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Cold neutrons have a wavelength that is in the same range as the lattice spacings of most
polycrystalline metallic materials. Imaging of such materials with monochromatic cold
neutrons of different wavelengths provides a unique contrast due to coherent Bragg scattering.
Additionally, the spectral positions of the Bragg edges can be mapped for each point of an
image by using the transmission data of corresponding wavelength scans. We present
investigations of welded components with such energy-selective neutron radiography around
specific Bragg-edges in the transmission spectrum. Features in the local microstructure of the

weld have been visualized.
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1. Introduction

Neutron imaging has a wide range of applications in materials science [1-10]. In recent years
several new neutron imaging techniques have been introduced [1-3, 6, 11-18]. Some of them
exploit the wavelength dependence of the transmission signal [19-26]. The neutron
attenuation coefficient for polycrystalline materials decreases abruptly for certain neutron
wavelengths — defining the so-called Bragg edges. The position of these edges is defined by
crystal symmetry and the lattice parameters. At wavelengths greater than these critical values,
no diffraction from given sets of {hkl} planes can occur because the corresponding Bragg
reflection angle reaches its maximum of 26=180° at the Bragg edge. Therefore, a sharp
increase in transmission occurs.

Figure 1 illustrates the physical meaning of the Bragg edges in the attenuation spectrum of
polycrystalline materials. For different wavelengths of the neutron spectrum a corresponding
orientation of crystallites with defined dpg spacing can be found which fulfils Bragg’s
conditions:

2d,,, sind =nAi (1)
In Fig. 1 (left) different orientations of three crystallites are shown including the boundary
condition of the Bragg edge at Ogg = 90°. At this maximum orientation angle the neutrons
with wavelength Agg undergo backscattering towards the source. For wavelengths longer than
Ase no more Bragg scattering occurs because Bragg’s condition can no longer be fulfilled and
accordingly the transmitted neutron intensity increases. This gives rise to the observed dips in
the attenuation spectrum as shown for polycrystalline iron in Fig. 1 (right) known as Bragg
edges [3, 27, 28].

2. Bragg edge radiography of welds



Wavelength-dispersive transmission measurements (wavelength scan) can be performed by
using of Time-of-Flight (TOF) technique at pulsed neutron sources (e.g. spallation sources)
where the complete Bragg edge spectrum can be measured with the help of an energy
resolving detector [25]. In case of steady state neutron sources (e.g. research reactors) the
beam can be chopped by a chopper arrangement for a TOF measurement as described above
or the transmission spectrum around Bragg edges for different materials can be measured by
using a double crystal monochromator (pyrolitic graphite crystals with 0.8° mosaicity) in a
combination with a standard imaging detector which has been demonstrated earlier at the cold
neutron imaging instrument CONRAD at Helmholtz-Zentrum Berlin (HZB) [29, 30]. The
wavelength resolution in the case of double crystal monochromatization is AA/A~3% with a
field of view of 10 cm x 5 cm (W x H).

A wavelength scan is obtained by collecting a radiographic image for a set of different
wavelengths tuned by appropriate rotation and translation of the monochromators. Each
image is normalised by dividing it by a corresponding reference image without the sample
taken at the same wavelengths. Additional corrections for wavelength gradients are performed
as described elsewhere [31].

Three corresponding images of welded austenitic steel plates [20] of 12 mm thickness were
taken at different wavelengths using a high-resolution detector system with a pixel size of
13.5 um [32] and are shown in Fig. 2.

The image contrast visible in the two images at wavelengths below the Bragg cut-off
corresponding to the (110) lattice plane (at 3.8 and 4.0 A) can be explained by diffraction
contrast: in the dark areas of the corresponding two images, the Bragg-scattered neutrons are
removed from the transmitted beam. Above the Bragg cut-off (at 4.2 A) the Bragg’s condition
cannot be satisfied for any crystallite regardless its orientation and neutrons are no longer

removed from the beam. Therefore, the contrast obtained is due to absorption only.



Image contrast can be caused both by local microstructure and local texture. Inside the weld
the microstructure is different to the bulk material and not affected areas around it and it
becomes therefore visible. The stripes can be assigned to a mixture of many elongated larger
crystals which form during the welding process and have a preferred orientation. The margins
of the weld, where heating of the material was limited are clearly visible. The stripes in the
weld can be brighter or darker than the polycrystalline material around the weld. If the overall
volume fraction of crystallites that scatter neutrons out of the direct line of sight is larger than
in the surrounding polycrystalline matrix, the locations become darker. If it is smaller, they
become brighter.

