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A B S T R A C T   

Nuclear fusion is a potential source of electricity which can address the environmental problems posed by fossil 
fuels. Eurofer97 steel is a primary structural material for breeding blanket and divertor components in fusion 
Tokamaks. Assembling and maintaining the structural integrity of these in-vessel components requires remote 
joint techniques, such as laser welding, although it induces immersive residual stress. The interaction of the 
residual strain and the heterogeneous microstructure degrades the mechanical performance of fusion compo
nents. However, an inspection of bulk residual strain distribution is still challenging. This study presents the 
residual strain distribution in the bulk of the weldment using volumetric tomographic reconstruction. A neutron 
Bragg edge imaging technique is used to obtain 2D angular projections. The 3D volumetric strain map is 
reconstructed from 2D residual strain projections using the filtered back projection technique. It is found that the 
laser welding technique generates a uniform residual strain field in the through-thickness direction. The results 
also demonstrate the potential of reconstructing volumetric residual strain distribution in bulk materials using 
fewer projections to reduce data redundancy and acquisition time for the neutron Bragg edge imaging technique.   

1. Introduction 

Nuclear fusion energy is a potential substitute source of electricity 
production, to solve dependence on fossil fuels, reduce carbon emissions 
and to provide a major contribution to net zero targets. Reduced- 
activation ferritic/martensitic (RAFM) steels, which are an evolution 
of high Cr Grade 91 steel, are widely used as structural materials in 
various in-vessel components for the DEMOnstration power plant 
(DEMO). Eurofer97, one of the RAFM steels, uses lower activation ele
ments like tungsten, vanadium and tantalum in appropriate quantities. 
It is used as the European reference material for the EU-DEMO reactor 
because of its excellent mechanical properties: creep life, fracture, 
strength and ductility [1,2]. 

The in-vessel components in the fusion plant, such as pipes, breeding 
blanket and divertor cassette, have to utilise complex materials systems, 
complicated joining techniques and maintenance processes to enable 
their function under extreme operating conditions [3–5]. Laser welding 
is a promising technique that is used extensively in a wide range of 

industries to overcome intrinsic assembly and maintenance difficulties. 
Previous studies have demonstrated the feasibility of using remote laser 
tools to butt-weld in-vessel components [6,7]. However, the joining 
process induces substantial residual stress, and the laser-welded in- 
vessel components suffer from residual stress related issues, such as 
crack initiation and propagation, in extreme working conditions. 

It is widely reported that residual stress aggravates cracking by 
enhancing the void formation rate and this can leads to premature 
failure [8,9]. Concerns about residual stress related cracking and other 
types of failure of welded joints have existed for conventional Grade 91 
steel sheets and its derivatives, such as Eurofer97. Therefore, investi
gating the bulk distribution of residual stress inside the joint is critical to 
predicting crack initiation and maintaining structural integrity. To 
reduce the downtime arising from regular inspection frequency and to 
enable prediction of the longevity of engineering components, three- 
dimensional (3D) bulk investigation of residual strain distribution in
side the material is necessary. 

Non-destructive evaluation techniques are the key to achieving a 
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better understanding of internal structures, crack initiation and strain 
distribution of a weldment. Two-dimensional (2D) residual strain can be 
determined by synchrotron-based X-rays using spot-by-spot measure
ment [10–12]. The through-thickness residual strain is accessible using 
neutron diffraction, and the strain can be extended to 3D, owing to the 
high penetration of neutron particles. However, the millimetre-level 
resolution and long data acquisition time confine it to the investiga
tion of subtle changes in the residual strain field in a large region. The 
high-resolution residual strain maps for a large region can be obtained 
using neutron Bragg edge imaging (NBEI), where the strain state is 
averaged over the beam path. Due to the residual strain distribution in 
the beam direction being neglected, investigating the complex residual 
strain fields varying through the sample thickness is still challenging. 

