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*Detailed Response to Reviewers

Reviewer #1: Reviewer's comments on manuscript FUSENGDES-D-18-00044

This paper presents a series of original experimental results, obtained by X-ray and neutron
tomography to characterize the 4 currently most promising prototypes of divertor W mono-blocks.

1. The paper is quite long (pages are not numbered), also on account of the large number of figures
(28), but the presentation seems not as effective as such an impressive series of results would
deserve. So, as a first, formal suggestion, in revising the paper the authors should try and be as
concise as possible, particularly in the discussion of the experimental results.

We have gone through the text to make the presentation more concise. This has reduced the total
page count from 28 to 23.

2. On the other hand, the introduction to the two experimental techniques (4. Methodology), may
result not sufficiently clear, at least for readers not acquainted with them. For instance, eq. (1) is
explained in words, but sentences like

"..radiography provides line-integrated information related to the amount of attenuation where
contributions from different elements and the amount of material corresponding to the path length
cannot be separated."

could be replaced, or shortened, by a clear and detailed scheme showing experimental set-up, how
path length and coordinates are defined, etc. This is partly provided by fig. 4, but not for neutron
tomography. A second picture could be added in sec. 4.2, or alternatively, fig. 4 could be suppressed
and a double (and very accurate) picture included at the beginning of 4., for both techniques. The
authors should not hesitate to utilize figures or schemes already available in the literature, duly
qguoting them. Hopefully, in this way space would be saved and clarity increased.

Have moved fig 4 (now fig 2) to beginning of sec 4 to cover both X-ray and neutron CT. We have
added notation to show what is meant by signal attenuation along path length through the sample
and coordinate setup. In the interest of preserving space we have not included a separate schematic
for neutron scanning because the setup is sufficiently similar. However, reference [19] has more
clearly been highlighted as a source for further info on neutron scanning.

3. Always concerning the length of the paper, the first two pages (including figs 1 and 2) are
extremely well written, but are they really necessary on a Journal like FED?

We have removed figs 1 & 2 and reduced the text in the introduction.

4. Concerning the experimental results and discussion, the unavoidable W armour removal, needed
to allow X-ray tomography, should be commented more in the detail: has it been experimentally
checked that it doesn't affect the observed ROl and that the results are fully comparable with those
obtained, on whole mono-blocks, by neutrons?

Added text below to sec 4.1 paragraph 1
The samples were visually inspected before and after sample preparation with optical microscopy.
No visible differences could be seen on the external surfaces at the material interfaces.



5. The proposed interpretation of the figures would be probably easier to understand by a clearer
presentation of the experimental set-up. For instance, the inhomogeneity shown in fig. 22 is well
visible, but why is it identified as a void?

Currently, interpretation of CT images is more subjective than scientific and relies on years of
operator experience to build up knowledge. Additionally, when viewing data, the operator can move
back and forth through all planes in 3D and adjust image contrast to better interpret the feature. In
the paper it is only possible to show a 2D slice with one greyscale balance setting. This static image is
less clear than the dynamic view available to the operator.

The region mentioned in fig 22 (now 20) is a zone of lower attenuation. This will be caused by a void
or the inclusion of a material that’s significantly less attenuating. The second scenario is significantly
less likely as it would require that contamination happened during manufacturing (Occam's razor).

The clearer presentation of the experimental set-up at the beginning of sec 4 (on the reviewer’s
suggestion) will help clarify this. We have also added additional text in sec 4.3 paragraph 2 for
further clarification.

6. A last question concerns the available samples, but reflects on the reliability of the results
obtained by these two techniques: how standardized the fabrication of such mock-up's is and,
consequently, how comparable are the X-ray (or neutron) tomography results obtained on two
different ITER_MB's, for instance?

Because insufficient numbers of mock-ups have been produced thus far, it is currently unknown how
standardised the manufacturing process is. This would require a statistical investigation from the
ITER production line once available. The other sample types (CCFE & IPP) are earlier in the R&D cycle
and are therefore more likely to have greater variation from part to part. Achieving repeatability is a
main feature of the R&D cycle.

For this work the only duplicate sample types that were imaged were the ROl and MB samples of
both the ITER and CCFE monoblocks. Here, no significant variations were observed in the two parts
of each type, but this sample size is too small to draw conclusions.

We have clarified in the conclusion (sec 8 para 4) that this work only demonstrates the feasibility of
using this method to check quality. Further work is needed to investigate the various candidate
designs.
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- Region of interest samples were machined for X-ray CT because of high attenuation
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1. Abstract

Within a tokamak fusion energy device, the performance and lifespan of a divertor monoblock under
high heat flux cycles is of particular interest. Key to this is the quality of manufacture, especially the
material joining interfaces. Presented here is a comparative study between X-ray and neutron
tomography to investigate the quality of manufactured monoblocks. Tungsten is a high attenuator of
X-rays, thus X-ray tomography was performed on ‘region of interest’ samples where the majority of
the tungsten armour was removed to reduce the attenuation path. Neutron tomography was
performed on the full monoblock samples for non-destructive testing and on the ‘region of interest’
samples for direct comparison. Both techniques were shown to be capable of imaging the samples but
having their own advantages and disadvantages relating to image accuracy and logistical feasibility.
The techniques discussed are beneficial for either the research and development cycle of fusion
component design or in quality assurance of manufacturing.

2. Introduction

Due to its location and function within a tokamak, the divertor is the component subjected to the
greatest steady thermal load. During steady-state operation thermal fluxes are expected to be at least
10 MW-m2[1]. To remain within operational temperature limits the divertor components are actively
cooled [2]. This is achieved by connecting armour tiles through their centres to a pipe carrying coolant
(coined a monoblock). As the function of this heat sink is to transfer thermal energy away from the
armour, it is imperative that the method of joining the armour to the pipe must provide a bond that
retains both structural integrity and a high thermal conductivity under large thermal loads. As this
region will contribute to, and potentially dominate, performance of the component, it is of utmost
importance that the armour-pipe interface is well characterised.

