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Abstract

Herein, the first study is presented using 4D synchrotron X-ray microtomography to capture all
stages of crack development in neutron irradiated and radiolytically oxidised nuclear graphite.
Employing a novel loading setup, specimens of Gilsocarbon graphite, both unirradiated and irradiated
at 301 °C to 19.7 x 1020 neutrons/cmz (~2.6 displacements/atom (dpa)), were loaded to generate a crack.
All stages of the fracture process were then captured using synchrotron X-ray imaging. Reconstructed
tomographic images and 3D segmented crack volumes have been used to observe and analyse the
irradiation-induced evolution of the graphite microstructure as well as corresponding changes in the
crack initiation, propagation, and arrest behaviour of graphite after neutron irradiation. Close
examination of the applied stress-strain curves highlights the suppression of micro-crack-based damage
accumulation in irradiated graphite. Moreover, as well as the crack-bridging and deflection mechanisms
characteristic of unirradiated graphite, crack arrest in the irradiated graphite is shown to be significantly
influenced by crack tip blunting. This change is associated with the growth of the open pore structure
of graphite, specifically the enlargement and increased frequency of macro-pores, resulting from the

simultaneous radiolytic oxidation of the graphite microstructure during neutron irradiation.
1. Introduction

Gilsocarbon is a synthetic, medium-grained nuclear graphite that has been used as a neutron

moderator and structural support in reactors such as the experimental OECD HTR reactor DRAGON,

* Corresponding author:

Tel: +44 (0)121 414 3959, E-mail: j.m.wade@bham.ac.uk (J. Wade-Zhu)


mailto:j.m.wade@bham.ac.uk

the German THTR and is the moderator in the UK’s entire fleet of Advanced Gas-cooled Reactors
(AGRs) that are still in operation today [1].

The microstructure of Gilsocarbon graphite is complex, consisting of spherical coke particles,
or “filler” (typically 0.5-1 mm in diameter), surrounded by a carbonised coal-tar pitch binder phase, or
“matrix”. Gilsocarbon also contains ~20% porosity in its unirradiated state. Around half of this is an
open network of gas evolution and escape pores covering multiple scale-lengths (nm-to-mm), while the
other half are closed pore features, specifically micro/nano-sized cracks that form due to the anisotropic
contraction of crystallites during cooling after graphitisation at 2800-3000°C [2—4]. Such a large and
varied flaw population is heterogeneously distributed throughout the microstructure of Gilsocarbon,
causing its density to display significant spatial variability [5]. This translates into slightly anisotropic
(near-isotropic) properties, substantial spread in property measurements, and significant specimen size
effects [6-8]. As a result, characterising and understanding the structure-property-performance
relationships of Gilsocarbon graphite has and continues to be a significant challenge.

X-ray computed tomography (XCT) has been shown to be a powerful tool for performing in
situ observations of deformation and fracture processes in materials. In recent years, this technique has
been used in multiple studies to provide an in-depth analysis of the different microstructural
mechanisms that govern strength and fracture in unirradiated nuclear graphite [9-17]. These properties
are of particular interest because of their direct relationship with component reliability and service
lifetime. From these studies, larger pores and cracks within the graphite microstructure have been
identified as local strain concentrators and key features from which crack initiation occurs [10,11]. In
some instances, the development of stable micro-cracks has been shown to precede macro-crack
initiation [13,14]. Continued crack development is characterised by the coalescence of cracks and their
propagation to failure [10]. Pores/cracks within the graphite microstructure have also been shown to
play an integral role in crack arrest mechanisms, in particular crack-bridging, crack deflection and
micro-cracking ahead of the crack tip [9-12,14,16,17].

However, during service in a carbon dioxide-cooled nuclear reactor, such as an AGR, the
microstructure of graphite is altered by two competing processes: neutron irradiation damage and
radiolytic oxidation. Exposure to fast neutron irradiation causes the individual crystallites that make up
graphite to expand in the direction of their stacking (c-axis) and contract normal to this direction (a-
axis) [18]. The c-axis expansion of crystallites is accommodated for by the closure of basally-aligned
pores and cracks, namely Mrozowski cracks [4,19], reducing the size and distribution of these features
throughout the microstructure and increasing the graphite’s overall density. Simultaneous to this,
radiolytic oxidation internally corrodes the graphite, expanding and opening porosity networks and
reducing the graphite’s overall density [20,21]. These processes correlate with significant changes in
the strength and fracture properties of nuclear graphite [22—-28]. However, to date, there is a limited

understanding of how the irradiation and radiolytic oxidation-induced evolution of the graphite



microstructure influences the microstructural mechanisms that govern the material’s strength
performance and fracture behaviour.

