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Bragg edge tomography characterization of additively manufactured 316L steel
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In this work we perform a neutron Bragg edge tomography of stainless steel 316L additive manufacturing
samples, one as built via standard laser powder bed fusion, and one using the novel three-dimensional (3D)
laser shock peening technique. First, we consider conventional attenuation tomography of the two samples by
integrating the signal for neutron wavelengths beyond the last Bragg edge, to analyze the bulk density properties
of the material. This is used to map defects, such as porosities or cracks, which yield a lower density. Second,
we obtain strain maps for each of the tomography projections by tracking the wavelength of the strongest Bragg
edge corresponding to the {111} lattice plane family. Algebraic reconstruction techniques are used to obtain
volumetric 3D maps of the strain in the bulk of the samples. It is found that not only the volume of the sample
where the shock peening treatment was carried out yields a higher bulk density, but also a deep and remarkable
compressive strain region. Finally, the analysis of the Bragg edge heights as a function of the projection angle is
used to describe qualitatively crystallographic texture properties of the samples.
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I. INTRODUCTION

Over the past two decades, neutron Bragg edge imaging
has seen rapid development and numerous applications in
many different fields [1]. This imaging mode uses pulsed
beams with a suitable time-of-flight structure, which can
be resolved, e.g., by novel time-of-flight imaging detec-
tors. A recent widely used detector integrates a pixelated
Medipix/Timepix readout chip into a microchannel plate elec-
tron multiplier [2]. The conversion from time-of-flight of the
neutrons to wavelength enables additional imaging modali-
ties compared to the conventional attenuation-based contrast
mapping. Several multimodal studies included the imaging
of lattice strains [1,3,4], crystalline phase composition [1,5],
and texture variations [6,7]. The extension to volumetric 3D
analyses through tomography scans was demonstrated for the
reconstruction of 3D maps of crystalline phase transition from
austenitic to martensitic stainless steel [8]. However, the 3D
reconstruction of strain fields has proven to be a more complex
task. The main challenge is that the tensorial nature of strain
prohibits the application of standard tomographic reconstruc-
tion techniques. For example, for a sample with anisotropic
strain, knowing that for a projection the strain tensor com-
ponent is along the neutron beam direction, a rotation of the
sample would change the tensor component that is probed
by the neutron beam. However, under certain assumptions on
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symmetrical properties of the lattice strains in the sample,
the reconstruction of strain fields has been demonstrated and
proven feasible [9,10]. More recently, Hendricks et al. have
shown that using forward models a generalized approach for
the reconstruction of the tensorial components of the strain
field could be applied [11].

Many applications of neutron characterization with
diffraction [12–18] as well as white beam attenuation
contrast neutron imaging [19,20] and neutron grating
interferometry [21–23] can be found in the field of additive
manufacturing (AM). These different techniques cover
different aspects and complement each other, and can be
integrated simultaneously as shown in [24] where the setup
allows for an in situ combination of multimodal neutron
imaging with neutron diffraction. The main advantage of
these techniques is that they are nondestructive and that
in contrast to x rays, neutrons have high penetration depth
in certain metallic compounds. One of the critical aspects
of parts processed through AM is the build up of strains
caused by the complex thermomechanical process [25]. A
powerful post-processing treatment for the relief of such
strains is laser shock peening (LSP), which is applied to
the top surface of the built parts [26]. A novel AM material
processing technique, namely 3D laser shock peening
(3D-LSP), combines laser powder bed fusion (LPBF) with
LSP treatments at intermediate layers [27]. The purpose
of this combined technique is to introduce beneficial
compressive strains (CS) that counteract the formation of
the tensile strains (TS), which build up particularly in the
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surface regions. Furthermore, this technique enables tailoring
the strain field according to predefined models in an LPBF
built component. The introduction of CS in a component is
suited to enhance the material’s lifetime, prevent cracking
and distortions [28]. It has been shown that 3D-LSP has the
ability to, e.g., introduce CS deeper into the sample, when
compared to single surface layer LSP treatments [29]. Due
to the layer-by-layer nature of the processing method and
in particular also for alternate changes of the laser scanning
direction, the strain tensor can be assumed isotropic in a plane
orthogonal to the build direction. Based on this assumption,
the strain profiles of as built and LSP-treated LPBF stainless
steel 316L samples were characterized with Bragg edge
radiography. The results and initial assumptions were
validated by comparing the residual stress values measured
with the conventional destructive hole-drilling method [30].
Subsequently, using Bragg edge radiography, parametric
studies of LPBF processing parameters were carried out for
a large series of samples [31]. However, by radiographic
imaging, the strains are measured as averages along the
sample thickness parallel to the neutron beam direction hence,
strain variations along the sample thickness are obscured.
Here we show how multiple radiographs collected from
different angles can be used for tomographic reconstructions,
and reveal elastic strain variations in a 3D volumetric map.

