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Combined three-dimensional (3D) mapping of (micro-)structures with elemental and crystalline phase
variations is of significant importance for the characterization of materials. Neutron wavelength selective
imaging is a spectral imaging technique that exploits unique contrast differences e.g. for mapping dis-
similar elemental, isotope, or phase compositions, and has the particular advantage of being applicable to
sample volumes on the meso- and macroscale. While being mostly applied as radiography (2D) so far, we
herein report that the extension to tomography allows for the display of the full spectral information for
every voxel and in 3D. The development is supported by example data from a continuous as well as a
pulsed neutron source. As a practical example, we collected 4D data sets (3D þ spectral) of plastically
deformed metastable stainless steel and herein demonstrate an improved quantification strategy for
crystalline phase fractions. These exemplary results illustrate that localized phase transformations can be
quantified even in complex geometries within centimeter-sized samples, and we will discuss the limits
and future prospects of the technique that is not limited to crystalline materials.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Dual/multi-energy and spectral transmission imaging methods
exploit the dependence of a material's attenuation characteristics
on the energy of the penetrating radiation and hence allow to
differentiate between materials of different elemental composi-
tions. Such methods have been successful not only in medical X-ray
imaging to discriminate e.g. different types of tissue in the presence
of contrast agents [1], but also in materials science and biology,
using both X-rays [2e8] as well as electrons [9,10]. While dual
energy imaging was possible for a long time using X-rays of
different energies [11,12], a redefining development for spectral CT
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was the advent of energy sensitive area detectors that allow using a
polychromatic beam. Similarly, multi-energy neutron imaging
[13e17] became feasible with the availability of double-crystal
monochromators at steady-state sources [18,19] but can be used
much more efficiently by the time-of-flight (TOF) technique at
spallation sources [20e22]. While a well-defined mono-
chromatized beam is a pre-requisite for several neutron imaging
modalities [23e25], the neutron-energy-dependent attenuation
characteristics of samples often provide invaluable information by
themselves.

In this article, we introduce quantitative spectral neutron to-
mography, which is based on four-dimensional data sets (3D vol-
ume information plus the energy dependence of a material's linear
attenuation coefficient). As a practical example, we demonstrate
crystalline phase tomography by enabling the display and evalua-
tion of energy-dependent attenuation coefficients on a voxel-by-
voxel basis. The fact that materials with different composition
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and structures possess energy-dependent neutron attenuation
characteristics [26,27] is being exploited in absorption contrast
transmission imaging by the instrument design, while it is more
explicitly evaluated e.g. by diffraction contrast [28], resonance ab-
sorption contrast [29,30], or inelastic scattering contrast [31]. Most
published work based on neutron energy dependencies in trans-
mission imaging has focused on radiographic projections so far,
with notable exceptions including crystalline phase tomography
[32e35] and special cases of strain tomography [36e39] that both
exploit diffraction contrast and temperature and isotope-specific
tomography based on resonance absorption contrast [22,40,41].

Fig. 1 shows the energy dependence of the attenuation charac-
teristics for some selected materials for both X-rays and neutrons.
For X-rays, the well-known approach to exploit X-ray absorption
edges is highlighted by comparing cathode materials in different
lithium intercalation states as found during operation of batteries.
By analogy, energy-dependent attenuation characteristics exist also
for neutrons e.g. yielding information about microstructures and
phase compositions, as abrupt changes can be observed at Bragg
edges that are characteristic to the crystalline structures. Energy
dependencies for both radiation types enable applications in
various areas. For the remainder of the article, we will refer to
wavelength rather than energy when describing the method as this
is more commonly used for neutron imaging.

