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Abstract

We demonstrate the collection and analysis of energy-resolved neutron tomography for the
nondestructive inspection of a martensite phase in a quenched iron rod. The energy-resolved (4D)
tomography technique can extract the internal information of crystalline phase and microstructural features,
such as the distribution of martensite. However, care must be taken when performing energy-resolved
neutron tomography on a strongly textured sample in which the crystal grains are preferentially oriented and
the neutron attenuation spectrum depends on the direction. As the standard tomography algorithm is based on
the assumption that the attenuation is isotropic, anisotropy in the neutron attenuation distorts the reconstructed
information. In other words, energy-resolved neutron tomography can be a powerful tool for nondestructive

martensite observation in iron materials, which are usually not strongly textured.

KEYWORDS: energy-resolved neutron imaging; neutron tomography; Bragg-edge analysis; quenched

steel; martensite
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1. Introduction

In the last decade, various methods of energy-resolved neutron imaging have been developed as useful
tools for materials science and engineering studies [1-5]. Among them, Bragg-edge transmission imaging
using a pulsed neutron source has been recognized as a powerful analytical tool to nondestructively reveal the
crystalline microstructural information in a bulk material with a spatial resolution of less than 1 mm over a
large area. The material properties obtained by this technique are the crystal structure, crystalline phase,
crystallographic texture, crystallite size, crystal lattice strain, and crystal microstrain, which are deduced by
using the Rietveld-type Bragg-edge analysis code, Rietveld Imaging of Transmission Spectra (RITS) [6-8].
The Bragg-edge analysis has often been applied to the nondestructive imaging of residual strain and
crystalline size in metal polycrystalline materials [7-13].

One of the useful applications of Bragg-edge imaging is the evaluation of spatial distribution of
martensite in quenched ferritic steels [14]. The martensite is formed in carbon steels by rapid cooling or
quenching of the austenite of iron, which allows for higher carbon content than the ferrite. In the quenching
process, carbon atoms have no time to diffuse out of the crystal structure. Consequently, the face-centered
cubic austenite transforms into a strained body-centered tetragonal martensite phase. The crystal lattice of
martensite is distorted from the pure body-centered cubic structure. In the Bragg-edge analysis, as the
wavelength of the edge represents the distance between lattice planes, the edge shape is considered to be
broadened in the martensite. As evidence of the edge shape broadening in the martensite, Sato et al.
confirmed the linear correlation between the Bragg-edge broadening and the Vickers hardness, which
increases in the martensite, in quenched steel rods [14].

Since Bragg-edge imaging is performed in transmission, the information obtained with this technique is
integrated or averaged along a neutron path at each position in a sample. This means that a simple
Bragg-edge analysis extracts no information on depth distribution along the neutron path. Of course, the
martensite phase is usually distributed near the surfaces of quenched samples. For example, quenched steel
rods, which are widely used in various structures such as drive units in automaobiles, have an outer-rim region

of martensite. One of the applications of a martensite evaluation based on Bragg-edge analysis is a thickness
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evaluation of the martensite phase in quenched steel rods. In order to obtain this information nondestructively,
we have to irradiate the rod sample with neutrons from the side surface and apply the tomographic technique,
although previous measurements were performed along a cylinder axis [14].

Some researchers combined the Bragg-edge analysis with the tomographic technique [15-17]. They all
carried out the Bragg-edge analysis first, and then the tomography technique was applied using parameters
extracted from the Bragg-edge analysis. Some of them performed three-dimensional mapping of
crystallographic phase distribution [15]. Because the attenuation coefficient corresponding to each phase can
be extracted from the Bragg-edge spectrum, the parameters obtained by the Bragg-edge analysis can directly
be used for tomography. Others performed strain tomography [16-17]. This kind of problem requires any
constraint condition or prerequisite to reconstruct an image. On the other hand, when the martensite phase is
reconstructed from the Bragg-edge broadening by using a simple tomographic technique, the edge
broadening should be proportional to the amount of the martensite phase. Although the edge broadening can
be a good index of the martensite phase, there is no necessity of proportional relationship between the both. In
this paper, we attempted real energy-resolved (4D) neutron tomography, which can reconstruct neutron
attenuation spectra at all voxels in three-dimensional space. We can obtain a three-dimensional distribution of
the Bragg-edge broadening, which is an index of the martensite phase, from the reconstructed neutron
attenuation spectra. The tomographic technique can basically reconstruct a cross-sectional image for a sample
with isotropic attenuation features. The quenched iron rods usually exhibit weak texture and isotropic
Bragg-edge features [14]. Additionally, we discuss the applicability of an energy-resolved tomographic
analysis for a strongly textured sample, in which the Bragg-edge shape or neutron attenuation has some

variation in various directions.

