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The neutron Bragg-edge imaging is expected to be a new non-destructive energy-resolved neutron imaging technique
for quantitatively two-dimensional or three-dimensional visualizing crystallographic information in a bulk material, which
could be benefited from pulsed neutron source. Here we build a Bragg-edge imaging system on the General Purpose Powder
Diffractometer at the China Spallation Neutron Source. The residual strain mapping of a bent Q235 ferrite steel sample has
been achieved with a spectral resolution of 0.15% by the time-of-flight neutron Bragg-edge imaging on this system. The
results show its great potential applications in materials science and engineering.
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Neutron diffraction usually provides average crystallo-
graphic and magnetic structure of crystalline materials over
large volumes (usually cm® range) exposed to the neutron
beam.!'3 Bragg edges in the transmission spectrum are
caused by diffracted neutrons from polycrystalline materials.
dpy 1s the interplanar spacing (d-spacing) of the crystal lat-
tice plane (hkl) and A is the incident neutron wavelength.
According to the Bragg’s law 2dj,,; sin(6) = A, there are no
diffracted neutrons beyond the wavelength A = 2dj,; sin(7/2),
where 20 is the scattering angle. The so-called Bragg edge
appears as a sharp edge at A = 2djy; in the transmission spec-
trum. The neutron Bragg-edge imaging provides the pos-
sibility to spatially exploit the coherent scattering structural
information of a sample in real space with high spatial res-
olution down to 50 um. Two-dimensional (2D) or three-
dimensional (3D) distributions of crystallographic phase, tex-
ture, strain, dislocation, and crystallite size could be extracted
to study materials especially for engineering, batteries, met-

4111 With the development of methodologies,

als, and alloys.[
detectors, and neutron sources, Bragg-edge imaging experi-
ments have been achieved at both continuous reactor source
and accelerator-driven pulsed neutron source, which has been
developed to be a unique tool for materials scientists. Us-

ing a two-dimensional position-sensitive detector based on the

DOI: 10.1088/1674-1056/acOda7

time-of-flight (TOF) method!'?! at a pulsed neutron source
is considered to be the most efficient way for Bragg-edge
imaging. Therefore, neutron imaging instruments with Bragg-
edge imaging mode have been expected to be built at world-
leading pulsed spallation neutron sources. Now, the pulsed
neutron imaging instrument RADEN at J-PARC in Japan!'3!
and IMAT at ISIS!'*l in UK have already started the user pro-
gram. Energy-resolved neutron imaging instrument (ERNI) at
China Spallation Neutron Source (CSNS)!!! in China, ODIN
at ESS in EU,!! and VENUS at SNS in USA are still under
construction.

In this paper, a TOF Bragg-edge imaging system built on
the General Purpose Powder Diffractometer (GPPD) at CSNS
is introduced. The performance of Bragg-edge imaging at
CSNS is evaluated by using several steel samples. The 2D
strain mappings of a bent sample are given by calculating the
changes of the Bragg-edge positions. The spectral resolution
of transmission spectra is studied by comparing with neutron
diffraction experiment. This work could contribute to the de-
velopment of neutron imaging technologies and their applica-
tions, as well as demonstrate the feasibility of the Bragg-edge
imaging on ERNI at CSNS.

The physical design!!”}

and the first experimental
results!'® of GPPD were previously described. The decou-
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pled poisoned hydrogen moderator is selected for GPPD. The
diffraction sample position in a vacuum chamber is 30 m from
the moderator to achieve high spectral resolution. For Bragg-
edge imaging experiments, a pinhole selector and a imaging
sample stage are installed at 28.4 m and 33.4 m from the
moderator, respectively. There are vacuum flight tubes and a
diffraction sample chamber between the pinhole selector and
imaging sample stage as shown in the engineering design of
the Bragg-edge imaging system in Fig. 1. The finally used pin-
hole selector with diameters D = 5, 10, and 20 mm yields col-

limation ratios of L/D = 1000, 500, 250 for a given flight path
from the pinhole to the sample of L =5 m. The sample stage
has a rotation range of £135°, XY motion range of £50 mm,
and Z motion range of £10 mm. Two types of neutron de-
tectors could be installed downstream of the sample stage.
A CCD based neutron detector combined with scintillation
screen is used to perform conventional neutron imaging.!!"]
A TOF neutron detector using ceramic gas electron multiplier
(GEM) with 1.56 mm pixel size is used to perform Bragg-edge
imaging experiments in this research.?"]

diffraction sample chamber
30 m

pinhole
28.4 m

pulsed neutron source g

,

GEM

. detector
vacuum flight path
.

Fig. 1. Engineering design of the TOF Bragg-edge imaging system on GPPD.

To experimentally demonstrate the Bragg-edge imaging
on this system, we choose Q235 ferrite steel (body-centered
cubic structure, bee) and 304 stainless steel (face-centered cu-
bic structure, fcc) plate and bent samples to perform Bragg-
edge imaging experiments. The samples are placed at 3 cm
in front of the GEM neutron detector as shown in Fig. 2(a).
The optical image of steel samples are shown in Fig. 2(a) with
a distance of 3 cm between samples and detector. The thick-
nesses of the plate and bent samples are 9 mm and 28.4 mm,
respectively. Based on the TOF method, the Bragg-edge trans-
mission (BET) data of each GEM detector pixel is collected in
event mode. The measurement time is 14.4 hours at a proton
beam power of 25 kW at CSNS. Figure 2(b) gives the con-
ventional neutron imaging by integrating the intensity of each
pixel, which shows the attenuation contrast of the samples.