As exemplified by Fig. 1, one can expect that spectral neutron
tomography will be beneficial for a wide array of materials and
applications. To demonstrate its potential, we herein apply it to the
tomographic reconstruction of phase fractions within samples
made from metastable stainless steel that exhibit the trans-
formation-induced plasticity (TRIP) effect under plastic
Fig. 1. Comparison between X-ray and neutron absorption imaging. (a) X-ray attenuation
sections for some selected mono-element phases at different neutron energies, (c) X-ray abs
batteries, and (d) neutron Bragg edges (cross sections per unit cell) for various metal struc
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deformation. This example exploits the diffraction contrast based
on differences of the crystalline structure within the sample and
was selected because it is well understood and supported by
reference data. It should be noted, however, that the main chal-
lenge in exploiting diffraction contrast in transmission imaging lies
in the fact that many crystalline properties have a pronounced
directional dependence (i.e. are tensorial). This renders tomo-
graphic reconstructions challenging not only for neutrons but also
for electrons [9] or X-rays [2]. For tomographic investigations of
single or oligo-crystals, one can create suitable boundary condi-
tions [42,43] and perform diffractive imaging by analyzing
diffraction spots from individual grains [44,45]. In the case of
polycrystalline samples, which represent the majority of metallic
alloys, the number and sizes of grains do typically not allow one to
analyze individual diffraction spots. In such cases and for materials
with suitable coherent scattering cross section and a high sym-
metry, one can use the Bragg edges in transmission spectra to study
localized strain, phase, and texture differences [28]. If the grains are
randomly distributed, non-tensorial properties such as crystalline
phase fractions can be reconstructed from transmission images
alone [32,33,35,46,47]. For samples with preferred grain orienta-
tions (texture), however, the widely used filtered back projection
algorithm is not applicable, even for the reconstruction of non-
tensorial properties. This challenge may only be circumvented
with suitable models to aid the quantitative interpretation of
neutron transmission data for textured samples and supplemental
(diffraction) measurements, where notable efforts have been re-
ported for the former [48e51] and latter [52,53] approaches with
more developments being underway.
coefficients for some selected materials at different X-ray energies, (b) neutron cross
orption edges of LiC6 and LiC12 that are relevant in the context of electrode materials in
tures.
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The samples that we used herein to demonstrate the workflow
and potential of spectral neutron tomography are polycrystalline
and possess only a mild degree of texture even after plastic defor-
mation. By reconstructing 3D volumes recorded at many different
wavelengths (energies), we obtained a 4D data set, which allows us
to display the wavelength-dependent attenuation coefficient in
every voxel. In particular, we demonstrate that this spectral
attenuation signal can be evaluated in every voxel within the
sample volume to enable a much improved and more robust
quantification of phase fractions than previously possible.

2. Experimental procedure

2.1. Collection of spectral tomographic data

The baseline for spectral neutron tomography is the collection of
radiographic projections of a sample from different angles using
different neutron wavelengths. The subsequent tomographic
reconstruction of a sample volume is performed for individual
wavelengths. One ends up with several sets of 3D sample volumes,
each one containing the value of the attenuation coefficient for a
single wavelength (more precisely for a narrow wavelength range
depending on the resolution). In this way, every voxel of the sample
contains awavelength dependent attenuation spectrum, which can
be used for further analysis e.g. for reducing the 4D information to a
3D volume representation of a certain wavelength dependent
parameter such as the slope of the attenuation coefficient, the
Bragg-edge position, height, or width.

For the example results presented herein, we collected data by
using two different approaches for neutron wavelength (energy)
selection: a double-crystal monochromatization (DCM) at a
continuous neutron source and the TOFmethod at a pulsed neutron
source. The former was performed at the neutron imaging beam-
line CONRAD-II at Helmholtz Zentrum Berlin [54,55] and the latter
at the engineering beamline ENGIN-X at Rutherford Appleton
Laboratory [20]. For the DCM setup, we recorded 200 angular
radiographic projections distributed equally over 360 degrees at a
single wavelength before selecting the next wavelength and then
repeated the same procedure. In this fashion, we collected 20
tomographic data sets in a wavelength interval between 3.64 Å and
4.59 Å (20 bins in steps of 0.05 Å) within a total time of ~35 h (single
exposure times of 30 s and a pixel size of 120 mm). By using the TOF
approach and suitable detector technology providing a pixel size of
55 mm [56], we recorded data for the wavelength interval between
1.34 Å and 4.42 Å (z2000 bins in steps of 0.00142 Å) at every
radiographic projection. Using an exposure time of 1 h/projection
(to obtain satisfactory counting statistics), we recorded 29 angular
projections over 360 degrees using the golden ratio distribution
[57] within ~30 h. Details about the experimental setups are
described in the supplementary section.

2.2. Material and samples

Two sets of samples were prepared from the widely used alloy
304L (AISI), a low-carbon stainless steel with metastable austenite
that exhibits the TRIP effect under plastic deformation. On me-
chanical loading, TRIP steels first undergo conventional dislocation
plasticity. With larger deformation, the retained austenite pro-
gressively transforms into martensite, thereby increasing the work
hardening rate at higher strain levels. This process gives rise to
favorable properties such as high toughness and strength, and good
corrosion resistance [58].

