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ABSTRACT

Eurofer97 steel is a primary structural material for applications in fusion reactors. Laser welding is a
promising technique to join Eurofer97 plasma-facing components and overcome remote handling and
maintenance challenges. The interaction of the induced residual stress and the heterogeneous microstruc-
ture degrades the mechanical performance of such fusion components. The present study investigates
the distribution of residual stress in as-welded and post-heat treated Eurofer97 joints. The mechanis-
tic connections between microstructure, material properties, and residual stress are also studied. Neu-
tron diffraction is used to study the through-thickness residual stress distribution in three directions,
and neutron Bragg edge imaging (NBEI) is applied to study the residual strain in high spatial resolution.
The microstructures and micro-hardness are characterised by electron backscatter diffraction and nanoin-
dentation, respectively. The M-shaped residual stress distribution through the thickness of the as-welded
weldment is observed by neutron diffraction line scans over a region of 1.41 x 10 mm?. These profiles
are cross-validated over a larger area (~56 x 40 mm?) with the higher spatial resolution by NBEI The
micro-hardness value in the fusion zone of the as-welded sample almost doubles from 2.75 4+ 0.09 GPa
to 5.06 + 0.29 GPa due to a combination of residual stress and cooling-induced martensite. Conventional
post weld heat treatment (PWHT) is shown to release ~ 90% of the residual stress but not fully restore
the microstructure. By comparing its hardness with that of stress-free samples, it is found that the mi-
crostructure is the primary contribution to the hardening. This study provides insight into the prediction

of structural integrity for critical structural components of fusion reactors.
© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

tural material for the in-vessel components (e.g. pipes, breeding
blanket and divertor cassette) for the EU-DEMO [5-7]. The design

Nuclear fusion is a potential substitute source of electricity
production and could address the current dependence on fossil
fuels, and thus, the well-known environmental issues resulting
from carbon emissions. A series of fusion tokamaks have been
developed, from the Joint European Torus (JET), the International
Thermonuclear Experimental Reactor (ITER) to the DEMOnstra-
tion power plant (DEMO). Reduced-activation ferritic/martensitic
(RAFM) steels are modified to maintain the high Cr Grade 91 steel’s
high temperature mechanical, thermal and physical properties by
replacing Mo with lower activation elements like W and Ta [1-4].
Eurofer97, one of the RAFM steels, is the European baseline struc-
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of these in-vessel structures imposes inherent assembly difficulties
because of the internal grid structure and the meandering helium
or water coolant circulation channels in the blanket plates [8]. The
pipe connections of these breeding blanket components require
quick, reliable welding and joining techniques to maintain struc-
tural integrity. Because of both radiation levels and limited access,
the joining and cutting processes must be completed by remote
in-bore tools for fabrication and maintenance [9].

Laser welding performed by a robotic device is one of the most
promising techniques, which could serve both cutting and welding
operations. Compared with other welding techniques, laser weld-
ing gives rise to less distortion, enables full penetration of single-
pass welds in thick sections, and has low heat input, leading to
a narrow heat affected zone (HAZ). Previous studies have demon-
strated the feasibility of remote laser tools to manufacture and
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maintain the in-vessel components in fusion plants by laser weld-
ing [9-11]. This rapid welding process does, however, induce sig-
nificant residual stresses of up to approximately 800 MPa inside
the welded steel, which is predominantly attributed to the non-
uniform thermal expansion and contraction and the martensitic
phase transformation during the welding cycle [12-14]. It is well-
known that residual stress associated with complex microstruc-
tures affects the integrity, mechanical properties, and microstruc-
ture of laser-welded Eurofer97 [3,8,9,11,15,16]. For example, the el-
evated in-service temperatures release the residual stress, which
aggravates the creep cracking initiation under the high tensile
residual stress condition [17,18], whereas the compressive resid-
ual stress resists crack growth but leads to buckling [19]. Therefore,
evaluating the residual stress and exploring the degradation of me-
chanical properties and their interaction with microstructure are
crucial for determining reliability and developing predictive tools
for the in-vessel components of DEMO.

Neutron-based techniques have been used effectively to mea-
sure the residual lattice strain in welds non-destructively due to
their high penetration and volume-averaged bulk information con-
tents [20]. The time-of-flight (TOF) method is beneficial as sev-
eral peaks, each corresponding to an {hkl} lattice plane, are mea-
sured simultaneously [21]. Neutron diffraction can be used to de-
termine the through-thickness residual stress in three dimensions
throughout a sample [22]. The spatial resolution measured by neu-
tron diffraction is, however, limited by the gauge volume (typi-
cally from 1 mm? to 9 mm3) [23]. Some attempt was made to
study the residual stress by using {211} lattice planes at a depth
of 1.25 mm below the surface on the laser-welded Eurofer97 by
neutron diffraction [12,24], but the chemical and microstructural
changes in the HAZ were not considered in selecting stress-free
(dg) reference lattice spacing. Additionally, the through-thickness
residual stress distribution and high-resolution (HR-) strain field
across the weldment was not provided.