For ITER, the monoblock will use tungsten (W) for the armour with a copper alloy (CuCrZr) cooling
pipe. The armour is bonded to the pipe to maintain thermal conduction, but a large thermal expansion
coefficient mismatch between the W and CuCrZr causes high levels of stress within the part.
Therefore, a functional compliant interlayer is used at the material interface to create a bond between
the pipe and armour with improved longevity. For future devices, where it would be desirable to
operate at higher thermal fluxes, alternatives designs are being investigated e.g. using composite
materials, a functionally graded interlayer or geometric constructs [3]. ITER will use approximately
320,000 monoblocks which will require replacing after 5 full power years (fpy) of operation due to
degradation [4], therefore manufacturing cost is a consideration. In addition to investigating
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alternative designs, various manufacturing routes are being tested which aim to reduce this cost e.g.
bonding of the armour to heat sink materials via brazing rather than direct casting of copper.

Because of this, the capability to inspect the material interfaces within the monoblock is of great value.
This is true for both quality assurance, when manufacturing the current generation, and informing
decisions in the development of next generation monoblocks. The features of concern in this region
are anything that may reduce the component’s lifespan by reducing its ability to withstand high
thermal loads. For example, micro-cracking or voids will act as thermal barriers which can increase
peak temperatures or act as crack or interface debonding initiation sites when experiencing thermal
fatigue. Deviations from design tolerance cause differences between real and predicted stress and
temperature fields which may exceed safety limits. For this component, tolerances of interest are
interlayer thicknesses and small-scale geometric constructs. For future designs which may include
composite materials, the exact fibre placement or matrix permeation may be of importance due to
localised variations in the material’s performance leading to stress concentration zones or thermal hot
spots. Finally, other features such as material inclusions or the flow of filler material from the brazing
process is also of interest. A better understanding of the extent of the existence of these features will
aid better informed decisions with regard to the suitability of particular manufacturing routes.

Currently, the main methods for investigating manufacture quality of divertor monoblocks are via
conventional optical or scanning electron microscopy (SEM) and ultrasonic scanning. SEM produces
nanometre resolution images and may even be used to investigate compositional makeup e.g.
elemental diffusion at material interfaces [5]. However, the technique is destructive as the sample
must be cut in preparation of imaging. For brittle materials like tungsten this may introduce defects
that were not present within the component. Additionally, two dimensional cross-sections showing
features like cracks or inclusions provide insufficient data about the size and shape of features. Serial
sectioning techniques may be used for additional data for the third dimension [6] but these are
extremely time consuming and have relatively low resolution through thickness. Ultrasonic scanning
is very effective in providing a relatively quick verification for the quality of bonding for the current
generation design of monoblock. This technique scans radially around the coolant pipe by moving a
transducer along the thin edges of the monoblock [7]. A drawback of the technique is its inability to
distinguish between voids or inclusions as it only measured the changes in acoustic signal from a
baseline value. It is also limited in its relatively low millimetre scale resolution and could not be used
to investigate fine tolerance deviations. Additionally, geometric constructs or composite fibres in
future generation designs will appear as changes in signal, these may be difficult to distinguish
between against component defects. A recent development of this technique is to combine ultrasonic
scanning and infrared imaging for improved defect detection [8].

A method which has been increasing in its use within an industrial setting is computerised tomography
(CT). This has the benefit of providing three dimensional images which give data about features size
and shape. This method depends on contrast in signal attenuation which means it is not well adept
for interfaces between similar materials, e.g. carbon fibres in a carbon matrix, but can easily
distinguish between voids and inclusions and even determine interfaces between differing metals if
there is sufficient attenuation contrast [9].

Various CT techniques use different signals which are appropriate for the medium being imaged e.g.
radio signals are used for upper atmosphere studies [10]. For industrial manufacturing the most



common method is X-ray tomography [11]. Depending on the precise setup this can provide
nanometre resolution but is typically on the micron scale for commonly available commercial scanners
[9]. The main challenge with using X-ray tomography for imaging of the divertor monoblock is that
tungsten is an extremely high attenuator of X-rays. Previous work shows use of synchrotron X-rays on
cylindrical tungsten samples with a diameter of 0.5 mm and states that this was the achievable limit
[12]. This is relatively small in comparison to the proportion of a monoblock that would be required
to provide significant data about the material interfaces. However, recent advances in CT hardware
offer higher energy X-rays than previously available which may be sufficient to image portions of the
monoblock providing significant data.

Other than X-ray CT, neutrons could provide viable CT signal sources that aren’t attenuated excessively
by tungsten to such a level that impedes imaging. Neutron CT is a relatively immature technique and
can only be performed at a handful of facilities globally [13]. Additionally, when the samples interact
with the beamline they become activated. Depending on the materials used in the samples the time
required for the samples to reduce sufficiently in activity may be prohibitive in the feasibility in their
wide-scale use for component qualification. The neutron damage from the beamline will be
insignificant compared of in service use and can therefore be disregarded. Depending on the level of
detail provided by this technique the benefits could far outweigh the disadvantages.

This paper investigates and compares the advantages and disadvantages of X-ray and neutron CT
imaging of current and future generation divertor monoblocks. This includes the quality of the images
themselves, detailing characteristics such as resolution and noise, and the logistical feasibility
requiring consideration due to steps such as sample preparation.

3. Sample manufacturing

For this study three sample types were used: ITER reference monoblock (ITER_MB), Culham Centre
for Fusion Energy thermal break concept monoblock (CCFE_MB) and Max-Planck-Institut fir
Plasmaphysik tungsten fibre / copper matrix coolant pipe (IPP_Wf-Cu), as shown in Figure 1.

