron diffraction [6]), semi-destructive
methods (e.g., hole-drilling [7]) or destructive methods (e.g., the
contour method [8]). X-Ray diffraction (XRD) is a surface mea-
surement method providing stresses over a depth of a few tens of
microns [9]. In steels, ultrasonic methods and neutron diffraction
(ND) have penetration depths limited to 6 mm ([10]) and
20e30 mm ([6]), respectively. The incremental centre hole-drilling
(iCHD) technique employs a strain gauge rosette to measure the
strains relaxed by incremental drilling of a small hole. Since the
hole-drilling method is standardised by ASTM E837, it is often used
as a verification tool for other stress measurement methods
[11e15]. The incremental deep hole drilling (iDHD) is conducted by
drilling a reference hole through the specimen and precisely
measuring the hole diameter before and after stress release, ach-
ieved by trepanning coaxially to the reference hole using electro-
discharge machining (EDM) [16]. The contour method (CM) is a
destructive technique that requires the sample of interest to be cut
perpendicular to the stress direction of interest using electro-
discharge machining (EDM) which does not impart contact stress
onto the cut surface. The topography on the two cut faces is then
measured, averaged and applied (in reverse) as a deformation to a
flat surface of a finite element model of half the original sample [8].
The deformation is assumed to proceed entirely elastically, and the
stress engendered is, by a modification of Bueckner's principle,
equivalent to the stress released when the part was sectioned [17].
A 2Dmap of the stresses acting in the direction perpendicular to the
cut surface is produced over the whole of the cut surface.

The characterisation of welding residual stress (WRS) by mea-
surements is accompanied by a range of uncertainties [18] caused
by random and systematic errors in the stress measurement tech-
niques. Hence, a reliable characterisation of WRS necessitates a
well-designed methodology using diverse independent measure-
ment techniques [19].

Kerr et al. [20] conducted a combination of neutron diffraction,
contour method, and hole drilling residual stress measurements on
a DMW plate specimen, fabricated from a 304L stainless steel plate
and Nickel Alloy 82 weld, and compared the experimental mea-
surements to a finite element weld modelling results. Although the
neutron and contour method stress measurement results did not
agree very well, it was recommended to use at least two techniques
that have different assumptions to increase the accuracy of the
experimental results. However, in specimens other than fusion
welds, there is usually an acceptable agreement between the con-
tour method measurements with the neutron diffraction or syn-
chrotron diffraction measurements [21e24]. This agreement had
been sometimes quite good [25,26] but often not convincing [27,28]
in the welded components.

In this study, a residual stress measurement round robin has
been conducted by using all the aforementionedmethods (i.e., XRD,
ND, iCHD, iDHD and CM) to measure theweld residual stress (WRS)
in the dissimilar metal welded specimen shown in Fig. 1.

2. Conduct of round robin residual stress measurement

2.1. DMW specimen manufacture

The DMW specimen was manufactured using autogenous
electron beam welding to join plates of austenitic stainless steel
(AISI 316LN) and ferritic-martensitic steel (P91), using a penetra-
tion pass followed by a second smoothing pass (cosmetic pass) to
fill the surface slot left after completion of the first pass. As shown
in Fig. 1, the specimen had dimensions 250 � 156 � 11.2 mm and
the materials had the chemical compositions and material prop-
erties shown in Table 1 and Table 2, respectively. The plates were
restrained during welding by a clamping system shown in Fig. 2. A

tungsten inert gas (TIG) welding machine was then employed to
perform a small number of tack welds in order to ensure that the
weld plates were correctly aligned throughout the EB welding
process. However, due to a concern about cracking of the tackwelds
caused by the high energy EB beam, alongwith high-speed welding
process, the tack welds were recognised not to be sufficient for
holding both the plates in position. Hence, the joining edges were
also melted up to a depth of 1.5 mm in order to hold the plate in the
right position and withstand the high beam force and thermal
stress. In order to reduce mismatch caused by thermal conductivity
difference between P91 and AISI 316L(N), the P91 plate was first
preheated. The defocused beam of very low power was passed on
the P91 plate adjacent to the weld line in order to preheat the plate.
Although there was no provision to measure the preheating tem-
perature, as the welding was carried out in a vacuum chamber, the
beam parameters were set to reach a preheating temperature of
150e200 �C. The EB weld was then started comprising one pene-
tration pass in keyhole mode followed by a lower power smoothing
pass (known as a cosmetic pass) as shown in Fig. 1. The cosmetic
pass is necessary as the main pass leaves some surface defects,
which require removal by machining or repair by re-melting
through a subsequent weld pass. A defocused beam is employed
to complete the cosmetic pass with different welding parameters
from those used for the main pass, as shown in Table 3. The
penetration depth and fusion zone dimensions have been subse-
quently measured by metallography as shown in Fig. 3.