Neutron Bragg edge imaging (NBEI) is a relatively new strain
measurement technique that follows principles similar to the TOF
method, which can provide a high spatial resolution strain projec-
tion averaged over neutron path lengths via a pixelated detector
in a single neutron beam exposure [25]. Further processes of pro-
jection at different angles can achieve strain tomography recon-
struction [26]. Due to the recent development of a micro-channel
plate (MCP) neutron imaging detector, the NBEI technique provides
residual strain maps in a large area (28 x 28 mm?) with a spa-
tial resolution of 200 wm [27,28]. Bragg edge broadening was also
used to analyse the quantity of martensite in the quenched steel,
which is related to its hardness [29]. The residual strain measure-
ment, obtained by NBEI, was used to map the residual strain distri-
bution in the teeth and core position of the heat-treated gears and
the 316L stainless steel fabricated by additive manufacture [30,31].
However, using a constant reference lattice spacing from theoreti-
cal lattice parameters and annealed samples in these studies gives
rise to uncertainties due to local variations in microstructure and
composition.

In summary, the mechanistic connections between microstruc-
ture, residual stress, and micro-hardness of laser-welded Eurofer97
steel have not been established due to (i) uncertainty of the resid-
ual stress in laser-welded Eurofer97 steels, and (ii) the unknown
relative contributions of residual stress and microstructure to the
material properties. The motivation for this study was to quantita-
tively evaluate the residual stress in laser-welded Eurofer97 steel
by using neutron-based techniques. Such techniques provided a
deeper insight into the residual stress distribution in the mate-
rial, with the NBEI technique offering a better description of the
strain fields via the HR-maps. In addition, the micro-hardness and
microstructure were characterised to establish their interdepen-
dence. Post weld heat treatment (PWHT) was performed to relieve
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the residual stress, and the micro-hardness of the PWHT sample
was measured. This information enabled an understanding of how
the micro-hardness altered via the reduction of the residual stress,
providing insights into predicting the mechanical performance of
the components under the working circumstances. Such an under-
standing of the relationship between residual stress, microstruc-
ture, and mechanical properties enables the manufacture of joints
with improved service life.

2. Materials and methods
2.1. Materials

The Eurofer97 steel was made by Bohler Austria GmbH with
a composition of Fe-0.11C-8.82Cr-1.08W-0.13Ta-0.48Mn-0.2 V (in
wt.%) was used in the present investigation. The detailed fabrica-
tion, rolling processes and heat treatment of Eurofer97 steel were
described in a previous study [32]. The as-welded plate was butt
welded perpendicular to the rolling direction by two as-received
Eurofer97 steel plates, with dimensions 150 x 75 x 6 mm?3. A
5 kW Yb-fibre laser source with a welding speed of 1.2 m/min
was employed for the single laser welding by The Welding
Institute(TWI), which enabled a fully penetrating narrow bead
with limited spatter and a slightly concave shape. As shown
in Fig. 1(a), two as-welded samples (#1 and #3) approximately
~60 x 40 x 6 mm?3 in size and two comb-shaped stress-free sam-
ples (#2 and #4) approximately ~30 x 6 x 6 mm3 in size were cut
from the as-welded plate by electrical discharge machining (EDM).
To understand the effect of a conventional PWHT on residual stress
relaxation and re-distribution, samples #3 and #4 were annealed
at 760 °C for 1.5 h in a vacuum, followed by furnace cooling.

Samples #1 and #3 were cut to a suitable dimension
(25 x 6 x 6 mm?3) for microstructure and micro-hardness char-
acterisation after neutron diffraction and NBEI experiments. A sur-
face preparation, including mechanical polishing with a final vi-
bration polishing step and etching with Vilella’s reagent was per-
formed. Reflected light microscopy was used to distinguish the di-
mension of FZ and HAZ regions of the as-welded sample (Fig.1(b)),
which showed the microstructural changes in different areas. The
experimental details were summarised in the table, as shown in
Fig. 1(c). The microstructure was characterised by scanning elec-
tron microscopy, using a Jeol-7100F equipped with an electron
backscatter diffraction (EBSD) detector (a Thermo Fisher Lumis sys-
tem) at the University of Surrey. An accelerating voltage of 20 kV
and a beam current of 12 nA were used for EBSD, for which ex-
posure time was ~20 ms. Pixel binning of 2 x 2 and step size of
0.6 ptm was used to collect the EBSD orientation maps (512 x 384
pixels). The denoising and filling non-indexing position processes
were conducted by interpolating EBSD data using the MATLAB
package MTEX 5.2.8 [33]. To account for the grain size, the grain
boundary was reconstructed by smoothing the small grains with
less than five pixels and the disorientation between grains with
lower than 15° The micro-hardness characterisation was conducted
using a nanoindenter (Agilent G200) with a Berkovich indenter tip
at the UKAEA’s Materials Research Facility. Strain rate-controlled
indentations were carried out to 2 pm depth using continuous
stiffness mode (2 nm amplitude, 45 Hz frequency, 0.05/s strain
rate) and made in a 2 x 18 array across the welds in steps of
200 pm. The micro-hardness values reported were an average of
the depth-resolved hardness from 1000 to 2000 nm deep. The er-
ror bars showed the standard deviation of two indentations at the
same column of the array. Furthermore, micro-hardness of stress-
free state was also conducted on the teeth of the comb-shaped
stress-free samples (#2 and #4) using the same equipment and
setup.
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#4 PWHT comb-shape v x v x