Figure 1. Three sample types used for this work: (left) ITER reference monoblock (ITER_MB), (centre) Culham Centre for
Fusion Energy thermal break concept monoblock (CCFE_MB) and (right) Max-Planck-Institut fiir Plasmaphysik tungsten
fibre / copper matrix coolant pipe (IPP_Wf-Cu)

”31_«\‘“

The ‘ITER_MB’ sample is manufactured by first producing a bar of sintered tungsten which is rolled to
yield elongated grains whose longitudinal orientation are aligned such they shall not be parallel to the
surface. The tungsten armour is then machined to shape before oxygen free high conductivity (OFHC)
copper is directly cast into the internal hole. A drill is then used to machine the copper layer to leave
the desired interlayer thickness. For use within the divertor, a series of monoblocks would be placed
along a copper alloy (CuCrZr) coolant pipe and joined by hot radial pressing. The main ITER_MB sample



used in this instance only included the armour and interlayer. A second sample, ‘ITER_HHFT’, which
had been subjected to high heat flux testing prior to imaging also included the coolant pipe.

The ‘CCFE_MB’ sample was fabricated using a two-stage vacuum braze process. Copper sleeves (for
interlayer material) were first brazed to CuCrZr pipes and the geometric constructs (grooves)
machined into the outer surface of the subsequent assembly. Tungsten monoblocks were cast with
copper into the central bore (with similar specifications to the ITER_MB sample). This was then
machined out to leave a thin copper layer. A stress relieving slit was cut into the plasma facing surface
of the tungsten by electro-discharge machining (EDM). A second Cu-to-Cu braze process was
performed where the W/Cu blocks are attached to the pipe/sleeve assembly to create the complete
mock-up component. The final braze also included a precipitation hardening cycle. The braze filler
material used was a 50:50 Au-Cu foil, known commercially as Orobraze 970, which had a thickness of
25 um and was wrapped around the inner part three times before bonding. For more details on the
design and manufacture of the monoblock see [14].

For the ‘IPP_Wf-Cu’ sample, the W fibre preform used was manufactured by means of sequential
circular mandrel overbraiding. The raw material used were drawn potassium (K) doped W fibres with
a nominal diameter of 150 um. The resulting preform comprised 5 braided layers which exhibited a
regular 2/2 twill weave repeat pattern. The W¢Cu composite material was then produced by
infiltrating the braided preform with liquid Cu. Eventually, the infiltrated composite was machined to
final dimensions (inner diameter: 10 mm, wall thickness: 1.5 mm) and specimens with an axial length
of 10 mm were cut. For further detail on the manufacturing and the motivation for interest in W¢-Cu
materials for this application see [15].

4. Methodology

All radiographic methods (e.g. X-ray or neutron) are based on the same principle: that radiation is
attenuated on passing through matter [16]. The specimen is placed in the incident radiation beam.
After passing through, the remaining beam enters a detector that registers the fraction of the initial
intensity transmitted by each point in the object. A schematic is shown in Figure 2. Inhomogeneities
in the object or an internal defect (e.g. void, crack, porosity or inclusion) will show up as a change in
radiation intensity reaching the detector. Thus, detection of defects in radiography is based on the
observation of differences in radiation intensity after passing through the object under examination.
This occurs according to the Beer-Lambert law, see Equation (1), where I, and I are the incident and
attenuated intensities, respectively, u is the linear attenuation coefficient of the material (combining
the interaction cross-section and nuclear density) and s is the path length through the sample.

I(x) }7) = IO (x, y)e_ fpath H(X,y,Z)ds

(1)

As seen in Equation (1), radiography provides line-integrated information related to the amount of
attenuation where contributions from different elements and the amount of material corresponding
to the path length cannot be separated. However, in tomography one collects multiple radiographies
(projections) for distinct angular orientations. From the tomographic scan, one obtains three-
dimensional spatially resolved images (i.e. volumetric data), which generally display the attenuation
coefficient distribution in the sample volume. This procedure makes use of different reconstruction
algorithms, such as filtered back projection (FBP) or iterative based algorithms [16].
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Figure 2. Schematic of X-ray tomography setup. Each detector pixel detector sums the signal attenuation along a particular
path. Back projection algorithms use 2D radiographs taken through 360° to resolve the attenuation in 3D space. The main
difference with neutron scanning is that the beam is quasi-parallel rather than having a cone angle.
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4.1. X-ray tomography sample preparation and scanning

Because tungsten is extremely attenuating of X-rays, a sufficiently long attenuation path will reduce
the signal such that insufficient data is collected to perform volumetric reconstruction. To reduce the
attenuation path length, ‘region of interest’ (ROI) samples were produced via electro discharge
machining (EDM) to remove most of the tungsten. The aim was to leave a sufficient layer to not affect
the material interfaces but thin enough to allow X-ray penetration. Samples were visually inspected
before and after preparation with optical microscopy. No differences were observed on the external
surfaces at the material interfaces. Table 1 and Figure 3 show dimensions and photographs of the
resultant ROl sample, respectively. To further reduce the attenuation path length, the sample was
scanned at a ~45° tilt angle. Industrial X-ray CT is a well-established technique, therefore detailed
methodology and hardware specifications can readily be found elsewhere e.g. [17], [18]. Scanning was
performed using commercial industrial scanners and followed standard industrial X-ray CT practice.
The parameters used for each scan are shown in Table 2. Reconstruction of the 3D volume from 2D
radiographs was completed using CT Pro V3.1 (Nikon Metrology NV, Tring, Hertfordshire, UK).

Table 1. Dimensions of region of interest samples.