This article seeks to address this by presenting the results of the first time-resolved synchrotron
X-ray microtomography (4D-XCT) experiments capturing multiple stages of fracture in unirradiated
and irradiated Gilsocarbon (installed set graphite irradiated at 301 °C to 19.7 x 1020 n/cmz (~2.6 dpa)).
Note, the use of “irradiated” throughout this manuscript is used for conciseness, but strictly refers to
Gilsocarbon graphite that has been subjected to fast neutron irradiation and radiolytic oxidation. In the
two specimens studied, observations of crack initiation, propagation and arrest are discussed in detail.
Radiographs are used to elucidate the damage processes that precede macro-crack development and
growth, while discernible differences in crack growth behaviour and toughening mechanisms are
established from reconstructed tomographic images and 3D segmented crack volumes. Quantitative
analysis of the graphite microstructure pre- and post-irradiation highlights an expansion of the largely
open macro-pore network of graphite due to radiolytic oxidation. In conjunction with the atomic-scale
damage sustained by the graphite during exposure to fast neutron irradiation, such changes to the
microstructure are found to alter the nucleation and growth behaviour of cracks in this particular
irradiated graphite, promoting significant improvements in strength and modifying toughening

mechanisms.

2. Methods

2.1 Materials

The nuclear graphite grade used in this study was IM1-24 Gilsocarbon, a near-isotropic,
polycrystalline graphite manufactured by AGL. Both the unirradiated and irradiated Gilsocarbon
graphite used in this experiment was provided by EDF Energy Ltd (Barnwood, UK). The irradiated
graphite specimen in this study was machined at Central Laboratory, National Nuclear Laboratory
(Sellafield, UK) from graphite that had previously been part of an installed sample set from Hinkley
Point B (HPB) reactor and then stored within the Windscale AGR graphite archive. At the time of
removal in 1993, the reactor had reached a cumulative heat of 5676 GWd and the selected sets had a
burn-up of ~59 GWd/t at a temperature of 574 K. This was early in the life of HPB, thus the irradiated
specimen in this work is considered to be representative of early-life reactor graphite. This is reflected
in the relatively low neutron dose of the specimen, calculated at 19.7 x 1020 neutrons/cm: total (2.6
dpa), which is ~10-12% of its turnaround fluence (160-200 x 1020 neutrons/cmz (21-26 dpa) [29]), and
the low weight loss, measured at ~4%. Mass-volume densities of the unirradiated and irradiated
specimens were measured as 1.845 g/cms and 1.707 g/cms respectively [30]. The initial density (prior
to irradiation) of the irradiated specimen was 1.778 g/cms. The difference in density of the unirradiated

and pre-irradiated specimens is not deemed to be unusual and is associated with the natural variability
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of Gilsocarbon, a result of the raw constituents and manufacturing processes used in its production [5].
It is worth noting that installed set graphite, although in this case identical in origin to moderator
graphite, is not subject to the irradiation conditions in the reactor active core. However, given the low
dose, low weight loss, early-life nature of the specimen in this particular study, irradiation-induced

temperature differences in performance are believed to be small.

2.2 Sample Preparation

(a)

Fig. 1: Experimental setup used to examine stable crack growth in unirradiated and irradiated

Gilsocarbon graphite using 4D synchrotron X-ray microtomography: (a) specimen geometry (18 x 8 x

3 mm with a 2.8 mm hole) showing the orthogonal directions in which cuts were made with respect to

the graphite billet and the WG = with grain and AG = against grain directions, (b) a demonstration of

the cracks that form under compressive loading, (c) Deben 10kN load frame as setup on beamline 113
at Diamond Light Source with a close up of the double glass-walled containment cell.
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The instability of crack growth in quasi-brittle systems like graphite under conventional fracture
techniques presents a major challenge for X-ray tomographic microscopy studies as a finite time is
required to obtain the images [31-33]. Therefore, a double cleavage drilled compression (DCDC) test
geometry, based on the seminal work of Sammis and Ashby [34], in which a stable crack is formed and
propagates under compressive applied loading with decreasing crack tip Kic at increasing crack length,
has been adopted for this study [35-37].