Fig. 1. (a) Optical micrographs of an as-welded sample (top left) and a comb-shaped sample (bottom left). The black diamond-shaped spots (top left) indicate the position
where the neutron diffraction data were acquired, and the red and black dash rectangles (top left) show the position of the residual strain maps using NBEL (b) Optical
microscopy image of distinct FZ and HAZ regions of the top view of the as-welded sample. (c) Table for introducing the sample status and experimental arrangements.

2.2. Neutron diffraction

The residual lattice strain of both as-welded and PWHT samples
along the longitudinal (LD), transverse (TD) and normal (ND) di-
rections was measured by TOF neutron diffraction at the ENGIN-X
beamline, Rutherford Appleton Laboratory, ISIS Neutron Source, UK.
Fig. 1 shows the positions of the residual lattice strain measure-
ments. There are nine data acquisition positions (unfilled and filled
diamonds) for the as-welded sample, and five (filled diamonds) for
the PWHT sample because the residual stress in the BM region
is considered uniformly distributed after PWHT. Fig. 2(a) shows a
schematic of the experimental setup, where two detectors collect
the diffracted neutrons at + 90° relative to the incident beam. Two
procedures were used to measure the lattice spacing in three di-
mensions. The sample was firstly mounted horizontally and orien-
tated at 45° relative to the incident neutron beam. As shown in
Fig. 2(a), the through-thickness measurements are performed on
the segment of the as-welded and the PWHT samples at distances
of 1.72, 3.13 and 4.54 mm from the surface on which the beam
was incident. The neutron beam dimension is 1 x 1 x 2 mm?3, de-
fined by a 1 x 1 mm? incident slit and a 2 mm wide receiving
radial collimator. This enables a resolution of 1.41 mm for residual
stress measurementin the measured direction. To obtain sufficient
neutron statistics for data analysis, neutron counts were acquired
for 30 min at each data acquisition position in the HAZ and BM
regions, and 45 min was chosen for collection at the data points in
the FZ region. The axial detector recorded the strain along with TD,
while the radial detector recorded the strain along with ND. In or-
der to calculate the residual stress in three dimensions, the sample
was rotated 90° around the ND axis to measure the strain along
with the LD acquired by the axial bank and the acquisition time
remained the same for each region. The residual stress measure-
ments in three directions were performed on the same segment
and position for both as-welded and PWHT samples by the same
setup. The as-welded and PWHT comb-shaped stress-free samples,
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in which the macroscopic residual stress was assumed to be fully
relieved, were measured in three directions at the 1.72 mm from
the top surface to determine the reference lattice spacing, do. Data
were analysed by Rietveld refinement via routines written in Open
Genie [34-36]. As shown in Fig. 2(b), the lattice spacing of each
crystal plane is obtained using single-peak fitting (a Voigt peak
shape combined with an exponential function) with consideration
of elastic anisotropy [37,38]. To study the macro- residual stress
and cross-validate the NBEI technique, the lattice spacing of {110}
and {211} planes were selected for calculating the residual stress.
The residual strain £ was determined by Eq. (1):

hki hkl
hkl __ d™ — dO
- hkl
d0

(1)
where d"™ is the lattice spacing and dg is the stress-free lattice
spacing.

The stiffness tensor formed by elastic constants and presented
in Voigt matrix notation shows the relationship between lat-
tice strain and stress [39]. There are three independent fourth-
order elastic constants for BCC structures and the values of the
three for Eurofer97 are C;; = 285.2 GPa, C;; = 125.9 GPa and
Cy44 = 120.3 GPa [4]. The stiffness tensors in the crystal reference
frame ({110} and {211}) were derived from the stiffness tensor
in the specimen reference frame by transforming the matrix ac-
cording to Bunge angles [39]. The Bunge angles for {110}[110] and
{211}{211] diffraction planes were calculated by using MATLAB, and
the stiffness tensors in the crystal reference frame were calculated

by Eq. (2):
[Cua] = [CI[Rna] (2)

where [(C] is the stiffness tensor in the specimen reference system,
[Chia] is the stiffness tensor in the crystal reference frame and [Rpyy]
is the transformation matrix according to Bunge angles of diffrac-
tion planes. The lattice stress for specific diffraction planes was
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Fig. 2. (a) A schematic of the neutron diffraction experiment setup and data acquisition position. Three through-thickness line-scans at different distances to beam incident
surface were performed. The data was acquired at both filled- and unfilled-spots position for the as-welded sample, while only at filled-spot positions for the PWHT sample.
The diffraction data was recorded by two detector banks, labelled ‘axial’ and ‘radial’, yielding the strains along TD and ND. In order to measure residual stress along LD,
the sample was rotated 90 ° around ND, and three line-scans were performed at the same data acquisition position. (b) Lattice spacings were extracted by peak fitting. (c)
Neutron Bragg edge imaging (NBEI) experiment setup. The red and black dashed rectangles illustrate the two mapped areas that cover the welding affected region. The two
images on the left are the transmission data recorded and saved by the detector. (d) An example of Bragg edge fitting for the {110} crystal plane. The Bragg edge position is
obtained as one of five fitting parameters: edge position, edge height, edge width, edge pedestal and edge asymmetry (equipment parameter).