Sample ID/OD Pipe Tungsten Length Material
Diameter thickness thickness
(mm) (mm) (mm) (mm)
ITER_MB_ROI 15/19 2 1 5 W-Cu
ITER_HHFT_ROI 12/17 2.5 0.5 3 W-Cu-CuCrZr
CCFE_MB_ROI 10/18 4 0.5 2 W-Cu-Cu-CuCrZr
IPP_Wf-Cu 10/13 1.5 0.15 fibres 10 W;-Cu fibre composite

Figure 3. ‘Region of interest’ sample photographs: a) ITER_MB_ROI, b) ITER_HHFT_ROI, c) CCFE_MB_ROI, d) IPP_Wf-Cu.



Table 2. X-ray tomography scanning parameters.

Sample Machine  Voltage Current Filter Acquisition Number of Frames /
(kV) (nA) (mm) time (s) projections projection
ITER_MB_ROI NSI X5000 240 100 N/A 500 1440 3
ITER_HHFT_ROI NSI X5000 240 100 N/A 500 1440 3
CCFE_MB_ROI  Nikon 225 220 80 Cu, 0.5 1000 3142 1
IPP_Wf-Cu Nikon 225 200 220 Cu,2.0 500 2616 1

4.2. Neutron tomography scanning

The advantage neutron imaging has in comparison to X-ray imaging is that neutrons are significantly
more penetrating through tungsten. Thus, it is feasible to image samples containing larger volumes of
tungsten. For this work, the importance is that full monoblock samples may be scanned. Neutron
tomography was performed at IMAT, ISIS, Rutherford Appleton Laboratory, STFC, UK [19], [20].

In practice the setup for neutron and X-ray tomography is very similar. The sample is placed in
between the radiographic source and detector, it is rotated through 360° whereby a series of 2D
radiographs are taken at uniformly spaced angular steps, as previously shown in Figure 2. Other than
the radiographic source, the main difference between these two setups is that neutron imaging uses
a quasi-parallel beam rather than a cone angle beam (although a parallel setup is possible for X-ray
imaging). Parallel beam geometry is realised in IMAT with a pinhole selector system. Neutrons are
forced to propagate, downstream of the neutron guide, through a circular aperture with diameter D
before being detected after a distance L by the neutron camera. This produces a specific beam
divergence or collimation ratio L/D. The sample position at IMAT has a distance L of 10 m. Depending
on the specimen characteristic and boundary conditions (neutron flux, spatial resolution of the
detector, etc.) such collimation ratio could be changed on IMAT to 125, 250, 500, 1000 and 2000 by
changing the pinhole diameter. For more details on IMAT setup see [19]. A large L/D value means a
low beam divergence and neutron flux and vice versa [21]. Another important aspect of a parallel
beam setup is the maximum distance, [, of the object from the imaging detector. In fact, every point
in a sample is scaled up to an area with the diameter d = [/(L/D) at the detector plane. This
geometrical blurring effect was the dominant contribution in the tomography scans performed here
on the final spatial resolution. A collimation ratio L/D of 250 was used with a 40 mm pinhole diameter.

The imaging camera used has a maximum exposure time of 30 s because it is not actively cooled.
Although larger L/D ratios may usually be selected to improve the final spatial resolutions, this
detector limitation prevented this possibility. That is, the fixed maximum exposure time set the
maximum signal to noise ratio (SNR) achievable for each L/D configuration and neutron flux. The
settings used were considered the best compromise between spatial resolution and SNR in the final
radiographs. Low noise (actively cooled) imaging camera with longer exposure capabilities should
overcome this issue which is a solution is currently under developments on the instrument.

A neutron beam size at sample position of ~70x70 mm? was used. Radiographs were collected using a
CMOS neutron tomography camera [22] which had a 2048 x 2048 pixel sensor, with a sensitive area
of 59.5x59.5 mm? at the neutron-sensitive scintillator screen. The scintillator screen (50 um thick
6LiF:ZnS) “converts” neutrons into visible light while preserving their 2D distribution; the CMOS device
images the emitted light through an objective lens system positioned at 90° with respect to the
neutron beam. For each measurement, multiple radiographs were acquired along with periodic dark



and flat field images at an integration time of 30 s each. The dark field, I ;4,«, and flat field, I, images
were used for normalization purpose to represent the attenuation of the beam instead of an intensity
reading. The dark and flat field images are taken when the beam is off and on, respectively, while the
sample is out of the beamline to account for camera noise and beam inhomogeneities. For each data
type (sample, flat and dark field) an average of ten different radiographs were required to improve
neutron statistics and noise reduction. The normalised image was calculated as shown in Equation (2).
I~ laark.

Inorm =
IO - Idark

(2)

The full monoblock samples, see Figure 1 a) and b), were scanned in a 45° tilt position to minimise the
attenuation path length. Sample dimensions are shown in Table 3. The ROl samples were scanned for
direct comparison with the X-ray tomography scans detailed in section 4.1. Because of the neutrons’
relatively higher penetration it was possible to scan the ROl samples in the flat position i.e. 0° tilt.
Thus, all four samples (ITER_MB_ROI, ITER_HHFT_ROI, CCFE_MB, IPP_Wf-Cu) could be images in one
scan by stacking them on top of each other. For the ROl samples, ITER_MB and CCFE_MB the number
of projections taken were 707, 1204 and 1333 respectively. Each projection used the maximum
acquisition time of 30 s. Reconstruction of the 3D volume from 2D radiographs was completed with a
standard filtered back-projection algorithm using Octopus Imaging Software (XRE NV, Gent, Belgium).

Table 3. Dimensions of the monoblock samples.

Sample Height Width Depth Material
(mm) (mm) (mm)
ITER_MB 28 32 5.5 W-Cu
CCFE_MB 24 27 4 W-Cu-Cu-CuCrZr

4.3. Image processing

CT data consists of a series of 2D image ‘slices’ comprising greyscale pixels, e.g. Figure 4. Each slice has
a thickness attributed to it; often equal to the width and height of the 2D pixel, thus a 3D pixel (voxel)
is formed. When the slices are stacked together these represent a 3D volume. All visualisation and
analysis of the tomographic volumes was undertaken using the software Fiji [23]. This is a specific
distribution of ImagelJ [24] which includes plugins specifically to facilitate scientific image analysis.