The martensitic phase transformation in steel has been repeat-
edly studied using the Bragg edge methodology. This is due to the
strong diffraction power and clearly distinguishable characteristic
3

Bragg edges [33,34,46,59e62]. Steels that may possess both of
these phases are common, including metastable stainless steels
that have outstanding formability (such as grade 304L), super-
martensitic stainless steel that is widely used whenever welding is
an issue [63] as well as the latest third-generation AHSS (advanced
high-strength steels), to name a few. Table 1 shows the chemical
composition of the material used.

Two sample geometries were manufactured and plastically
deformed in torsion under well-controlled conditions using a
custom built mechanical loading system [64]. A circular cross sec-
tion of d¼ 8mm (with a gauge length of 5mm)was deformed to an
angular twist of 179 degrees, corresponding to a maximum shear
strain of 250%. The circular geometry allows one to apply high
levels of plastic strain while the sample cross section is experi-
encing a strain distribution that increases radially from the center
towards the outer diameter. While this presents a fairly simple case,
the other sample with a rectangular cross section of 5 mm� 10mm
(gauge length¼ 7mm), twisted to 464 degrees, experiences amuch
more complex strain distribution: Within the elastic regime, the
maximum shear stresses in a rectangular cross section under pure
torsionwill occur at the midpoint of each longer side as analytically
described in Refs. [65,66] but can be expected to deviate signifi-
cantly once the geometry starts to evolve from its original di-
mensions due to the large plastic deformation. While numerical
modelling can predict the strain distributions quite accurately as
long as the geometrical boundary conditions are known, the pre-
dictions are challenged once the conditions start to change. The
availability of full-field experimental characterization methods,
such as spectral neutron tomography, is hence essential.
3. Results and discussion

3.1. Visualization and initial analysis of a 4D data set

The resulting 4D nature of the spectral neutron tomographic
technique is shown in Fig. 2 for the rectangular TRIP steel sample
(twisted to 464 degrees): Each reconstructed 3D volume contains
the attenuation coefficients for a distinct neutronwavelength color-
coded in cm�1. Having recorded and reconstructed such images for
a range of wavelengths, one can plot the wavelength dependent
attenuation spectra for single 3D elements, either individual voxels
or several voxels, termed volume of interest (VOI).

One can see in Fig. 2b that the attenuation value shows strong
local variations up to a certain wavelength, after which the sample
appears homogenous. This is due to the fact that no more Bragg
scattering occurs beyond a certain wavelength for each phase
(referred to as Bragg cut-off). The positions of the individual Bragg
edges are described by Bragg's law 2dhkl.sinq ¼ l, where 2q corre-
sponds to 180 degrees, l is the wavelength and dhkl is the atomic
lattice spacing. As the sample is composed of both austenite and
martensite, two distinct attenuation spectra are expected within
the sample volume. The theoretical attenuation coefficients for the
two phases were calculated using the software ‘nxs plotter’ [67]
and are shown in Fig. 2c, while Fig. 2d shows two experimentally
derived attenuation coefficient spectra. These correspond to two
different VOIs, eachwith a voxel binning of 3� 3� 3 to improve the
signal-to-noise ratio. The locations of the two VOIs are also shown
Fig. 2b as well as in the horizontal cross sections through the
sample shown in Fig. 2e.

From the curves shown in Fig. 2c, in combination with radio-
graphic wavelength scans for a wider wavelength range between
2 Å and 4.5 Å, it can be concluded that the material represented by
VOI#1 is purely austenitic (within the resolution limit). This region
is located outside the gauge section of the torsion sample.



Table 1
Chemical compositions (wt.%) of the stainless steel 304L used in this study.