The BET event data of each pixel is finally converted to
BET spectra through a routine reduction procedure. The BET
spectra of Q235 ferrite steel plate with a thickness of 9 mm and
304 stainless steel plate with a thickness of 12 mm are plotted
in Figs. 3(a) and 3(b), respectively. Theoretical BET curves
have also been calculated by using pure a-Fe and y-Fe,?!l as
shown in Figs. 3(c) and 3(d) for comparing indexing. Accord-
ing to the Beer—-Lambert law, the BET pattern is calculated by
the formula Tr(A) = I/Ip = e "N where Iy is the incident
beam, I is the transmitted beam, N is the number of scatter-
ing centers per unit volume, 6(A) is the total neutron cross
section, and ¢ is the thickness of the sample. Obviously, the

measured transmission spectra can be indexed well by the bcc
and fcc structures, respectively.

1.0
0.8
0.6
0.4
0.2

bent 235

I 10 mm

Fig. 2. (a) Optical image and (b) conventional neutron image of the steel
samples.

In order to confirm the quality of the BET spectra, the
diffraction experiment of Q235 ferrite steel has also been
performed at GPPD. Diffraction pattern is obtained by the
backscattering bank with scattering angle 26 from 130° to
171°.
with the Bragg peak of the diffraction pattern, as exhibited in

Each Bragg edge of the BET spectra is matched well

Figs. 4(a) and 4(c). The spectral resolution of the Bragg-edge
imaging mode is evaluated by fitting the differential of (110)
edge using the pseudo-Voigt function which could achieve
0.15% as shown in Fig. 4(b). The spectral resolution of the
diffraction mode is calculated to be 0.17% by fitting the (110)
peak in Fig. 4(d). The spectral resolution of Bragg-edge imag-
ing mode and diffraction mode is consistent with each other.
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Fig. 3. (a) and (b) Experimental BET spectra of the Q235 and 304 steels. (c) and (d) Theoretical BET spectra of the a-Fe and y-Fe.
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Fig. 4. (a) and (c) Experimental BET spectra and diffraction pattern of the Q235 ferrite steel, respectively. (b) and (d) The spectral resolution

of Bragg-edge imaging mode and diffraction mode, respectively.

The elastic strain € in crystal lattice can be calculated
based on the following equation:

€ = (dp — do pkt) /do pki » (1)

where d pi7 is d-spacing without strain/stress. In Bragg-edge
transmission imaging, the edges appear at A = 2dy,;, deduc-
ing from Bragg’s law. A region of interest (ROI) in Fig. 5(a)
of the bent Q235 ferrite steel sample is chosen to calculate the
2D spatial distribution of the residual strain. The BET spec-

tra in ROI have been re-binned twofold (2 x 2 pixels) to en-
sure enough statistics. The strain mapping along the projec-
tion has been achieved by fitting the edges[®! and calculating
their relative shifts pixel by pixel. Four points have been se-
lected to illustrate the fitting results in Fig. 5(b). According
to the previous works,?>>#l the distribution of strain/stress
during loading in the bending experiment is tension at the
outer zone and compression at the inner zone of the sam-
ples. While, after loading is removed, the macroscopic resid-
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ual strain/stress distributes in a trend of tension—compression—
tension—compression from the inner to the outer of the bent
sample. The strain/stress distribution is caused by the elas-
tic recovery and the non-uniform plastic deformation.”3 A
strain—position curve in Fig. 5(d) has been plot based on our

—
¢
~

Position y (mm)
=
=

5 10 15 20 25
Position z (mm)

residual strain map (Fig. 5(c)), which is consistent with the
trend reported in the previously mentioned works. Because of
the relatively larger pixel size in the present work, we will im-
prove the resolution and accuracy of the Bragg-edge imaging
in the future work.
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Fig. 5. (a) The ROI of the bent Q235 ferrite steel sample. (b) The fitting results of the selected four points. (c) The residual strain mapping of

the ROI. (d) Strain—position curve along the black solid arrow in (c).

In summary, the 2D TOF neutron Bragg-edge imaging
has been achieved for the first time in China. The results
demonstrate the potential and efficiency of this quantitative
technique to visualize the spatial distributions of crystallo-
graphic information. As a dedicated neutron imaging instru-
ment at CSNS, ERNI chooses a coupled hydrogen moderator
as its neutron source. It has higher flux in the cold neutron
range which could covering most Bragg edges of metals. A
35-m flight path could provide a reasonable spectral resolu-
tion better than 0.5%. Research and development activities of
Bragg-edge imaging are still continued for the ERNI project to
serve domestic users of multidisciplinary fields. It can be a key
analysis tool of this neutron imaging instrument for materials
science and engineering.
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