2. Materials and methods
2.1. Neutron beamlines

The imaging experiments were conducted at the Larmor and IMAT beamlines at the ISIS pulsed
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neutron source, UK. The Larmor is one of the beamlines of ISIS Target Station 2 (TS2), which operates at a
10-Hz repetition rate. This beamline is fundamentally a multipurpose instrument for small-angle neutron
scattering (SANS), diffraction, and spectroscopy utilizing the Larmor precession of polarized neutrons.
However, since the beam size of the Larmor is roughly 30 x 30 mm? it can also be used for imaging
experiments. For this experiment, the neutron flight path length was 25.9 m. The neutron flux was roughly 5
x 10° nfcm?s.

The IMAT beamline is a neutron imaging and diffraction beamline at ISIS TS2 [18]. This beamline
has a large beam size of 200 x 200 mm?. The neutron flight path length was 56.4 m. Although the path length
was quite long, the neutron flux was relatively high owing to the use of a neutron guide. The neutron flux in
this experiment was 7 x 10° n/em?/s for an L/D of 250. Since both beamlines viewed the same coupled liquid

hydrogen moderator, they had similar neutron spectra.

2.2. Samples

We prepared two metal rod samples. Figure 1 shows photographs of the samples. The first sample
was a quenched steel rod. The ferritic iron rod was processed by induction hardening from a radial outer
surface. The diameter and length of the rod were 26 mm and 20 mm, respectively. Only the outer region was
considered to be a martensite phase. The second sample was a combined metal rod as an example of a
textured sample. A copper cylinder was inserted into an iron hollow cylinder. The copper material is often
textured [1]. The diameter and length of the rod were 24 mm and 25 mm, respectively. The energy-resolved
neutron imaging of the quenched and combined metal rods was conducted using the Larmor and IMAT

beamlines, respectively.

2.3. Neutron imaging detector
In order to acquire energy-resolved or time-resolved neutron images using the time-of-flight (TOF)
method, we applied the neutron-sensitive microchannel plate (MCP)/Timepix2 detector [9,19]. The

neutron-sensitive MCP used in this work contains boron in the glass matrix. Boron atoms work as a converter
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from slow neutrons to energetic charged particles, which are reaction products in a °B(n, o)’Li reaction.
When these energetic particles have an impact on the inner surfaces of MCP pores, which are hexagonally
arranged with an approximately 10-um pitch, several electrons are emitted and multiplied by the MCP. These
multiplied electrons are read out with Timepix2 ASIC chips, which were developed at CERN [20]. The
detector has 512 x 512 pixels with a 55-um pixel size, and each pixel can be operated at the rate of 100
kHz/pixel. The entire sensitive area was 28 x 28 mm?,

In the TOF experiments, the Timepix2 ASICs were operated in event timing mode, in which the
time of arrival of individual neutron signals relative to the trigger signals was recorded. Each pixel in the
Timepix2 has a 14-bit register, which is used to store the timing information. The stored data are periodically
transferred to the data processing unit, which is based on field-programmable gate arrays (FPGA), at the end
of every shutter period. The FPGA-based data processing unit creates three-dimensional histograms, with
two dimensions in space and one dimension in neutron flight time. Since only one event can be stored in each
pixel for a given shutter period, second or subsequent events are rejected until data are transferred at the end
of the shutter period. This is called the overlap effect or counting loss effect. When irradiating the
MCP/Timepix2 detector in a high neutron flux field, the TOF spectrum obtained with the event timing mode
can be severely distorted owing to the overlap effect. Therefore, we applied a method to correct the overlap

effect, which was proposed by Tremsin et al. [21, 22].