Recently developed 3D tomographic reconstruction techniques can 
provide insight into the bulk of joints. Previous studies have demon
strated the feasibility of reconstructing strain fields under certain as
sumptions regarding the axisymmetric properties of lattice strains 
[13–18], enabling synchrotron-based X-ray diffraction techniques to 
reconstruct 3D residual strain in a limited region on the micro-scale 
[10,14,19,20]. Additionally, combining the tomographic reconstruc
tion technique with NBEI allows the inspection of microstructures and 
strain fields for a large area simultaneously in a non-destructive way. 
This can reveal the heterogeneities undetected by conventional 
diffraction and imaging techniques. Most of these studies have investi
gated internal cracks and phase distribution through a 3D reconstructed 
model using NBEI [14,21,22]. Only a small number of studies report the 
tomographic strain reconstruction on a large scale, with appropriate 
assumptions. Efforts have been made to reconstruct residual strain for 
additively manufactured stainless steel by sequentially reconstructing a 
3D model of lattice spacing, enabling the calculation of residual strain 
via a reference lattice spacing [23]. However, such a procedure is un
suitable for reconstructing weldments due to the difference in compo
sition of different sub-regions of the weldment. To precisely describe the 
internal residual strain, the residual strain maps that present the col
lective strain distribution in sub-regions of weldment must be obtained 
before tomographic reconstruction can proceed. Furthermore, owing to 
the time-consuming nature of acquiring a large number of strain pro
jections, it is desirable to reconstruct strain using a small number of 
projections, compared to conventional radiographic reconstruction, as 
the collection time of a Bragg edge projection is in the order or minutes 
or hours. 

In this study, an attenuation and residual strain tomographic 
reconstruction was demonstrated on laser-welded Eurofer97. Reflected 
light microscopy was used to characterise the cross-section showing the 
dimension of the sub-regions of the weldment, and NBEI was used to 
obtain neutron attenuation coefficients and residual strain maps. The 
{110} and {211} grain families were selected to derive residual strain 
maps at each angle for strain tomography. Using a small number of 
angular projections, the filtered back projection (FBP) algorithm was 
demonstrated for 3D tomographic reconstructions of attenuation and 
strain. Inspection of internal residual strain in the joint enhanced un
derstanding of residual strain distribution inside the weldment and its 
effects on crack initiation and mechanical properties. 

2. Materials and methods 

2.1. Materials and microstructural characterisation 

The fabrication and heat treatment procedures of as-received Euro
fer97 steels is described in a previous study [24]. Two 6-mm-thick as- 
received Eurofer97 steel plates with dimension of 150 × 75 × 6 mm3 

were butt-welded to form a laser-welded Eurofer97 joint. The welding 
processes were made using the single-pass laser welding process via a 
Yb-fiber laser source with a spot size of 200 μm and a welding speed of 
1.2 m/min at The Welding Institute (TWI) to attain a high-quality weld 
(narrow penetrating bead and slightly concave). For the neutron 

tomography experiment, a rectangular sample, 56 × 10 × 6 mm3, was 
cut from the laser-welded plate of Eurofer97 steel using EDM. The teeth 
of the comb-shaped sample is usually used to provide reference 
d spacing [25]. In this study, the comb-shaped sample, where the teeth 
of comb are with dimensions of 4 × 1.5 × 6 mm3, cut from the same 
laser-welded plate using EDM. The reference d spacings were extracted 
from different teeth, respectively. The dimensions of the sub-regions of 
the laser-welded Eurofer97 joint were characterised using reflected light 
microscopy. 

2.2. Angular projections from neutron Bragg edge imaging 

The tomographic data was acquired at the IMAT beamline, ISIS 
neutron spallation source, Rutherford Appleton Laboratory, UK. The 
weldment was initially placed on a rotating stage in front of the 
microchannel plate (MCP) detector (Fig. 1(a)) with a field view of 28 ×
28 mm2 and pixel resolution of 55 µm (512 × 512 pixels). The field-of- 
view covers the full fusion zone (FZ), heat-affected zone (HAZ) and part 
of the base material (BM), where the three different zones are defined by 
considering the peak temperature, micro-hardness and microstructural 
changes arising from laser welding and highlighted with red, yellow and 
grey colours, respectively [26]. Neutron statistics were collected for 
tomographic reconstruction of attenuation coefficients and lattice 
spacing. A spatial resolution of 200 µm was achieved by employing an L/ 
D value of 166 (L is the distance from the pinhole collimator to the 
sample, and D is the aperture diameter). As shown in Fig. 1(b), the eight 
angular projections were obtained by rotating the stage between 0◦ and 
180◦ in equal angular spacings. At each rotation angle, the data was 
collected as a stack of wavelength-resolved 2881 radiographs in a range 
of neutron white beams between 0.7 and 5 Å, which required an expo
sure time of 2 h for adequate neutron statistics. An open beam data stack 
was acquired using an exposure time of 30 min without a sample in 
position. 