Unirradiated and irradiated Gilsocarbon graphites were machined into plates with | x w x d
dimensions of 18 x 8 x 3 mm and a 2.8 mm hole at the centre. The anisotropic properties of Gilsocarbon
(1:1.1 ratio as defined by the with and against grain coefficient of thermal expansion ratio in unirradiated
graphite), caused by the preferential orientation of crystallite domains and aligned micro/nano-cracks
perpendicular to the moulding/pressing (along the billets main axis) direction [38,39], means that the
direction of machining requires careful consideration. In order to minimise potential mechanical
performance differences resulting from bias within the graphite brick, all samples were machined such
that the | x w x d of the plates equated to cuts in the graphite billet axial, radial and azimuth directions,
see Fig. 1(a), the axial direction being the major axis of the original billet and also the direction of
pressing during manufacture. Thus, subsequent loading of the specimens was performed parallel to the
moulding/pressing direction. The final surface finish of the graphite specimens was kept as the as-
machined surface for testing. The sequence of images in Fig. 1(b) show the compressive loading,
highlighting the initiation of two single cracks at the top and bottom edges of the hole and stable

propagation outwards from the hole towards the ends of the sample.

2.3 Mechanical Testing

Mechanical loading of the specimens was performed using a Deben 10 kN Open-Frame Rig
(Deben UK Ltd, Suffolk, UK), see Fig. 1(c). In order to eliminate the risk of radiation contamination of
the surrounding environment, irradiated graphite specimens were first sprung-loaded inside a double-
glass-walled containment cell. To establish consistency between load measurements, the same
procedure was also employed for unirradiated graphite specimens. Detailed descriptions of the loading
rig and the containment cell are described elsewhere [40]. Considerable effort was made to ensure
specimens were vertically-aligned with the direction of loading as well as about the rotational axis of
the base stage in order to minimise precession during tomography scans. X-ray radiographs of
specimens, captured at rotation angles of 0°, 90°, and 180°, were used to confirm correct alignment.
For each experiment, a uniaxial compressive load was applied to the specimen in accumulative steps
by raising the lower stage of the open frame rig at a displacement rate of 2 um/step, during which the
specimen was carefully monitored using a real-time load readout. A live X-ray radiograph video feed
was used to identify cracking processes. These would appear as thin, irregular, bright lines in an

otherwise dark background (refer to Fig. 11(a) and (c) for examples). The time between each step was
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~15-20 seconds and was selected to account for any lag between an increase in applied load and the
observable formation/extension of a crack. Under displacement control, the applied load on the
specimen was increased until a crack formed in the graphite. The initiation of a crack was determined
by small drops in applied load and confirmed by the live X-ray radiograph video feed. Once a crack
had initiated, loading of the specimen ceased and a tomography scan was performed. Subsequent scans
were completed on the crack after propagation under higher applied loads. Several tomography scans
(three to five) were performed at intermittent points during crack propagation until the graphite
specimen failed. Failure of the specimen was defined as the point at which crack growth became
critically unstable, causing the specimen to rupture in a sudden and catastrophic manner. A quantitative
manifestation of the event was a sharp and irrecoverable drop in the load-displacement curve. The
applied stress in the graphite sample was calculated using eq. (1), the standard method for this test [34—
37]:

o=—— 1)

where, P is the applied load, W is the sample width (8 mm) and B is the sample thickness (3 mm).

