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Abstract: This paper reports the analysis of a single crystal copper rod aiming to characterize the
microstructural features related to the homogeneity of the single crystal growth and the presence,
shape and extension of spatially distributed misaligned grains or areas. The analytical method used
for such analysis is wavelength scan neutron radiography and monochromatic neutron tomography.
Such methods allow determination of the extent of differently oriented single crystal areas, identifying
the most part of the rod volume as a single domain. It was also possible to characterize the spatial
distribution and the degree of alignment of local point-like or extended defects.

Keywords: neutron imaging; monochromatic imaging; monochromatic tomography; single crystal
copper; microstructural analysis

1. Introduction

The analysis of microstructure of metal artefacts is an important branch of material
characterization since many mechanical and thermal properties strongly depend on the
microscopic characteristics within a metal specimen. Neutron methods offer a wide range
of diagnostic results ranging from quantitative multiphase analysis [1], residual stress dis-
tribution [2—4], domain size and defect density, obtained through neutron diffraction [5,6],
to microstructural morphological details as domain size, presence of re-crystallization phe-
nomena, presence and distribution of texture obtained through white beam and monochro-
matic neutron imaging [7,8].

More specifically, when it is important to verify the microstructural conditions of
re-crystallized metal samples, i.e., to study special thermal treatments or multiple thermal
cycles, it is quite important to exploit a non-invasive technique able to provide a mapping of
single crystal domain size, distribution and orientation. Monochromatic neutron imaging
scan is, probably, the most powerful non-invasive tool able to provide a spatial map of
oligocrystals, including their size, shape and distribution within metal samples.

In this work, we analysed a high purity copper rod that was thermally treated by
selective heat blade melting to re-crystallize as a single crystal by using neutron wave-
length selective scanning radiography and monochromatic neutron tomography at selected
wavelengths.
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2. Method

Monochromatic neutron radiography is based on the analysis of images of a trans-
mitted monochromatic neutron beam which is attenuated by a combination of scattering
and absorption. Concerning the effect of scattering induced by a crystalline material,
its intensity with respect to the wavelength depends on the crystalline structure of the
material. Some pure metal samples with simple cubic structures can be very strong neutron
scatterers depending on the nature of the constituent atom, and the coherent scattering
effects generate a non-negligible variation of the transmitted intensity as a function of the
crystalline state of the analysed sample. In general, when a polycrystalline isotropic sample
is analysed, the transmitted beam is attenuated according to a specific model, comple-
mentary to the Bragg scattering effect. The wavelength-dependent attenuation spectrum
can be measured through the scan of a monochromatic neutron beam tuned at different
wavelengths, using, e.g., a double crystal monochromator (DCM). When measuring the
attenuation spectrum of an isotropic powder-like sample, it is possible to observe the
presence of an attenuation signal following a regular structure, composed by linear inten-
sity variation followed by abrupt discontinuities in correspondence to the backscattering
conditions of specific lattice plane families of the metal structure (called Bragg edges) [9].

The position of Bragg edges measured as a function of neutron wavelength is corre-
lated with the lattice plane families of the crystalline specimen according to the following
relation:

Ankl = 2dpig

where Ay is the incident neutron wavelength and dyy is the distance of the hkl indexed
lattice plane family.

By performing Bragg edge analysis, and verifying how deviant the measured profile
is with respect to the ideal powder conditions (large-size, defect-free, random domains) it
is possible to evaluate several microstructural features such as the presence of defects, the
existence of any anisotropy in the sample and of residual strain along the neutron beam
measurement direction in a very similar way as for diffraction analysis. Bragg edge imaging
techniques rely on the simultaneous measurement of the attenuation spectrum at each
pixel of a detector device, allowing characterization of the microstructural properties of a
metal specimen to a spatial resolution comparable with the typical radiographic methods
(few hundreds of microns), much higher than typical neutron diffraction gauge volumes.

In case large size single crystal grains are present within a sample, the wavelength scan
analysis of the areas in which they are present shows an intensity attenuation profile, which
is affected by the strong scattering effect of a few selected neutron wavelengths interacting
with the specifically oriented lattice planes of the single crystal. Since such single crystal
areas only interact with specific neutron wavelengths, the transmitted beam exhibits an
almost flat profile showing the presence of dips at specific wavelengths corresponding to
the Bragg scattering conditions of the lattice planes, according to their 26 orientation with
respect to the primary beam direction [10-14].