2.3. Data processing 

The attenuation coefficient at each pixel of angular projection (a(x,y,
[03B8])) was obtained by normalising the transmission data using log 
transformation. The neutron dose noises were corrected by using the 
open beam images, which ensured that all the measured projections 
received the same number of incoming neutrons, considering that the 
stability of the neutron beam flux is rarely constant for a neutron 
spallation source [27,28]. The normalisation was performed on the data 
using a log-transformation. Eq. 1. To complete the tomographic recon
struction, the pixel column of the detector must coincide with the 
rotation axis of the sample. Due to the difficulties in achieving such 
concentric rotation, an offset correction is necessary during the data 
processing (Fig. 1(c)). The centred angular attenuation projections were 
used to construct the sinograms, from which the tomographic slices were 
reconstructed using the FBP algorithm. The filter of ‘Hann’, which 
provides an effective noise reduction, was used for the tomographic 
reconstruction [29]. The reconstruction process was fulfilled using a 
built-in mathematical framework of Radon transformation (forward for 
projection, and inverse for reconstruction) in MATLAB [30]. The 3D 
tomographic reconstruction (A(x,y,z)) was then achieved by combining 
the tomographic slices (Fig. 1(d)). With eight projections and a sample 
of 10 × 6 mm2 rectangular cross-section the effective average voxel size 
is about 2 mm. 

a(x, y, θ) = − log(
I(x, y, [03B8])

Iop(x, y, θ)
) (1)  

where a is the attenuation coefficient, I and Iop are the transmission data 
and open beam data by summing up the radiograph stack, respectively, 
x and y indicate the pixel positions in the projections, and θ is the angle 
at which the projection was scanned. 
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In general cases, it is crucial to ensure that either compatibility or 
equilibrium is met to obtain a unique reconstruction, unless some as
sumptions or constraints are made in some special cases [18,31–33]. 
Here, to reconstruct the 3D distribution of residual strain, two as
sumptions are made: (i) The measured strain has minimum sensitivity to 
the beam directions during the sample rotation. The strain tensor is 
assumed to be isotropic, and the measured strain has minimal sensitivity 
to the beam directions during the sample rotation. Given the longitu
dinal strain typically exhibits greater magnitudes compared to other 
directions in welded components [34], the assumption permits the 
tomographic reconstruction of a representative scalar. Whilst it is 
important to note that this scalar strain based on such an assumption 
may be best represented by the in-plane hydrostatic component of 
strain, it still provides valuable insights into the residual strain distri
bution within the weld. (ii) The effect of texture on determining wave
length positions of Bragg edges at different angular projections is 
neglected. 

The tomographic strain reconstruction was accomplished using the 
angular residual strain maps (εhkl(x, y, θ)) which were derived from 
angular projections. Fig. 2(a) schematically shows that the laser-welded 
joint is exposed to the neutron beam to acquire the image stacks, each 
corresponding to a certain wavelength. The Bragg edge transmission 
spectrum was obtained by dividing the sample image stacks by open- 
beam image stacks using ImageJ [35], and plotted as a function of 

wavelength (inset figure in Fig. 2(a)). The Bragg edge position was 
determined by fitting the Bragg edge spectrum via an analytical function 
[36,37] (Eq. 2): 

T(λ) = C1 +C2

[

erfc(
λ0 − λ

̅̅̅̅̅
2σ

√ ) − exp(
λ0 − λ

τ +
σ2

2τ2) × erfc(
λ0 − λ

̅̅̅̅̅
2σ

√ +
σ̅̅
̅̅̅

2τ
√ )

]

(2)  

where λ is the Bragg edge position, σ is the Bragg edge width, τ is the 
edge asymmetry, C1 is edge height and C2 is edge pedestal. The lattice 
spacing map was determined pixel-by-pixel according to the fitting of 
the Bragg edge position using Eq. 2. The fitting process was achieved by 
a C++ fitting tool, TPX_edgefit, using a pixel binning with the macro- 
pixel size of 5 pixels [38]. The reference lattice spacing was extracted 
from the teeth of comb-shaped samples in the FZ, HAZ and BM regions. 
Given the assumption of isotropic strain, reference lattice spacing was 
obtained from the comb-shaped sample at the scanning angle of 0◦ and 
used to calculate residual strain using Eq. 3 for all angular projections. 
Two grain families, {110} and {211}, were selected for residual strain 
calculation, as the mechanical properties of {211} grain family are 
similar to the bulk properties for body centre cubic materials, and the 
{110} exhibits the strongest edge contrast. 

