
Citation: Miura, Y.; Suzuki, K.;

Morooka, S.; Shobu, T. Stress

Measurement of Stainless Steel Piping

Welds by Complementary Use of

High-Energy Synchrotron X-rays and

Neutrons. Quantum Beam Sci. 2024, 8,

1. https://doi.org/10.3390/

qubs8010001

Academic Editor: Kawal Sawhney

Received: 13 June 2023

Revised: 1 December 2023

Accepted: 15 December 2023

Published: 22 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Stress Measurement of Stainless Steel Piping Welds by
Complementary Use of High-Energy Synchrotron X-rays
and Neutrons
Yasufumi Miura 1,*, Kenji Suzuki 2 , Satoshi Morooka 3 and Takahisa Shobu 3

1 Central Research Institute of Electric Power Industry, 2-6-1 Nagasaka, Yokosuka-shi 240-0196, Japan
2 Faculty of Education, Niigata University, Niigata 950-2181, Japan
3 Materials Science Research Center, Japan Atomic Energy Agency, 2-4 Shirakata, Tokai-mura, Naka-gun,

Ibaraki 319-1195, Japan; shobu.takahisa@jaea.go.jp (T.S.)
* Correspondence: ymiura@criepi.denken.or.jp

Abstract: Probabilistic fracture mechanics (PFM) is increasingly recognized as a viable approach
for evaluating the structural integrity of nuclear components, such as piping, primarily affected
by stress corrosion cracking (SCC). PFM analysis requires several input parameters, among which
welding residual stress is critically important due to its significant influence on SCC initiation and
propagation. Recently, a novel technique involving a double-exposure method (DEM) utilizing
synchrotron X-rays was introduced as an effective means for measuring welding residual stress with
high spatial resolution. In this paper, we applied DEM to assess the residual stress of a plate specimen,
which was extracted from a welded pipe through electrical discharge machining. Consequently,
detailed stress maps under a plane stress state were generated. Additionally, the residual stress
distributions in the welded pipe under a triaxial stress state were evaluated using neutron diffraction.
Based on these findings, we proposed a methodology to acquire detailed stress maps of welded pipes
by combining high-energy synchrotron X-rays and neutron diffraction.

Keywords: welding residual stress; austenitic stainless steel; synchrotron X-ray; neutron; double-
exposure method

1. Introduction

Austenitic stainless steels, under the operational conditions of light water reactors
(LWRs), are known to be prone to stress corrosion cracking (SCC). This phenomenon has
been notably observed in the primary loop recirculation (PLR) piping of boiling water
reactors (BWRs) [1]. One significant factor contributing to the initiation and propagation
of SCC is the welding residual stress. Therefore, comprehending the characteristics of
this stress is vital for assessing the structural integrity of LWR components susceptible to
SCC [2]. In recent years, probabilistic fracture mechanics (PFM) has emerged as a significant
method for evaluating the integrity of nuclear components prone to SCC. Several PFM codes
specifically designed for piping applications have been developed [3–6]. PFM evaluations
involving SCC require specific input parameters, such as SCC initiation time, crack growth
rate, and residual stress distribution, within the assessment section. These parameters must
be represented as probability distributions to ensure accurate evaluations. The absence of
suitable probability distributions as input parameters could compromise the reliability of
PFM evaluations. Since the initiation of SCC is stress-dependent, and the crack growth
due to SCC relies on the stress intensity factor, the distribution of residual stress becomes
a pivotal input parameter for evaluating SCC in piping using PFM codes. Considering
that SCC in LWR components typically originates near welded areas, understanding the
welding residual stress becomes particularly critical for accurate SCC evaluations. Hence,
a thorough comprehension of the residual stresses in welded sections is imperative for
effective SCC assessment.
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X-ray diffraction methods are a prevalent nondestructive technique for measuring
residual stresses [7]. Nonetheless, austenitic stainless steels, characterized by relatively large
grain sizes and weld metals exhibiting anisotropy and coarser grains compared to the base
metal, complicate X-ray stress measurements. Additionally, the X-ray penetration depth,
limited to approximately 10 µm, restricts measurements to surface vicinities. This limitation
poses significant challenges in assessing the welding residual stress distribution across
the thickness of piping. Neutron diffraction methods [8], with their higher penetration
depths, even in stainless steel, enable the measurement of internal stresses in structures like
piping [9,10]. However, the difficulty in precisely collimating neutrons, coupled with the
necessity of a certain measurement volume due to diffraction intensity constraints, means
that unless a high-intensity neutron beam is employed, the spatial resolution is generally on
the order of millimeters. This resolution may be inadequate for evaluating stress corrosion
cracking (SCC) growth. Furthermore, large-diameter piping featuring relatively thick
walls may still present challenges for neutron penetration depth. Consequently, residual
stress distributions in welds are typically estimated using the finite element method (FEM),
factoring in welding conditions rather than through direct measurements [11–13].