2.2. WRS measurement by X-Ray diffraction

The X-ray diffraction (XRD) method is able to measure surface
residual stresses non-destructively [4]. Fitzpatrick et al. [5] pub-
lished a good practice guide for determination of residual stress by
the XRD. Laboratory-based or portable equipment, can measure
residual stresses to depths of up to 30 mm [4]. The application of
XRD on the DMW specimen was on a surface line perpendicular to
the weld and at the centre of the weld length, extending across
weld, HAZ and both parent materials for a total distance of 80 mm,
as shown in Fig. 1. Only longitudinal stresses were measured. These
measurements were performed at the Indira Gandhi Centre for
Atomic Research (IGCAR).

2.3. WRS measurement by the neutron diffraction

The neutron diffraction (ND) method exploits Bragg's Law to
detect any changes in atomic lattice spacing caused by stresses in
the component, using the lattice spacing as a strain gauge. ISO/TS
21432:2005 has provided the standard test method for deter-
mining residual stresses in polycrystalline materials by the ND [31].
The method requires lattice-spacing measurements in a stress-free
material sample to obtain the stress-free lattice parameter (known
as a d0 sample) to calculate absolute stress values. Neutron
diffraction may be used to measure bulk stresses, at depths of tens
of mm, rather than a few tens of mm [32]. Neutron diffraction
measurements were made on the pulsed diffractometer ENGIN-X,
at the ISIS facility, Rutherford Appleton Laboratory in Oxford. The
specimen was first machined to remove the reference samples (for
stress-free lattice parameter measurement) and then all the refer-
ence samples as well as the specimen were measured at the same
time.

ENGIN-X employs time-of-flight scattering and produces
diffraction patterns over a range of grain families oriented along
various crystallographic planes which permit the residual stress/
strain state in multiple phases to be measured [1]. As shown in
Fig. 1, the residual stresses were characterised along a line trans-
verse to the weld at the centre of the plate and at a depth of 5.5 mm
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from the top surface. This measurement depth was chosen to
ensure that the measured points in weld metal were in the first
pass rather than the cosmetic pass, see Fig. 3. The measurement
intervals in the weld and the HAZ region were evenly spaced but
smaller than those selected for the parent material as shown in
Fig. 4a. In order to measure the stress free lattice parameter,
specimens were removed separately from the weld, HAZ and
parent material as shown in Fig. 4b and c. The gauge volume was
1 � 1 � 1 mm and the incoming beam size was 1 � 1 mm for the
longitudinal direction.

The ND measurements were carried out in three orthogonal
directions. The longitudinal residual stress is parallel to the weld
length, the transverse residual stress is perpendicular to the weld
length and the normal direction is through the thickness of the
specimen. These were assumed to be principal stress directions.

As the neutrons originated from a pulsed source, the reflections
were obtained from different crystallographic planes and Pawley-
Rietveld refinement was used to fit the diffraction peaks [1]. Di-
rection and position dependent lattice constant measurement on
the stress-free samples were used to calculate the strains in the
respective stress directions. The strains and stresses were calcu-
lated using [33,34]:

εxx ¼ ax � a0x
a0x

(1)

sij ¼
E

ð1þ vÞ
�
εxx þ v

ð1� 2vÞ
�
εxx þ εyy þ εzz

��
(2)

In Eqs. (1) and (2), εxx is the strain along the direction of x; ax and
a0x are representing the stress free lattice parameter in the direc-
tion of x; E is Young's modulus and n is the Poisson's ratio. The
values of Young's modulus were assumed to be 210 GPa for P91
steel and 195.6 GPa for AISI 316L(N) stainless steel. The Poisson's
ratio was assumed to be 0.3 for BCC material and 0.29 for FCC
material. These values correspond to the recommendations from
Kroner's models for themacroscopic elastic bulk properties in poly-

Fig. 1. WRS measurement round robin on a DMW produced by EB welding process.

Table 1
Chemical composition of P91 and AISI 316L(N) [1].

C, % Mn, % Cr, % Ni, % Mo, % Nb, % Cu, % N, % Fe, %

P91 0.11 0.39 8.82 0.21 0.82 0.07 0.17 0.0464 Balance
316L(N) 0.03 1.72 17.5 11.9 2.58 0.005 0.195 0.087 Balance

Table 2
Material properties of P91 and AISI 316L [29,30].

Thermal expansion coefficient � 106�C�1 Young's Modulus (GPa) Yield Stress (MPa) Poisson's ratio

Parent material Weld

P91 10.4 210 489 550 0.3
316L(N) 14.56 195.6 210 250 0.29
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crystals for the BCC and FCC phases [34].

