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Bragg edge neutron imaging
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Bragg edge imaging — principles
Pulsed vs continuous neutron flux
Aplications

Data analysis




(_
D
g
S
N

Heinz Maier-Leibnitz

F
®
i
2
=
B
3
el
[ ¥
5
El
H
B
3
Ed
2
3

Source Collimator Object  Detector

I,— primary beam

X — propagation direction
U(X) — attenuation coefficient

Strobl, M. et al. (2009). J. Phys. D. Appl. Phys. 42, 243001.
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Neutron cross section components

inel
| —— Ut?taf —_— O'C?h
bk T TEoh — J;”’"g / Macroscopic neutron cross section:
—_— —_— inel
Tabs Uénc! :
A U(A)=nc

n — concentration of centers interacting with neutrons

o |barns = 1072 cm?|

Microscopic neutron cross section:
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Wavelength [A]
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Bragg’s law

“We find the angle at which a monochromatic beam of X-rays of known
wavelength is reflected by the various faces of the crystal. Reflexion takes place
only when the relation

nA=d sin 6
Is satisfied, and so the spacing d of the planes parallel to any face under exam-

ination can be found by measuring the angle 0.... “

A=2dsin®
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Bragg's law:

2d,,,SinB=A
2d,sino 0 =
2d,,,SinB< A

Total neutron cross section for different polycrystalline materials

30

20

o [barn]

10 -

A [A]

Josic, L., Lehmann, E., & Kaestner, a. (2011). Nucl. Instruments Methods Phys. Res. 651, 166—170.
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Energy resolved neutron imaging at continuous sources

* Neutron source
* Monochromator (double crystal monochromator or/and velocity selector)
* Detector

Energy resolved neutron imaging at pulsed neutron sources

* Neutron source
e Detector
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- time of flight (TOF) approach

low energy (slow)
neutron neutrons neutron
target detector

I— ©

neutron pulses

high energy
(fast) neutrons

area in the center of the sample
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macroscopic cross section [1/mm]

Energy resolved neutron imaging at continuous neutron
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In-situ neutron imaging of phase transition at continues
neutron sources using monochromatic beam

Ni/NiO Ni
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Applications

Phase mapping
Stress / strain mapping
Texture analysis

Grain reconstruction
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Reduction de_gree_ %]

Bragg edge patterns for anode supports with different
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In-situ neutron imaging of red—ox cycling (at 800°C) of anode supports M"—'_‘LZ
for SOFC (BOA at PS|, SWitzerIand) e Ve etz Zentum

Initial oxidized
state

After reduction After oxidation After reduction After oxidation
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[ g remmane  Anode supports with an electrolyte (RADEN)
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(a) As-sintered state

.

(Y|

Reduction RT-800 C Oxidation RT-800 C

30 August 2017
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Electrolyte YSZ NlO

mm
NiO(220) 2.95A, sample NiO(220) 2.95A, sample
4 4
step step step step step
358 358 149 149 315
- : 0.015 0.015

10.01 10.01
1 0.005 4 0.005
0 0

Reduction RT-800 C Oxidation RT-R00 C
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Phase transition in steel

100% a-Martensite (bec, 0%
E

0% Austenite (fcc, 100%
] =

°
w
£
o
2

TEN-max TOR-max

TEN-med

R. Woracek, D. Penumadu, N. Kardjilov, A. Hilger, M. Boin, J.
Banhart, and I. Manke, “3D mapping of crystallographic
phase distribution using energy-selective neutron

tomography.,” Adv. Mater., vol. 26, no. 24, pp. 4069-73, Jun.

2014.