The deep hole drilling (DHD) method [14,15] measures stress distribution across the
thickness of materials and is applicable to welded parts in plant components [10]. How-
ever, DHD is unable to measure depths within 0.5 mm from the surface. Moreover, the
method’s destructive nature precludes subsequent measurements near the initial measure-
ment site, thereby limiting its utility for comprehensive evaluation of stress distribution in
a welded joint.

The double-exposure method (DEM), utilizing high-energy synchrotron X-rays, was
recently introduced as a nondestructive technique for measuring residual stress. Its effec-
tiveness in coarse-grained metallic materials has been reported [16,17]. A notable advantage
of the DEM is its elimination of the need to determine the diffraction center, a requirement
that has previously limited the application of diffraction-based methods to coarse-grained
structures and welds. This combination method of synchrotron radiation and neutrons
shows promise for measuring welded metal parts, particularly those with coarse grains
and anisotropy. Despite the use of synchrotron X-rays, direct measurement of welded pipes
remains impractical due to the limited penetration depth in stainless steel. Consequently, it
necessitates preparing thin plate specimens, approximately 5 mm in thickness, to facilitate
X-ray penetration. However, the specimen preparation process may induce stress release in
the thickness direction of the plate, potentially altering the stress distribution from that in
the original piping. Nevertheless, if the stress distribution prior to the stress release can be
determined using neutron diffraction or similar methods, it becomes feasible to estimate
the original residual stress distribution experimentally. This estimation can be achieved by
combining pre-cutting stress information with stress data obtained post-cutting via DEM.
Good agreement on the stress distribution between neutrons and synchrotron radiation
was demonstrated in studies involving induction-hardened carbon steel [18]. Although
the measurement did not focus on welds, the combined use of synchrotron radiation and
neutrons could be a potent methodology.

In this study, we propose a method to create detailed residual stress maps in austenitic
stainless steel piping welds. This method is based on the complementary application of
high-energy synchrotron X-rays and neutrons.

2. Materials and Methods
2.1. Test Material

The test material was a welded joint in SUS316 piping. The base pipe was solution-
annealed at 1060 ◦C after fabrication, and then water quenched. The joint featured a
bevel angle of 60◦ and consisted of seven layers. The first layer was executed using gas
tungsten arc welding (GTAW) with a stainless steel (JIS YS316L) insert ring. Layers 2 to
4 were fabricated using GTAW with stainless steel (JIS YS316L) welding wire. Layers 5
to 7 were constructed using shielded metal arc welding (SMAW) with a stainless steel
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(JIS ES316-16) welding rod, with the seventh layer being welded in two passes. Figure 1
presents a schematic diagram of the welded section. This combination of GTAW and SMAW
represents one of the standard methodologies for welding medium-diameter stainless steel
piping in nuclear fields. The heat input ranged from 10–20 kJ/cm for GTAW to 30–40 kJ/cm
for SMAW. The excess weld metal and adjacent outer surface areas were smoothened
through grinding and polishing. The base pipe had an outer diameter of 165.2 mm, a wall
thickness of 14.3 mm, and a length of 200 mm. The thickness at the center of the weld line
was approximately 15 mm, tapering to about 13 mm at positions 60 mm from the center
due to the thinning process. The chemical compositions of the base metal and the weld
materials are detailed in Table 1. A section near the weld line was removed using electrical
discharge machining (EDM) to facilitate neutron diffraction measurements. Additionally,
strain-free d0 specimens, each 2 mm thick in the hoop direction of the pipe, and a plate
specimen for the DEM measurements, 5 mm thick in the hoop direction, were also procured
from this section via EDM. Figures 2 and 3 show a schematic diagram and a photograph of
the test material, respectively.
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Figure 1. Schematic diagram of the weld part of the pipe used in this study.