then determined by Hooke’s law (Eq. (3)):

O—TD 8TD
0% = [Gul 8%%; 3)
Ohii i

2.3. Neutron Bragg edge imaging (NBEI)

The NBEI experiment was conducted at the IMAT (Imaging and
Materials instrument) beamline at Rutherford Appleton Laboratory,
ISIS, UK [28]. An microchannel plate (MCP) detector with a field
view of 28 x 28 mm? and pixel resolution of 55 pm (512 x 512
pixels) was used as the TOF imaging camera [27]. The strain map
with a spatial resolution of ~ 200 pum was measured by the TOF
method with an I/D value of 166, where L is the distance from
the pinhole collimator to sample and D is aperture diameter [40].
A ferritic steel standard was measured first to calibrate the length
of the flight path [28,41]. Two maps were then collected on each
sample, as-welded and PWHT, with ~5 mm overlap, illustrated by
red and black rectangles (see Fig. 2(c)). The reference lattice spac-
ing was also measured by using comb-shaped stress-free samples.
An open-beam data set was acquired, with the sample removed.
A stack of 2881 radiographs were collected for each run, requir-
ing four hours for adequate neutron counting statistics. The im-
age stacks of the sample data and the open-beam data stacks were
processed by using Image] [42], to obtain transmission maps by
dividing the sample stack by the open beam stack. As shown in
Fig. 2(d), a Bragg edge spectrum is then plotted as function of
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wavelength, for a single pixel, combined ‘macro-pixel’ composed
of several pixels, or a larger region of interest. The position of a
Bragg edge was determined by fitting the Bragg edge spectrum via
an analytical function [43,44] (Eq. (4)):

— _ 2
TN =G +G [erfc(kf/%k) - exp(kor—)L + %)
)\,0 —A o
x erfc( =+ _—Zr)} (4)

where A is lambda edge position, o is the Bragg edge width, t
is the edge asymmetry, C; is edge height and C, is edge pedestal
(see inset Fig 2(d)). The residual strain was determined pixel-by-
pixel according to the Bragg edge position by using Eq. (5), and the
map was generated by a C++ fitting tool, TPX_edgefit, by using a
macro-pixel size of 5 pixels and a running average with steps of
55 um [41]. The reference Bragg edge position was extracted from
the teeth of comb-shaped samples at the FZ, HAZ and BM regions.

hkl hkl
hkl __ AT — )”0
hkl
)"0

(3)

where A is the Bragg edge position of the sample, Ag is the refer-
ence Bragg edge position. It is worth noting that the NBEI yields
the strain component in the beam direction only (i.e. ND).
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Fig. 3. Microstructure of as-welded sample. (a) Microstructure at FZ, HAZ and BM regions acquired by SEM. The lath-like bainite, martensite and precipitate are labelled by
B, M and P, respectively. (b) EBSD maps at the FZ, HAZ and BM regions. (c) Corresponding PF at the FZ, HAZ and BM regions, where the X direction is the TD, the Y direction

the LD and the map normals are the ND.
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Fig. 4. Microstructure of the PWHT sample. (a) Microstructure at FZ and HAZ regions after PWHT acquired by the SEM. The tempered martensite and precipitate are labelled
as TM and P, respectively. (b) EBSD maps of PWHT sample at FZ and HAZ regions. (c) PF derived from relative EBSD maps at FZ and HAZ regions where the coordinate of X

is TD, Y is LD, and the centre is ND.

3. Results
3.1. Microstructural characterisation

Figs. 3 and 4 show the microstructure across the welds of as-
welded and PWHT samples, respectively. In Fig. 3(a) and (b), the
SEM images and EBSD maps show that the martensite laths and
lath-like bainite within the irregularly columnar prior-austenite
grains (PAGs) are formed in the FZ region, whereas equiaxed PAGs
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with martensite laths and precipitates (carbides) are presented in
the HAZ and BM regions. Because of partial austenitisation and
tempering in the HAZ region, the quenched and tempered marten-
site are observed together. In the BM region, PAG boundaries and
tempered martensite are decorated by a large number of carbides,
essentially an identical microstructure to the as-received Eurofer97
[45]. The PAG sizes of the FZ, HAZ and BM regions are determined
by the EBSD maps in Fig. 3(b) by using the mean linear intercept
method [46]. The PAG size is found to significantly decrease from
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15.2 + 2.8 um in the FZ region to 5.9 + 0.8 um in the HAZ re-
gion, then increase in the BM region to 7.3 &+ 0.9 um. Fig. 3(c) dis-
plays the pole figures (PF) of the (110) and (211) crystal plane nor-
mal of the FZ and HAZ regions. It is evident that the (110) crystal
plane exhibits a stronger texture in the FZ region, which reaches
around 4 multiples of a random distribution (MRD), but the in-
tensity in the HAZ region decreases to around 1.8 MRD. Addition-
ally, the highest intensities of (110) plane normals in both FZ and
HAZ regions occur along the direction parallel to the ND in the
specimen reference frame. In contrast, the highest pole densities of
(211) in both FZ and HAZ regions are lower than those of the (110)
crystal plane, which are around 2.2 and 1.2 MRD, respectively.