2.4 4D Synchrotron X-ray Microtomography

4D XCT imaging of the unirradiated and irradiated graphite specimens was performed at the
Diamond-Manchester Imaging Branchline 113-2 (DLS, Diamond Light Source, Didcot, UK) [41,42].
For each scan, the beamline’s high-flux, partially-coherent, polychromatic ‘pink” (30 keV) X-ray beam
was used to acquire 4,001 projections, each of 200 ms exposure time, over a continuous rotation of 180°
(fly scan). Prior to starting each experiment, a set of images were captured to account for fixed-pattern
noise. These comprised of a set of flat-field images with the sample removed and a set of dark-field
images with the beam off. Projections were collected using a PCO Edge 5.5 detector (PCO AG,
Germany) coupled to a 500 pm CdWO4 scintillator and a visual light microscope with 2.5x total
magnification. The resultant field of view was 6.7 x 5.6 mm (2560 x 2160 pixels) with an effective
pixel size of 2.6 um. The limited field of view meant that the full length of the crack could only be

captured on one side of the hole during the experiment, with the bottom side being selected throughout.

2.5 Data Analysis

The raw radiographs of each scan were reconstructed with a filtered back projection algorithm
incorporating ring artefact suppression [43,44]. The 32-bit images were converted to 8-bit and then

imported into Avizo® 9.2.0 (FEI Visualisation Sciences Group, Mérignac, France) for contrast
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adjustment, post-processing and 3D rendering. In Avizo® 9.2.0, images were processed with a non-
local means filter (applied in XY planes with a 42 px search window and 10 px local neighbourhood)
and a bilinear filter (applied in 3D with a 7x7x7 px local neighbourhood) to reduce background noise.
A Gaussian filter (applied in 3D with a 2x2x2 px local neighbourhood) was also employed to improve
contrast between the pores/cracks and the graphite structure. Segmentation of the graphite volume was
conducted using an image intensity threshold, the parameters of which were kept consistent across all
datasets. The total porosity was determined by subtracting the graphite volume from the total volume.
Avizo’s “remove islands” wizard (applied in 3D) was then used to remove the closed pores from the
total pore volume, leaving only the larger, interconnected open porosity networks. The closed pores
were then segmented by selecting all the unsegmented regions of the volume. The highly porous
microstructure of graphite meant that accurate segmentation of the cracks also required the removal of
unwanted pores located along the crack path. This was accomplished by segmenting distinguishable
parts of the crack in the image slices of each specimen and using Avizo’s interpolation tool to segment
parts where pores had obscured the crack. Crack face surface areas and crack volumes were determined
using Avizo’s quantification module and calculated based on the number of voxel faces/volumes that
made up the segmented and smoothed 3D volumes of each crack captured by tomography. Crack

opening displacements (COD) and crack lengths where measured in Fiji [45].

3. Experimental Results

3.1 — Microstructural Evolution

High-resolution, reconstructed tomographic images presented in Fig, 2(a-b) show
representative cross-sections of the unirradiated and irradiated Gilsocarbon graphite specimens prior to
loading. In Fig. 2(a), the unirradiated graphite has is a largely complete structure with only a small
selection of singular, irregular-shaped pores visible (~0.15-0.3 mm in diameter) as well as some clusters
of gas evolution pores, which appear to be predominately located within the binder matrix. A few
lenticular-shaped cracks/pores are also observed. In Fig. 2(b), radiolytic oxidation of the graphite
microstructure during exposure to fast neutron irradiation means there has been an expansion of the
macro-scale pore structure (pores >10 um in size). Individual pores have become larger in size and the
total number of visible pores per unit volume has increased significantly, reducing the inter-pore

spacing and increasing the interconnectivity of porosity networks.



Fig. 2: Reconstructed tomographic cross-sectional images of the microstructures of the Gilsocarbon
graphite prior to loading: (a) unirradiated, and (b) irradiated and radiolytically oxidised. Note, the

lower edge of the hole in the middle of the specimen is located at the top of the images.

This is well-represented in the segmented 3D pore structures of the unirradiated and irradiated
specimens shown in Fig. 3(a-f), where the amount of open porosity (dark blue volumes in Fig. 3b and
e) has increased and the amount of closed porosity (light blue volumes in Fig. 3¢ and f) has decreased
with irradiation. A gquantitative analysis reveals an almost two-fold increase in the total pore volume
between the unirradiated and irradiated Gilsocarbon specimens, a change in absolute volume from 6.39
mms in the unirradiated graphite to 12.4 mms in the irradiated. Separating this into open and closed
porosity, comparatively, the irradiated specimen contains 2.6x more open porosity and 0.4x less closed
porosity than the unirradiated specimen, with open porosity accounting for 67.5% of total porosity in
the unirradiated Gilsocarbon and 89.6% in the irradiated. The aforementioned total increase in pore
volume translates into a difference in graphite density between the unirradiated and irradiated
specimens of 8.44%, a result that correlates well with the 7.77% difference in measured density between
the two specimens.



