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Abstract

Background Bragg edge imaging have seen significant developments in the last decade with the availability of new time-
resolved detectors, however, there have been no studies of changes in local coherent scattering from grain reorientation and
deformation with load. Such damage accommodation mechanism may occur in (quasi)-brittle materials.

Objective We developed a novel method using in-situ Bragg imaging at the ISIS spallation neutron and muon source on the
IMAT (Imaging and MATerials science and engineering) instrument using an energy-resolved detector setup. We collected
and analysed data of a proof-of-concept experiment demonstrating the use of the method.

Methods We have developed a loading apparatus that addresses the constraints posed by Bragg imaging, allowing us to
resolve features in the material microstructure. We use energy-resolved neutron imaging to obtain images in energy bins
and we have developed a set of codes to register and correlate these images, as well as detect changes in local coherent scat-
tering, in situ.

Results Preliminary results from this method on Gilsocarbon nuclear graphite allow qualitative observation of local changes
in Bragg contrast, which may be due to deformation or grain reorientation.

Conclusions We have demonstrated that we can track changes in local coherent scattering under mechanical load, with suf-
ficient resolution to track features with a size above 100 microns. This method, apparatus and accompanying codes may be
used on the IMAT instruments by users interested to better understand deformation in their materials.

Keywords Neutron diffraction - Bragg imaging - Digital Image Correlation - Graphite - Crystal deformation

Introduction as the IMAT (Imaging and MATerials science and engineer-

ing) instrument [1] on the ISIS! neutron and muon source,

Synchrotron X-ray and neutron sources offer unique and
complementary capabilities to examine the deformation of
engineering materials where information is required at mul-
tiple length scales, from the bulk to the crystalline structure.
In particular, spallation neutron sources with time-of-flight
capabilities allow the acquisition of energy-resolved data-
sets, and beamlines have been commissioned specifically to
address engineering problems using these advantages, such
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at the Rutherford Appleton Laboratory of the Science and
Technology Facilities Council (STFC) on the Harwell Sci-
ence and Innovation Campus in Oxfordshire [2]. Polygranu-
lar graphite has been used in critical structural components
in operating nuclear fission reactors worldwide and is pro-
posed for use in future advanced reactors. The deformation
and failure mechanisms of graphite, both before and after
irradiation, are of great importance to the understanding of
in-service behaviour and the assurance of safety [3-5]. It
has therefore been selected as the material for this proof-
of-concept study that aims to observe the effects of grain
deformation and re-orientation on local changes in coherent
scattering.

IMAT is a recently commissioned imaging beamline that
offers a time-integrated neutron flux of 4 x 10’ n/cm?/s with
a 40 mm pinhole aperture thanks to a straight neutron guide

! ISIS is the name of the facility and is not an acronym.
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Fig. 1 Beam spectra from
IMAT Monitor 5, located
49.5 m from the moderator (run
number 15209: Scan 5, Load 6000
4kN, 120 pA)
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[1, 6]. Between the source and the sample stage position,
distanced by 56 m, a 20 Hz chopper filters the fast neu-
trons and gamma radiation at 12.75 m from the moderator
while two 10 Hz double-disc choppers at respectively 12.2
and 20.4 m from the moderator are used to select the wave-
length bands and avoid frame-overlap. They allow users to
define and shift the pulse spectrum as required to suit the
material being studied. Error! Reference source not found.
The neutron guide ends just before the experimental hutch
with a pinhole selector offering apertures of 20, 30, 40, 60
and 80 mm, which provides a quasi-parallel beam with a
Lp/D specific divergence, where D is the aperture and L the
length to the neutron camera from the pinhole. The resolu-
tion, r, is independent of the camera pixel size and can be
calculated with equation (1), where / is the distance from the
active area of the detector to the centreline of the sample.

pe L |
L, (1)

Within the hutch, an in-vacuum tube carries the neutrons
to the sample area and comprises a set of 5 beam-limiting
boron carbide jaws. The last retractable neutron monitor on
the beam, Monitor 5, is located just before the end of the
tube, and allows one to check the shape of the flux. Fig-
ure 1 is an example of the neutron count from Monitor 5
on IMAT. Although it is possible to use a white beam and
shift the pulse with appropriate chopper parameters, this

&
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has limitations that need to be accounted for when studying
materials with energies away from the peak flux. This is due
to the need to avoid neutron pulse overlap and the maximum
wavelength band, A4, is set by equation (2) [6].
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where f is the repetition rate and Lg is the distance from the
source to the detector.