It should be noted that interpretation of CT data is more subjective than scientific and relies on
inherited knowledge through operator experience. The cause of observed features (indicated by a
region of attenuation contrast) are attributed to the most likely factor considering the location, shape
and greyscale values. For example, a small region of decreased greyscale voxels (as shown in Figure
18) is more likely to be a void rather than the inclusion of significantly less attenuating material that
would have had to be introduced as contamination during manufacturing.

5. Results

Because the X-ray tomography used a cone beam source, moving the sample closer to the source
magnifies the image on the detector which can be used to achieve smaller voxel widths. Whereas the
neutron beamline at IMAT uses an approximately parallel beam which means that resultant voxel



widths weren’t sample dependent, but rather on the neutron setup of the pinhole and detector.
Considering these factors, the voxel widths for each scan can be calculated, as shown in Table 4. It
should be noted that the minimum resolvable feature size is not directly related to voxel widths alone
because it is also a complex function of any intrinsic noise or scanning artefacts within the image. For
the neutron CT the geometrical unsharpness, d, (also shown in Table 4) is quantifiable by the
relationship between the maximum distance of the sample from the detector, |, and the L/D ratio.

Table 4. Resultant image qualities considering scanning parameters.

Sample X-ray CT Neutron CT
Voxel width  Voxel width  Maximum distance, Geometrical unsharpness,
(km) (um) [ (mm) d (um)

ITER_MB_ROI 12.4 29 25 100

ITER_HHFT_ROI 11.7 29 25 100

CCFE_MB_ROI  10.9 29 25 100

IPP_Wf-Cu 12.6 29 22 88

ITER_MB N/A 29 44 176

CCFE_MB N/A 29 43 172

Figure 4-Figure 7 are example cross sectional slices from the tomography data for the ROl samples. In
each figure, the top row is a slice approximately midway along the pipe length (xy plane), the bottom
row is a slice in the xz plane. The left and right columns show data from the X-ray and neutron
tomography data, respectively. Figure 8 shows example cross sections from the neutron tomography
data sets for the full monoblock samples. The top and bottom rows show the xy and xz planes,
respectively, and left and right columns show the ITER_MB and CCFE_MB samples, respectively.

Figure 4. Example cross sectional tomography data slices from the xy (top) and xz (bottom) planes for the ITER_MB_ROI
sample with a comparison of X-ray (left) vs. neutron (right) tomography imaging results.



Figure 5. Example cross sectional tomography data slices from the xy (top) and xz (bottom) planes for the ITER_HHFT_ROI
sample with a comparison of X-ray (left) vs. neutron (right) tomography imaging results.

Figure 6. Example cross sectional tomography data slices from the xy (top) and xz (bottom) planes for the CCFE_MB_ROI
sample with a comparison of X-ray (left) vs. neutron (right) tomography imaging results.



sample with a comparison of X-ray (left) vs. neutron (right) tomography imaging results.

Figure 8. Example cross sectional neutron tomography data slices from the xy (top) and xz (bottom) planes for the ITER_MB
(left) and CCFE_MB (right) samples.
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6. Discussion

6.1. Samples

Firstly, is it worth considering the differences between samples and the potential impact on results.
Using the sample dimensions, the total volumes and the volumes of the constituent parts were
calculated, as shown in Table 5. The fibre volume fraction for the IPP_Wf-Cu sample was estimated to
be 10 %, therefore the constituent part volumes are based on this assumption because they could not
be calculated geometrically. Also included are values for X-ray attenuation path length (the ‘chord’
and ‘max. path’ columns) which are discussed in greater detail later in this section.

Table 5. Volume of samples and constituent parts as calculated geometrically.

Sample Volume W Volume Cu Volume' Chord Max. path
(mm’) (mm?) (mm?) (mm) (mm)

ITER_MB_ROI 534 283 251 8.49 9.85
ITER_HHFT_ROI 342 78 264 5.74 6.48
CCFE_MB_ROI 352 55 297 5.92 6.24
IPP_Wf-Cu 542 54 488 8.31 13
ITER_MB 3956 3680 276

CCFE_MB 2278 1684 594

t Combined volume of pure Cu and Cu alloys.

The volume of material (particularly tungsten) is an important factor because higher levels of
attenuation impacts ability to acquire ‘clean’ images. Comparison of the tungsten volume in the ROI
samples shows that for ITER_MB_ROI it is 3.6 and 5.1 times greater than ITER_HHFT_ROI and
CCFE_MB_ROI, respectively. However, the volume itself isn’t a wholly accurate indicator of
attenuation because a sample with evenly distributed attenuation paths across the detector is likely
to be less challenging to image than a sample containing highly attenuating paths at particular angles.
Thus, by considering the samples” maximum chord length, ¢, the maximum attenuation path through
tungsten, p, was calculated, see Figure 9 and Table 5. Again, the value for ITER_MB_ROl is greater than
the other two samples. The chord for ITER_HHFT_ROI is less than that of CCFE_MB_ROI, but because
of the sample’s length, the maximum attenuation path is therefore greater. Considering the volumes
of tungsten and the maximum attenuation paths through tungsten it is predicted that ITER_MB_ROI
will pose the greatest imaging challenge followed by ITER_HHFT_ROI, then CCFE_MB_ROI.

Figure 9. Schematic showing maximum chord length, c, through tungsten section of ROl samples and maximum
attenuation path, p.