2.4. WRS measurement by hole drilling methods

The hole drilling methods used in this study were divided into
shallow and deep measurements through the plate thickness,
employing the incremental centre hole drilling (iCHD) and deep
hole drilling (DHD) techniques, respectively. The iCHD technique
was employed for near-surface residual stress measurements at
eight points as shown in Fig. 1. The measurements were carried out
by VEQTER Ltd and based on ASTM-E837-13a measurement stan-
dard [35].

The deep hole drilling (DHD) method, developed at the Uni-
versity of Bristol since the early 1990s [16], is based on the
analytical solution for the deformation of a hole in an infinite plate
under biaxial loading. The experimental process includes four
steps. In Step 1, a small reference hole is drilled through the spec-
imen. In Step 2, the diameter of the hole is accurately measured at
multiple angular positions and depths. In Step 3, a column of ma-
terial is coaxially trepanned using electro-discharge machining
(EDM). Finally, Step 4 is a repeat of the process already carried out
in Step 2 and at the same angular positions and depths [36]. The
distortion of the reference hole diameter in the plane normal to the
reference hole axis is used to determine the in-plane residual stress
field.

If high magnitude residual stresses are present, then the incre-
mental DHD (iDHD) technique is employed to account for plasticity
during the stress relieving process (i.e. Step 3) [32]. During the
iDHD process, Step 3 is carried out incrementally along with the
diameter measurements (i.e. Step 4) at each of the increments.
Steps 3 and 4 are then replicated until the completion of the EDM
cutting process.

Both the DHD and iDHD methods were applied on the DMW
specimen in one hole located at 78 mm distance from the edge, as
shown in Fig. 1, and in the P91 side (at 4.6 mm distance from the
weld centerline). The gun-drilled hole, Step 1, had a diameter of
1.5 mmwhile the trepanned core, Step 3, had an external diameter
of 4 mm. The experimental lab and measurement activities were
provided by the University of Bristol [16].

2.5. WRS measurement by the contour method

The contour method, which falls into the category of destructive
stress measurement methods, is a conceptually simple and data-
rich means of determining a two-dimensional cross-section of a
single component of the residual stress field in a body [37]. A good
practice guideline for the contour method has been published by
Hosseinzadeh et al. [38]. It is a three-step process, as shown in
Fig. 5, whereby the component of interest is first sectioned to
relieve stresses acting normal to the cut surface. The deformations
of the two cut surfaces are then measured and averaged. This
averaged surface is then used as the input boundary conditions for a
finite element model in which the deformed surface is forced back
to being flat, and the forces required to do so are calculated.

When sectioning the component, the normal and shear stresses
on the cut plane are relieved, and two traction free surfaces are
created. The requirements for a representative, and hence suc-
cessful, finite element analysis are that all relaxations on the cut
surface should take place within the elastic regime that the cutting
process itself should not introduce any stresses which will affect
the deformation of the cut surface, and that the cut width, when
measured in the original undeformed part, should be constant
along its whole length. This last requirement or assumption is
usually simplified to say that the cut surface should be perfectly
planar in space and therefore all deviations from planarity can be
attributed to deformation from the relaxation of the stresses. In
light of these requirements, Wire Electro-Discharge Machining
(EDM) is commonly used for the contour method, which is a non-
contact cutting technique that does not impart any stress to the
material during cutting. EDM cutting the specimens is the most
crucial step of the contour method process.

If the cutting process is ideal (or as close to ideal as possible)
then two traction free surfaces will be created where the normal
stress and the shear stresses on that surface are zero. In step 3, by
measuring the deformations due to surface relaxation, it is then
possible to determine the stresses that were present by considering

Fig. 2. Clamp configuration in EB welding of the DMW specimen.

Table 3
Welding parameters.

Beam current Gun voltage Welding speed Penetration depth Weld width

1st Pass (full penetration weld with focused beam) 48 mA 120 kV 500 mm/min 11.2 mm 1.4 mm
Cosmetic pass (defocused beam) 26 mA 100 kV 500 mm/min 4.85 mm 4.91 mm

Fig. 3. Penetration depth and fusion zone dimensions.
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Fig. 4. Measurement intervals used during ND at depth of 5.5 mm (a) as well as the stress-free specimens extracted from the weld/HAZ (b) and from the parent material (c).