Bragg-edge imaging is a fast-developing acquisition tool
that provides energy-resolved information of internal struc-
tures in engineering components. Time-of-flight energy-
resolved neutron imaging using different sensors has been
initially used for in-sifu strain analysis and 2D single crystal
Bragg-dip mapping [7—10]. More recent developments of in-
situ wavelength-dependent neutron imaging have been able
to accurately determine the lattice spacing, lattice strains and
coefficient of thermal expansion of metallic powder samples
[11]. This has been made possible by the development of
Microchannel Plate (MCP) detectors capable of time resolu-
tions below 10 ns. The MCP detector on IMAT, developed
at the University of California at Berkley [12], is composed
of a tile of four Timepix ASIC sensor chips offering a field
of view of 28 X28 mm with a pixel size of 55 um at event
rates up to 200 MHz.

A relatively unexplored use of Bragg-edge imaging is
direct image processing and analysis of extinction spots for
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crystals in the Bragg-condition. This use of energy-resolved
neutron radiographs is particularly sensitive to the resolution
defined by equation (1) and is most suitable for materials with
grains sizes or domains over 100 um in size. Several meth-
ods can be used to investigate grain orientations. Electron
Back-Scattered Diffraction (EBSD) has a number of limita-
tions including sample size and the requirement to polish the
examined surface, and it is not very suitable for bulk samples
of materials such as graphite [13]. For the characterisation of
grains within the microstructure, Three-Dimensional X-Ray
Diffraction (3DXRD) grain reconstruction, as well as Dif-
fraction Contrast Tomography (DCT), have proven effective
for metals and materials with a low mosaic spread [14—17].
DCT can be applied with in-situ loading or heating and has
the potential to provide information on the grain strain state
[18]. The DCT technique has been generalized to neutron
imaging with the development of the ToF-3DND (Time of
Flight Three Dimensional Neutron Diffraction) grain map-
ping method [19].

In this work, we propose a novel method that is suited
to investigate the effects of grain reorientation and defor-
mation in polycrystalline samples with coarse grain size or
grain domains (from ~ 100 pm) using in situ time-of-flight
energy-resolved neutron imaging. A novel mechanical load-
ing device for high resolution imaging has been designed,
and tools for advanced image analysis have been developed,
to detect the response to applied mechanical stress of micro-
structural features that are close to the Bragg condition.
Results are presented from the proof-of-concept experiment
n° RB1910517 [20] on the IMAT instrument at the STFC-
ISIS neutron and spallation source.

As the beam passes through the sample and neutrons are
collected on the MCP detector, all those neutrons that are
diffracted via coherent scattering in the crystal (i.e., at wave-
lengths depending on specific crystal planes and their orien-
tations) will not be recorded. Specifically, when the neutron
wavelength is much larger than twice the interplanar spacing
of the periodic {hkl} planes (i.e., d,,), there is no coherent
scattering, and the transmission varies with the square of
the neutron wavelength. At wavelengths where the Bragg
condition is just satisfied by suitably oriented planes there
is a marked change in the transmitted intensity (i.e., a Bragg
edge) [21]. On a radiograph at a specific energy the reduced
intensity from grains in which the neutrons that have been
scattered will form extinction spots. The sensitivity of the
intensity of these spots to changes in crystal orientation, or
changes in scattering due to the disruption of coherency by
plastic deformation [22], will be strongest for energies close
to the Bragg edge. We aim to map and observe the changes
in these features as a mechanical load is applied.