2.4. Image acquisition procedures

The rod sample was placed in front of the MCP/Timepix2 detector. The cylinder sample stood
vertically on a rotation stage. The distance between the detector window and the sample center was roughly
35 mm. The rod sample was rotated on the rotation stage, and projection images were acquired. For the
quenched rod, 75 projection images with a rotation step angle of 2.4° were acquired during 180° rotation at
the Larmor beamline. Each projection image was separated into 1,205 slices with 20-us steps in the TOF
domain owing to the event timing mode in the MCP/Timepix2 detector. The recorded wavelength range was

from 2 to 5 A. Each projection was acquired for 40 min.
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For the combined metal rod, 40 projection images with a rotation step angle of 4.6° were acquired
during 180° rotation at the IMAT beamline. Each projection image was separated into 2,321 slices with 40-us
steps in the TOF domain. The recorded wavelength range was from 0 to 6.5 A. Each projection was acquired
for 30 min. For another check, we acquired images of both samples in the direction parallel to the cylinder

axis.

3. Image reconstruction procedures

Figure 2 shows an example of image reconstruction procedures for the quenched rod measurements.
In the measurements, each projection at a given angle is a time-resolved radiographic image and consists of a
large number of TOF slices. First, since each pixel lacked a sufficient neutron count to determine the
transmission, a pixel binning process was performed on all of the projection images. The number of binned
pixels was determined depending on the statistics of the acquired data. The transmission images were then
created by normalizing these projection images with the blank image that was acquired without any sample.
Finally, the pixel size of the transmission images was 220 x 220 um?. Neutron counts in a specific TOF bin
correspond to the number of monoenergetic or given wavelength neutrons. By picking up the TOF slices in a
specific TOF bin, we obtained monoenergetic neutron projection images for tomography.

A ssinogram was then generated by collecting horizontal line profiles at a given vertical position from
these projection images. A cross-sectional image can be reconstructed from the sinogram by the
maximum-likelihood expectation-maximization (ML-EM) algorithm, which is an iterative tomography
reconstruction algorithm [23]. A three-dimensional attenuation coefficient dataset was created by stacking
these cross-sectional images. By repeating the same procedures for all TOF bins, we obtained the
four-dimensional (3D in space and 1D in TOF or wavelength) attenuation coefficient data. By picking up
slice images in a given plane from the tomographic images of all TOF bins, a time-resolved or
energy-resolved cross-sectional slice of the neutron attenuation coefficient was obtained. The wavelength

dependency of the neutron attenuation, such as the Bragg edge, can be created by arranging the image pixel



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

values in order of the TOF or wavelength.

4. Results and discussion
4.1. Quenched iron rod

First, a radiographic transmission image of the quenched rod in the direction parallel to the rod axis is
shown in Fig. 3 a) for comparison purposes. The wavelength dependencies of the attenuation averaged in the
square regions in Fig. 3 a) are shown in Fig. 3 b). The attenuation A is derived by the following equation:

A=—InT @),
where A and T are the attenuation and transmission, respectively. The largest edge at 4 A corresponds to the
(110) plane of ferrite. In this edge, we can see a clear difference in the edge shape between the rim and the
center region, with the rim region exhibiting a broader edge than the center. This is because the martensite
phase, in which the edge width is broader than that in the ferrite phase, was formed in the rim region by the
quenching process, as mentioned in the Introduction section [14]. In addition, the edge top shape in the center
region is slightly sharper than that in the rim region. This indicates that crystal grains in the center region are
preferentially oriented relative to the neutron beam direction. On the other hand, the grains in the rim region
are assumed to be more randomly oriented in the martensite phase.

Figure 4 shows a radiographic transmission image of the quenched rod in the direction
perpendicular to the rod axis. For a spectrum shape comparison, the rim region spectrum normalized with the
center region is also plotted. For the nondestructive testing of a long steel rod, the inspection should be
conducted based on measurements from this direction. Although the outer-rim region consists of the
martensitic phase, differences in the (110) edge shapes between the center and rim regions are quite small.
This is because both the core and the rim of the rod are superimposed in the central region of the radiograph
from this direction. Since it is difficult to inspect the martensite in a steel rod by simple radiography from this
direction, tomography is required.

Figure 5 shows a vertical center slice of the quenched rod obtained from the tomography
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measurements and the wavelength dependencies of the attenuation averaged in the square regions of interest
in Fig. 5 a). A clear difference in the (110) Bragg-edge shapes between the ferrite and martensite phases can
be seen in Fig. 5 b). Since the tomographic technique extracts the internal information without superposition
of the surface information, different features between the center and rim regions can be clearly seen. In
addition, the (110) edge top in the center region has a round shape. This is in contrast to the case of Fig. 3 b),
in which the radiography was acquired in the direction parallel to the rod axis. This is clear evidence that the
edge shapes might have some differences in images acquired from different directions owing to the preferred
orientation of the crystal grains.