Table 1. Chemical compositions of the base pipe and weld materials (mass%).

Element C Si Mn P S Ni Cr Mo Cu Fe

Base pipe 0.05 0.37 1.43 0.033 0.004 10.25 16.53 2.06 - Bal.
Insert ring 0.012 0.36 1.78 0.023 0.001 12.09 19.44 2.36 0.27 Bal.

GTAW 0.017 0.41 1.88 0.005 0.002 11.38 19.61 2.31 0.01 Bal.
SMAW 0.055 0.41 1.40 0.029 0.009 12.08 19.22 2.33 0.26 Bal.
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Figure 3. Photograph of the welded pipe test material (view from an angle of 225◦).

2.2. Specimens
2.2.1. Strain-Free Reference Specimen

For the strain scanning method, it is necessary to prepare a specimen capable of
assuming a strain-free state. Specimens with a thickness of 2 mm in the hoop direction
of the pipe were extracted at angles of 45◦ and 225◦ utilizing wire-cut EDM. The elastic
strain in these specimens was mitigated by cutting alternating slits from the inner and
outer surfaces at 2 mm intervals using wire-cut EDM. These slits were then aligned and
assembled to create a strain-free reference specimen with an overall thickness of 4 mm for
subsequent measurements. The strain-free reference specimen is depicted in Figure 4. It is
well-documented that weld metal in austenitic stainless steels typically contains a small
fraction of δ-ferrite [19]. Microstructural analysis of a specimen obtained from the weld
metal of the welded pipe confirmed the presence of approximately 8% δ-ferrite.
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Figure 4. Strain-free reference specimen for neutron strain scanning: (a) photograph of the strain-free
reference specimen, and (b) structure of the weld metal in the strain-free reference specimen.

2.2.2. DEM Specimen

The specimen for the double-exposure method (DEM) was prepared from a section at
a 45◦ angle of the welded pipe specimen. This specimen was designed with dimensions
of 5 mm in the hoop direction and 29.5 mm in the axial direction of the pipe. Its thickness
in the radial direction was maintained equal to that of the pipe itself. Figure 5 features a
photograph of the DEM specimen. In this image, the vertical center aligns with the center
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of the weld line, the left side represents the outer surface of the pipe, and the right side
indicates the inner surface. Given that the thickness of this specimen was limited to 5 mm,
it was presumed that the hoop stress within it would be zero.
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Figure 5. Photograph of the DEM specimen.

2.3. Neutron Stress Measurements

The thermal neutron flux emanating from Japan Research Reactor No. 3 (JRR-3) un-
derwent monochromatization via a monochromator, culminating in extracting a neutron
beam characterized by a wavelength of λ = 1.591 Å, tailored for these measurements. Stress
assessments were conducted using the 311 diffractions from the γ-Fe and strain scanning
methodology [8]. Data acquisition employed a one-dimensional 3He detector equipped
with a 2 mm radial collimator on the detector side, facilitating the determination of the
gauge volume. Diffraction patterns were derived by segregating and enumerating the
diffracted neutrons through a 256-channel multichannel analyzer and subsequently approx-
imated using a Gaussian function to determine the diffraction angle, 2θ. Photographs and
schematic illustrations of the experimental setup for the neutron diffraction measurements
are shown in Figure 6. These evaluations were primarily focused around a 135◦ angle,
with specific measurement locations detailed in Figure 7. The strain was measured at each
point in three orientations: axial, radial, and hoop. The slit dimensions were set at 2 mm
width × 15 mm height for measurements in both axial and radial directions and 3 mm
width × 3 mm height for the hoop direction. Consequently, the nominal gauge volume for
measurements in the axial and radial directions assumed a prismatic shape elongated in
the hoop direction. For the strain-free reference specimen, the slit dimensions were set to
2 mm width × 2 mm height in three orientations.

Quantum Beam Sci. 2023, 7, x FOR PEER REVIEW 6 of 14 
 

 

at each point in three orientations: axial, radial, and hoop. The slit dimensions were set at 
2 mm width × 15 mm height for measurements in both axial and radial directions and 3 
mm width × 3 mm height for the hoop direction. Consequently, the nominal gauge vol-
ume for measurements in the axial and radial directions assumed a prismatic shape elon-
gated in the hoop direction. For the strain-free reference specimen, the slit dimensions 
were set to 2 mm width × 2 mm height in three orientations. 