Compared to the as-welded sample, fine precipitates are ob-
served in the FZ region after PWHT (Fig. 4(a)). Fig. 4(b) shows the
grain orientation and sizes of the PWHT sample in the FZ and HAZ
regions, where the PAG size almost remains the same after PWHT.
The PFs in Fig. 4(c) show that the {110} planes are still textured
in the FZ region, with pole density maxima ~3 MRD, while mov-
ing to the HAZ region, the intensity of texture decreases to the 1.5
MRD. By contrast, the texture of {211} plane is significantly lower
in the FZ and HAZ regions, where the highest intensities are ~ 2
and ~ 1.2 MRD, respectively. As such, the pole density distribution
is similar to that of the as-welded sample.

3.2. Residual stress distribution revealed by neutron diffraction

The lattice spacings corresponding to crystal planes {211} was
used to calculate the residual stress, as such crystal plane was rec-
ommended to represent the residual stress on the macro-scale for
body centred cubic structures [47,48]. The {110} crystal plane that
had the highest intenstity over the peaks was also analysed to
cross-validate the results from the neutron diffraction and NBEL
The through-thickness residual stress profiles in three dimensions
of the as-welded and PWHT samples are shown in Fig. 5(a) and
Fig. 6(a), respectively. The uncertainty in the measured residual
strains are approximately &+ 30 pe [49,50]. The ox, oyy and o
represent the residual stress along TD, LD and ND, respectively, and
the red, blue and green symbols and lines represent the residual
stress at different distances from the beam incident surface. The
residual stress profiles in Fig. 5(a;) and Fig. 5(a;) show similar ‘M-
shaped’ symmetry. The highest residual stress derived from {211}
crystal plane is oyy, 580 MPa, whereas the smaller residual stress
is found to be both oy and o, residual stress components, which
are in a similar magnitude. Additionally, the residual stress in the
FZ region derived from {211} planes is larger than that from {110}
diffraction planes.

Residual stress maps of oy, oy and o, components on the
segment plane of the as-welded and PWHT sample are plotted
with the values from neutron diffraction measurements by using
interpolation method by MATLAB in Fig. 5(b) and Fig. 6(b), respec-
tively, using the three through-thickness line-scan measurements.
As illustrated in Fig. 5(b), the residual stress follows a similar dis-
tribution at different distances from the beam incident surface, and
the oy is obviously higher than in other directions, and compres-
sive residual stress is found within the FZ region. Moving away
from the centre, the residual stress gradually changes, reaching
tension and eventually decreasing to zero in the BM region.

Fig. 6(a) indicates that the residual stress has been relaxed sig-
nificantly after PWHT. Although the values are very low, the resid-
ual stress still exists around the welding centre, ranging from -
50 MPa to 100 MPa. In general, the profiles of the residual stress in
three dimensions are of a similar magnitude and follow the same
overall trend. For the {211} planes (Fig. 6(a;)), the blue residual
lattice stress profile is different in shape, compared with the red
and the green curves, while they are similar for the {110} planes
(Fig. 6(ay)). Fig. 6(b) shows the residual stress maps of the mea-
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sured segment plane, which illustrates that the residual stress has
been significantly relieved.

3.3. Residual strain distribution revealed by neutron Bragg edge
imaging (NBEI)

The HR-NBEI residual strain maps derived from {211} and {110}
diffraction planes along ND of the as-welded sample are shown in
Fig. 7(a;) and (a3), respectively. The spatial resolution of the HR-
NBEI map is about 200 pm due to the large macro-pixel size used
in combination with a running average. Both figures show that the
distinct compressive residual lattice strain distributes around the
centre line of the weld and is balanced by tensile lattice strain fur-
ther away. Looked along the welding direction, the residual strain
distribution is of the same sign but less variable.

To enable the comparison and cross-validation between the
neutron diffraction and NBEI, the HR- NBEI residual strain maps
were converted to the low resolution (LR-) residual strain maps
Fig. 7(ay) and (a4) with the spatial resolution of 1.4 mm by av-
eraging the residual strain over the surrounding pixels in the map,
which is same as the gauge volume of neutron diffraction. Sim-
ilarly, the residual strains measured by neutron diffraction were
averaged through the sample thickness. Both HR- and LR- NBEI
residual strain maps in the region (cuboid in Fig. 7(a)) measured
by both techniques are converted to profiles with the same spatial
resolution as the maps and plotted in Fig. 7(b). Compared to the
LR-NBEI profile, the HR-NBEI shows the detailed distribution at the
interface between FZ, HAZ and BM regions. The results of LR-NBEI
are consistent with that of neutron diffraction, while the mag-
nitude of compressive residual strain in the FZ region is slightly
lower. The residual strain maps and profiles for the {211} and {110}
planes of the PWHT sample are plotted in Fig. 8 in the same man-
ner. The residual strain reduces significantly after the PWHT. How-
ever, approximately 300 pe strain still appears in the FZ region at
both {110} and {211} planes, as shown in Fig. 8(b;) and (b,).