Tomography:

Omm

Martensite [%)]

-10mm

Line profile through 2x2x2mm’ gauge volume:
cross-section 21 measurement points

Tomography:

Martensite [%)]

Line profile through ~ 2x2x2mm® gauge volume
cross-section 13 measurement points

)



A

FRM Il

o ——
Forschungs-Neutronenquelle St a - a .
Heinz Maier-Leibnitz r I n I ' l p p I n g HDZM: g{!ﬂmzz“ ;Um

e — Adpkl Ahk1—dOnpk]

dhkl dhkl

Bragg edge position, Angstroem
30 32 34 36 38 40 42 44

[N. Kardjilov, I. Manke, A. Hilger, S. Williams, M. Strobl, R.
Woracek, M. Boin, E. Lehmann, D. Penumadu, and J.
Banhart, “Neutron Bragg-edge mapping of weld seams,”
Int. J. Mater. Res. (formerly Zeitschrift fuer Met., vol. 103,
no. 2, pp. 151-154, Feb. 2012.

A.S. Tremsin, T. Y. Yau, and W. Kockelmann, “Non-destructive Examination
of Loads in Regular and Self-locking Spiralock® Threads through Energy-
resolved Neutron Imaging,” Strain, vol. 52, no. 6, pp. 548-558, Dec. 2016.
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J. R. Santisteban, M. A. Vicente-Alvarez, P. Vizcaino, A. D. Banchik, S. C. Vogel, A. S. Tremsin, J. V.
Vallerga, J. B. McPhate, E. Lehmann, and W. Kockelmann, “Texture imaging of zirconium based
components by total neutron cross-section experiments,” J. Nucl. Mater., vol. 425, no. 1-3, pp. 218-
227, Jun. 2012.
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Now last but not least — applications in cultural heritage

P next talk of Francesco Grazzi
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* Nxs: A program library for neutron cross section calculations
* Imaging Bragg Edge Analysis Tool for Engineering Structure — iBeatles
* RITS code: Microstructure retrieval and full pattern refinement

(a) Crystallographic anisotropy (b) Preferred orientation
Degree of Crystallographic Texture Preferred Orientation Axis
(March-Dollase Coefficient, R) Parallel to the Beam Direction, <HKL>
0.84 +5
Isotropy <111>
_\§ 5 <110>
2 = <100>
£ 0.67 £ 0
= = <221>
2 z
= = <211>
- <210>
0.50 -5
Anisotropy
Position, x/cm Position, x/cm
(c) Crystallite size (d) Neutron transmission direction
Crystallite Size, S/um ND ND
+5 6.0
E
=4 48
' > «— RD . . . . .
£ 0 42 H. Sato, T. Kamiyama, and Y. Kiyanagi, “A Rietveld-Type Analysis Code for
g «— Np Pulsed Neutron Bragg-Edge Transmission Imaging and Quantitative
3.0 . .
Evaluation of Texture and Microstructure of a Welded a-Iron Plate,” Mater.
5 24

Trans., vol. 52, no. 6, pp. 1294-1302, 2011.

Position, x/cm

Fig. 9 Quantitative images of the information on the texture and the microstructure inside the a-iron plates. (a) Degree of the
crystallographic anisotropy. (b) Preferred orientation axis that is parallel to the beam transmission direction. (c) Size of the crystallite
where the primary extinction phenomenon occurs. (d) Neutron transmission direction in each specimen.
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In-situ phase analysis — averaging over measurement time

macroscopic cross section
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Averaging over TOF frames
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R. Woracek, J. Santisteban, A. Fedrigo, and M. Strobl, “Diffraction in neutron imaging—A
review,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., 2017.

 W. H. Bragg and W. L. Bragg, “The Reflection of X-rays by Crystals,” Proc. R. Soc. A Math. Phys.
Eng. Sci., vol. 88, no. 605, pp. 428-438, Jul. 1913.

e S.Vogel, “A Rietveld-Approach for the Analysis of Neutron Time-Of-Flight Transmission Data,”
Christian Albrechts Universitaet, 2000.

* J.R. Santisteban, L. Edwards, M. E. Fizpatrick, A. Steuwer, and P. J. Withers, “Engineering
applications of Bragg-edge neutron transmission,” Appl. Phys. A Mater. Sci. Process., vol. 74, pp.
s1433—s1436, 2002.

* M. Boin, “Developments towards the tomographic imaging of local crystallographic structures,”
no. February, 2011.

Thank you for your attention