Fig. 1. Schematic figures show the tomographic reconstruction procedures. (a) Experimental setup for NBEI to gain sufficient neutron statistics for attenuation and 
strain analysis. The axis by which the sample rotates for angular projections is indicated. (b) Angular projections obtained from NBEI during the sample rotation at a 
constant angular step. (c) Data processing, such as denoising, auto-centring and establishment of sinogram. (d) Reconstruction of tomographic slices by employing 
the FBP algorithm and the 3D tomographic reconstruction is combined using the tomographic slices. 
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εhkl =
λhkl − λhkl

0

λhkl
0

(3)  

where λ is the Bragg edge position of the sample, λ0 is the reference 
Bragg edge position. 

In contrast to the reconstruction of conventional attenuation co
efficients, where the angular attenuation projections present the integral 
neutron absorption over the beam path length using Eq. 1, the angular 
residual strain maps are the average value over the path. To directly use 
a well-established reconstruction technique, the experimentally 
measured average residual strain values must be converted to integral 
values by multiplying the beam path length (L(x,y,[03B8])) using the Eq. 
4: 

εintegral
hkl (x, y, [03B8]) = εhkl(x, y, θ) • L(x, y, θ) (4) 

The beam path length was obtained by employing the neutron 
attenuation coefficient. 

The neutron attenuation was obtained from the radiography (Fig. 2 
(b)). The y-z cross-section, which showed concave features at the weld 
region and a uniform distribution at the BM region, was obtained from a 
scan of the sample around the rotation angle of 90◦. The length of the 
neutron beam path that penetrated the BM region can be derived by 
measuring the length of sample thickness from the y-z cross-section. The 
neutron attenuation coefficients penetrating every pixel (anorm) were 
normalised by dividing the thickness of the joint at the BM regions. 
Knowing the normalised attenuation, the length of the neutron beam 
penetrating the joint can be derived at arbitrary angles from the 

radiography maps using Eq. 5 (Fig. 2(c)). To formulate the strain 
tomographic reconstruction using widely accepted tomographic recon
struction techniques, an integral strain sinogram was determined by 
employing the beam path length using Eq. 4. The offset for centring the 
lattice spacing projection was the same as that of the attenuation 
reconstruction. The interpolation method of ‘v5cubic’ was applied at the 
stage of construction of sinograms using the built-in algorithm in 
MATLAB to complement the small numbers of projections [30]. Fig. 2(c) 
shows the integral sinogram formed based on residual strain projections. 

L(x, y, [03B8]) =
a(x, y, [03B8])

anorm
(5)  

3. Results 

3.1. Attenuation reconstruction 

Fig. 3(a) shows an oblique view of the 3D attenuation tomographic 
reconstruction, which determines the shape and dimensions of the FZ 
and HAZ regions of the Eurofer97 joint. The sub-regions of the joint were 
distinguishable from the reconstructed model. The fusion line (FZ/HAZ 
interface) and HAZ/BM interface are indicated using red and yellow 
dash lines. The reconstructed model matches the shape and dimensions 
compared to the stitched figure obtained from optical microscopy 
showing the cross-section of the weldment (Fig. 3(b)). 

Fig. 2. Data processing for strain tomographic reconstruction. (a) The procedures of Bragg edge fitting and residual strain mapping using the acquired image stacks 
are presented. (b) The y-z cross-section of the object showing the beam path length varies along with the joint, and the length is characterised using attenuation 
coefficients. (c) The x-y cross-section showing the beam path length which varies with the rotation. The horizontal axis of the box in the middle represents the 
position of the cross-section, and the vertical axis represents the path length through the sample in the units of pixels. The sinogram of the integral sinogram 
constructed by multiplying the beam path length is shown on the right. 
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3.2. Residual strain reconstruction 

Using the integral residual strain, the tomographic strain recon
struction (Fig. 3(c) and Fig. 3(d)) was formulated using the {110} and 
{211} grain families, as for the reconstruction of attenuation. The 
tomographic strain reconstruction of the {110} grain family shows less 
noise than that of the {211} grain family. The residual strain distribu
tion inside the joint was revealed by deriving the residual strain distri
bution cross-sections. Examples of tomographic slices for the cross- 
sections at the position highlighted by the red and orange rectangle in 
Fig. 3(c) and Fig. 3(d) were obtained. The residual strain distribution of 
the {110} and {211} grain families, for these cross-sections, is pre
sented in Fig. 3(e) and Fig. 3(f), where compressive residual strain was 
found in the FZ, balanced by tensile strain in the HAZ. 