To clearly extract some crystallographic features, we fitted the attenuation spectrum data to the edge
function by using modified RITS code in the single-edge profile analysis mode [14]. In this fitting code, the
Jorgensen profile function common in the TOF diffraction was used. In this function, the diffraction peak
profile consists of exponential rise and exponential decay components and is convoluted with the Gaussian
function. Although the original Jorgensen function has a single exponential decay component, in this paper,
we applied the function with double exponential decay components for the spectrum used in these
experiments. The edge function was consequently derived by integrating the diffraction peak function and is

given as follows:

R(t)=(1-r)R (t)+rR, (1) @,
where R (t)= erfcz(w) B eXp(U)erfcgy(/l:Lozﬁ(ie;(p(vi Jerfe(z,) =12 @3).
t=A-2d, u=%(a02+2t), v, :%(ﬂiaz—zt)
W—L _(a02+t) Z_(ﬂiaz—t)
V2o e T e

where azand /3 are the exponential rise and decay constants of the diffraction peak function, respectively. In
addition, r: fraction of the second decay component, o: standard deviation of the Gaussian function, A:
neutron wavelength, and d: d-spacing of the crystal lattice. Figure 6 shows two-dimensional maps of the

extracted parameters from the Bragg-edge spectra at each pixel in the cross-sectional slice obtained by steel
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rod tomography. The extracted parameters are the edge position and broadening of the (110) edge. The edge
position and broadening corresponds to 2d and o'in Eq. (3), respectively. In particular, the edge-broadening
map has a clear contrast between the center and rim regions. The rim region has a broader edge and shows
typical features of the martensite phase. For a comparison purpose, Figure 7 shows two-dimensional maps of
the extracted Bragg-edge parameters obtained from the radiographic transmission image in the direction
parallel to the rod axis shown in Fig. 3. It can be confirmed that the extracted Bragg-edge parameters from the
tomographic image agreed with that from the radiographic image in the direction parallel to the rod axis. In
addition, we confirmed the thickness of the martensite phase by measuring the Vickers hardness. The
thickness of a higher hardness region was roughly 5 mm from the outer surface. This is also consistent with
the results obtained from the tomography. The tomography technique allows for nondestructive inspection of

the martensite thickness in a long rod sample.

4.2. Combined metal rod of iron and textured copper

As a second example for energy-resolved neutron tomography, we measured the combined metal
rod. Figure 8 shows a radiographic transmission image of the test object in the direction parallel to the rod
axis. The rim region of iron has typical ferrite Bragg edges that correspond to a body-centered cubic (bcc)
structure. On the other hand, the center region of copper has a face-centered cubic (fcc)-like structure.
Although the edge positions of the (111) and (200) planes of copper were reproduced, the entire Bragg-edge
shape was severely distorted. Although we can clearly see different phases between the ferrite and the copper,
we have to note that the copper crystal grains are strongly textured or oriented in a preferential direction.

Figure 9 shows a horizontal slice of the combined metal rod as reconstructed from the tomography
measurements and the wavelength dependencies of the attenuation averaged in the square regions in Fig. 9 a).
A clear difference in the Bragg-edge shape between the ferrite and the copper phases can be seen. However,
in particular, the center region of the copper is distorted from the simple fcc structure and seems to be

influenced by the rim region, which has a ferrite bcc structure. This is because neutron attenuation in a sample
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with preferred oriented crystal grains depends on the direction of the projection. Since a normal tomography
technique is based on the assumption that the attenuation is isotropic, anisotropy in the neutron attenuation
distorts the reconstructed information. Therefore, we have to pay close attention when performing
energy-resolved neutron tomography on a sample with strongly oriented crystal grains or a strongly textured
sample. Conversely, we conclude that the tomography technique is useful for the nondestructive martensite

observation of iron materials, which are usually not strongly textured.