 
Figure 6. Photographs and schematic diagrams of the experimental configuration used for the neu-
tron diffraction measurements. 

 
Figure 7. Measurement points for the neutron diffraction measurements. 

The elastic strain, ε, at each measurement point was calculated from the following 
equation using the lattice spacing, d, at each measurement point and the strain-free lattice 
spacing, d0, which were calculated using Bragg’s law and the diffraction angle, 2θ: 𝜀 = 𝑑 − 𝑑𝑑 . (1) 

The axial stress, σa, radial stress, σr, and hoop stress, σh, were obtained from the axial 
strain, εa, radial strain, εr, and hoop strain, εh, respectively, using the following equations: 𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) , (2) 

𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) , (3) 

𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) . (4) 

Figure 6. Photographs and schematic diagrams of the experimental configuration used for the
neutron diffraction measurements.



Quantum Beam Sci. 2024, 8, 1 6 of 14

Quantum Beam Sci. 2023, 7, x FOR PEER REVIEW 6 of 14 
 

 

at each point in three orientations: axial, radial, and hoop. The slit dimensions were set at 
2 mm width × 15 mm height for measurements in both axial and radial directions and 3 
mm width × 3 mm height for the hoop direction. Consequently, the nominal gauge vol-
ume for measurements in the axial and radial directions assumed a prismatic shape elon-
gated in the hoop direction. For the strain-free reference specimen, the slit dimensions 
were set to 2 mm width × 2 mm height in three orientations. 

 
Figure 6. Photographs and schematic diagrams of the experimental configuration used for the neu-
tron diffraction measurements. 

 
Figure 7. Measurement points for the neutron diffraction measurements. 

The elastic strain, ε, at each measurement point was calculated from the following 
equation using the lattice spacing, d, at each measurement point and the strain-free lattice 
spacing, d0, which were calculated using Bragg’s law and the diffraction angle, 2θ: 𝜀 = 𝑑 − 𝑑𝑑 . (1) 

The axial stress, σa, radial stress, σr, and hoop stress, σh, were obtained from the axial 
strain, εa, radial strain, εr, and hoop strain, εh, respectively, using the following equations: 𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) , (2) 

𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) , (3) 

𝜎 = 𝐸1 + 𝑣 𝜀 + 𝑣1 − 2𝑣 (𝜀 + 𝜀 + 𝜀 ) . (4) 

Figure 7. Measurement points for the neutron diffraction measurements.

The elastic strain, ε, at each measurement point was calculated from the following
equation using the lattice spacing, d, at each measurement point and the strain-free lattice
spacing, d0, which were calculated using Bragg’s law and the diffraction angle, 2θ:

ε =
d − d0

d0
. (1)

The axial stress, σa, radial stress, σr, and hoop stress, σh, were obtained from the axial
strain, εa, radial strain, εr, and hoop strain, εh, respectively, using the following equations:

σa =
E

1 + v

[
εa +

v
1 − 2v

(εa + εh + εr)

]
, (2)

σr =
E

1 + v

[
εr +

v
1 − 2v

(εa + εh + εr)

]
, (3)

σh =
E

1 + v

[
εh +

v
1 − 2v

(εa + εh + εr)

]
. (4)

The diffraction elastic constant, E, and Poisson’s ratio, ν, for the 311 lattice planes of
SUS316 single crystals were determined to be 182.5 GPa and 0.307, respectively. These
values were calculated using the Kröner model [20], incorporating elastic stiffness values
of c11 = 206 GPa, c12 = 133 GPa, and c44 = 119 GPa [21]. The strain-free lattice spacing, d0,
was measured using a reference specimen; this measurement was conducted at z = 0 for the
weld metal and at z = −10 for the base metal. Given that the variance in lattice spacing at
each measurement point was relatively small and no significant directional dependence
was observed, the average of all measured d0 values was designated as d0 for this study. The
mean value of d0 across all measurement points was 1.08471 Å, with a standard deviation
of 1.3 × 10−4 Å. The stress range corresponding to this standard deviation, as calculated
using the diffraction elastic constant, E, was found to be 23.7 MPa.