Gilsocarbon graphite was examined as there is interest in
understanding its deformation mechanisms under mechani-
cal load. Graphite is a polygranular material used in nuclear

fission reactors as a neutron moderator and as a reflector,
such as the fleet of UK Advanced Gas Cooled Reactors
(AGR) [4] and planned 4th Gen Very High Temperature
and Molten Salt Reactors (VHTR/MSR) [5]. These graphites
have an important role in the core structural integrity and
the lifespan of these nuclear reactors. Gilsocarbon is made
by impregnation of calcined Gilsonite particles with a pitch
binder [23, 24], resulting in a coarse microstructure with
domains of aligned crystallites [25]. Graphite has a high
neutron elastic scattering cross-section [26], a strong Bragg
edge associated with its basal plane [27], making it an ideal
candidate for this study. There is a lack of evidence for the
mechanisms of deformation of bulk polygranular graphites
such as Gilsocarbon, which exhibits a change in deforma-
tion behaviour at elevated temperatures, leading to improved
toughness and tensile strength [28]. Due to its polycrystal-
line nature and the ABAB stacking in hexagonal graphite
crystals, shear by basal dislocation glide occurs readily [29]
and graphite crystals also exhibit kink band formation [30].
Twinning in graphite, first reported in [31] and observed by
optical microscopy [32], is theorised as a rotation of approx-
imately 20° about < 1101 > [33]. Twinning under load in
natural graphite flakes has been demonstrated with electron
microscopy [34] and the analysis of ion-beam irradiation of
pyrolytic graphite has demonstrated the formation of a novel
reoriented crystal vein structure due to basal dislocations
[35]. It has also been reported, for neutron-irradiated syn-
thetic graphite, that twins recover once the load is removed
[36] so twinning may be an elastic deformation mechanism.
Observations of the local changes in coherent scattering may
provide a way to obtain quantitative data on the mechanisms
of grain reorientation by twinning, and the role of plastic
deformation. This would provide essential information for
the microstructural models that are needed to understand the
effects of irradiation and temperature on graphite properties
in order to support the design and operation of advanced
fission reactors.

Experiment
Design of the Loading Rig

The method consists of a neutron energy-resolved acquisi-
tion of a specimen while applying mechanical compression.
We apply a small preload to the sample and subsequently
proceed to radiography acquisition. This is followed by a
series of loading stages, each associated with radiograph
acquisition of equal duration. The radiograph image reso-
lution is independent of the detector pixel size and varies
principally with the sample to detector active area distance,
as discussed. The distance from the pinhole to the detector
is fixed and the pinhole aperture determines the neutron flux,




62

Experimental Mechanics (2022) 62:59-73

EY 2
3 =e

|

-

Secondary anvils

=,

p~  Primary anvils

600 mm

Load cell location

(a) (b)

180 mm

Fig.2 Neutron imaging loading rig: (a) close up view of anvils and (b) 3D CAD (computer-aided design) model

which affects the acquisition time for sufficient signal (i.e.,
neutron count). This means that the main way to reach a suit-
able resolution for image analysis whilst maintaining a high
neutron flux is to reduce the sample to active area distance
and bring the sample as close to the detector as possible.
Preliminary acquisitions are necessary to determine the most
appropriate configuration (i.e., pinhole size, collection time,
sample-to-detector distance, and chopper speed).

A proof-of-concept loading apparatus was designed to
suit the requirements of close proximity to the detector,
low neutron absorption, limited image shadowing and con-
trolled loading capabilities. The rig is a manually-loaded
screw-driven device for the application of compressive stress
(Fig. 2). In this work, diametral compression was applied for
comparison with other studies of graphite [24, 25] though
other samples suited for compressive loading can be studied
using the same rig.

The overall thickness of the rig was minimised to allow
a short sample to active-area distance. The top assembly, or
loading head, can be positioned in the neutron beam whilst
avoiding potential contact with the MCP detector, which
is introduced via a robotic arm. Figure 2 presents the top
assembly with its main components. A loading cell (20kN)
is located on the lower top assembly and is connected via
universal serial bus to a computer for direct monitoring of
the applied load. All the structural components, other than
stainless steel fixing screws and bolts that are not in the
beam path, are made of aluminium alloy (HE30-6082T6)
for neutron transparency and sufficient mechanical strength.
The curved surface of the secondary anvils is suitable for

&

discs with a diameter between 15 and 25 mm, maintain-
ing the contact surface within the range specified by ASTM
D8289-19 [37]. In the main configuration, the flat surface of
the secondary anvils is loaded by the primary anvils. Both
anvil pairs slide on two cylindrical pillars attached to the top
and bottom parts of the assembly. The secondary anvils can
be inverted to offer a flat loading surface for flattened discs
[38] or other flat-ended compression samples.