Fig. 7(c) shows a comparison of the Bragg edge between FZ
and BM regions. Compared to the Bragg edge in the BM region,
the Bragg edge in the FZ region shows the edge broadening for
both {110} and {211} planes due to the micro-strain, while the
edge shape changes are observed for the {110} plane due to the
preferred crystallographic orientation [29]. Fig. 8(c) shows the mi-
crostructure in the FZ region is very similar to that of the BM re-
gions for the {211} plane, whereas the slight difference is found at
the edge broadening and edge shape for the {110} plane.

3.4. Micro-hardness characterisation

The micro-hardness values of the as-welded, PWHT and comb-
shaped stress-free samples across the weldments were measured,
and these data are summarised in Fig. 9(a). The micro-hardness
profile of the as-welded sample increases from 2.75 + 0.09 GPa
in the BM region to 5.06 + 0.29 GPa in FZ and HAZ regions, re-
spectively. The hardness values in the FZ and HAZ regions reduce
significantly after the PWHT to 3.25 4 0.11 GPa. A gradual drop is
found in the HAZ region on both as-welded and PWHT samples.
The lowest micro-hardness interface occurs at the interface be-
tween the HAZ and BM on the PWHT sample. The micro-hardness
at stress-free state is obtained by performing the nanoindentation
at the teeth of comb-shaped stress-free samples (Fig. 9(a)), which
illustrates a similar hardness value in the FZ and BM regions. This
indicates that the micro-hardness values are dominated by micro-
residual stresses which are still preserved in the comb-shaped
stress-free samples. The effect of residual stress and microstructure
on micro-hardness is evident in Fig. 9(b) and (c), which illustrates
the micro-hardness differences in the HAZ and FZ regions by com-
paring the load-displacement curves of as-welded and PWHT sam-
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Fig. 5. Residual stress of o, o,y and o, components of as-welded sample derived from neutron diffraction by a single-peak fitting approach. (a) The through-thickness
residual stress distribution extracted at three different distances to beam incident surface. (b) The residual stress on the segment plane.

ples. This difference is attributed to both the microstructure and
residual stress hardening. A comparison with the curve for the BM
enables the total hardening and hardening caused by PWHT mi-
crostructure to be obtained. Fig. 9(d) illustrates that the full width
half maximum (FWHM) distributions of both as-welded and PWHT
samples are extracted at the thickness of 1.72 mm to the top sur-
face in three directions. The trend of the peak broadening is sim-
ilar in three directions, where significant broadening is observed
around the welding region, indicating the microstructural changes
during welding processes.

4. Discussion

4.1. Residual lattice stress and strain distributions across FZ, HAZ and
BM regions

All the profiles in Figs. 5(a) and 7(a) show that the residual
stress caused by the single laser welding acts over approximately
4 mm from the welding centre, and manifests itself in an M-
shaped distribution; strongly in compression in the FZ region (~
-600 MPa) and changing to tension and reaching maximum in
the BM region (~ +600 MPa) just outside the HAZ. The shrink-
age, quench-induced martensitic phase transformation and the y-
o phase transformation during the cooling affect both the magni-
tude and shape of the residual stress profile [51,52]. As a result
of high heat input and the rapid cooling process of laser welding,
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the shrinkage and phase transformation effectively occur simulta-
neously contributing to the M-shaped residual stress profile.

The residual stress distribution in Fig. 5(a) also illustrates a sim-
ilar magnitude and trend at different thicknesses. This indicates
full penetration of the sample during welding generates similar
widths of FZ and HAZ regions. Similar results are also found in
ferritic steel welded by high heat-input joining techniques [22].
Comparison of the residual lattice stresses in the three directions,
TD, LD and ND, (Fig. 5(b)), reveals that the transverse and normal
residual stress profiles are similarly M-shaped like the longitudinal
profile, but exhibit lower tensile residual stress levels as expected.
This is attributed to the unbalanced compressive plastic flow that
occurs in front of the weld pool during the welding thermal cycle
leading to a higher tensile residual stress at the interface of the
HAZ and BM which is in agreement with data obtained from laser-
welded P91 steel [13].