2.4. DEM with Synchrotron X-rays

Stress measurements were conducted using high-energy synchrotron radiation at
the BL16XU beamline of SPring-8, employing an X-ray energy of 71.92 keV. The X-ray
beam was shaped to 0.4 mm × 0.4 mm. The diffraction patterns were acquired using a
PILATUS CdTe 300 K detector (Dectris Ltd., 5405 Baden-Daettwil, Switzerland), a two-
dimensional detector installed on the 2θ arm of the diffractometer at BL16XU. The de-
tector area was 83.8 mm × 106.5 mm, consisting of 487 × 619 pixels, each measuring
0.172 mm × 0.172 mm. The 2θ arm angle of the diffractometer was set to 9◦ to align with
the diffraction angle of the 311 lattice planes at this X-ray energy. Measurements were
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performed in the axial and radial directions of the pipe, corresponding to the z and y axes,
as shown in Figure 5.

Figure 8 presents a schematic diagram of the experimental setup during the DEM
measurements. The X-ray beam passed through the DEM specimen, with diffracted X-rays
detected vertically. Strain in the axial and radial directions of the pipe was measured by
rotating the specimen 90◦ using the χ-cradle of the diffractometer. The detector positions
labeled P1 and P2 were achieved by moving the detector on the 2θ arm by a distance of L,
capturing diffraction patterns at both positions. The distance, L0, between the specimen
and P1 was 450 mm, while the distance, L, from P1 to P2 was 500 mm. Figure 9 displays
a photograph of the experimental arrangement for the DEM measurements at detector
position P1.
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The diffraction radii, r1 and r2, were determined from the diffraction images measured
at P1 and P2, respectively, and the diffraction radius, r, was calculated from the difference
between r2 and r1, that is, r = r2 − r1. As shown in Figure 8, the diffraction angle, 2θ, can be
expressed as follows:

2θ = sin−1
( r

L

)
. (5)

The effect of the diffracting crystal grains’ positions within the specimen is canceled
out by the definition of r, allowing for the acquisition of the diffraction angle, 2θ, without
influence from the diffraction position. The coordinates for the DEM measurement are
detailed in Table 2. While DEM analysis necessitates a stress-free reference lattice spacing,
d0, for the computation of elastic strain and stress, the lattice spacing deduced from the
diffraction angle, 2θ, which in turn is derived from the diffraction pattern acquired by
scanning from the inner to the outer surface at the z = 14 mm position, was defined as d0.
This spacing has been subsequently utilized in the strain calculation.
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Table 2. DEM measurement coordinates (the y and z directions are indicated in Figure 5).

y Range (0.4 mm Pitch) z Range (1.0 mm Pitch)

0.4~12.8 −7~−5, 6~10
0.4~14.0 −4~−2, 2~5
0.4~14.8 −1, ~1

3. Results and Discussion
3.1. Residual Stress Distribution Measured by Neutron Diffraction

A typical diffraction pattern and Gaussian fitting result of the neutron measurement
are shown in Figure 10. In this study, we defined the residual stress error, ∆σ, as the value
calculated from Equations (2)–(4) using the residual strain error, ∆ε, expressed as follows:

|∆ε| =
∣∣∣∣∆d

d0

∣∣∣∣. (6)
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Figure 10. Diffraction profile in radial direction at the measurement point of y = 2, z = −10.

The residual strain error, ∆ε, was determined from the lattice spacing error, ∆d, which
was itself derived from the standard deviation of the diffraction angle, ∆2θ, ascertained
through Gaussian fitting.