Unirradiated Gilsocarbon Microstructure

(b) Open Porosity (c) Closed Porosity

Sy (i
(f) Closed Porosity (e) Open Porosity

Irradiated Gilsocarbon Microstructure\ ; e 2 /2.9 mm

Fig. 3: 3D representation of the (a) unirradiated and (d) irradiated Gilsocarbon graphite
microstructures together with individual 3D segmented volumes depicting irradiation-induced

changes in (b and e) interconnected open porosity networks, and (¢ and f) closed porosity structures.

The size distributions of closed pores in both specimens are presented in the histogram in Fig.
4. A comparison of the results shows that, for the two specimens of this study, there is an almost 44%
reduction in the peak frequency of closed pores in the irradiated Gilsocarbon. Moreover, there is no
discernible shift to a larger size range. The latter would indicate that the closed pores in the irradiated
graphite, and that fall within the resolution of these tomography scans (>2.6 pm), are not part of the
expanded pore structure and remain largely unaffected by the radiolytic oxidation that has taken place.
This suggests that the reduction in their frequency may be explained by one or both of the following
effects: (a) pre-existing differences in the amount of closed porosity in the unirradiated and pre-
irradiated Gilsocarbon, directly related with the natural variability of the material; and/or (b) the
expansion of open porosity following radiolytic oxidation leading to the penetration and eventual

incorporation of closed pore structures into these open pore networks such that they are not included in



the analysis. In summary, while the change in overall density on radiolytic oxidation is small, the change

in void size and shape distribution is significant.
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Fig. 4: Size distribution of closed porosity for the segmented volumes in Fig. 3(c) and (f).

3.2 — Loading Response and Fracture
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Fig. 5: Applied compressive stress-strain curves for the unirradiated (blue) and irradiated (red)
Gilsocarbon. The dashed vertical lines indicate the points at which tomography scans were performed

and correspond with the 3D segmented crack volumes in Fig. 6(a-b).
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The compressive applied stress-strain curves generated during loading of the unirradiated and
irradiated Gilsocarbon specimens are presented in Fig. 5. As shown, the unirradiated specimen displays
a predominately non-linear loading response from zero load. This is typical of unirradiated Gilsocarbon
graphite and has been demonstrated at multiple scale-lengths using a variety of conventional and micro-
mechanical testing methodologies [9,33,46]. Generally referred to as “quasi-brittle” behaviour, it is
associated with the activation of inelastic processes in the form of micro-cracking, even under very
small loads [9]. In situ SEM observations of loaded specimens have demonstrated that stable micro-
cracks are readily formed in unirradiated graphite [17,32,47]. By comparison, the irradiated graphite
exhibits a much more linear stress-strain curve of higher gradient, the latter indicating that fewer non-
recoverable processes have occurred. At a higher stress state, a non-linear loading response does begin
to develop in the irradiated graphite, a likely indication of the eventual activation of micro-cracking.
The dashed vertical lines in Fig. 5 highlight points during specimen loading at which tomography scans
were performed. The decrease in stress at these points is associated with the relaxation of the specimens
and load train under constant displacement following crack initiation/propagation, a process that occurs
rapidly after an increase in applied load. Consequently, continued crack growth during tomography
scans was negligible and had no discernible effect on the quality of the reconstructed tomographic
images. The segmented 3D crack volumes that correspond with each of the tomography scans are
presented in Fig. 6(a-b), together with corresponding measurements of average COD at the mouth of
the cracks (CMOD) and average crack lengths. These capture three key stages of the fracture process:

(i) crack nucleation/initiation, (ii) crack propagation, and (iii) critical failure of the specimen.
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Fig. 6: Visualisation of 3D segmented crack volumes for each stage of loading (P = applied load) in

(a) unirradiated Gilsocarbon, and (b) irradiated Gilsocarbon, with respective mean CMODs and

average crack lengths. (c) presents a plan view of the cracks in Al (blue border) and B1 (red border).