3.3. Comparison between experiment-based and post-processed residual 
strain projections 

Post-processing was applied to obtain artificial reconstructed resid
ual strain projections by forward projection of the reconstruction, in 
order to confirm the precision of the residual strain tomographic 

reconstruction. Examples are selected at three rotation angles, 0◦, 67.5◦

and 90◦, from the 3D reconstruction model, where the residual strain 
was calculated by averaging strain over the beam path length. Fig. 4 and 
Fig. 5 illustrate the experiment-obtained and post-processed projections 
for {110} and {211} grain families. The experiment-based residual 
strain maps at corresponding angles are also presented for comparison. 

As shown in Fig. 4(a) and Fig. 5(a), the experimental-based projec
tion at 0◦ reveals the residual compressive strain in the FZ region, 
balanced by tensile strain in the HAZ region, where a similar residual 
strain map was reported using NBEI in previous studies on a laser- 
welded Eurofer97 joint [26]. The residual strain distribution of the 
{211} grain family is consistent with the {110} grain family in terms of 
trend, with a slight difference in magnitudes at the FZ region. When the 
sample is rotated, the HAZ region exhibits a more distinct residual 
tensile strain for the {110} grain family, and the noise level is 
decreased. Similarly, the FZ region shows clearest compressive strain in 
the rotated projections for the {211} grain family. However, the high 
strain values are observed around the outer edges of the sample at the 
projection angle of 67.5◦ for both grain families, which are likely arti
facts of the fitting process. Despite some minor deviations, the post- 
processed projections (Fig. 4(b) and Fig. 5(b)) show a similar trend 

Fig. 3. Results of tomographic reconstruction of laser-welded Eurofer97 joint. (a) The left figure shows the attenuation reconstruction with the concave shape and 
the structure changes at the welding centre. The red and yellow lines indicate the fusion line and HAZ/BM interface respectively. (b) The cross-section morphology 
using stitched optical microscopy figures, where the F and H are representative to FZ and HAZ, respectively. (c) and (d) Strain reconstruction using the residual strain 
maps derived from the {110} and {211} grain families, respectively. (e) & (f) Reconstructed tomographic slice derived from the red and orange rectangular slices in 
(c) and (d), which shows the residual strain distribution in the Euofer97 joint. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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and magnitude compared to the experiment-obtained projections for 
both grain families. 

4. Discussion 

The experiment-based strain maps of 67.5◦ and 90◦ exhibit a better 
contrast and less noise than the projection of 0◦ because of larger beam 
paths with sample rotation, resulting in a ramp-up of collective signal at 
the same scanning time. The much higher strain values are found in the 
projection of rotating 67.5◦, which is similarly due to the beam path 
variations, as the thickness of the sample along the neutron beam di
rection gradually decreases towards the sample edge, leading to noisy 
Bragg edges for strain analysis. The same phenomenon occurred for both 
the {110} and {211} grain families. By comparing two grain families, 
see Fig. 3(c) and Fig. 3(d), the {110} grain family exhibits the best 
contrast and signal-to-noise ratio in the strain maps, which indicates this 

grain family is the best lattice plane for strain tomographic reconstruc
tion for body central cubic structure [23,39]. However, the magnitude 
discrepancy of experiment-obtained residual strain maps at the FZ re
gion between two grain families (Fig. 4(a) and Fig. 5(a)) implies that the 
{110} grain family is more susceptible to the intergranular strain 
[5,26]. To firmly establish the residual strain distribution, it is still 
necessary to reconstruct the {211} lattice spacing. 

Tomographic reconstruction using a small number of projections is 
feasible. Fig. 3(a) shows prospects of reconstructing the shape and 
dimension of the sub-region of the weldment with a small number of 
projections. However, minor defects inside the joint or other micro
structural details are of course lacking in such a coarse characterisation 
due to the compromise in terms of projections, i.e. the counting statistics 
and the number of projections. The cross-sectional shapes derived from 
neutron absorption maps was used to determine the normalised atten
uation coefficients (anorm) for calculation of beam path length and 