Fig. 5. Stress measurement by the contour method.
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equivalent surface tractions on the cut plane. The deformations due
to the normal stress will be symmetric on both cut surfaces; the
shear stresses, which affect the surface through the Poisson effect,
produce antisymmetric deformations. During the contour method,
both cut surfaces are measured and their deviation from a planar
surface is averaged to produce a single surface for analysis [8].
Averaging of the two surfaces cancels out the antisymmetric strains
due to the shear stresses, and the antisymmetric noise in the data
from the cutting process. Thus the contour method relies on the
precision and accuracy of the measurement of deviation from
planarity of the cut surface.

The contour method measurement on the DMW specimen was
performed by the Open University. A single EDM wire cut was
carried out using 50 mm diameter wire and 3 mm entry and exit
pilot holes placed 20 mm from the sample edge. This results in a
self-constrained embedded cut [39], which reduces the likelihood
of plastic deformation and bulging errors affecting the sample
during the cut. The 50 mm wire produces a cut with very low
roughness, which helps to reduce uncertainty in the surface mea-
surement: the result of which is shown in Fig. 6. The contour sur-
face measurement was made using a Mitutoyo Crysta plus 547
CMMwith a 1 mm diameter Renishaw PH10M touch trigger probe.
A measurement pitch of 0.125 mmwas used to enable the expected
short length scale variation at the weld line to be resolved. The
surface measurement was smoothed using bicubic splines and an
optimised knot spacing of 0.5 mm [40], which produced a mini-
mum average stress uncertainty of 17 MPa. These data were then
used as surface boundary conditions for a linear elastic finite
element analysis using ABAQUS. The cut surface was meshed with
0.25 mm � 0.25 mm linear hexahedral elements, with material
properties for the P91 taken as E ¼ 210 GPa, n ¼ 0.3 and for the AISI
316L(N), E ¼ 195.6 GPa and n ¼ 0.29. This model was then used to
perform an elastic FE analysis to determine the residual stress
distribution.

Cutting artefacts are visible as vertical lines perpendicular to the
cutting direction in the cut surfaces in Fig. 6. These features are
present in both surfaces and lead to inaccurate residual stress
measurements in these regions. As the EDM cut is influenced by any
change in the material properties, achieving a smooth cut without

artefacts is often not practical for a dissimilar metal specimen. The
artefacts reported during the cutting process of the DMW specimen
are marked in Fig. 6.

3. Results and discussion

3.1. Bulk stress measurement

3.1.1. Results achieved by the contour method
The longitudinal residual stress distribution measured using the

contour method is shown in Fig. 7. The dark blue regions in both
penetration and cosmetic passes suggest compressive stresses in
the weld bead. This is consistent with the effects of low-
temperature solid-state phase transformation (SSPT) on the stress
state in the high energy EB welds [41,42]. The weld metal, con-
taining a composition intermediate between AISI 316L(N) and P91,
have been subjected to a martensitic transformation at low tem-
perature after solidification. The resulting volumetric expansion
from face-centered cubic (FCC) to body-centered cubic (BCC)
structure generates the compressive stresses observed in the weld
bead. There are two dark blue regions at top of the weld as well as
large red and orange regions at both sides of the cosmetic pass in
the AISI 316L(N) and P91 parent material. These indicate that the
stresses within and adjacent to the cosmetic pass are more tensile
in the parent material, and more compressive in the weld bead, in
comparison with the stresses within and adjacent to the penetra-
tion pass. In order to compare the results with those obtained from
the other stress measurementmethods, the contourmethod results
at a depth of 1 mm and 5.5 mm from the top surface as well as at
1 mm from the bottom surface are plotted in Fig. 8. Fig. 8 plots
stresses at the depth chosen for neutron diffraction measurements,
5.5 mm from the top surface. There are high magnitude compres-
sive stresses in the weld bead (�368 MPa) and stresses rise sharply
on both sides of theweld to reach 352MPa and 459MPa on P91 and
AISI 316L(N) sides, respectively. As previously shown in Fig. 6, there
are artefacts in the measured stresses on both the P91 and AISI
316L(N) sides, with artificial stresses at around �35 mm, �7 mm,
5 mm and 18 mm.

Fig. 6. Image of contour cut surfaces with cut details overlaid.
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3.1.2. Results achieved by neutron diffraction
The longitudinal residual stresses measured using neutron