In this work we perform neutron Bragg edge tomogra-
phy of a 3D-LSP processed sample, and one as built by
LPBF with identical processing parameters. First, we consider
conventional attenuation tomography of the two samples by
integrating the signal for neutron wavelengths beyond the
highest wavelength Bragg edge, where the linear trend of the
attenuation coefficient enables us to probe the bulk density
of the material. This is used to map defects and parts of the
sample with lower density, caused, e.g., by porosity. Second,
the wavelength of the strongest Bragg edge corresponding to
the {111} lattice planes is used to obtain a strain map for
each projection of the tomography scan. An iterative algebraic
reconstruction is used to obtain volumetric 3D maps of the
strain in the bulk of the samples, which is further converted
into 3D strain maps. The approach for the reconstruction of
volumetric strain can be applied to different families of lattice
planes, however, in the present study we only report the results
for {111} as it exhibits the best contrast and signal to noise
ratio in the strain maps and also due to the fact that the
AM-processed material is not texture free. It is known that for
texture-free fcc metals, typically the {311} family of planes
is used for residual stress characterization, as it is the least af-
fected by intergranular stresses [32]. It is noted that the choice
of the most appropriate lattice plane families for residual
stress evaluation, due to intergranular stresses in textured AM
materials, is not within the scope of the present work. Finally,
the analysis of the Bragg edge heights as a function of the
projection angle is used to evaluate qualitatively symmetric
properties in the crystallographic texture of the samples.

II. METHODS AND EXPERIMENTS

A. Theoretical background

In neutron Bragg edge imaging, the wavelength (λ) de-
pendent attenuation spectrum μ(λ) t = − log[I (λ)/I0(λ)] is

measured, where I0(λ) and I (λ) are the incident and trans-
mitted neutron beam spectra through the sample, μ is the
linear attenuation coefficient, and t is the sample thickness.
The attenuation contains contributions from cross sections of
absorption and scattering. The absorption cross section, which
becomes dominant for longer wavelengths (e.g., above 4.2 Å
for the stainless steel 316L examined here, see Fig. 4), has
a linear dependence on the wavelength. Therefore, it can be
used to efficiently measure the bulk density, in particular
in this wavelength regime where the scattering contributions
can be neglected. The scattering cross section, and espe-
cially the elastic coherent component, dominates in the shorter
wavelength thermal neutron regime for certain crystalline
materials (e.g., Cu, Fe, Zr) and reflects crystallographic prop-
erties. Bragg edges, which are the characteristic features of
the wavelength dependent scattering cross section of these
polycrystalline materials, appear as sharp discontinuities in
the attenuation spectrum and they can be considered as the
corresponding Bragg peaks in diffraction. The wavelength
of those discontinuities are related to the individual lattice
plane families through Bragg’s law. For a specific family of
lattice planes with lattice spacing dhkl , Bragg’s law relates
the neutron wavelength λ to the Bragg angle θ between the
beam and the lattice planes as λ = 2dhkl sin(θ ). The Bragg
angle increases with the wavelength until it reaches θ = π/2.
Beyond the corresponding wavelength λ = 2dhkl the Bragg
condition for the specific lattice plane family {hkl} cannot be
satisfied any longer and there is a corresponding sharp drop in
the attenuation spectrum. The wavelength at which the Bragg
edge occurs can be thus considered a measure of the lattice
spacing dhkl = λhkl/2. The full pattern of the Bragg edges for
the different hkl lattice planes is unique to each crystal struc-
ture and can thus be used for their discrimination or for the
characterization of material crystalline phase transformations.
Finally, the shape of the spectra and height of Bragg edges
carry microstructure information such as crystallite size and
crystallographic texture. In particular for textured materials,
the shape and height of the Bragg edges change drastically
with the orientation of the sample in the beam and from the
quantitative analysis of such changes, it is possible to extract
texture information. In this work we utilize Bragg edge mea-
surements for the characterization of elastic lattice strain εhkl