C Co Cr Cu Mn Si Mo N Ni P S Fe

0.022 0.03 18.18 0.14 1.54 0.29 0.11 0.076 8.55 0.026 0.0017 Balance

Fig. 2. The principle of spectral neutron tomography is depicted and based on a 4D data set. (a) Photograph of the undeformed sample with a rectangular cross section and of the
measured torsion sample that was twisted to 464 degrees, (b) 3D rendering of the sample for data taken at different wavelengths with the attenuation coefficients represented by a
color scheme, (c) theoretical attenuation coefficients for the two phases, where martensite has the same crystallographic structure as a-iron, (d) experimentally determined
attenuation coefficients for the measured wavelength band for two separate volumes of interest (VOIs), (e) horizontal cross sections of the 3D volume at 3.64 Å highlighting the two
VOIs shown in (d). Note: For graphs (c) and (d), neutron wavelengths are given unlike Fig. 1 where neutron energies are specified.
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For the other location, VOI#2, a region inside the gauge section
was selected that experienced large amounts of plastic deforma-
tion. One can observe that the position of the visible Bragg edge is
notably different from that in VOI#1. The attenuation coefficient
after the Bragg cut-off is the same, while a higher value is observed
for wavelengths before these Bragg edges. Comparing these ob-
servations with the simulated data one can conclude that a
martensitic phase transformation has taken place in this region.
The simulated data further show that the two phases have Bragg
edges around 4 Å at distinctively different positions, with the
martensitic Bragg edge corresponding to bcc (110) and the
austenitic Bragg edge corresponding to fcc (111). They are, however,
in such proximity to each other that they are convoluted by the
instrumental wavelength resolution when both present, hence
rendering it impossible to quantify the phase fractions from one
measurement alone. If the Bragg edge positions for the pure phases
are known, regions inwhich these two phases simultaneously exist
can be interpolated by analyzing the effective position of the
observed Bragg edge.

The attenuation coefficients derived experimentally can be ex-
pected to still deviate from the calculated values due to instru-
mental effects and forward scattering of the sample. Both effects
can to some extent be corrected [68e71] but are not crucial for the
evaluation of the samples investigated herein inwhich these effects
do not change between the samples and sample regions that are
being compared.
3.2. Deriving wavelength-dependent attenuation parameters from
a 4D data set (4D to 3D)

Since it is cumbersome and inconvenient to visualize 4D data
volumes, the logical next data analysis step involves assigning a
4

single value to each voxel of the 3D sample volume that is derived
from the spectral information within. For the two samples that
were investigated, we applied a fitting procedure on a voxel by
voxel basis to determine the Bragg edge position. We applied the
following mathematical algorithm: first, the derivative of the
attenuation profiles (see Fig. 3a and b) was taken and second, this
derivative was fitted by a Gaussian function:

f ðlÞ ¼ f0 þ
A

w
ffiffiffiffiffiffiffiffiffi
p=2

p e�2ðl�lc Þ2
w2 ; (1)

where f ðlÞ is the Gaussian fitting function, f0 an offset term, lc the
peak position (hence the Bragg edge position), w describes the full
width at half maximum (FWHM) and A is the height of the peak
(A>0).

Fig. 3a and b show this procedure for two selected VOIs inside
each sample. It is now possible to assign to each voxel a value for
the Bragg edge position that can be represented by a color code as
done in Fig. 3c and d for the rectangular and circular samples,
respectively. Since the Bragg edge positions for the pure phases are
known, one can now obtain a clearer picture of the localized phase
transformation. For both samples, it is evident that no phase change
has taken place in regions outside the gauge length as expected.

For the samplewith the rectangular cross section, the prediction
of the expected shears stress and phase distribution by analytical or
numerical tools is challenging due to the large plastic deformation.
The experimental results show that the regions closest to the
shorter sides of the cross section have undergone the largest
amount of phase transformation as well as that two opposing
corners of the cross section show a much larger degree of phase
transformation than the other two corners. This particular obser-
vation can be partly explained by geometrical constraints implied



Fig. 3. (a) Profile of attenuation coefficients at the investigated Bragg edge, its derivative and a Gaussian fit for an example volume (VOI#3) that is located outside the gauge section,
(b) same for another example volume (VOI#4) that is located towards the bottom of the gauge length of the rectangular cross section, (c) vertical and horizontal cross-sections as
well as 3D representations for the rectangular sample showing the Bragg edge positions after 3D fitting, (d) and for the circular sample showing Bragg edge positions after 3D fitting,
(e) Martensite phase fractions vs. Bragg edge positions as measured for the four calibration samples (black) and simulations for 100%, 75%, 50%, 25%, 0% martensite, where Bragg
edge positions were determined using data in Fig. 2c (red). Vertical lines refer to data in a) and b).
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by the gauge length and are actually supported by finite element
modeling of the shear stress distributions, which will be discussed
in detail in a separate publication.