5. Conclusions

We demonstrated energy-resolved (4D) neutron tomography for the nondestructive inspection of a
martensite phase in a quenched iron rod. We confirmed that the tomography technique is useful in extracting
the internal information of crystalline microstructural features such as the martensite phase distribution. We
attempted to apply this technique to a strongly textured sample. Note that close attention should be paid when
performing energy-resolved neutron tomography for a sample with strongly oriented crystal grains, such as a
textured sample. Since the tomography technique is based on the assumption that the attenuation is isotropic,
anisotropy in the neutron attenuation distorts the reconstructed information. Conversely, we conclude that the
tomography technique is useful for nondestructive martensite observation in iron materials, which are usually

not strongly textured.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure5

Figure 6

Figure7

Figure 8

Figure9

Photographs of metal rod samples. a) Quenched steel rod. Diameter 26 mm x length 20 mm.
b) Combined metal rod. Outer region: iron with diameter 24 mm x length 25 mm,; inner
region: copper with diameter 10 mm X length 25 mm.

Image reconstruction procedures for example of quenched rod measurements.

a) Radiographic transmission image of quenched rod obtained in direction parallel to rod axis
at the wavelength of 4.095 angstrom and b) neutron attenuation spectra averaged in square
regions in Fig. 3 ).

a) Radiographic transmission image of quenched rod obtained in direction perpendicular to
rod axis at the wavelength of 4.095 angstrom and b) neutron attenuation spectra averaged in
square regions in Fig. 4 a). For spectrum shape comparison, rim region spectrum multiplied
by 2.2 is also plotted.

a) Vertical slice reconstructed by quenched rod tomography at the wavelength of 4.062
angstrom and b) neutron attenuation spectra averaged in square regions in Fig. 5 a).

Map of a) edge position and b) broadening of (110) edge extracted from energy-resolved
tomographic slice. ) Line profile of edge broadening in Fig. 6 b).

Map of a) edge position and b) broadening of (110) edge extracted from radiographic
transmission image obtained in direction parallel to rod axis. ¢) Line profile of edge
broadening in Fig. 7 b).

a) Radiographic transmission image of combined metal rod obtained in direction
perpendicular to rod axis at the wavelength of 4.150 angstrom and b) neutron attenuation
spectra averaged in square regions in Fig. 7 a).

a) Horizontal slice reconstructed by combined metal rod tomography at the wavelength of

4.137 angstrom and b) neutron attenuation spectra averaged in square regions in Fig. 8 a).
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Figure 1

Photographs of metal rod samples. a) Quenched steel rod. Diameter 26 mm x length 20 mm.
b) Combined metal rod. Outer region: iron with diameter 24 mm x length 25 mm; inner

region: copper with diameter 10 mm X length 25 mm.



Time-resolved
radiograph

OF ’W TOF = 23,056 ps)

sinogram sinogram

Rotation
angle

TOF= 23,056 us
Repeat the same procedures : _ H
for all TOF bins Time-resolved Time-resolved

horizontal slice vertical slice
S TOF(us)

&F(MS)

20 25 30
Time of flight (ms)

Figure 2 Image reconstruction procedures for example of quenched rod measurements.
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a) Radiographic transmission image of quenched rod obtained in direction parallel to rod axis
at the wavelength of 4.095 angstrom and b) neutron attenuation spectra averaged in square

regions in Fig. 3 a).
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a) Radiographic transmission image of quenched rod obtained in direction perpendicular to

rod axis at the wavelength of 4.095 angstrom and b) neutron attenuation spectra averaged in
square regions in Fig. 4 a). For spectrum shape comparison, rim region spectrum multiplied

by 2.2 is also plotted.
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a) Vertical slice reconstructed by quenched rod tomography at the wavelength of 4.062

angstrom and b) neutron attenuation spectra averaged in square regions in Fig. 5 a).
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Figure 6 Map of a) edge position and b) broadening of (110) edge extracted from energy-resolved

tomographic slice. c) Line profile of edge broadening in Fig. 6 b).
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Figure7 Map of a) edge position and b) broadening of (110) edge extracted from radiographic

transmission image obtained in direction parallel to rod axis. ¢) Line profile of edge

broadening in Fig. 7 b).
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Figure 8
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a) Radiographic transmission image of combined metal rod obtained in direction
perpendicular to rod axis at the wavelength of 4.150 angstrom and b) neutron attenuation

spectra averaged in square regions in Fig. 7 a).
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Figure 9 a) Horizontal slice reconstructed by combined metal rod tomography at the wavelength of

4.137 angstrom and b) neutron attenuation spectra averaged in square regions in Fig. 8 a).