Although the residual stress profiles derived from {211} and
{110} crystal planes exhibit the same trend, the magnitudes differ
to a small extent (Fig. 5(a)). Micro-residual stress in the materials
can result, for example, from the plastic deformation of a mate-
rial, leading to both peak shift and peak broadening [47]. Differ-
ent crystal planes have different sensitivities to micro-stress. The
{211} crystal plane is usually recommended to represent the resid-
ual stress on the macro-scale for body centre cubic structures [47].
On the other hand, similar difference of two crystal planes is also
observed in the both HR- and LR- NBEI strain profiles (Figs. 7(b)
and 8(b)) where the magnitude of {211} is higher than that of
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{110} crystal plane. Compared to the Bragg edges in the BM re-
gion (Fig. 7(c)), the edge broadening is observed for both {211} and
{110} crystal planes in the welding region, which also suggests the
existence of the micro-stress.

PWHT is usually applied to modify the as-welded microstruc-
ture and relax residual welding stresses to impart reproducible
properties and predictable integrity, although the fabrication tech-
nologies for the EU DEMO in-vessel components have not been
finalised [53]. The neutron diffraction measurements demonstrate
that the high residual stress is largely relieved in the PWHT sam-
ple, showing that PWHT is effective in relaxing residual stresses, as
shown in Figs. 6 and 8. The small extent of tensile residual strain
appears in the FZ region. The Cr-enriched M,3Cg carbide and V-
enriched MX carbide can be formed in the FZ region after PWHT at
750 °C, which is primarily the reason to induce local micro-strain
[54,55]. Fig. 4(e) and (f) shows slightly lower pole densities in the
PWHT sample than those in the as-welded sample. Similar results
are derived from comparison of Bragg edge shape (Fig. 8(c)) in FZ
and BM regions. Although the microstructures, e.g., grain size and
texture, are not fully restored, the selective PWHT substantially re-
laxes the residual stress.

The current single-pass laser welding induces narrower FZ
and HAZ (~5 mm) than a hybrid laser-welded Eurofer97 steel
(~12 mm), with a power of 4 kW [12]. However, the magnitude
of the residual stresses is similar in both welded samples. A simi-
lar phenomenon is also found in the single laser and hybrid laser-
welded P91 steel with 7 kW heat input, where narrower FZ and
HAZ are generated by single-pass laser welding but the residual
stresses induced by the two techniques are similar [56].

4.2. Comparison between neutron diffraction and neutron Bragg edge
imaging

Both techniques measure the strain by using a TOF method,
providing information from the interior but with different spa-
tial resolution and gauge volume. Neutron diffraction measures the
through-thickness strain in three orthogonal directions by using
a gauge volume length of 1.41 mm by controlling the incident
slits and by using a radial collimator (see inset Fig. 2(a)), whereas
for NBEI the strain is averaged over the whole chord through the
sample along the beam direction (ND). The spatial resolution of
~200 pm for NBEI is controlled by the value of L/D and the choice
of the macro-pixel binning of the 55 pm pixels of the MCP de-
tector. Due to the high spatial resolution achieved, the NBEI resid-
ual strain measurement is more sensitive to the changes of texture
and grain size than the neutron diffraction [57]. As shown in HR-
NBEI profiles in Figs. 7(b) and 8(b), the residual strain distributions
vary at the narrow interface of FZ-HAZ and HAZ-BM regions, re-
sulting from the sharp changes of grain size. The LR-NBEI profile
is in good agreement with the AVG-neutron diffraction profile of
both as-welded and PWHT samples (red line in Fig. 7(b) and 8(b)).

Minor differences in magnitude are observed between the two
techniques in the FZ region. This discrepancy is attributed to the
existence of local differences in texture because the texture can
change the Bragg edge shape [57]. The BM region in the as-welded
sample is assumed as texture-free region. Compared to the Bragg
edge of BM (Fig. 7(c)), the edge shape changes in both crystal
planes indicate the texture evolution in the FZ and HAZ. The more
distinct edge shape changes of {110} planes indicate the intense
texture, which is also consistent with the results from the EBSD.
This change affects the fitting of Bragg edge position, which should
have been defined exclusively by the planes orientated perpendic-
ular to the incident beam [58,59]. The peak fitting for neutron
diffraction is, however, less affected in the FZ region, which does
highlight that Bragg edge fitting for NBEI is much more sensitive
to texture than Bragg peak fitting for neutron diffraction. After the
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PWHT, according to the Bragg edge shape, the FZ region becomes
texture-free for {211} crystal plane, the residual lattice strain is
consistent with the neutron diffraction, as shown in Fig. 8(bq). Al-
though it seems that the neutron diffraction has fewer uncertain-
ties than the NBEI technique in residual strain measurement, the
NBEI technique is entitled to unique strength in mapping resid-
ual strain, which is indispensable for analysing the mechanical de-
grades of the materials in large areas. It is expected that the com-
bination of the advantages of neutron diffraction and NBEI can be
a powerful tool for non-destructive residual stress analysis.

Residual stress/strain distributions obtained from neutron
diffraction and NBEI measurements in the current study are con-
trary to those from previous studies which have suggested that the
residual stress of hybrid-laser welded Eurofer97 sample measured
by neutron diffraction is tensile in the FZ region [12,24,60]. This
difference most probably arises because the reference lattice spac-
ing used in previous residual stress characterisation is from the
far-field region of the weldment. Additionaly, the sample dimen-
sion and parameters of the laser welding are different, leading to
the difference in the heat input, penetration, width of the HAZ area
and the weld pool geometry, which also affects the residual stress
distribution.