The circular sample geometry yields results that are easier to
interpret since the phase transformation progressed as expected
and resulted in a radial distribution, moreover agreeing with
previously reported results [32,33,72]. The 3D rendering of the
well-characterized sample [32,33] actually allows to visualize
that the effectively measured Bragg edge position changes
5

incrementally with the radially progressing phase
transformation.
3.3. Quantification of phase fractions using a calibration curve

The next step in determining phase fractions within a sample
involves deriving a calibration curve that relates the measured
Bragg edge with a certain phase fraction. The native parameter to
associate with a phase fraction would bedin analogy to the height



Fig. 4. Time-of-flight (TOF) transmission and attenuation coefficient profiles of the sample twisted by 179� . (a) Visualization of samples with region of interest (ROI) depicted that
was used for the plot in (b), (b) Bragg-edge transmission spectra after normalizing (TOF radiographic projections between 2.0 Å and 4.4 Å with an exposure time of 3600 s/
projection) for the different gauge areas of the sample, (c) 3D rendering of the sample at 3.85 Å based on TOF attenuation coefficients, highlighting the two VOI's displayed in the
plot, (d) Attenuation coefficient profiles for the two selected VOI's in (c).

K.V. Tran, R. Woracek, N. Kardjilov et al. Materials Today Advances 9 (2021) 100132
of Bragg peaks in diffraction measurementsdthe height of the
Bragg edge(s). However, since the current measurements focused
on Bragg edges for two phases that appear in close proximity, these
can hardly be discerned, especially when convoluted with the
instrumental resolution.

We hence propose another approach that allows to calibrate the
effectively measured Bragg edge positions using known phase
fractions. For this purpose, we performed calibration measure-
ments using combinations of calibration samples with plate ge-
ometries of single-phase steel alloys, namely an austenitic stainless
steel (fcc structure) and a ferritic steel (bcc structure), both with
lattice parameters that are close to the ones expected from the
phases in the samples under investigation (note that both, the
ferritic steel and the formed martensite possess a bcc lattice
structure). Neutronwavelength scans were performed between 2 Å
and 5 Å in steps of 0.02 Å for these standard samples in the
following combination: 1.0 cm austenitic steel; 0.5 cm austenitic
steel þ0.5 cm ferritic steel; 0.33 cm austenitic steel þ0.67 cm
ferritic steel and 1.0 cm ferritic steel. The fitting algorithm from Eq.
(1) was applied to derive the Bragg edge positions for each pure and
combined sample. The corresponding positions are shown as black
triangles in Fig. 3e. The figure also contains simulated data points
(red circles) for five different martensite fractions that were ob-
tained using the theoretical attenuation spectra for similar com-
binations of austenitic and ferritic steel from nxs plotter [67]
(compare Fig. 2c), which were convoluted by the instrumental
resolution function. From the resulting curves the positions of the
Bragg-edges were determined, see red points in Fig. 3e.

The derived calibration curves from both experimentally and
simulated data points are non-linear as expected. We have
attempted several different fits to the data points, but given that the
relevant phase bcc fraction can be expected �75%, we have chosen
6

a simple linear fit that describes the relationship between Bragg
edge position and phase fractionwell enough within the resolution
limit of the measurements. The fitted lines to describe the phase
fractions are as follows:

Martensite,%(simulated) ¼ 3168e761 � (Bragg edge position, Å)

Martensite,%(measured) ¼ 3149e760 � (Bragg edge position, Å)

Obviously, the two lines have almost the same slopes but are
shifted by an offset in vertical direction. The reason for this is very
likely the difference in composition of the investigated alloys and
the simulated one, as that can result in different lattice parameters.
Residual strain is not expected to have a significant impact on this
difference (neither for the calibration samples nor for the twisted
samples). It should be noted that the twisted samples have yet
another alloying composition and another small systematic offset
might be present as well. Nevertheless, a qualitative comparison
and quantitative estimation could be made for the two VOIs given
in Fig. 3a and b where the martensitic phase fraction is found to be
approximately 10e20% for VOI#3 and 50e60% for VOI#4. This
correlates well with the expected trend for more pronounced phase
transition in areas of higher stresses observed in Fig. 3c and dis-
cussed above. The estimated phase fractions for VOI#3 and VOI#4
are in good agreement with previously reported results from
neutron tomography, the OlsoneCohen model, neutron diffraction,
and EBSD [73].

3.4. Spectral neutron tomography by time-of-flight

As it was shown above, spectral neutron tomography can be
effectively implemented using a tunable monochromator at a
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steady-state neutron source. The advantages include that well-
established detector technology can be used that offers good
detection efficiency, high spatial resolution, and large fields of view.
The disadvantages include the limitation to thermal and cold
neutrons (relatively low energies), the inefficiency associated with
wavelength scanning and the relatively low wavelength resolution.
These disadvantages can be overcome by implementing the
method at spallation neutron sources combined with TOF tech-
niques [20,22,35,74]. To provide a direct comparison between the
two approaches we herein also include results that were obtained
for one of the samples investigated at CONRAD-II, namely the one
with the circular geometry, at the pulsed neutron instrument
ENGIN-X [20].