diffraction are shown in Fig. 9. Outside the central weld region, the
stresses rise from very low values remote from the weld to
~400 MPa in parent material adjacent to the HAZ, in good quali-
tative agreement with the contour method measurements. The
situation within the weld is more complex, since the sign of the
measured stresses seems to depend upon the assumptions made
about the phases present. Thus, compressive stresses are indicated
on the P91 side of the weld region while tensile stresses are indi-
cated on the AISI 316L(N) side. In addition to this divergence
measured at the weld centreline, there are at least three points (at
0, -0.5 and�1 mm distance from the weld centerline) indicating an
obvious measurement error as the RS reaches 900 MPa which is
much higher than the yield strength of AISI 316L(N). The mea-
surement of the lattice constants and subsequent strain calcula-
tions showed the presence of both tensile and compressive strains
at the weld centreline. Abburi Venkata et al. [1] suggested that the
diffraction pattern in the weld fusion zone contained reflections
from both FCC and BCC phases, indicating a local segregation of
these two phases in the fusion zone. However, it should be noted
that there is a microstructural variation between the sample
measurement location and the reference specimen. The stress free
lattice parameter measurements were located inside the cosmetic
pass; see Fig. 4b, while the longitudinal RS distribution, shown in
Fig. 9, is inside the penetration pass. Furthermore, due to practical
difficulties, stress free specimens were extracted from one end of
welded plate while the strains were measured at a different loca-
tion, at the centre of the weld length as shown in Fig. 4. A recent
electron back scattering diffraction (EBSD) analysis of the weld
fusion zone by Abburi Venkata et al. [43] showed that segregation

of FCC and BCC phases in the cosmetic pass region is consistent
with the observations from neutron diffraction results. When the
gauge volume is properly filled, the peak position is fitted using a
gauss fit to the data, with the mean at the centre of the gauge
volume. However, in this project, the effect of partial gauge volume
filling is because of the presence of both austenitic and ferritic
phase at the interface of the HAZ and fusion zone in the 316L(N)
side. Although the reflections are received from both the phases,
the data is fit to reflections from only 316L(N). This partial filling of
the gauge volume will generate an observable shift in the peak
position which is misinterpreted as the strain due to the compli-
cation of distinguishing the shift from the actual strains. The shift is
termed as pseudo strain leading to a raise in the measured residual
stresses. Hence, the relatively high magnitude of stress observed in
the AISI 316L(N) HAZ may be attributed to the gauge volume being
partially filled with both weld and parent material [43]. The un-
certainty in the ND results within the weld and HAZ confirms the
necessity of using multiple RS measurement methods in order to
reduce uncertainty particularly in the sensitive cases like DMW
specimen investigated in this study.

3.1.3. Results achieved by the deep hole drilling method-DHD &
iDHD

Results from the single through-thickness DHD/iDHD mea-
surement are shown in Fig. 10. The iDHD stresses are generally
somewhat higher than the DHD stresses, except for a single point
near the bottom surface. This observation is consistent with minor
plasticity-induced errors in the conventional DHD measurement.
Themeasured stresses are tensile throughout the depth of the plate
with slightly higher stresses adjacent to the cosmetic pass. The
magnitude of the stresses is consistent with those measured at

Fig. 7. RS measurement results achieved by the contour method (units in MPa).
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Fig. 8. The contour method result at a depth of 1 mm and 5.5 mm from the top surface as well as at 1 mm from the bottom surface, a) full width and b) the central 10 mm across the
fusion boundary.
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Fig. 9. RS measurement results achieved by the ND at 5.5 mm depth of the DMW specimen (a: whole the measurement line; b: weld and HAZ) [1].
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half-depth by neutron diffraction in P91 at a similar distance from
the weld centreline. Near the bottom surface, the DHD and iDHD
measurements diverge. It is normal to discard DHD data within
0.5e1mm of the bottom surface of the plate, since they are affected
by the proximity of the free surface. The plate is 11.2 mm thick, so
on this basis, data at depths greater than 10.2 mm could be
considered unreliable. Censoring on this basis will eliminate the
divergence between DHD and iDHD techniques.

3.2. Surface stress measurements

3.2.1. Results achieved by X-Ray diffraction
Longitudinal residual stresses on the top surface of the spec-

imen obtained from the XRD measurement are plotted in Fig. 11.
Themeasurements reveal relatively low stresses in the AISI 316L(N)
material remote from the welds, in the range �100 to þ100 MPa.
Close to the weld on the AISI 316L(N) side, the measured stresses
rise to a peak of about 450 MPa about 5 mm from the weld cen-
treline. Stresses in theweld bead (here the cosmetic pass) appear to
be strongly compressive, at around �280 MPa (this value is ob-
tained assuming that the weld bead behaves like P91 material).
Measured stresses in P91 are very variable, ranging from about
100 MPa tension 5 mm from the weld to �300 MPa 15e25 mm
from the weld.

Near-surface stresses measured using X-Ray diffraction are
sensitive to the surface state and manufacturing history of the
material, and may not be reflective of the bulk residual stress field
developed during welding.

3.2.2. Results achieved by the shallow hole drilling method-iCHD
Incremental centre hole drilling (iCHD) was carried out at 8

points as shown in Fig. 12a. The measurement results shown in
Fig. 12b represent the longitudinal residual stress measured at in-
crements of 0.05 mm from the top surface up to a depth of 1 mm.