These dips correspond to the interaction of the corresponding neutron wavelength
with a specific lattice plane so for low Miller index planes it is, in theory, possible to recon-
struct the relative orientation of the planes with respect to the beam. When multiple dips
are present, it is further possible to reconstruct the specific orientation of the crystals within
the sample. It is uncommon to deal with pure single crystal materials since the production
procedure of large size single crystals is quite difficult, thus the samples observed com-
monly are a mixture of polycrystalline samples containing large size single crystals within.
The resulting attenuation spectrum is hence a mixture of Bragg edge profiles combined
with Bragg dips.

3. Sample

The single crystal copper sample under investigation was grown vertically upward in a
unidirectional solidification experiment. The solidification reaction occurred in a cylindrical
graphite crucible of 10 mm inner diameter and 180 mm long, which was positioned inside
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a high-purity Al,O3 tube of 16 mm inner diameter. This graphite crucible-alumina tube
assembly was inserted through the cylindrical cavity of a vertical electric tube furnace. The
lower end of the alumina tube was closed, and the upper end was O-ring sealed to a head,
which allowed vacuum/atmosphere control so that the solidification reaction occurred in
an inert atmosphere, filled with either argon or nitrogen. The solidification experiment
was conducted with the electric furnace set at 1300°C. A hollow water-cooled cold finger,
which was vertically attached to the bottom of the furnace, served to have a positive
temperature gradient established upward. The furnace-cooling assembly was supported
by a carriage, which moved upward on three ball bushing guided rods driven from below
by two symmetrically placed ball screw rods, which were turned by a synchronous stepper
motor using a belt drive. The rate of motion was computer controlled.

In an effort to have control over nucleation events, the cavity of the graphite crucible
was made to have a cone-shaped bottom with the opening angle of 30°. The initial position
of the furnace-cooling assembly relative to the graphite crucible-alumina tube assembly
was determined such that the copper in the crucible was all in the liquid state. The molten
copper in the graphite crucible was then solidified vertically in keeping with the motion
of the furnace-cooling assembly driven upward at a controlled speed, 10um/s for the
sample in question. Upon completion of the experiment, specimens were taken from the
directionally grown sample for metallographic examination. For the present sample, the
cross section normal to the growth direction was examined by optical microscope using
specimens taken at both ends of the cylindrical part. No grain boundaries were visible in
them. The sample was then selected as a single crystal sample to be analysed by using
monochromatic neutron imaging methods. Its size was 9 mm diameter, 97 mm axial length.

4. Experimental Procedure and Data Analysis

In order to perform a characterization experiment of the copper rod based on monochro-
matic neutron imaging, we used the BOA beamline at the Paul Scherrer Institute, which
receives a cold neutron spectrum from the moderator [15] and is equipped with a double
crystal monochromator in order to perform monochromatic radiographies and tomogra-
phies. [15] The L/D collimation power was set at the minimum value of 140 to privilege
the neutron flux, while the resolution of the double crystal monochromator device was
AN/A =1.4%.

The detector used was a 16-bit IKON-M camera from Andor coupled with a 50 mm
objective looking onto a 100-um thick ®LiF-ZnS scintillator. The 1024 x 1024 pixels chip
was focused on a field of view 37 x 37 mm and 80 um effective resolution, each pixel
corresponding to 36 um on the scintillator.

The wavelength scan in radiography mode was performed with the DCM in a wave-
length range between 2.450 A and 4.300 A with a wavelength step of 0.025 A, resulting
in a total of 75 monochromatic radiographies. Each radiography was acquired with an
exposure time of 60 seconds and was repeated twice. Direct beam measurements for the
transmission normalization were repeated three times with identical exposure time. The
copper rod was measured in two specific relative orientations: the second configuration
was rotated 90° around the rod axis with respect to the first one.

Data reduction and normalization was performed by using Image]J code. [16,17]

Since preliminary observation of the normalized wavelength scan showed the presence
of dark areas with the aspect of branched structures within specific areas of the rod (similar
to what can be expected by dendritic growth structures), we decided to perform two
monochromatic tomographies at the wavelength values in which the contrast of such
structures was maximum with respect to the rest of the rod body: 3.6 A and 3.75 A. The
tomography measurements were performed by taking 181 projections with 1° angular
step size and 60 s exposure time per projection for each of the selected wavelengths. The
tomography reconstruction routine included a dedicated pre-processing algorithm for
the correction of lines in the sinograms, to mitigate the presence of ring artefacts in the
reconstructions, which deteriorates the segmentation of the investigated structures [18].
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The software used for the reconstruction was the ASTRA toolbox [19], which includes
the SIRT iterative reconstruction technique, particularly efficient for limited projections
and noisy data such as the ones obtained with wavelength selective techniques. We took
into account that Bragg dips only appear at certain projection angles and their number is
enough for the reconstruction technique to catch the 3D geometry. This is possible since
the rest of the sample was composed by a single crystal.