Experimental Setup

Three days of beamtime were allocated on IMAT under
experiment number RB1910517 [20]. The neutron wave-
length at which the graphite basal planes will enter the (002)
Bragg condition is significantly away from the 2.6 A pulse
maximum at 6.7 A, so for this proof-of concept experiment
we have selected a pinhole aperture of 40 mm to collect
radiographs with a resolution sufficient to identify extinc-
tion spots and compensated the loss in flux with an acquisi-
tion time of 120 pA to ensure sufficient neutron count in the
energy band of interest. We have also configured the disk
choppers for a 10 Hz frequency and a phase delay of 20 ms
moving the Time-of-Flight (ToF) range to 30—130 ms which
is equivalent to approximately 2—10 A; the suitability of this
range is illustrated by the neutron count in Fig. 1. The data
is binned and saved as a stack of images in the FITS format
(Flexible Image Transport System), each image representing
an approximate energy. In this experiment we have divided
the data collected in 2,474 bins.
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Fig.3 Experimental setup depicting a side view with rig-to-shield distance (a), overall view with robot-arm and rig fixed on tomography stage
(b), detector window close-up view (c), secondary setup close-up with screw head away from top-shield (d), graphite sample dimensions (e), and
primary setup with screw head under top shield (f)

Figure 3 presents the experimental setup inside the hutch.  giving a resolution of approximately 184 um. The detector
In order to avoid the risk of collision with the detector, we  is held by a robotic arm at a fixed position defined by the
have maintained a minimum of 5 mm distance between the beamline arrangements, and at a fixed distance of almost
rig and the lower reflector shield, and for this experiment we ~ 56.4 m from the moderator. The rig sits on the tomography
set the default distance to be 9 mm. The distance from therig ~ stage that can be used for vertical rotation, which is attached
surface to the centreline of the sample being 20 mm, and the  to the heavy-duty sample stage used for all translations.
active area of the detector being 17 mm behind the shield, It was important to ensure there was no other reason
the total detector to sample centreline distance is 46 mm  for the apparition of new Bragg spots in the radiography,

SEM
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other than local grain reorientation or deformation. In
particular, crystals could enter or leave the Bragg condi-
tion if the sample rotates sufficiently. To check for out-
of-plane movements and sample rotations with applied
load, we used Digital Image Correlation (DIC) to monitor
control experiments that were performed in the laboratory
using the same loading apparatus and similar experimen-
tal conditions. DIC is a strain measurement technique
developed in the 1980s based on pattern-matching of
time-series greyscale images [39—41]. Subsets contain-
ing tens of pixels of an image are compared to a reference
image by homogeneous linear mapping of the intensity
pattern. This allows tracking of relative displacements
that are smaller than a pixel and mapping of the displace-
ment field, from which the strain field can be derived.
Stereo-DIC, using two cameras, is able to provide in-
plane and out-of-plane displacements within the range
specified by the measured volume and the depth of field.
In particular, the GOM Correlate algorithm used in this
study uses the principle of 3D mesh correlation and par-
ametric inspection. The grey value distribution in each
facet of the right and left camera images are reidentified
to a reference set of images and 3D coordinates are tri-
angulated [42]. A cube containing patterns with known
distances is used to calibrate the stereo-DIC system. Due
to the IMAT beamline configuration, it is currently not
possible to use stereo-DIC during a neutron experiment,
but this would be advantageous in future studies.

We employed stereo-DIC in the laboratory tests,
using a 2448 x 2050 pixels GOM Aramis 5 M setup with
75 mm focal lenses and the same loading conditions as
in the beamline experiment. Figure 4(a) shows the image
correlation setup, with the test specimen coated with a
speckle pattern using an airbrush with a 0.3 mm nozzle.
The measuring area was 15 X 13 mm with a calibration
deviation of 0.028 pixels and a depth of field of 5.4 mm
(Fig. 4(b)). The displacement field was along the beam
axis, by DIC analysis with a 32-pixel facet size and a
point distance of 19 pixels. The out-of-plane displace-
ments, for an applied load of 5.2kN (close to failure of
the specimen) are presented as an example (Fig. 4(c)) that
also shows the local effects of the contact load. The aver-
age 3D tilts of the specimen surface (Fig. 4(d)) show there
is a maximum rotation of approximately 0.1° about the
vertical axis, and a forward tilt of less than 0.2° even at
high load as failure is approached. The supplementary
material details the digital radiography correlation used
to validate the in-situ loading regime. The angular width
of the Bragg edge is approximately 3.9°, and we can con-
clude from the DIC analysis that such sample rotations
during the experiment would have a marginal effect.