Figure 11 illustrates the stress distributions in the axial, radial, and hoop directions
across the thickness of the welded pipe specimen. A consistent axial stress pattern was
observed at all measurement locations, characterized by a decrease in stress from tension on
the inner surface side towards the central area, followed by an increase towards the outer
surface. In the weld heat-affected zone (HAZ), the axial stress on the inner surface side
tended to diminish with increasing distance from the weld line, aligning with the reported
FEM analysis results [11]. Figure 12 shows triaxial stress maps, which were developed
from the data presented in Figure 11 and superimposed onto the DEM specimen. These
maps were generated by designating each measurement point as a grid point and applying
linear interpolation between these points. The maps revealed a relatively high tensile
stress near the boundary between the weld metal and the HAZ on the inner surface of the
pipe, correlating with the SCC initiation point observed in actual PLR piping of BWRs [1].
The stress distribution exhibited asymmetry relative to the weld line, potentially since the
seventh layer of welding was performed using two-pass welding.
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Figure 11. Stress distributions of the welded pipe specimen with respect to thickness: (a) axial
direction, (b) radial direction, and (c) hoop direction.
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3.2. 2D Stress Distributions Measured by DEM

Representative diffraction images from the specimen, acquired at detector positions
P1 and P2, are illustrated in Figure 13. The bright areas in this figure denote the regions
where integration was conducted to derive the diffraction curves. In these measurements,
it is not possible to acquire a continuous diffraction ring due to the small beam size relative
to the grain size. As depicted, the ring is discontinuous in both circumferential and radial
directions, exhibiting non-uniform contrast. This discontinuity results from the presence
of large dendrites and a limited number of crystal grains within the beam path. For most
X-ray diffraction methods, accurately determining the diffraction angle, 2θ, from such a
discontinuous ring presents a challenge. On the other hand, the similarity of the diffraction
images within the integration areas of P1 and P2 is obvious. Given that the DEM technique
leverages the difference between two diffraction images, it becomes feasible to ascertain the
diffraction angle, 2θ, from these discontinuous images. Regarding the diffraction images
captured at P1 and P2, the correlation between the diffraction radius and intensity was
obtained through circumferential integration across a ±5◦ range centered around the beam.
This data was then approximated using a Gaussian function, enabling the calculation of the
diffraction radii, r1 and r2, at P1 and P2, respectively. Subsequently, the diffraction angle,
2θ, was deduced using Equation (5).
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Since the strain obtained from Equations (1) and (5) is the value in the direction tilted
by θ from the in-plane direction of the specimen, the strain in the in-plane direction was
obtained using the following equations [17]:

σa =
E

(1 + v) cos2 θ

[
εa

′ + S′(εa
′ + εr

′)], (7)

σr =
E

(1 + v) cos2 θ

[
εr

′ + S′(εa
′ + εr

′)], (8)

S′ =
v

(1 + v) cos2 θ − 2v
, (9)

where εa
′ and εr

′ are the axial and radial strains tilted by θ from the in-plane direction of the
specimen, respectively, and E and ν are as defined above. The axial stress, σa, and radial
stress, σr, were obtained using Equations (7)–(9) assuming a plane stress state. Residual
stress maps of the DEM specimen created by linearly complementing the measured values
as grid points are shown in Figure 14. In these measurements, there were some measure-
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ment points in the SMAW weld metal with coarse grains, where no diffraction image could
be obtained within the circumferential integration region and strain measurement could
not be performed. In such cases, the region without values around the measurement point
is omitted.
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In this measurement, the residual stress error was calculated from ∆r and expressed
as follows:

∆r =
√

∆r1
2 + ∆r22. (10)

∆r1 and ∆r2 are the standard deviations of r1 and r2 determined by Gaussian fitting,
respectively. The error range calculated using Equations (5)–(10) was about ±15 MPa on
average in both the axial and radial directions and about ±40 MPa at points with low peak
determination accuracy by Gaussian fitting.

Although the gauge volume and measurement location differ between the strain scan-
ning method using neutrons and the DEM, the overall stress distributions were relatively
similar. These distributions are characterized by axial stress decreasing from tension on the
inner surface side toward the center and then increasing again towards the outer surface
side. The DEM provided superior spatial resolution compared to neutron diffraction, en-
abling measurements close to the inner surface of the pipe weld. This capability is crucial
for evaluating SCC initiation and propagation. However, the axial tensile stress observed
on the inner surface of the pipe with DEM was not as high as that detected by neutron
diffraction. This discrepancy is likely due to the relaxation of hoop stress during the slicing
process in DEM specimen preparation.