in the direction parallel to the neutron beam. Elastic lattice
strain can be expressed as the relative deviation of the lattice
spacing dhkl from a reference lattice spacing d0

hkl :

εhkl = dhkl − d0
hkl

d0
hkl

. (1)

Methods for obtaining reliable strain-free d0
hkl values are given

in [33]. The magnitude of strain is referred as micro (1 ×
10−6) strain (με). Crystallographic texture effects challenge
the wavelength tracking of Bragg edge, in particular for ef-
fects that distort strongly the shape of an edge. For such cases,
the common methods used for fitting such as peak profile or
derivative peak fitting suffer significantly from pixel-to-pixel
variations. However, for the neutron beam directions mea-
sured in this paper, the effect of the crystallographic texture of
the samples yields exclusively Bragg edge height variations.
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B. Materials and instrumentation

The two samples examined in this work are rectangular
cuboid samples made of austenitic stainless steel 316L (i.e.,
Fe-17Cr-12Ni) processed with LPBF. The samples were pro-
duced using MetcoAdd spherical powder (Oerlikon Metco,
Switzerland) with mean diameter 31.86 μm and a Concept
M2 machine (Concept Laser GmbH, Germany). The machine
is equipped with a fiber laser operating in continuous mode
with a Gaussian intensity distribution and a wavelength of
1070 nm and a spot size (1/e2) of 90 μm. The laser power,
hatch distance, and powder layer thickness were kept fixed to
125 W, 105 μm, and 30 μm, respectively. The laser speed
of the LPBF processing was set to 300 m/s, and a 3 mm
thick support structure was used and subsequently cut via
electrodischarge machining. The samples were produced un-
der N2 atmosphere and the O2 content was kept below 1%
during the process. One of the two samples was produced
by conventional LPBF and left in as a built condition (AB).
The other sample was produced involving the novel 3D-LSP
technique. Stopping the LPBF process 20 layers before the
scheduled end, half of the intermediate sample surface was
treated with LSP and then the LPBF process was continued.
Additionally, on the final layer, the same half of the sam-
ple surface was treated with LSP. During LPBF, the strategy
adopted for the laser scanning direction was alternating two
orthogonal scanning orientations in a checkerboard pattern,
which was repeated for each printed layer. With respect to the
LSP treatment, the laser energy was set to 1.5 J corresponding
to a laser areal power density of 30 GW/m2. Finally, the area
overlap between two successive laser beam footprints in LSP
applied to the surface was 80%. Additionally, another AB
sample was annealed at a temperature of 1000 ◦C for 10 min,
serving as an unstrained reference sample. The annealing
treatment is considered not to have influenced any chemical
segregation that would affect the lattice parameter. For this
sample, the reference lattice spacing d0

hkl was measured as
2.0725 Å from a single Bragg edge radiography and compared
with powder and an annealed sample value obtained with
neutron diffraction. All measured d0

hkl values agree within an
uncertainty range of 150 με.

The tomography scan of the two samples was performed
at the RADEN beamline at J-PARC (Japan), which is well
suited for neutron Bragg edge imaging [34]. The sample
was rotated with the rotation axis parallel to the LPBF build
direction, in 19 angular steps following the golden ratio
rule [35,36]. This choice was made to optimize the angular
coverage with a relatively low and in particular uncertain
total exposure time available. Each projection was exposed
for 1 h for recording transmission spectra in all pixels of the
imaging detector. RADEN uses a spectrum that ranges up
to 8.8 Å with a wavelength resolution of �λ/λ < 0.2% for
wavelengths above 3 Å [34]. For the tomography acquisition,
the wavelength spectrum range selected was between 1.8 and
5.3 Å. Table I highlights all relevant Bragg edges specific to
316L stainless steel that are accessible by the neutron source
spectrum. The wavelength bin width was set to 4.3 mÅ, which
is approximately half of the instrumental resolution at 4.1 Å.
For each of the projections scanned, we localized pixelwise
the wavelength of the Bragg edge corresponding to the {111}
lattice planes, by calculating the centroid of the derivative of

TABLE I. List of theoretical Bragg edges within the neutron
source spectrum utilized, considering a lattice parameter of 3.60 Å,
after [37].