Note, the width of all cracks is equivalent to the specimen width (3 mm).

As shown in Fig. 6(a), crack initiation in the unirradiated Gilsocarbon occurred at an applied

stress of 32.5 MPa and a strain of 1.27%, generating a crack that was 0.72 = 0.11 mm in length, Fig.

6(a) Al. Further loading of the unirradiated specimen resulted in stable crack growth, the crack

propagating vertically and away from the hole (normal to the generated tensile stress [10]). The relative

ease with which crack growth could be controlled in the unirradiated graphite facilitated the capture of

multiple stages of crack propagation at applied stresses of 34.46 MPa, 35.71 MPa and 36.46 MPa and
crack lengths of 1.19 + 0.11 mm, 2.78 £ 0.11 mm, and 4.12 + 0.08 mm respectively, Fig 6(a) A2-A4.
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Failure of the specimen was achieved at an applied stress of 36 MPa and a strain of 1.92%. The length

of the crack at this stage was 5.06 + 0.09 mm, Fig. 6(a) A5.
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Fig. 7: Quantitative analysis of the segmented 3D crack volumes in Fig. 6(a-b): (a) total crack face
area as a function of crack length, (b) total crack face area with respects to crack volume, (¢) COD at
sequential positions along the unirradiated crack length, and (d) COD at sequential positions along the
irradiated crack length. The error bars in (c) and (d) show the standard deviation of each

measurement.

Figure 6(b) shows that the first crack to develop in the irradiated Gilsocarbon was 0.53 + 0.05 mm in
length and formed at an applied stress of 38.1 MPa and a strain of 1%, Fig. 6(b) B1. Beyond this, the
crack growth behaviour was very different to that observed in the unirradiated specimen. Instead of
progressive loading of the graphite translating into incremental increases in crack length, crack growth
was effectively halted in the irradiated specimen until a significantly heightened stress state had been
achieved. This is evidenced by the relatively large 4o and Ae between each tomography scan. Once the
stress condition for crack propagation had been achieved, crack growth in the irradiated graphite ensued

in both a sudden and unstable manner, ceasing precipitously at a length of 2.17 + 0.07 mm, Fig. 6(b)
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B2. Similarly catastrophic behaviour has been reported by Heard et al. in radiolytically-oxidised PGA
graphite up to 15% weight loss [47]. Failure of the irradiated specimen occurred shortly after at an
applied stress of ~44 MPa and a strain of 1.38%, Fig. 6(b) B3. Given that the crack lengths at failure
were similar for the unirradiated and irradiated materials, this implies a significant increase in the failure

strength (some 22% if one assumes the analysis in Sammis and Ashby to be valid [34]) and a decrease

in strain-to-failure when compared with the unirradiated Gilsocarbon.
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Fig. 8: 3D measurements of COD for cracks at peak load and after unloading in: (a) unirradiated, and

(b) irradiated Gilsocarbon graphite.

A guantitative surface area analysis of the cracks generated in the Gilsocarbon specimens is
presented in Fig. 7(a) and shows that both exhibit a linear increase with crack extension, the rate of this
increase being higher in the irradiated graphite crack. Fig. 7(b) demonstrates that the larger surface area
of the irradiated graphite crack does not correspond with a linear increase in crack volume. This would
suggest that the irradiated crack has a more faceted geometry. COD measurements at sequential
positions along the length of the cracks are presented in Fig. 7(c-d) and are an accumulation and average
of COD values recorded over 10 different cross-sections of the cracks. Overall, the resultant trends are

as to be expected, with the COD decreasing as measurements are made closer to the crack tip and larger
maximal values of COD associated with cracks of longer length. A more detailed 3D analysis of COD
comparing cracks in both the unirradiated and irradiated Gilsocarbon at peak load, A5 and B3
respectively, and after unloading is presented in Fig. 8(a-b). As shown, in both cases, COD
measurements are relatively consistent across the width of the cracks. In establishing differences in the
COD at the mouth of the crack (CMOD at | = 0), the residual CMOD of the unloaded crack in
unirradiated Gilsocarbon is 37.6% of that at peak load, meaning that 62.4% of deformation was

recovered. This compares favourably with prior COD analysis completed by Barhli et al. using edge-
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detection analysis and digital volume correlation (DVC), where the residual CMOD of an unloaded
crack in unirradiated Gilsocarbon was ~30% of that at peak load [16]. In the irradiated Gilsocarbon in
Fig. 8(b), the CMOD of the unloaded crack is only 12.4% of that a peak load, equating to 87.6% of
deformation recovered. This result confirms that more of the deformation that has occurred in the
unirradiated graphite specimen is permanent, with 40% less being recovered after unloading. As
discussed below, this permanent deformation is associated with micro-cracking, a process that is shown

to be restricted in the irradiated specimen.