3. Bragg edge mapping

The position of the Bragg edges can be related to corresponding dn spacings in case of a
polycrystalline material without preferred crystal orientations and with a large number of
crystallites [19, 25] (e.g. a powder sample). If areas of the sample undergo a phase transition
where the crystal structure is influenced a shift of the Bragg edge positions will be recorded
[25]. If the position of the Bragg cut-off is resolved with very high wavelength resolution
(AMA < 1%) then information about residual stresses can be obtained [26, 31].

In case of a small number of relative large crystallites such as inside the narrow weld seam,
the Bragg edges are no longer sharply defined. The profile of the Bragg edge is correlated to
the local microstructure, i.e. the orientations of the individual crystals or/and the mosaicity
spread in case of a larger ensemble of crystallites. For single crystals the Bragg edge turns
into a single dip where absorption is maximal due to the fulfilled Bragg condition (see Eq. 1).
However, the recorded images are projections through the whole weld, i.e. at each point, a
sufficient number of crystallites can be found to define and fit a Bragg edge. In this case, the
Bragg cut-off is defined by the crystallite(s) that fulfil(s) the Bragg edge condition Eq. 1 at the

highest possible wavelength. The number of crystallites for the weld shown in Fig. 2 can be
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estimated to be a few dozen through the weld thickness taking into account that the lateral
size of the grains is in the order of a millimetre (confirmed by EBSD measurement on the
weld surface [33]) and the thickness of the weld is 12 mm.

By recording radiographs at different (equidistant) wavelengths, one obtains the full
information of attenuation for each point of the sample. As a Bragg edge originates in the
diffraction from specific crystal lattice planes of a material, lattice changes due to changes in
the crystal structure can be imaged with this method by mapping the position of a Bragg edge.
This method was applied to the images recorded of a weld seam (see Fig. 2). The radiographs
were taken at wavelengths from 2.2 A to 6.4 A in steps of 0.1 A. In this way the attenuation
curve for each point of the sample can be recorded as a function of the neutron wavelength
where a fitting model can be used to determine the Bragg edge positions as shown elsewhere
[26]. In our case a simplified procedure was used where the attenuation curve for each pixel
was derived and the resulted curve was fitted by a Gauss function (see Fig. 3). The centre of
the Gaussian is presumably taken to be the edge position.

The positions of the Bragg edges in the map presented vary from 3.8 A to 4.1 A, which
corresponds to up to 7 % shift of position. This shift cannot be explained by residual stresses
which are in the range of 0.1% only. Such large shifts can only be explained by a change in
the Bragg edge profile due to the limited amount of crystallites at the specific locations,
because larger crystallites have been formed there and no homogenous orientation distribution
of the crystallites is to be expected in this case.

In any case the areas associated with different Bragg edges shown on the map in Fig. 4 have
different microstructures which can be a reason for enhanced crack propagation at the crystal
boundaries. Therefore such kind of investigations provides qualitative information for
probable safety issues in weld seams.

4. Conclusions



Imaging with monochromatic neutrons provides a unique contrast originating from coherent
Bragg scattering in polycrystalline materials. The advantage of using neutrons is their high
penetration depth and suitable wavelength interval which matches the range of dpy spaces in
polycrystalline metallic materials. Radiographic investigations around the Bragg edge of a
material can be used to determine the position of the Bragg edge in two dimensions. This
enables visualization of changes in local microstructures and textures and can help to map
variations of chemical compositions or phase composition. The potential of Bragg edge
imaging for providing a contrast that is complementary to the classical absorption techniques

is clearly visible.
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List of figure and table captions.

Figure 1: Bragg diffraction in polycrystalline material represented schematically (left). An
example of the energy dependent attenuation spectrum for iron is given on the right. The
wavelengths at which Bragg’s law is satisfied in the sketch on the left are given by color map.

The condition 6z = 90° corresponds to a discontinuity of the attenuation coefficient.

Figure 2: Wavelength dispersive neutron images of weld joint between two austenitic steel
plates taken with high spatial resolution. a) Photographic image. b) Radiographic images at
three wavelengths around the Bragg edge for iron corresponding to (110) lattice space (as

shown above). Pixel size 27 pm, exposure time 300 s, 50-um thick °LiZnS scintillator.

Figure 3: The first derivative of the attenuation spectrum around the Bragg edge. The
parameters of the Gaussian fit provide information about the position of the Bragg edge (xc).
From the fit parameters the position of the Bragg edge was determined. The positions were

converted into grey values and form a map as given in Fig. 4.

Figure 4: Map of the position of the Bragg edge for a weld seam between two plates of

austenitic steel.
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Figure 2:
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Figure 3:
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Figure 4:
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