Lattice planes: (222) (311) (220) (200) (111)

Neutron wavelength (Å) 2.07 2.16 2.54 3.59 4.15

the attenuation spectrum, in a 0.5 Å wide wavelength band
around the respective Bragg edge. In this way, images of both
the attenuation and the {111} Bragg edge wavelength were
obtained for each projection. The Bragg edge wavelength
maps were further converted into elastic lattice strain using
Eq. (1) and a reference d0

hkl value measured from the annealed
sample in the same manner.

Furthermore, the bulk textures of the samples were
determined on the General Materials (GEM) neutron diffrac-
tometer [38] at the ISIS pulsed neutron source, UK. A
polychromatic neutron beam of 20 × 15 mm2 (height ×
width), so the whole sample was in the beam. The neutron
wavelengths were between 0.2 and 3.5 Å, with a collection
time of 30 min. In order to reconstruct the orientation dis-
tribution function (ODF), time-of-flight diffraction data were
collected for one sample orientation taking advantage of the
large angular detector coverage. Post experiment, 6500 in-
dividual detector elements on GEM were grouped into 160
discrete segments, such that each segment covered angles of
about 10 × 10 deg [38]. The diffraction patterns were nor-
malized to the wavelength distribution of the GEM neutron
beam and the MAUD analysis software [39] was employed for
texture analysis by Rietveld fitting 20 Bragg peaks in each de-
tector segment. The extended Williams-Imhof-Matthies-Vinel
(E-WIMV) algorithm implemented in MAUD was used for
extracting the ODF with a resolution of 10 deg, matching
the angular detector resolution. Pole figures were recalcu-
lated from the ODF and plotted in MTEX [40], with pole
densities expressed as multiples of a random distribution
(m.r.d.).

C. Tomographic reconstruction

For the volumetric reconstruction of the 3D strain map,
two individual sinograms are obtained by calculating: (i)
The attenuation map of each projection, − log I (u,v,ω)

I0(u,v,ω) =
μ(u, v, ω) t (u, v, ω), by integrating I (λ) and I0(λ) for all
wavelength bins above 4.2 Å. u and v are the pixel coor-
dinates and ω is the rotation angle of each projection. (ii)
The lattice spacing map of each projection dhkl (u, v, ω). This
map is multiplied to the first one to obtain d̃hkl (u, v, ω) =
dhkl (u, v, ω)μ(u, v, ω) t (u, v, ω), which is again the line in-
tegral of the attenuation, but now scaled by the average lattice
spacing value. This step is necessary because standard tomo-
graphic reconstruction algorithms are based on line integrals,
whereas the measured lattice spacing is a quantity averaged
along the neutron beam path. At this point, the two sinograms
are both processed using the same reconstruction algorithm to
obtain volumetric 3D maps of the attenuation μ(x, y, z) and
the lattice spacing multiplied by the attenuation d̃hkl (x, y, z),
where x, y, and z are Cartesian coordinates respective to the
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sample. Finally, the actual lattice spacing 3D map is retrieved
by a voxel-by-voxel division of the two tomographic recon-
structions dhkl (x, y, z) = d̃hkl (x, y, z)/μ(x, y, z). The result is
then converted to elastic strain using Eq. (1). The following
assumptions are considered, which makes it possible to recon-
struct the lattice strain volume: (i) the strain is isotropic, i.e.,
with equal x and y components in planes perpendicular to the
build direction; (ii) the sample has weak texture variations [see
Fig. 4(a)]. The first assumption is required since the strain is
measured in the direction of the beam, which changes accord-
ing to the projection rotation angle. The second assumption
ensures that texture effects do not interfere with the Bragg
edge wavelength tracking, when the sample is rotated.