Fig. 4. Residual strain distribution of the {110} grain family. (a) Experiment-based projections at 0◦, 67.5◦ and 90◦. (b) Post-processed projections from tomo
graphic reconstruction averaged over the beam path at the corresponding angles. The colour bar presents the magnitude in micro strain. 
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integral strain calculations (Fig. 2 (b)). In the strain tomographic 
reconstruction, the resolution of the tomographic slices (Fig. 3(e) and 
Fig. 3(f)), derived from red and orange rectangular positions of 3D the 
reconstruction model, have a higher resolution and less noise because of 
the higher radial resolution at the centre. Although the interpolation is 
helpful in enhancing the tomography [40], the radial resolution drops 
for a location far from the rotation centre compared to those recon
structed from large numbers of projections [14,27]. Comparison be
tween tomographic slices and experiment-based tomographic 
projections implies that the residual strain is uniformally distributed in 
the joint. Furthermore, the consistency between experimental-based and 
post-processed tomographic projections (Fig. 4(a) and Fig. 5(a)), at 
three selective angles, indicates that the direct use of the FBP algorithm 
can be applied to strain reconstruction for a small number of projections 
and provides a valuable justification for the assumptions made in this 

study. However, the slight divergence observed at 0◦, which is thought 
to result from an issue regarding the uniqueness of the reconstruction 
where a given boundary deformation does not uniquely define the strain 
field within an object [13]. While the forward calculation can provide 
valuable insight into the validity of the reconstruction, an infinite 
number of strain fields can give rise to the same measurement profile, 
which can introduce uncertainty in the post-processing strain map. 
Moreover, the application of interpolation techniques to decrease the 
level of noise in the tomographic reconstruction may also introduce 
artefacts that can further complicate the analysis. Our future work will 
involve the collection of more data through optimised neutron flux and 
projections to improve the resolution and accuracy of the strain map and 
tomographic reconstruction. Due to the insufficient neutron flux at 
current neutron sources the necessary acquisition time is too long for 
strain evaluation, as acquiring a large stack of strain maps is challenging 

Fig. 5. Residual strain distribution of the {211} grain family. (a) Experiment-based projections at 0◦, 67.5◦ and 90◦. (b) Post-processed projections from tomo
graphic reconstruction averaged over the beam path at the corresponding angles. The colour bar presents the magnitude in micro strain. 
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to realise [23,40,41]. To solve this issue, a deep learning or FE method 
may provide new opportunities to predict or simulate strain projections 
to reduce the data acquisition time [13,16,28,42]. 

As opposed to neutron or synchrotron diffraction, which yield 
spatially resolved strain maps at the expense of longer acquisition time, 
neutron imaging offers unique capability for tomographic reconstruc
tion because of the capacity of deriving projections for a large region 
[10,19,41,43]. Such capability also makes it applicable for investigating 
complex structures manufactured from exotic materials unsuitable for 
conventional non-destructive evaluation methods. The detailed residual 
strain distribution derived from the tomographic reconstruction can be 
deemed a precursor for understanding crack initiation and propagation. 
The internal residual strain field also provides insight into designing and 
optimising the manufacturing process for structural integrity and 
extending longevity. 

Owing to the transmission geometry, the two main features of strain 
measurements using NBEI are that the strain magnitude is averaged 
through the sample thickness and that the probed strain direction is 
always along the incident beam direction. Because of the tensorial 
properties of strain, a precise determination using tomography is not 
straightforward. It was shown that reconstruction of strain is not 
possible in the general sense. However, for specific cases, when certain 
assumptions and/or boundary conditions, such as symmetry weighting 
of strain components, can be made, the tomographic reconstruction of 
strain components is possible [13–18]. Here, the residual strain in the 
Euofer97 joint is deemed an isotropic state as previous studies presented 
a similar residual strain distribution in three principal directions. To 
directly reconstruct strain without any assumptions, further efforts are 
still necessary to solve the directional issue of strain measured by NBEI. 
Consideration of the specific design of transmission geometry by posi
tioning detector at an angle to constantly measure the strain along the 
rotating axial direction or decomposition of strain by employing finite 
element analysis might help overcome current limitations. 

5. Conclusion 

Attenuation and strain tomographic reconstruction has been 
accomplished by angular projections derived from NBEI using the FBP 
algorithm. The principal conclusions of this study are:  

1. The attenuation tomograph exhibits a concave shape and dimensions 
matching those of the sub-regions of the joint, in good agreement 
with the stitched reflected light micrographs image. 

2. The reconstructed tomographic slices present a similar strain distri
bution to the conventional neutron diffraction and Bragg edge im
aging residual strain measurements, implying a uniform strain 
distribution in the joint.  

3. The post-processed projections, at three selected angles, agree with 
the experiment-based projections. 

These findings demonstrate the feasibility of the direct use of the FBP 
algorithm in strain tomographic reconstruction with a small number of 
projections, and with the internal residual strain distribution providing 
insight into understanding the connections between residual strain and 
crack initiation in engineering components. 
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