5. Results

Image analysis provided several interesting features related to the microcrystalline
structure of the single crystal copper rod.

First, the attenuation profile in different areas of the sample did not show Bragg edge
profiles, which are typically found for polycrystalline systems. However, multiple dips in
the attenuation spectra were observed.

Figure 1 shows a few monochromatic transmission radiographs, from which it can be
observed that the rod is not a complete single crystal since dark areas are visible at specific
wavelengths. In addition to the misaligned areas, appearing as dark spots, a structured
branch figure is clearly visible.

v

Figure 1. Monochromatic radiographies of the copper rod taken respectively at (A) 3.850 A, (B) 3.725 A, (C) 3.575 A. The
presence of black spots is evident in images (B,C) as well as a structured branch coherent volume in image (C). Image (A)

also shows the areas used to select transmission intensity profile reported in Figure 2. We set as x direction the horizontal

one and as y direction the vertical one. Single crystal grow direction from right to left.
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In Figure 2, we show some transmission profiles taken in different sample areas using
a rectangular region of interest with size 60 x 15 pixels, showing the presence of Bragg
dips which width is compatible with the neutron wavelength resolution. The results
are compared with the typical polycrystalline copper Bragg edge profile measured on a
reference sample acquired on the same radiography scan window. According to more than
30 sampled areas, the selected windows are representative of the whole volume of the
sample, showing the dips profile and the position of the most significant crystallization
typologies.

spot free area
dendritic branch + 0.2 g
——endcap +0.4

policrystalline copper 8 mm thick + 0.6

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

Neutron wavelength (A)

Figure 2. Transmission spectra as a function of neutron wavelength in selected sample areas showing that no evidence of
Bragg edge structure is visible at all while a set of three or more broad dips are visible. The slight tilt of the reference value
is related to the linear increase of the absorption cross section of copper with neutron wavelength. The experimental profile

of Bragg edge originated by polycrystalline isotropic pure copper solid sample is shown in blue lines. The 111, 200, 220

Bragg edges are evident, ideally positioned respectively at 4.174, 3.6147 and 2.556 A.

Different areas of the sample exhibit the presence of dips at various wavelengths. It
is generally difficult to assign a dip to specific lattice plane family but, in specific cases, it
becomes possible; i.e., the rightmost dips in green and black spectra in Figure 2 can only be
reflections of 111 lattice planes since the wavelength is larger than all reflections except 111.

The results of the wavelength fit of the dips shown in Figure 2 are reported in Table 1,
including the possible relative lattice plane assignment and the angular displacement (0)
of the planes with respect to the primary neutron beam.
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Table 1. Results of the fitting negative Gaussian peak fitting of the dips shown in Figure 2. The reported values are the

wavelength, the dip width and the possible relative plane families originating the scattering, including the scattering angle

values as obtained by the Bragg law taking into account the ideal pure Cu lattice parameter, 3.6147(2) A.

Sampling Area Dip Position Dip Gaussian Re.ﬂection Relative © Reﬂection Relative © Tilt
and Dip Reference A) Width (o) Lattice Plane ), o q)  Lattice Plane (hyp. 2)
(hyp. 1) (hyp. 2)
spot free #1 3.762 £ 0.002 0.072 £ 0.005 din 64
spot free #2 2.933 + 0.002 0.081 = 0.004 dipg 45 daoo 54
spot free #3 2.788 + 0.003 0.080 + 0.007 dip 42 daoo 50
spot free #4 2.517 £ 0.004 0.07 £ 0.02 dogo 44 daoo 80
dendritic branch #1  3.594 + 0.002 0.091 =+ 0.004 dipg 59 daoo 59
dendritic branch #2 3.15 £ 0.01 0.10 £ 0.01 din 49 dogo 61
dendritic branch #3 2.863 £ 0.001 0.085 +£ 0.002 din 43 dago 52
dendritic branch #4 2.547 + 0.002 0.072 + 0.004 dooo 45 doop 85
end cap #1 3.757 £ 0.001 0.083 + 0.002 din 64
end cap #2 3.471 £ 0.001 0.069 +£ 0.003 din 56 dago 74
end cap #3 3.237 + 0.001 0.071 + 0.003 dip 51 daoo 64
end cap #4 2.972 + 0.001 0.092 + 0.003 dip 45 daoo 55
end cap #5 2.797 £ 0.003 0.075 +£ 0.008 din 42 dago 51

Considering there is a certain wavelength dispersion within the field of view due to

the double crystal monochromator behaviour, it is reasonable to consider that the dips #1
and #3 of the spot free area coincide with the dips #1 and #5 of the end cap area. Thus, in
this area we observe a mixture of a set of differently oriented single crystal blocks.