The reconstruction algorithm used is the simultaneous
iterative reconstruction technique, available in the ASTRA
toolbox [41]. This algorithm is well suited to suppress the
reconstruction artifacts due to a limited number of projec-
tions, such as in this case. For the reconstructions, a spatial
rebinning of two-by-two pixels was carried out to improve the
fitting performance, leading to a voxel size of 110 × 110 ×
110 μm in the reconstructions. Alternatively and similarly to
the method presented here, one could perform the conven-
tional volumetric reconstruction for each of the wavelength
bins of the neutron Bragg edge tomography scan and then
localize the Bragg edge wavelength for each voxel (x, y, z)
as demonstrated by Carminati et al. [42]. In terms of per-
formance, we found comparable results by using the two
different approaches. The advantage of using one or another
is purely due to computing time. When a high number of
wavelength bins and voxels of the reconstructed volume are
chosen, the spectral method [42] can become dramatically
slow, due to the high amount of both reconstructions and
wavelength tracking to be performed. On the other hand, since
wavelength tracking is carried out on a pixel-by-pixel basis (or
voxel-by-voxel, respectively), when the total amount of pixels
in the projections is higher than the reconstructed sample vox-
els, the method presented here can become slower. However,
so far in most of the cases of Bragg edge tomography a limited
number of projections is usually chosen, with a high exposure
time for each, due to the relatively low signal to noise ratio
of the technique for which a high wavelength resolution is
desired.

III. RESULTS AND DISCUSSION

Figure 1 shows the reconstructed 3D maps of the strains for
the sample manufactured with conventional LPBF in as build
(AB) condition, and the sample partially treated with the 3D-
LSP technique. The volumes clearly display the typical strain
behavior of LPBF samples along the build direction (z). The
positive values in the proximity of the bottom and top edge
surfaces, corresponding to TS (red color), rapidly turn into a
plateau of negative values, corresponding to CS (blue color),
at the bulk center of the sample. The portion of the sample
surface that was treated with 3D-LSP shows a localized zone
of CS at the top of the sample, with the corresponding TS
being pushed deeper into the sample. This effect is stronger
towards the center of the sample. The figure also shows in the
bottom row a segmentation of TS regions, in order to better
visualize the effect of the 3D-LSP treatment on the sample

As Built (AB) 3D-LSP

Se
gm

en
te

d 
T

S
St

ra
in

V
ol

um
e 1483

766

0

-766

-1360

1625

766

0

-766
-1211

με με

xy
z

1mm 1mm

1mm 1mm

FIG. 1. Top row: Reconstructed strain volumes corresponding to
the as built (AB) sample (left) and the one partially treated with 3D-
LSP (right). The color map goes from blue (CS) to white (zero strain)
to red (TS). The build direction is aligned to the z axis. Bottom row:
The samples’ respective segmented TS regions, achieved by a binary
threshold between 500 and 1500 με.

surface. This was achieved by a binary thresholding of values
between 500 and 1500 με, and displaying the resulting voxels
with full opacity.

To evaluate the enhancement of the material’s mechanical
properties when using the 3D-LSP processing technique, it
is important to quantify the magnitude of CS introduced in
the treated partial volume of the sample, and the depth at
which the strains convert to TS. Figure 2 shows plots of
the strains for specific regions of the samples, which were
calculated by taking the corresponding average strain value
of each volume slice orthogonal to the build direction, as a
function of the sample height. For the as built sample, the
whole reconstructed volume was considered, whereas for the