Fig. 4 shows the neutron transmission spectra obtained for one
radiographic projection (top) and the reconstructed 3D volume for
which the attenuation spectrum can be plotted on a voxel level (4D
data set, bottom). The highlighted region of interest #1 (ROI#1 in
Fig. 4a) corresponds to an area outside the gauge section that
remained fully austenitic. This can be readily confirmed by the
transmission spectrum from a single radiographic projection as
seen in Fig. 4b. The other two regions for which spectra are
included, ROI#2 and ROI#3, both show additional Bragg edges
indicating that austenite and martensite are present within the
radiographic projection of that region. The spectra all differ in
terms of absolute transmission values due the different material
thickness of the selected regions. Compared to the data obtained by
the DCM approach, one can already see from Fig. 4b that the two
different Bragg edges around 4 Å, namely bcc (110) and fcc (111), are
now clearly separated. It can furthermore be seen that the
martensitic phase fraction is larger for ROI#2 than for ROI#3, which
makes sense since the latter contains the center of the sample in
addition to the outer radius section.

As explained in the methods section, tomographic re-
constructions were performed for 200 wavelength bins, based on
the same 29 individual radiographic projections. Fig. 4c shows the
3D rendering of the reconstructed volume at awavelength of 3.85 Å
where the two phases show clearly different attenuation co-
efficients. Attenuation coefficient spectra are presented in Fig. 4d
for two VOIs that correspond to the ROIs depicted above. Each VOI
is only one voxel deep in the other (not-indicated) dimension. One
can immediately see that the interpretation of spectral imaging
data becomes much easier with this approach, as the comparison
with the predicted values in terms of attenuation coefficients
removes the complexity of varying sample thicknesses. Not sur-
prisingly, the VOI#5 closely resembles the predicted attenuation
spectrum for austenite in Fig. 2c. Similar to ROI#2, the signal that is
plotted for VOI#6 shows Bragg edges from both phases, and it is
worth noting that the instrumental resolution allows us to separate
the two individual Bragg edges around 4 Å, both before and after
the tomographic reconstruction. The higher information content
based on the larger wavelength bandwidth compared to the DCM
data is apparent; however, in the present case it comes at the
expense of fewer radiographic projections. The new imaging in-
struments at high-flux pulsed neutron sources in combinationwith
efficient detector technology, possibly even based on fast CMOS
cameras [75], are expected to lead to further improvements and
faster measurement times.

4. Summary/conclusions

We reported on the use of spectral neutron tomography (an
alternative terminology could be ‘tomographic 4D neutron spec-
troscopy’) and used it to obtain 3D data for phase fractions of
austenite and martensite in samples made from TRIP steel. We
demonstrated how the spectral signal can be evaluated on a voxel
7

by voxel basis for the quantification of the two phase fractions.
Samples with circular and rectangular cross sections have been
subjected to high levels of plastic deformation, resulting in a
localized phase transformation at regions experiencing high mag-
nitudes of strain. For the circular cross section, we performed an
analytical fitting of a 4D data set and combined it with a novel
calibration approach, which confirmed previously reported results
for the same sample, while the current method allows to identify
potential texture biases more readily. The rectangular cross section
presents a more challenging geometry resulting in a much more
complex strain distribution, especially after severe plastic defor-
mation, for which we were able to reveal the localized phase
transformation across the complete volume non-destructively that
is otherwise not accessible by any other method. The data pre-
sented hereinweremeasured both at a steady-state neutron source
using a double-crystal monochromator as well as at a spallation
neutron source using the TOF technique.

By performing spectral neutron tomography, it is possible not
only to display the wavelength dependent attenuation coefficients
at a voxel level but also to evaluate this data in a quantitative
manner that can be considered more robust and reliable than
earlier approaches e.g. simple dual-energy tomography. It is
important to note that the spectral tomography method is not
limited to the analysis of crystalline materials and Bragg edges but
can be expected to have major benefits for elemental discrimina-
tion across many disciplines, in analogy to the corresponding X-ray
and electron based techniques [3,9,76]. We expect that the method
benefits from implementation at both pulsed and steady-state
sources with the latter being naturally suited to the analysis
strategy described herein.
Data availability

The raw data required to reproduce the findings of this study are
available from the corresponding author on reasonable request.
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