Another way to qualitatively observe the behaviour of the recrystallization procedure
is the analysis of re-sliced images of the wavelength scan stack performed starting from the
top according to the coordinates of Figure 1 (negative y direction). In this way, each image
represents the x-A view of the rod taken at a specific y height.

Three different images taken respectively in the top area, the branched dendrite area
and the bottom area of the rod, with respect to the y direction of Figure 1 are shown in
Figure 3; the external caps were cut to ease visualization. In the top and bottom images, the
presence of three main dips along the rod length shows the reflections related to the bulk
single crystal. The top image shows a discontinuity in two of the three dips at two thirds
of the full length: the recrystallization was somehow distorted. Nothing happens on the
bottom image where the single crystal is the same for the whole length. The central image
shows the distribution of the dips at the height of the dendrite, showing the presence of
several localized dips related to the spurious single crystal areas misaligned with respect
to the bulk.



Appl. Sci. 2021, 11, 7750

7 of 9

A[A]

Figure 3. Selected images of the re-slicing of the wavelength scan stack of the rods. Each image is taken at different height

of the rod (top, dendrite area, bottom) according to Figure 1. The vertical axis indicates the wavelength value, while
the horizontal one is the same axis of Figure 1 along the rod main direction. The dark stripes indicate the presence and
wavelength position of attenuation dips. Their different position along the axis, in some cases, demonstrate the distribution
of differently oriented single crystal areas. They can be due to local misalignment or to entire areas which solidified as
single crystal with different orientation with respect to the bulk.

In order to try to visualize on a 3D image the differently recrystallized areas, especially
concerning the branched dendritic structure, we selected two specific wavelengths in which
the radiographies showed the dendrite was (partially or completely) well visible, aiming
to perform two monochromatic tomographies. The selected wavelengths are A = 3.60 A
and A = 3.75 A showing, respectively, a clear image of the dendrite on the right side and
the final end of the dendrite on the left side (see Figure 1B,C).

The monochromatic tomography reconstructions at the two selected wavelengths both
exhibited the presence of the branched dendritic structure with a slight difference in their
spatial localization as if the high contrast of the dendrite taken on the two tomographies
were slightly misaligned. A 3D view of the tomography reconstruction showing the high
contrast areas attributed to single crystals are shown in Figure 4. The volume of the rod
is visualized using the volume rendering module of 3D Slicer [20,21] that on one hand is
guaranteed to maintain the same contrast as the projection but allows on the other hand
selection of specific areas of the grey tones scale (dynamic range) to make them transparent.
The volume of the single crystal branch was enhanced by segmentation module exploiting
the thresholding algorithm to select the specific high contrast volume and in order to fill
some gaps in the model, the growing function was also used.

It seems clear that the dendritic structure is in truth formed by a combination of
differently aligned crystals. Only part of those was exhibiting high contrast in the 3.60 A
tomography while another part (partially superimposed to the previous one) was exhibiting
high contrast in the 3.75 A tomography. The recrystallized branch is localized close to
the rod surface as evidenced in the 3D visualization movie available in Supplementary
Materials to this paper.

The main body of the rod, concerning the results from the tomographies at the two
selected wavelengths, shows an almost perfect single crystal structure, as evidenced by
visualization of the transmitted intensity as a function of the wavelength in several selected
areas.
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rod

=
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3.60A
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Figure 4. 3D view and segmentation. The volume of the copper rod (left in the figure) is shown in transparency through the
3D Slicer’s Volume Rendering module, and then used as a spatial reference for the next three images: for both A 3.60 A and
A 3.75 A the two dendritic branches are enhanced by segmentation and highlighted respectively in blue and orange; the

combined structure consisting of the two branches is represented in yellow.

6. Conclusions

In this paper, we showed how it is possible to exploit neutron wavelength selective
radiographic scan and monochromatic tomography as powerful tools to characterize the
morphology and the microstructure of single crystal bodies and inner structures. We were
able to determine the qualitative distribution of the single crystal bulk of a pure copper
sample rod and the presence and degree of misalignment of smaller single crystal grains
spatially dispersed within the structure. We also observed the presence of a dendritic
structure, spatially localized close to the external surface, which appears as an almost
perfect single crystal strongly misaligned with respect to the single crystal bulk. The
level of microstructural details that can be achieved using these techniques can open
important research topics in non-invasive characterization of metal artefacts in historical,
archaeological and industrial interest.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/16/7750, Video S1: The 3D visualization movie shows that the recrystallized branch is localized
close to the rod surface.
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