For IPP_Wf-Cu it is difficult to estimate the maximum attenuation path through tungsten because the
precise location of the fibres is unknown. The chord length and maximum attenuation path have been
included in Table 5 as indicative values, but the majority of this will be through copper. However, given
the estimate of tungsten volume it is likely that the sample will pose a similar imaging challenge to
that of CCFE_MB_ROI.
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Compared with the ROI samples, the full monoblocks (ITER_MB and CCFE_MB) contain significantly
more tungsten than would have been possible to image with X-rays, which is why only neutrons were
used. Here it can be seen that the ITER_MB contains significantly more tungsten than the CCFE_MB
sample indicating that it poses the greatest imaging challenge.

6.2. X-ray tomography

The minimum resolvable feature of a tomography image is a result of the image’s voxel widths (due
to scanning parameters), the level of signal noise and reconstruction artefacts. In an ideal image it
would require a minimum of three voxels to resolve a feature i.e. 0-1-0 for binarised data. In practice
it typically requires 5-10 pixels. Following this rationale, features with a minimum size of 50-100 um
should be resolvable for the X-ray tomography, according to the voxel widths shown in Table 4. When
considering the ITER_MB_ROI sample, the presence of reconstruction artefacts is sufficiently
significant that the W-Cu interface can’t be distinguished (see Figure 4). Due to this, observation of
interface features is not possible. Therefore, despite a 12.4 um voxel width, the minimum resolvable
feature is orders of magnitude greater. In practice, this data is of no value for quantitative analysis
and little value for qualitative analysis. Similarly, the same is true for ITER_HHFT_ROI (see Figure 5).

Figure 10. Zoomed in xy plane images from a X-ray tomography image of the CCFE_MB_ROI sample showing (top)
debonding and variation in braze layer thickness, (bottom left) radial micro-cracking in Cu interlayer and (bottom right)
pore within braze layer.
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The CCFE_MB_ROI sample has much improved definition such that the W-Cu interface is clearly seen.
This is due to the reduced X-ray attenuation path through W. This confirms the prediction made in
section ‘6.1 Samples’. Observable features on the external surfaces of the CCFE_MB_ROI sample, such
as braze layer thickness, were compared with measurements made by optical microscopy. By this
method it was ascertained that that features of the order of 60 um were resolvable. That is, features
greater in size than ~6 voxels can be observed, confirming the previous assumption. Each layer of the
sample is distinguishable, from inside to out. That is CuCrZr coolant pipe; braze; Cu interlayer; braze;
cast Cu layer; W armour. Examples of internal features of observable interest are shown in .
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Figure 11. Plot of greyscale values (green) with respect to distance along profile line (yellow). Plot is overlaid on
tomographic slice where profile was taken to show direct relation between changes in greyscale and image features.

Quantification of greyscale variation through the constituent was done by taking a profile line through
a central tomography slice, shown in Figure 11. Peaks are observed at the CuCrZr-Cu and Cu-Cu
interfaces and at the W layer edges. The peaks at the Cu interfaces are due to the higher attenuation
of Auin the braze filler material. The peak widths are representative of the 75 um thick braze material.
The peaks at the W edges are caused by the well-known phenomenon of beam hardening. This occurs
when polychromatic beams are used and the soft X-rays (lower energy) are filtered by the sample
giving the false appearance of a change in attenuation through the sample. That is, the change in
greyscale through the W is not caused by a change in the material (e.g. density) but rather an artefact
of the imaging technique. This should be taken into consideration when interpreting the images as it
can lead to overestimating layer thicknesses. It is also worth noting that the contrast in greyscale levels
of the CuCrZr and Cu layers is very low. Therefore, without the presence of the more highly attenuating
braze at the interface it might be challenging to identify features in this region.

Figure 12 shows the xz plane where edge streaking artefacts are clearly observed, in particular from
the W armour. Streaking artefacts typically happen when undersampling occurs, explaining its
prominence around the W armour. On the edges this has a blurring effect on the higher greyscale
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levels, increasing the difficult to accurately distinguish the material boundary, as seen in the gradual
decrease of greyscale level in the profile in Figure 11. At the corners, the opposite is true, where the
artefact causes the corners to appear “filleted’ or ‘smoothed off’. Both these imaging effects must be
considered when attempting to make quantitative metrology measurements of the sample. The other
parts of the sample can be seen to be less affected.

l 1mm l

CuCrZr

Braze

Figure 13. Zoomed in xy plane image from X-ray tomography image of IPP_Wf-Cu sample demonstrating that individual
fibres are resolvable to locate positioning. Also shown is a lack of contrast between Cu matrix and background air; also
streaking artefacts from W fibres are visible.

The ‘quality’ of the resulting image from the scan of the IPP_Wf-Cu sample (see Figure 7) was an
improvement over the ITER_MB_ROI and ITER_HHFT_ROI samples but not as clear as the
CCFE_MB_ROI sample. The resulting voxel width of this scan was 12.6 um which was sufficient to
distinguish the individual composite fibres which had a diameter of 150 um. However, the high signal
attenuation contrast between the W fibres and Cu matrix created a particular challenge in capturing
detail within the Cu phase of the composite. It can be seen that there is low contrast in greyscale
values between the Cu matrix and the surrounding background air which means that the sample
boundaries are not well defined. In addition to this, streaking artefacts are prominent from each of
the W fibres (see Figure 13). To quantify the variation in greyscale through the constituent parts of
the sample a profile line through a central tomography slice is shown in Figure 14. In addition to
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demonstrating the similarity in greyscale values of Cu and background phases it can be seen that the
streaking artefacts in fact cause zones within the Cu matrix to appear less attenuating than the
background, as shown by the troughs in the plot.