Data Processing Methodology

A program has been developed in MATLAB for processing
the radiographs and identifying local changes in transmitted
intensity, available free to use under the GNU General Pub-
lic License v3.0 [43]. The code is compiled as a stand-alone
executable file offering a Graphical User Interface (GUI),
and the source code is available from the corresponding
author on request. It was developed because specific opera-
tions need to be performed on the radiographs at pixel level,
so it was not possible to rely on existing codes. The code
works directly with the raw datasets and is optimised for
multi-thread processing; GPU acceleration is under devel-
opment. It has been written to minimise the use of random-
access memory at the expense of more frequent access to the
external storage. This makes the code compatible with com-
puters with limited specifications while having the flexibility
of using the computing power of high-end workstations.

Scaling and overlap correction are applied to the raw
datasets produced by the MCP detector in the FITS format.
Overlap occurs due to neutrons arriving after the end of a
shutter insertion and this is corrected using Poisson’s sta-
tistics. Scaling of the open beam datasets is preferable for
a more accurate flat-field correction as all datasets may not
have the same number of triggers. The methods used for
overlap and scaling correction are the same as those already
used on IMAT, for which a detailed description is available
in [44]. This initial pre-processing stage is applied to all
radiographs, which are thereafter saved as unsigned 16-bit
TIFF images.

The paths to the working folder and stages of the data acqui-
sition in the experiment are defined, then the datasets are listed
and checked for consistency. Any subsequent image pre-pro-
cessing is carried out in an iterative scheme, for each image
and repeated as many times as required, and only the final out-
puts are saved in random-access memory. Radiographs are first
converted to double floating-point precision with no range lim-
its to avoid truncation or saturation. The code initially works
at a pixel level to reduce noise and to remove and replace dead
or abnormal pixels. This is achieved by linear interpolation of
pixels falling outside the 1-100 percentile threshold to remove
dead pixels. A shape-preserving piecewise cubic spline inter-
polation, of pixels with values more than three local scaled
median absolute deviations from the local median within a
3% 3 pixels window, replaces abnormal pixels. Pixels that suf-
fer from detector edge effects at the border of the radiograph
are removed by an initial crop of 6 pixels at each border that is
maintained throughout the experiment. Flat-field correction is
applied to radiographs individually and iteratively to remove
detector aberrations, especially the missing lines between the 4
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Fig.4 (a) Stereo digital image correlation setup; (b) mapping area with speckle pattern; (c) out-of-plane z-displacements of the same area; and

(d) angular rotations with load of the mapped area about the X, Y and Z axes

ASIC chips of the Timepix sensor and other dust particles, and
to obtain the transmitted image sequence using equation (3):

Rn
T, = OB, X fos, €)
where f)p, is the mean value of the Open Beam radiogra-
phy OBn representing neutrons with time of flight n, which
divides the stage radiography image R, to obtain the trans-
mitted image 7, with neutrons with time-of-flight n. The
sub-program that is tasked with obtaining the transmission
spectrum and automatically selecting the wavelength ranges
uses a scaling factor f,; of 100 to obtain the percentage
neutron transmission in the sample.

A subtraction method is used to detect changes in the
transmitted image between loading stages. This requires
each image to be registered with a reference in terms of
deformation and movement. To address the effects of
deformation of the specimen (i.e., compression), it is
first necessary to measure the relative displacements.
This could not be done using image correlation of optical
images (as in Fig. 4) due to the configuration of the IMAT
instrument, and so was carried out using the attenuation
contrast of the radiographs. The displacement fields are
obtained by DIC of averaged images in a wavelength range
where it is expected there would be limited Bragg scatter-
ing. Figure 5 presents the specific case for transmission
in Gilsocarbon graphite. The graphite Bragg-edge, which