FIG. 2. Vertical profiles of the strain as a function of sample
height for the as built (AB) sample and the 3D-LSP treated and left as
built regions of the treated sample. In the inset graph, the same lines
corresponding to the 3D-LSP samples (square marker), are compared
to the results obtained with radiography, with same color code but
lighter tone (triangle marker). Note that the LSP-treated region is at
the higher sample height.
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3D-LSP treated sample two regions were taken, respective to
the untreated and treated halves. The vertical profiles towards
the bottom of the samples are similar for each of the regions
with a maximum TS of around 1300 με and a conversion
depth to CS at approximately 1.3 mm from the bottom. A
comparable TS behavior is found for the top AB sample sur-
faces, with a conversion depth to CS of approximately 1.7 mm
from the top. The discrepancy between the CS depths at the
two sides is an expected result, which compares well with the
extensive Bragg edge radiography studies and hole-drilling
method [31]. The principal reason behind this is thought to be
the electrodischarge machining cutting of the support struc-
ture, resulting in a release of the TS at the corresponding side
of the sample. With respect to the 3D-LSP treated surface,
the sample shows a surface CS of approximately −480 με,
which converts to TS at about 0.2 mm from the surface, then,
it rises up to a 1.5 mm deep plateau of 518 με and finally
converts back to CS at approximately 4 mm from the top
surface. Figure 2 also contains corresponding vertical profiles
of the strains of the same samples measured with standard
radiographic neutron Bragg edge imaging [43]. A compari-
son of the results obtained with tomography and radiography
yields very similar results for the AB sample. Regarding the
3D-LSP treated surface, while the surface CS magnitude is
nearly identical for the two measurements, the strain values
below the depth at which they convert to TS appears higher for
the tomography measurement. This may be caused by edge
artifacts due to the severely limited number of projections,
which introduces a positive bias in the retrieved elastic lattice
strain calculated. However, all trends of the strain variations
produced by the 3D-LSP treatment are well captured and
comparable between radiography and tomography, demon-
strating the feasibility of strain tomography for corresponding
investigations.

As discussed in the previous section, not only the strain
volumes are reconstructed from the tomography scan, but
also the linear attenuation coefficient. Figure 3(a) depicts the
attenuation reconstruction of the two samples, where no major
differences between the two samples are observed as both
yield overall similar density values. However, thresholding
of sample voxels with lower attenuation reveals the spatial
localization of sample zones with lower bulk density, due
to porosity. It has to be noted that in literature, for mate-
rials with similar processing conditions, the pore sizes are
reported to be varying, depending on the LPBF settings, from
a few to a few hundred μm [44]. Hence, our detector’s pixel
pitch of 55 μm only allows for the detection of clusters of
neighboring pores or relatively large pores. Figure 3(b) shows
the vertical profiles of the average bulk density calculated
from the linear attenuation coefficients, for the corresponding
3D-LSP and AB parts of the samples. It is observed that the
3D-LSP processing, in addition to introducing CS, serves the
purpose of increasing the bulk density by closing of pores,
an effect that has also been reported in literature [27,45]. It
is found that up to 2 mm deep into the sample from the
top surface, the bulk density is increased by approximately
2%.

Finally, we have examined the Bragg edge spectra of the
bulk AB sample for each of the tomography projections. We
have observed that by rotating the sample around the build

As Built (AB) 3D-LSP
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FIG. 3. (a) Volumetric 3D reconstruction of the linear attenua-
tion coefficient (cm−1) of the AB and 3D-LSP samples. Overlapped
are regions of the samples with lower attenuation, by thresholding
between 0.6 and 0.9 cm−1. (b) Vertical profiles of the average bulk
density (g/cm−3) along the build direction (z) for the bulk AB and
3D-LSP samples, and the treated and untreated parts of the latter.