3.3 — Crack Initiation

In order to understand the effect microstructural changes in the Gilsocarbon due to neutron
irradiation and radiolytic oxidation have on crack initiation, a comprehensive examination of the
tomographic images was performed. Figure 8(a-h) and 9(a-h) are a representative view of crack
initiation in the unirradiated and irradiated Gilsocarbon specimens, respectively. In both instances,
cracks were found to nucleate predominately from larger open pore structures situated along the
circumference of the hole. Lenticular cracks/pores were also identified as potential flaws from which
cracks developed, see Fig. 9(b and f) and Fig. 10(a and e), but initiation from these features was
dependent on their orientation (~90° £ 30°) to the generated tensile stress. Instances of secondary
cracking, whereby two individual cracks nucleate from the edge of the hole, were recorded in the
unirradiated Gilsocarbon specimen, see Fig. 9(a and €), but these were highly-infrequent.

Noteworthy is that, even at this early stage in the fracture process, the crack in the unirradiated
Gilsocarbon exhibits a number of kinks (points of high deflection). By comparison, the crack in the
irradiated Gilsocarbon, despite propagating at various angles, follows a much straighter crack path
morphology. This difference is perhaps best represented in Fig. 11(a-d), where radiographs, both raw
and post-processed using an inverse filter and selective levelling to modify local contrast, provide a full
“through-thickness” view of the cracks in both specimens. As shown in Figure 11(a-b), crack initiation
in the unirradiated Gilsocarbon appears to occur at multiple through-thickness locations in a distributed
region of high stress along the circumference of the hole, cracks of high tortuosity propagating along
different crack paths before converging towards a single point. In Fig. 11(c-d), the crack in the irradiated
Gilsocarbon initiates from a lone region along the circumference of the hole, the cracks generated being

of equivalent tortuosity but following more linear crack paths.
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Fig. 9: Representative tomographic images of crack initiation from various microstructural features in
unirradiated Gilsocarbon graphite: (a-d) microstructure prior to loading, and (e-h) microstructure after
first crack develops (taken from crack Al in Fig. 6(a)).
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Fig. 10: Representative tomographic images of crack initiation from various microstructural features
in irradiated Gilsocarbon graphite: (a-d) microstructure prior to loading, and (e-h) microstructure after
first crack develops (taken from crack B1 in Fig. 6(b)).
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Fig. 11: Raw (a and c) and post-processed (b and d) radiographs capturing crack nucleation in: (a-b)

unirradiated and (c-d) irradiated Gilsocarbon graphite. Notice the wide distribution of crack initiation

sites across the circumference of the hole as well as the tortuous and kinked nature of the crack paths
in the unirradiated Gilsocarbon specimen compared with the much narrower distribution and

straighter cracks in the irradiated graphite specimen.

3.4 — Toughening Mechanisms

The principal benefit of using 4D-XCT to image deformation and fracture in Gilsocarbon
graphite is it enables in situ observations of extremely complex crack geometries to be made across a
3D dataset and at different stages of crack growth. By closely examining the different interactions made

between the crack and its surrounding microstructure as it propagates, insights on the microstructural
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toughening mechanisms that evolve and are activated pre- and post-neutron irradiation and radiolytic

oxidation can be formed.
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Fig. 12: Reconstructed tomographic images of the microstructural toughening mechanisms in
unirradiated Gilsocarbon graphite. All images are cross-sections of the same crack captured at various
stages of growth (see Fig. 6(a)). Each volume is made up of an individual stack of 1154 image slices.