SEM
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Fig.5 (a) Regions A and B are indicated on a neutron transmission spectrum averaged over the square area that is marked in (b) the raw uncor-
rected radiography at 2.9 A; (c¢) pre-processed and averaged image from Region A; and (d) from region B at the (002) Bragg-edge. [A blade with
neutron absorption properties is inserted into the beam to avoid sample and detector activation when no data are collected. Even with correction
for its insertion, there are residual “dips” on the transmission graph due to this ‘shutter’, as indicated in (a)]

corresponds to the basal plane (002) reflection, is located
in region B. In region A, neutrons have a low scattering
probability, but the Gilsocarbon graphite has a very het-
erogeneous distribution of porosity [25], and all features
should be from attenuation differences in the neutron path
due to absorption (e.g. density variation). At the resolution
of neutron imaging this heterogeneity can be assumed to
not change with load, and so it provides the ‘speckle’ for
DIC of the specimen’s deformation. Region A is centred
around a user defined wavelength in a region away from
any Bragg peak. Radiographs are pre-processed and then
averaged over an increasing range until the signal qual-
ity is sufficient for image registration. A Perception-based

&

Image Quality Evaluator (PIQE) (non-referenced and
unsupervised algorithm) is used at each iteration to com-
pute a quality score. When the value of the score falls
below 5% of its preceding iteration, the averaging and
range extension ends.

After the averaged images are obtained, further pre-
processing and image masking was done. This includes
outlier removal with a shape-preserving piecewise cubic
spline interpolation where there is a three-time local scaled
median absolute deviation from the local median over a
window length of 3 X 3 pixels, gaussian smoothing with a
standard deviation of 0.5, and a threshold-based segmenta-
tion to remove the loading anvils and air. To obtain images
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only of the sample, the grayscale intensity is adjusted by
scaling throughout the steps to maintain a constant mean
in a 50 x 50 pixels zone with neutron transmission through
air and an algorithmic threshold segmentation is then used
to mask the non-sample areas. This uses as input a mean
intensity that assumes that the sample is centred (an alter-
native centre can be defined) and is used to inform a geo-
metric mask for the subsequent analysis of the radiographs.
This set of images, each representing an absorption contrast
image of the sample at each step of the loading, is then
fed to the DIC algorithm. The method uses the demons
algorithm developed by Thirion [45] adapted to provide
non-diffeomorphic transformations [46]. It employs a 1.5
diffusion-like gaussian regularization at six resolution levels
with up to 100 iterations, to obtain the relative displacement
of each pixel. The output is a regular array of displacements
with an array size determined by resolution of the correlated
images.

Region B, or Near Bragg-Edge (NBE), is defined around
the Bragg-edge of interest. Each radiograph over this range
and for stages under mechanical stress is loaded together
with its corresponding open beam and reference radiographs.
After image pre-processing and correction, the radiographs
for each stage are registered with the displacement fields
calculated using the A-region by inverse mapping. Pixel
values in the result image are obtained after mapping loca-
tions to the corresponding locations in the original image by
applying the inverse transformation. Nearest interpolation is
applied in the input space to compute the pixel value in the
registered image. The reference radiograph undergoes the
same pre-processing and intensity adjustment before being
compared to the registered stage radiograph by readjusted
differentiation. Sequential linear combination of radiographs
over the B-range subsequently reduces noise and increases
the contrast of the features that are in the Bragg condition.
In this analysis, the B-range represents an interval of 80
radiographs. The code allows one to split B into multiple
subsets of radiographs.

Preliminary Results
Data Quality

The constraints related to the sample-to-detector distance
and the pinhole for this preliminary experiment meant that
the signal to noise ratio of the radiography was quite low,
especially away from the instrument’s maximum energy
peak. In any configuration it is necessary to work over a
range of energies for image processing to be feasible, how-
ever low signal meant that the range had to be quite wide in
this experiment. Figure 5 presents a single raw and uncor-
rected radiograph in the A-range for the 0" pre-load stage

(0.2kN) together with a corrected and averaged image over
the A-range and over the B-range. The latter clearly presents
contrast from features that are only visible at the Bragg-edge
characteristic, with those crystals in the Bragg condition
forming a dark extinction spot. The contrast of these fea-
tures is relatively low within a single radiograph. The width
of the Bragg edge [21] and the range of energy selected for
summation will affect the visibility of these features in the
processed images.