There are four ways widely recommended for obtaining refer-
ence lattice spacings. These are measurement at a far-field weld-
ing unaffected region, measurement on a stress-free powder or
filings, measurement on a thin cube, or use of the teeth of a
comb with the application of stress balance [61]. As a result of
the difference in thermal history during the welding, the inelastic
strain and chemical composition vary with the position. Given that
diffraction-based residual strain/stress measurements account for
not only elastic strain but also inelastic strain, the using of a ref-
erence lattice spacing from far-field induces uncertainty in the FZ
and HAZ regions [62,63]. Here, the lattice spacing from the teeth
of the comb-shaped sample is employed to provide the location-
dependant d, for both neutron diffraction and NBEI measurements,
which corrects the effect of inelastic strain, chemical composition
and microstructure in the residual strain calculation. A limitation
of using the comb-shaped stress-free sample is that the residuals
of micro-stress and limited resolution for the narrow HAZ in this
research is due to the gap between the teeth.

4.3. Correlation of microstructure, micro-hardness and residual stress

Micro-hardness is sensitive to the microstructural changes tak-
ing place throughout the welds. Fig. 9 shows that the micro-
hardness distributions of both as-welded and PWHT samples, from
which the FZ and HAZ regions are significantly higher than that at
BM region.(not clear in structure and meaning) This is attributed
to the quenched martensite and lath-like bainite which is confined
to the FZ, whereas the quenched martensite and precipitates dom-
inate the HAZ (Fig. 3(a)). The micro-hardness increases slightly at
the FZ-HAZ interface, as the PAG size in the FZ is larger than that
in the HAZ by approximately three-fold, which in principle means
a lower hardness according to Hall-Petch effect [64,65]. Moving
to the BM region, since temperature excursion here is lower than
the lower critical temperature (A.;) and the tensile residual stress
reaches a maximum, a steep drop in micro-hardness occurs. A sim-
ilar phenomenon also occurrs with laser welded P91 steel [13].
The micro-hardness at the weld reduces significantly by the PWHT
and the lowest micro-hardness is observed around the interface of
HAZ-BM region. The reduction is attributed to the high tempera-
ture and low cooling rate during PWHT, which results in the for-
mation of tempered martensite and coarsening of precipitates [G6].
The PWHT causes a drop in dislocation density, which is evident in
the decrease in FWHM in the welding region (Fig. 9(d)). In addi-
tion, the slightly higher micro-hardness in the FZ region is consis-
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tent with the presence of lath-shaped martensitic features and the
higher density of precipitates. A similar phenomenon is reported
for welded Grade 91 steel where the same PWHT thermal cycle
was applied [67].

Both microstructural variation and spatial variation in resid-
ual stress can affect the micro-hardness [68,69]. The micro-
hardness reduces gradually from the HAZ region to the BM re-
gion due to partial/incomplete transformation of the tempered
martensite and the increases of tensile residual stress in corre-
sponding areas during the welding process. A comparison of load-
displacement curves (Fig. 9(b)) in the BM region reveals the con-
tributions of the residual stress and microstructure to the harden-
ing phenomenon in the FZ region. However, only a small difference
is found between as-welded and stress-free samples in the FZ re-
gion. This is attributed to high dislocation density induced by the
martensitic transformation during the welding processes [70]. As
shown in Fig. 9(d), the peak broadening around the welding cen-
tre implies the high disclocation density. Although the macro-scale
residual stress in the comb-shaped sample has been released, the
dislocation density remains the same. The nanoindentation mea-
sures the hardness value on a small scale where the microstruc-
ture’s contribution dominates. A full model that can account for
the effect of macro-scale residual stress relaxation on other me-
chanical properties, e.g. tensile strength, is necessary and will be
the subject of future research.

5. Conclusions

The through-thickness residual stress and HR-strain field of as-
welded and PWHT Eurofer97 samples were studied by using two
neutron-based techniques. The as-welded sample shows an M-
shaped residual stress profile and its magnitude in the longitudinal
direction is the most significant: 595 MPa of compressive stress at
the centre line of the FZ region and 580 MPa of tensile stress at
the interface of HAZ and BM regions. Additionally, the strain maps
show distinct differences in the FZ, HAZ and BM regions. The HR-
residual strain profiles extracted from a map is in good agreement
with the neutron diffraction data. Whilst there are principal limi-
tations because of texture in these materials, better results can be
achieved in future with neutron sources of higher brilliance, by im-
provements in transmission detector technology, and further devel-
opment of Bragg edge data analysis tools. Furthermore, the under-
standing of the mechanistic connections between micro-hardness,
microstructure and residual stress has been broadly established.
The as-welded sample in the FZ region is hardened by microstruc-
tural features dominantly. Selective PWHT is capable of relieving
the residual stress, but the microstructures are not fully restored.
The material in the FZ and HAZ regions is still hardened by the
lath-shaped martensitic phase and fine precipitates after PWHT.
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