There are plenty of uncertainties (e.g., surface condition, mate-
rial properties, gage position, hole misalignment, drilling parame-
ters, drilling temperature, strain instrumentation output noise, data
handling and skill of the operator) contributing to the reliability of
the hole-drilling measurement [44]. For stresses that vary with
depth, the overall effects of strain and depth uncertainties cannot
be determined directly and another approach is required to
establish reasonable uncertainty estimates for the computed stress
values [44]. Shajer et al. [44] studied an example stress distribution
to show uncertainty over the full depth range for a hole drilled in a
steel specimen with hole depth increments varying from 32 mm at
the surface to 128 mm at the full hole depth. The uncertainty
analysis results showed a maximum value of ±40 MPa near to the
surface (to a depth of around 200 mm) because of the relatively
large effect of input uncertainties on the low levels of strains
measured in the small hole depth increments. However, they re-
ported lower uncertainties, reducing to a minimum of ±12 MPa
around the mid-depth, and another increase to ±24 MPa at the full
depth because of reducing sensitivity [44]. Although these un-
certainties are dependent on the Young's modulus and Poisson's
ratio of the specimen, from Fig. 12 it is believed that a somewhat
similar approach can be observed in the DMW specimen as well. To
this end, the results measured in depth range of 250 mme800 mm
are deemed to be most reliable and are therefore averaged and

Fig. 10. RS measurement results achieved by the DHD and iDHD.
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tabulated in Table 4. The other results are believed to be measured
with high uncertainty.

From Table 4, the top surface measurement shows compressive
stress at theweld centre (�171MPa) but tensile stress near the heat
affected zone (HAZ) and inside the base metal on both sides of the
weld. It is worth mentioning that the top surface measurement of
the weld region is located inside the cosmetic pass as the iCHD
depth is less than 1 mm. On the other side, the bottom surface

measurement of the weld region is carried out inside the pene-
tration pass showing tensile stress at the weld centre (49 MPa).
Apart from the weld region, the magnitudes of the residual stresses
in P91 are higher than those achieved in the AISI 316L(N) for the top
surface measurement. Conversely, the bottom surface measure-
ment showed higher RS in the AISI 316L(N) in comparisonwith that
measured in the P91. This difference can be explainedwhen looking
at the point locations, Fig. 12a, showing that the Point#2 is very

Fig. 11. RS measurement results achieved by the XRD.

Fig. 12. Position of the points (a) and RS measurement results achieved by the iCHD (b).
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close to the HAZ of the P91 while Point#7 is not influenced by the
HAZ. This proves a highmagnitude of the residual stresses has been
formed in HAZ region of the P91.

3.3. Round robin on the WRS measurement results

3.3.1. Measurement positions
The results achieved from all the stress measurement methods

are compared in the bulk, mid-thickness of the plate, and on the
surface, top and bottom surfaces. The top-surface measurements
are inside the cosmetic pass while the mid-thickness and bottom-
surface measurements are located in the penetration pass as listed
in Table 5. All of the techniques have different gauge volume (see
Table 5) and hence, the discrepancies between the results are ex-
pected due to the difference in gauge volume and measurement
positions.

3.3.2. Bulk measurements
The longitudinal residual stresses measured at the mid-

thickness located inside the penetration pass of the DMW spec-
imen are re-plotted in Fig. 13. The measurement methods include:

I. The contour method (CM) at 5.5 mm depth.

II. The neutron diffraction (ND)method at 5.5mm depth and by
assuming P91 and AISI 316L(N) material properties
separately.

III. The DHD at 5.5 mm depth (one point).
IV. The iDHD at 5.7 mm depth (no increment at 5.5 mm).

There is a good qualitative agreement between the three tech-
niques, all of which are consistent with high tensile stresses in
parent/HAZ material either side of the weld, and compressive
stresses within the weld bed itself. Fig. 13 also highlights a number
of potential issues with individual measurement techniques:

� There is some evidence of a potential offset of about 1 mm be-
tween ND and contour method measurements, revealed by the
different signs apparently measured in the P91 HAZ between
1 mm and 2 mm from the weld centreline.

� The contour methodmay have under-measured the peak tensile
stresses in the HAZ/parent region either side of the weld, by
over-smoothing the very short wavelength stress distribution in
this region.

� There is high uncertainty in the neutron diffraction measure-
ments within and close to the weld fusion boundary: exempli-
fied by the unrealistically high stressesmeasured in AISI 316L(N)
adjacent to the fusion boundary, and in stresses in weld metal

Table 4
Average of the longitudinal residual stress measured by the iCHD at depth range of 250e800 mm.