In practicality, these artefacts makes it challenging investigate micro-features at the fibre-matrix
interface or perform metrology quantifications. Despite this, clear fibre definition means that the
centreline of each fibre can easily be found and visualised to investigate deviation of fibre placement
from the ideal weave pattern. Figure 15 is a 3D visualisation of the fibre placements which can be
viewed interactively using the post-processing software. Visualising the image along radial slices
allows investigation of the weave pattern in the cylindrical coordinate space as shown in Figure 16.
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Figure 14. Plot of greyscale values (green) with respect to distance along profile line (yellow). Plot is overlaid on X-ray
tomographic slice where profile was taken to show direct relation between changes in greyscale and image features.

Figure 15. 3D visualisation from X-ray tomography data of W fibre placement within IPP_Wf-Cu sample, Cu matrix has
been made transparent to assist viewing.
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Figure 16. ‘Unrolled’ section from X-ray tomography image of IPP_Wf-Cu sample at radius = 5.75 mm (i.e. x-axis is along 0
and y-axis is along length of pipe).

6.3. Neutron tomography

For the scanning parameters were identical for all images collected with neutron tomography. To
characterise the performance of the imaging system a ‘Siemens star’ test pattern placed in close-
contact with the detector was used to measure the modulation transfer function (MTF) [25]. A
radiograph was taken, see , using identical with scanning parameters. The MTF indicated that the
imaging system would be capable of resolving features greater than 112 um. This is smaller than the
geometrical unsharpness, Table 4, and therefore could not be further improved experimentally.
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Figure 17. (a) Neutron radiograph of ‘Siemens star’ and location of profile line (green) used to calculate modulation
transfer function. (b) Plot showing contrast with respect to spatial frequency. This curve is used to calculate the
modulation transfer function and thus infer the theoretical minimum resolvable feature.

The main reason for use of neutron tomography was to investigate imaging of full monoblocks non-
destructively. This was successfully demonstrated, see Figure 8, on both ITER_MB and CCFE_MB.
Comparison with optical microscopy showed that surface features greater than 250 um were
resolvable. Similarly sized features were observed internally, for example a void found in the braze
layer of CCFE_MB as shown in Figure 18 and Figure 19. The image resolution impeded measurement
of the braze layer thickness of 75 um, however, it was clearly visible at the layer interfaces. It should
also be noted that the neutron imaging also displayed a contrast in greyscale level between the CuCrZr
of the inner coolant pipe and the Cu of the functional interlayer (see Figure 18). Very little contrast
was observed in the X-ray tomography image. For the ITER_MB sample there were no features of
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interest visible at the W-Cu interface indicating a good join due to no defect being present or that they
were smaller than the imaging resolution. An interesting observation was that the sample’s serial ID
which had been the laser etched to a relatively shallow depth on an external surface, see Figure 20,
was observable. The etching appears brighter in the image (i.e. more highly attenuating) than bulk W.
It is possible that this is either a product of a change in the W microstructure or due to material
contamination during the etching process. In general, the level of noise and scanning artefacts was
low enough to perform qualitative observations and quantitative measurements.
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Figure 18. Plot of greyscale values (green) with respect to distance along profile line (yellow). Plot is overlaid on neutron
tomographic slice where profile was taken to show direct relation between changes in greyscale and image features. Also
shown is (dashed blue) profile line used for Figure 19 to highlight void observed in braze layer.
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Figure 19. Plot of greyscale values with respect to distance along (dashed blue) profile line from Figure 18. Reduction in
greyscale value 1.5 mm along profile line shows location of void in braze layer. For comparison, a second (green) profile
line from the same sector but at a greater depth shows the typical variation in greyscale due to image noise.
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Figure 20. Part of laser etched serial ID on outer surface of ITER_MB sample that was visible in neutron tomography image.

In addition to the full monoblock samples, the ROl samples and IPP_Wf-Cu were imaged by neutron
tomography for direct comparison with X-ray tomography. All of the samples were successfully
scanned with images resolving features of similar size to that of the full MB samples. The images of
ITER_MB_ROI and ITER_HHFT_ROI (see Figure 4 and Figure 5, respectively) show a clear interface
between the W armour and Cu interlayer. There were no observable features at the W-Cu interface
indicating either that none were present or that they were smaller in size than the spatial resolution.
There was no observable contrast between the Cu and CuCrZr layers in the ITER_HHFT_ROI sample.
Because there was observable contrast in the CCFE sample, this suggests that there exists some
compositional difference in either the Cu or CuCrZr materials between the ITER and CCFE samples.
The Cu-CuCrZr join in the ITER_HHFT_ROI sample was performed via hot radial pressing and therefore
did not require any filler (braze) material. Subsequently, no markers were present to identify the Cu-
CuCrZr interface. As the location of the interface was known, by measuring the radial distance it was
possible to investigate this region which was found not to contain any observable features (i.e. none
were present, or they were smaller than the image resolution). When observing the ITER_HHFT_ROI
sample in the xz plane it was found that there was a bevel (or chamfer) in the W-Cu interface near the
top of the sample (see Figure 22). This is likely to be a by-product of the manufacturing process.

For the CCFE_MB_ROI sample (see Figure 6) the features observable were similar to that of the
CCFE_MB samples. That is, the braze layer and some defects within this could be seen but the
resolution wasn’t sufficient to measure the braze thickness. This was expected due to identical
scanning parameters being used. There was a small reduction in image noise for the CCFE_MB_ROI
sample. Figure 21 shows a comparison of a similar region in the two samples. Again a contrast in
greyscale levels was observed between the Cu and CuCrZr layers.

Figure 21. Zoomed in xy plane images from neutron tomography images of the (left) CCFE_MB and (right) CCFE_MB_ROI
samples for comparison.
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The 150 um diameter of the W fibres in the IPP_Wf-Cu was greater than the geometric unsharpness
of 88 um meaning that it was expected that the fibres would be observable, as is indeed the case. In
the xy plane, crossing the fibre diameter, defining the fibre-matrix boundary is challenging because of
the image noise (see Figure 23). However, in the radial direction the definition is clearly visible (see
Figure 24) and can be used to investigate fibre placement (see Figure 25). It should be noted that,
although noise is present, there is distinct contrast in the greyscale levels of the background air, Cu
matrix and W fibres which was not present in the X-ray tomography image. Additionally, there are no
streaking artefacts emitting from the W fibre edges. This image is sufficient for qualitative observation

of the fibres but does not have adequate resolution to investigate the fibre-matrix interface.