direction, the relative Bragg edge heights vary symmetrically
with a 90 deg period. This type of symmetry is typically found
for chessboard (or island) LPBF scanning strategy [46,47],
as the one used for the samples examined in this work.
Figure 4(c) shows the Bragg spectra for a selection of seven
projection angles: −85.0◦, −42.5◦, −22.4◦, 0◦, 52.5◦, 72.6◦,
and 82.6◦. The spectra have been normalized to have equal
values between 4.2 and 5 Å, to take into account the different
neutron path lengths for different projections, assuming no
contributions from the texture are to be found in this wave-
length regime. While the angles are not equidistant due to the
choice of golden ratio tomography for the projection angles,
it can be observed easily that for spectra approximately 90◦
apart from each other follow the same trend. This symmetry
is shown as well in Fig. 4(d), where the Bragg edge heights
corresponding to the {111}, {200}, and {220} lattice planes
are plotted versus projection angles. These results were com-
pared with data from conventional neutron diffraction, carried
out at the GEM [38] diffractometer at ISIS (UK). Figure 4(a)
shows the recalculated pole figures for the same lattice planes
evaluated from the orientation distribution function (ODF)
obtained from the diffraction measurements. The diffraction
pole figures confirm the symmetrical behavior that is observed
in the linear attenuation coefficient spectra for the Bragg edge
height as a function of the sample rotation. Since the {hkl}
Bragg edge height is proportional to the number of crystal-
lites having their {hkl} planes normal to the incoming beam
direction, the projection angle dependent Bragg edge height
in a tomography scan can be used to create entries to a pole
figure. Figure 4(b) displays the pole figure coverage by our
tomographic scan, with values calculated from the Bragg edge
heights respective to each of the tomography rotation angles.
The rotation angles selected and shown in Fig. 4(c) are also
marked with black squares in Fig. 4(a). Both the visual com-
parison of Figs. 4(a) and 4(b) and the plots in Fig. 4(d), which
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FIG. 4. (a) Pole figures corresponding to the {111}, {200}, and
{220} lattice planes, measured at the GEM diffractometer. (b) Cor-
responding partial pole figures by evaluating the height of the Bragg
edges corresponding to the same lattice planes in the bulk sam-
ple spectrum, for 19 tomography rotation angles. (c) Bragg edge
patterns of the bulk sample for a selection of seven tomography
rotation angles. The corresponding angle locations in the pole fig-
ures are shown in (a) with black square markers. (d) Bragg edge
heights as a function of tomography rotation angles for the {111},
{200}, and {220} lattice planes shown in blue, red, and green
colors, are evaluated directly from the tomography Bragg patterns
(round markers) and from the neutron diffraction pole figures (thick
lines).

displays the pole figure profile along the X axis obtained both
by diffraction and by tomography, show quantitatively a very
good match. Note that in Fig. 4(b) the magnitudes of the Bragg
edge heights are obtained as the relative deviation from the
mean height for each lattice plane family respectively, to take
into account the contributions from the structure factor for
each of the lattice planes. Likewise, in Fig. 4(d) the magnitude
of the pole figure values are normalized to the maximum value
of the Bragg edge heights for each family of lattice planes.
The same approach was adopted for the 3D-LSP processed
samples, however, no influence of the LSP treatment on the
crystallographic texture was observed.

IV. CONCLUSION

Neutron Bragg edge tomography has been utilized to pro-
duce volumetric maps of the planar isotropic strains in 316L
stainless steel samples. This was possible due to the isotropic
property of the strain in the sample planes orthogonal to the
build direction and parallel to the neutron beam, induced by
the layer-by-layer nature of the material processing technique.
In particular, the effect of the novel 3D-LSP processing tech-
nique on the surface strains was studied. A 0.2 mm deep
compressive strain region is found with surface CS values
approaching −500 με. While still using a very limited num-
ber of angular projections, the measurements are in good
agreement with the ones obtained with two-dimensional ra-
diographic neutron Bragg edge measurements of the identical
samples. Furthermore, the retrieved strain values reproduce
the same trends as conventional techniques such as the hole
drilling method [29,48,49] and coincide well on an absolute
scale, when accounting for different spatial resolutions. The
method presented here enables the straightforward analysis
and detection of strain variations within the entire sample
volume, which are often obscured or cannot be retrieved with
single-shot measurements in conventional nondestructive test-
ing methods such as 2D Bragg edge radiography or neutron
diffraction. We show that additionally to the strain volumes,
the linear attenuation coefficient volumes are obtained with
the same data processing workflow. The attenuation contrast
exhibits processing defects related to bulk density and allows
for their characterization and localization in the sample vol-
ume. Furthermore, we found that the processing through the
3D-LSP technique yields a 2% higher bulk density than the as
built sample, in the sample region where the laser shock peen-
ing is applied. Finally, we show that from the very same mea-
surement, some quantitative conclusions about the crystallo-
graphic texture of the sample could be drawn, by analyzing
changes in the Bragg edge spectra with the projection angle.
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