Point
number

Top surface Point
number

Bottom surface

Distance from the weld
centre

Material Average of the
longitudinal RS

Distance from the weld
centre

Material Average of the
longitudinal RS

Point#3 �15 mm 316L(N) 121 MPa Point#6 �5 mm 316L(N) 362 MPa
Point#1 �5 mm 316L(N) 189 MPa
Point#5 0 Weld (cosmetic

pass)
�171 MPa Point#8 0 Weld (penetration

pass)
49 MPa

Point#2 5 mm P91 444 MPa Point#7 5 mm P91 290 MPa
Point#4 15 mm P91 133 MPa

Table 5
Round robin stress measurement positions.

Measurement method Measurement depth Measurement gauge volume/diameter size Measurement position

316L(N) Weld HAZ P91

Bulk measurements (penetration pass) Contour method 5.5 mm EDM wire cut diameter: 50 mm � � � �
CMM probe diameter: 1 mm
CMM measurement pitch: 0.125 mm
Optimised knot spacing: 0.5 mm
FE mesh element size: 0.25 mm � 0.25 mm

Neutron diffraction 5.5 mm Gauge volume: 1 � 1 � 1 mm � � � �
DHD 5.5 mm Gun-drilled hole diameter: 1.5 mm �

Trepanned core external diameter: 4 mm
iDHD 5.7 mm Gun-drilled hole diameter: 1.5 mm �

Trepanned core external diameter: 4 mm
Top surface measurements (cosmetic pass) Contour method 1 mm EDM wire cut diameter: 50 mm � � � �

CMM probe diameter: 1 mm
CMM measurement pitch: 0.125 mm
Optimised knot spacing: 0.5 mm
FE mesh element size: 0.25 mm � 0.25 mm

XRD <30 mm Irradiated area: 2 � 4 mm � � �
iCHD 0.25e0.8 mm (average) Drilled hole diameter: 2 mm � � �
Neutron diffraction 1.5 mm Gauge volume: 1 � 1 � 1 mm �

Bottom surface measurements (penetration pass) Contour method 1 mm EDM wire cut diameter: 50 mm � � � �
CMM probe diameter: 1 mm
CMM measurement pitch: 0.125 mm
Optimised knot spacing: 0.5 mm
FE mesh element size: 0.25 mm � 0.25 mm

Neutron diffraction 2.2 mm Gauge volume: 1 � 1 � 1 mm �
iCHD 0.25e0.8 mm (average) Drilled hole diameter: 2 mm � � �
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Fig. 13. Comparison between RS measurement methods at the mid-thickness, a) full width and b) the central 32 mm across the fusion boundary.
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whose sign depends upon the assumptions made about the
relevant stress-free lattice parameter.

The overall “M”-shaped residual stress distribution is consistent
with the effects of low-temperature solid-state phase trans-
formation (SSPT) on the stress state in high energy beam welds
[41,42]. Thus the weld metal, which will have composition inter-
mediate between AISI 316L(N) and P91, appears to have undergone
a martensitic transformation at low temperature after solidifica-
tion. The resulting volumetric expansion from FCC to BCC structure
generates the compressive stresses observed in the weld bead. The
change from tension to compression in the ND measurements at
the weld centreline is not physically credible, being most probably
an artefact of the handling of stress-free lattice parameters.

The sign of the stresses in the P91 HAZ has some uncertainty:
the contour method measurements suggest stresses here are ten-
sile, while the NDmeasurements suggest they are compressive. The
ND stresses do however appear to have been offset, since they
suggest compression outside the HAZ as well, which is not realistic.
P91 has the capacity to generate reduced tensile or compressive
stresses in regions of the HAZ that fully austenize during welding
and then undergo low temperature SSPT on cooling. However, the
P91 HAZ on the NDmeasurement line is in a region of the plate that
will have undergone a second thermo-mechanical cycle during
deposition of the cosmetic pass. If the cosmetic pass temperature
transient does not result in austenisation, then tensile stresses are
likely to develop during the cooling phase of the weld cycle (see
Fig. 13b).

Peak tensile stresses occur in AISI 316L(N) close to the weld
fusion boundary, and in P91 parent material outside the HAZ. If the
unrealistic peak stresses reported close to the AISI 316L(N) fusion
boundary are excluded, then the peak stresses on either side of the
weld are approximately equal in magnitude, at 350e500 MPa.

3.3.3. Surface measurements
The following measured data are available for the top surface

region:

A. The XRD method, which is an exclusively surface measurement
method.

B. The iCHD method, from which the average results in the depth
range 0.25e0.8 mm at Point#1 to Point#5 (see Table 4) are
selected for the comparison.