As seen in Fig. 5 (b), the raw radiograph has a weak sig-
nal. It represents all the neutrons that arrived on the detec-
tor with a wavelength of 2.9 A over an acquisition time of
three hours. The energy step between radiographs is approxi-
mately 0.0014 A until 4.96 A and 0.0028 A to the maximum
at 8.06 A. This raw image also reveals the four plates form-
ing the detector as well as the dead or invalid pixels that
need to be removed. As radiographs were obtained in the
highest flux region of the instrument’s spectrum (Fig. 1) and
away from the Bragg edge of interest, it was only necessary
to work over a small range of energy to perform the image
correlation for measurement of sample deformation, from
29A103.23A.

During the data acquisition, the load was allowed to settle
after each step before collecting the signal from the neu-
trons. Further stress relaxation led to a small difference of
about 50 N over the acquisition time of approximately 3 h.
Since radiographs do not represent a successive exposure
acquisition but rather a collection of neutrons at different
energies, we can consider that all radiographs are acquired
at the same time.

Image Registration

Realignment of energy-resolved images has not been
attempted before. Displacements fields were obtained from
pre-processed, corrected, averaged and masked images over
the A-range. The relative vertical and horizontal fields for
the 5% stage (4kN) compared to the reference (Oth pre-load
stage at 0.2kN) are presented in Fig. 6. This shows the
expected bi-axial deformation and compares well to pre-
vious correlation studies performed on similar specimens
[28]. These particular sets of images have also been cor-
related using commercial DIC software (LaVision DaVis
8.40) and a comparison that verifies the performance of the
demon code is presented in the supplementary materials.
Figure 6(a) and (b) show the displacement fields that reg-
istered the images. The coloured regions in Fig. 6(c) and
(d) represent areas of image intensity mismatch, where the
disc (and features in its microstructure) and the anvil do
not overlap. The realigned and deformed image is shown
to correctly fit (i.e. register with) the reference in Fig. 6(d).
Since radiographs inside the A-range (away from the Bragg
edge) have the same level of deformation as those in the
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B-range, the measured displacement fields can be used to
register the microstructure images in the B-range, in which
extinction spots are observed that will be discussed in detail
in Sect. 3.3.

Observations

The final averaged images after differentiation processing of
Bragg edge radiographs in region B are presented in Fig. 7.
A region near the specimen centre (identified by the dashed
square) is presented as a close-up view in Fig. 8. Within this,
several features are highlighted in circles. The images show
there are some features at 1 kN that persist in all subsequent
steps (albeit with some change in shape and contrast) of the
loading sequence. We deduce the dark persistent features are

&

extinction spots that are not present in the reference stage.
Since the attenuation contrast does not change, they are dis-
tinct also from the microstructure attenuation. Similarly,
bright spots would arise from grains that were in extinction
in the reference image and are no longer in this condition.
This points to local changes in scattering due to grain reori-
entation or plastic deformation [17, 47-49].

The exact number or spatial distribution of these features
are yet to be determined. This would allow correlations
between the applied strain and grain deformation in Gilso-
carbon graphite to be examined. Nonetheless, comparison of
Fig. 8(c), (d) and (e) suggests that the local change in Bragg
contrast might be recovered upon unloading. The feature
highlighted by the dashed circle in Fig. 8 is mostly visible
at the highest load step of 4kN and appears to return to a
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Fig. 7 Processed radiographs
from energy region B, with
increasing load in observation
steps from (a) to (d) (1 kN,
2kN, 3kN, 4kN, with respect to
stage 0) and then (e) unload-
ing to 2kN. The dashed square
in (a) identifies the feature of
interest presented in Fig. 8

similar appearance as that of the 2kN step when unloaded.
The other feature (solid circle in Fig. 8) persists without any
significant change throughout the sequence.