Figure 24. ‘Unrolled’ section from neutron tomography image of IPP_Wf-Cu sample at radius = 5.75 mm (i.e. x-axis is along
0 and y-axis is along length of pipe).
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Figure 25. 3D visualisation from neutron tomography data of W fibre placement within IPP_Wf-Cu sample, Cu matrix has
been made transparent to assist viewing.

6.4. Comparison of X-ray and neutron tomography data
Despite W being a relatively high attenuator of X-rays and neutrons, both tomography methods were
shown capable of imaging samples containing W, albeit with varying degrees of success.

Afew key logistical aspects differentiate the techniques. Because X-ray tomography is less penetrating
of W it was required to machine the MBs into ROl samples. An obvious disadvantage of this approach
is that it is no longer a non-destructive testing (NDT) method. If to be used during manufacturing
production, this would restrict its use to batch sampling. Comparatively, neutron tomography of full
MB was possible which means it may be used as an NDT method.

X-ray tomography equipment is increasingly becoming an industry standard technique for NDT,
therefore equipment is readily available and comparatively cheap. However, neutron tomography is
currently only available at select facilities globally which impacts operational costs. The current cost
of purchasing an X-ray CT scanner is approximately equivalent to 50-100 days of neutron tomography
operational costs as a service. The low availability and increased cost of neutron tomography may be
prohibitive in scanning large numbers of MBs. However, demonstrated here was the ability to scan
multiple samples in one neutron tomography scan when stacked upon each other. This would be
appropriate for scanning monoblock assemblies rather than individual samples. Another
consideration when using neutron tomography is that samples become activated through interaction
with the neutrons. The amount of waiting time required before samples may then be transported
depends on the length of time the sample is left in the neutron beam. For the scans in this study this
was of the order of weeks, but the level of activity is low and samples may be handled manually.

For the ROl samples, the ITER_MB_ROI and ITER_HHFT_ROI X-ray tomography images contained such
a high level of artefacts that they were unusable. The increase in the maximum attenuation path
through these samples was 60 % and 4 %, respectively, compared with the CCFE_MB_ROI sample. The
thickness of the W layer in both the ITER_HHFT_ROI and CCFE_MB_ROI samples was 0.5 mm, but the
total W volume was greater for the ITER_HHFT_ROI sample. It is therefore apparent that the quality
of the resultant X-ray tomography image is highly sensitive to the amount of tungsten in the sample
due to its high level of X-ray attenuation. If a sufficient volume of W is removed it is possible to obtain
a valuable 3D image via X-ray tomography.
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By directly comparing the X-ray and neutron tomography images for the CCFE_MB_ROI sample it is
clear that the X-ray image provided valuable additional resolution and less noise. Smaller features
were observable and those visible in both methods could more accurately be quantitatively measured
with X-ray tomography. However, this was the only sample where this was proven true meaning if X-
ray tomography was to be used provisions must be made to reduce the X-ray attenuation path through
W. The neutron tomography was shown to provide adequate image detail to perform qualitative
observations for all samples. Therefore, both scanning techniques are useful but with different
benefits. It would be more appropriate to use the higher resolution X-ray tomography for the research
and development cycle where samples may be tested destructively and neutron tomography for
quality assurance of manufactured assemblies.

Recently hardware developments have seen the introduction of higher energy X-ray tomography
scanners [26]. It is possible that these would allow increased length of attenuation paths through W.
This is likely to be a modest increase that would still require the production of ROl samples.

7. Conclusions

A comparative study was performed using X-ray and neutron tomography to investigate the
appropriateness of the techniques to inspect the manufacturing of a heat exchanger component for a
fusion energy device. It was demonstrated that both techniques were capable of imaging components
which included tungsten which is a relatively high attenuator of X-rays and neutrons. Each technique
had its own benefits and drawbacks.

X-ray tomography was shown to be highly sensitive to the length of the maximum attenuation path
through tungsten. Thus, it was required to machine region of interest samples from larger components
for investigations. In this instance, investigations focussed on the quality of the joining interface
between the inner Cu alloy coolant pipe and outer W armour. In samples where sufficient tungsten
was removed the resulting image had relatively high resolution (features of 60 um or greater were
observable) and value for qualitative and quantitative analysis. Where insufficient tungsten was
removed images were effectively unusable.

Due to the differences in the neutron tomography technique, images will have a lower baseline
resolution than what is possible with X-ray tomography. However, the reason for using neutron
tomography is for when X-ray tomography is not possible due to large signal attenuation e.g. full
components. As such, the main goal for using neutron tomography was to demonstrate the feasibility
of using the technique as a non-destructive method (i.e. removing the need to produce ‘region of
interest’ samples). This was successfully demonstrated on full heat exchanger components (divertor
monoblock). For a direct comparison with the X-ray tomography, the ‘region of interest’ samples were
also imaged. As expected, the resulting resolution was lower that X-ray tomography ranging from 88
pum to 176 um for the IPP_Wf-Cu and ITER_MB samples, respectively. However, they could be used
non-destructively and yielded images adequate for quality assurance. It is believed that this is the first
time that a full tungsten divertor monoblock has been imaged by computerised tomography.

Insufficient samples were tested to draw conclusions on the candidate designs shown here. This work
was a proof of concept that both these tomography methods can produce valuable data either for the
research and development cycle of fusion component design or in quality assurance of manufacturing
if used appropriately.
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