3.3. Evaluation of Triaxial Residual Stress by Combination of Neutron Diffraction and DEM

To estimate the pre-relaxation stress distribution in the residual stress distribution
maps measured by DEM, we utilize a method based on the hoop stress distribution ob-
tained through neutron diffraction. This method involves approximating the hoop stress
distribution, as presented in Figure 11, as a cubic function of the normalized distance from
the outer surface, represented by y/t, where t denotes the pipe thickness at each ‘z’ position.
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Under the assumption that the coefficients a, b, c, and d can be described as quartic functions
of the distance z, we derive the following equation:

σh(y, z) = a
( y

t
)3

+ b
( y

t
)2

+ c y
t + d,

a = 0.3341z4 + 1.418z3 − 34.07z2 + 254.2z + 164.0,
b = −0.9267z4 − 2.462z3 + 98.30z2 + 429.7z − 537.9,
c = 0.6901z4 + 0.9443z3 − 75.11z2 − 167.7z + 589.1,
d = −0.1530z4 + 0.07210z3 + 16.35z2 − 4.224z − 42.68.

(11)

Next, we assume that the axial and radial strains of the DEM specimen obtained under
the plane stress condition are subject to the hoop stress, σh(y,z), in Equation (11) under the
plane strain condition. The axial strain, εa_DEM, and radial strain, εr_DEM, obtained from
Equations (7)–(9) assuming a plane stress state can be expressed by the following equations:

εa_DEM =
1
E
(σa_DEM − vσr_DEM), (12)

εr_DEM =
1
E
(σr_DEM − vσa_DEM), (13)

where E and ν are the same elastic constant and Poisson’s ratio defined above. On the other
hand, under the plane strain state, εa and εr can be expressed by the following equations:

εa =
1
E
{σa − v(σr + σh)}, (14)

εr =
1
E
{σr − v(σa + σh)}. (15)

By transforming Equations (14) and (15), the residual stresses under a triaxial stress
state can be approximated by the following equations:

σa =
E

1 − v2 (εa_DEM + vεr_DEM) +
v

1 − v
σh(y, z), (16)

σr =
E

1 − v2 (εr_DEM + vεa_DEM) +
v

1 − v
σh(y, z). (17)

Under the assumptions of this paper, the stresses calculated by the equation may
exceed the actual triaxial stresses. Nonetheless, considering the structural integrity assess-
ment in relation to SCC, higher stress predictions yield conservative results and are thus
deemed acceptable. Consequently, this method is validated as a simplified approach for
triaxial stress evaluation in welded pipes.

Figure 15 shows residual stress maps, created similarly to Figure 14, utilizing stresses
in three directions derived from Equations (11), (16), and (17). High axial stress around the
HAZ near the inner surface and relatively high radial stress around the same HAZ were
observed. These observations align with FEM analysis results reported in the literature [11].
Additionally, the residual stress maps suggest that SCC initiated at the HAZ tends to
propagate towards the weld metal, a phenomenon corroborated by observations of the
PLR piping of BWRs [1]. While extremely high tensile stresses near the outer surface are
noticeable in Figure 15, these could be attributed to the grinding process during the welded
pipe’s fabrication. These results demonstrate that combining the DEM with neutron
diffraction can uncover the residual stress distribution in the thickness direction with
high spatial resolution. This includes the weld metal, which is typically challenging to
measure using X-ray diffraction methods. The proposed method holds promise not only
for measuring residual stresses in various welds but also for validating welding residual
stress evaluation results obtained through numerical analysis, and such validations could
also contribute to the advancement of numerical analysis methodologies.
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4. Conclusions

In this study, we introduced a method for assessing the triaxial stress distribution
in stainless steel piping welds by synergistically utilizing high-energy synchrotron X-ray
radiation and neutron diffraction. The conclusions drawn from this research are as follows:

1. The DEM is an effective tool for stress evaluation in welds and coarse grains using
high-energy synchrotron X-rays. Its effectiveness is primarily due to its low suscepti-
bility to errors arising from the diffraction positions of the coarse grains in the weld.

2. Residual stresses in welded piping were quantified using the strain scanning method
with neutron diffraction. The triaxial stress distribution, as determined by this method,
was modeled using a polynomial equation, enabling the creation of a hoop stress map.

3. The axial and radial stresses, obtained from the DEM using high-energy synchrotron X-
ray radiation, were integrated with the hoop stresses measured via neutron diffraction.
This integration, based on a plane strain assumption, facilitated the development of a
comprehensive residual stress map for the weld in a triaxial stress state.
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