To quantify the general persistence of the contrast fea-
tures, Fig. 9 presents the results of an image correlation
analysis applied to the resultant images of stages 2 to 5,
with respect to stage 1 (1 kN) (i.e. the images in Fig. 7). The
analysis was done using the least means squares algorithm
with a moving window of 21 pixels and a step size of 4 pix-
els in the LaVision DaVis StrainMaster 8.4 software, with
the objective of mapping the degree of correlation. Image

Fig.8 Close-up view at the
centre of the specimen (90 x 80
pixels) (region indicated in
Fig. 7(a)

noise and changes in Bragg contrast from grain orientation
would lead to low correlation, whereas persistent patterns
of features will have higher correlation. The colour scale in
Fig. 9 represents the correlation value, such that the zones
with correlation value exceeding 0.5 have a high match prob-
ability with respect to stage 1. The generally high values dis-
tributed across the image affirm that the contrast features in
the processed difference radiographs are dominated by sig-
nal from Bragg diffraction in the microstructure, rather than
noise. We can observe that some regions maintain higher
correlation throughout, whereas others change in intensity
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or shape or appear and disappear. It is interesting to note that
correlation with respect to stage 1 appears generally higher
for both images at 2kN (i.e., stage 2, loading and stage 5,
unloading). A more detailed analysis of the persistence of
high correlation regions, and local decreases in correlation
that would indicate changes in Bragg contrast, is feasible
but this will require raw data with higher signal to noise for
higher confidence.

Discussion

The loading rig has been designed for brittle and quasi-
brittle materials, and the Brazilian disc mechanical test-
ing method, whose use for graphite is supported by a
relevant standard [37], is routinely applied to other such
materials including cements and geological materials. The

&

developed method offers a means to investigate crystal
reorientation or deformation for materials whose grain
size, mosaicity and/or surface roughness would not make
it practical for any other more straightforward studies. On
IMAT, in the best-case scenario, where the 20 mm aper-
ture is sufficient to provide data within a reasonable exper-
imental timeframe, the best achievable resolution would
be 70 um, which is just above the ASIC sensor pixel size
of 55 um. This method is most suited to investigate grain
reorientation and deformation in large grain samples, with
potential applications in materials such as uranium [50], or
those with long range domain structures such as titanium
alloys [51, 52].

Although this technique is geared towards large sam-
ples, there is an upper limit which is simply defined by the
active area of the available detector. The 28 x 28 mm? active
detector used in this preliminary experiment constrains the
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possible sample cross-section to below 26 x 26 mm?. A pos-
sible workaround for large samples, apart from stacking up
Timepix chips in a new detector, would be to perform acqui-
sitions at multiple regions of interest by movement of the
loading rig. The resulting stacks of overlapping radiographs
can then be stitched using image correlation methods; how-
ever, this would increase the experimental time significantly.

The manual loading of the rig has limitations on the
maximum load that can be attained and requires user inter-
ventions at each load step. The current apparatus could be
upgraded with an automatic loading system, and the next
design iteration would apply loading from the bottom with
a motor. This would allow for fully automatic and remotely
supervised acquisitions as well as more precise load incre-
ments, and the direct tracking of displacement.

The qualitative results presented here have shown the
presence of persistent and non-persistent local features
from coherent Bragg scattering during loading that are
different from observable microscopic features. As the
imaging method is in two dimensions, the data acquired
is averaged along the thickness of the sample, which may
imply that some extinction spots overlap. The observed
changes in the Bragg contrast might be attributed to the
processes of grain reorientation or plastic deformation in
the graphite crystals. A second iteration of the analysis
program is under development. It includes direct segmen-
tation of the extinction spots, subset tracking with angular
dependence and quantification of the changes in image
contrast. A subsequent experiment focusing specifically
on Gilsocarbon graphite has recently been performed on
IMAT and employed a longer count time and/or varying
pinhole apertures [20]. The resulting radiographs offer a
higher signal to noise ratio, which should allow specific
conclusions for the case of graphite on the relation between
strain and local changes in Bragg contrast that may occur
from crystal reorientation by twinning or kink band forma-
tion or broadening of the Bragg edge due to plastic defor-
mation. Further experiments using this methodology may
then be conducted on irradiated samples and/or at high
temperatures, to better understand how these affect the
structural integrity of graphites.

Conclusions

A new technique has been presented that allows the investi-
gation of crystal reorientation under load, by using advanced
image analysis of time-of-flight energy-resolved neutron
imaging. This has involved the design and manufacture of
a loading device specifically adapted to the requirements of
Bragg-edge imaging and the development of image analysis
tools to account for sample deformation in the registration

of radiographs. This bring the ability to identify Bragg
extinction spots, which may then be observed to examine
for reorientation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11340-021-00754-1.
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