C. A single point at 1.5 mm depth from a through-thickness line
measurement made using neutron diffraction.

D. The contour method results at depth of 1 mm (see Fig. 8).

Care should be exercised in interpreting these data, since they
relate to somewhat different depths, ranging from ~30 mm for XRD
to 1.5 mm for neutron diffraction. The XRD measurements may be
affected by localised stresses, such as those developed by
machining, which the “bulk” techniques may not pick up. In addi-
tion, the contour method has higher uncertainty close to the edges
of the measured specimen.

Fig. 14 shows a broad consensus on the AISI 316L(N) side of the
weld with relatively low stresses remote from theweld rising to the
tension of 200e400 MPa close to the fusion boundary. All four
techniques record compressive stresses in the weld bead. The
techniques then diverge on the P91 side of the weld. The differ-
ences are greatest in P91 parent material, where the XRD mea-
surements indicate compressive stresses, while the other
techniques suggest little stress (contour) or tension (ICHD). Given
their different sampling depths, the most likely explanation is that
the XRD measurements reveal localised machining or other form-
ing stresses very close to the surface in parent material that, unlike

the HAZ, has not undergone thermo-mechanical plasticity during
welding, which would tend to remove them.

The longitudinal residual stresses at the bottom surface located
inside the penetration pass of the DMW specimen are plotted in
Fig. 15. The methods involved in this measurement are listed as
follow:

i) The iCHD average results in Point#6, Point#7 and Point#8.
ii) The ND result at 2.2 mm depth.
iii) The CM results at depth of 1 mm (see Fig. 8).

The results measured by ND and CM show that the stresses are
compressive at the weld centreline. Although the CM and iCHD
results are consistent at 5 mm distance from the weld centreline,
they diverge at �5 mmwhere the CM has encountered artefacts as
mentioned before. This artefact is probably the reason for a devi-
ation of around 270MPa between iCHD and CM at �5 mm distance
from the weld centreline.

4. Conclusions

In this study, five independent experimental methods were
employed to measure the residual stresses in a DMW specimen
manufactured by autogenous electron beam welding of a P91
ferritic-martensitic plate to an AISI 316L(N) austenitic stainless
steel plate. These were neutron diffraction, x-ray diffraction, in-
cremental centre hole drilling, deep hole drilling, and the contour
method. Based on the achieved results, it can be concluded that:

1) The overall stress distribution is M-shaped, with tensile stresses
of approximately 400 MPa in parent material on both sides of
the weld, and compressive stresses of similar magnitude in the
weld bead. These are characteristic of high energy beam welds
where the weld molten zone undergoes low temperature solid
state phase transformation from FCC to BCC in the final stages of
cooling.

2) The presence of a cosmetic pass acts to concentrate peak tensile
and compressive stresses adjacent to andwithin that pass rather
than the penetration pass.

3) Peak tensile stresses at the mid-thickness occur close to the
fusion boundary on the AISI 316L(N) side, and just outside the
HAZ on the P91 side. The peak stresses on both sides appear to
be similar, in the range 370e460MPa. A region of slightly higher
peak stress is also visible on the contourmethodmap on the P91
side at about ¼ thickness.

4) Bulk stresses measured using neutron diffraction, the contour
method, and deep hole drilling achieve good levels of agree-
ment except in the weld bead and HAZ, where the ND stresses
can become unrealistic. This is most likely due to a combination
of positional uncertainty and uncertainty about the correct
stress-free lattice parameter.

5) There is less agreement between different measurement
methods at the top and bottom surfaces. This is probably mostly
due to the different depths at which near-surfacemeasurements
from the different techniques are made, ranging from a few tens
of microns for x-ray diffraction to about 1.5 mm for neutron
diffraction.

6) The four techniques employed show broad agreement on the
AISI 316L(N) side and in theweld bead, with low stresses remote
from the weld, rising tension just outside the fusion boundary,
and compression in the weld bead itself.

7) The x-ray measurements made on P91 parent material reveal
significant compressive stresses outside the HAZ. It is likely that
these are near-surface (not bulk) machining or forming stresses.
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Fig. 14. Comparison between RS measurement methods at the top-surface, a) full width and b) the central 32 mm across the fusion boundary.
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Fig. 15. Comparison between RS measurement methods at the bottom-surface, a) full width and b) the central 32 mm across the fusion boundary.

Y. Javadi et al. / International Journal of Pressure Vessels and Piping 154 (2017) 41e5756



8) All five residual stress measurement techniques showed
different uncertainties and potential errors. However, the
deployment of so many independent techniques has allowed a
reliable characterisation of the residual stresses in this chal-
lenging dissimilar metal weld.
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