The relative through-thickness position at which images were taken of the crack can be determined
based on the following slice numbers: (a-c) 1032, (d) 581, (e) 300, (f) 514, (g) 979, where 1 is the
front image slice and 1154 is the back image slice. No filler particles could be identified in the images

due to the closure of their characteristic lenticular pores under compressive loading.

As demonstrated in the reconstructed tomographic images in Fig. 12(a-g), the crack in the
unirradiated graphite specimen is tortuous and contains numerous uncracked bridging ligaments. This
highlights that both crack deflection and bridging are core toughening mechanisms in unirradiated
Gilsocarbon, which is consistent with the literature [13,16,17,33,48]. Figures 12(a-c) provides a

sequential overview of the crack-bridging process, showing an initial uncracked ligament in the wake
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of the crack in Fig. 12(a), partial fracture of the same ligament as the COD increases in Fig. 12(b), and
complete rupture of the ligament in Fig. 12(c). The same series of images also demonstrates the
formation of new crack-bridging ligaments nearer the propagating crack tip. The prevalence of these
two mechanisms across the entire crack volume is confirmed by the 3D segmented crack volumes in
Fig. 6(a), where the persistent twists and kinks observed along the crack path and the convoluted
topography of the crack surface is clear evidence of crack deflection. Meanwhile, distributed
discontinuities in the crack volumes, particularly nearer the crack front, are associated with the
connected ligaments between crack surfaces and are characteristic of crack-bridging [9]. Although
crack deflection and bridging have been identified as major crack arrest mechanisms by which the rate
of crack growth was slowed in the unirradiated graphite specimen, Fig. 12(d-g) also highlights the

occurrence of minor toughening mechanisms in the form of crack tip bifurcation and crack tip blunting.

Fig. 13: Reconstructed tomographic images of the microstructural toughening mechanisms in
irradiated Gilsocarbon graphite. All images are cross-sections of the same crack captured at various
stages of growth (see Fig. 6(b)). Each volume is made up of an individual stack of 1154 image slices.
The relative through-thickness position at which images were taken of the crack can be determined
based on the following slice numbers: (a-c) 259, (d) 778, (e) 343, (f) 502, (g) 932, (h) 806, (i) 684, (j)
643, (k) 830, (I) 574, where 1 is the front image slice and 1154 is the back image slice. Filler particles

that are identifiable in the images are marked with a blue ring.
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In the irradiated Gilsocarbon, crack growth would appear to occur along the filler-binder
boundary. This is well-demonstrated in Fig. 13(a-c) and again in Fig. 13(1), where the progressive stages
of growth are shown with the propagating crack front deviating around highlighted fillers either side of
the crack. Please note, only features clearly identifiable as filler particles are circled and it is likely there
are more filler particles present either side of the crack than is depicted. The sharp deviations in the
propagating crack path and the multiple crack-bridging ligaments visible in Fig. 13(a-1) reveal that crack
deflection and bridging remain core toughening mechanisms. This is confirmed by the 3D segmented
crack volumes in Fig. 6(b). No incidences of crack tip bifurcation were recorded in the irradiated
graphite specimen. However, as demonstrated in many of the images in Fig. 13(a-I), crack tip blunting,
characterised by the crack tip entering a pore without exiting out the other side, was widespread and

identified at every stage of crack growth.

4, Discussion

4.1 Crack Initiation

XCT imaging has enabled direct observations of crack initiation in unirradiated Gilsocarbon
graphite and that irradiated at 301 °C to 19.7 x 1020 neutrons/cmz and radiolytically oxidised to 4%
weight loss. Figure 11(a) shows that cracks in the unirradiated specimen nucleate from numerous crack
initiation sites and follow a number of differing crack paths. A plan view of the macro-crack produced
after initiation in Fig. 6(c) also shows that it is formed of several distinguishable sections, each with
their own vertical and lateral angles of propagation. The seemingly fragmented nature of the initial
crack in Fig. 6(c) combined with the findings in Fig. 11(a) would suggest that crack initiation in the
unirradiated graphite specimen is a chaotic process that evolves as multiple incidences of local fracture
from flaws subject to high strain concentrations [10,11,14], specifically large irregular- and lenticular-
shaped cracks, as shown in Fig. 9(a-h). These individual cracks then join together via lateral crack
propagation that occurs simultaneous to vertical (axial) crack propagation, eventually merging into the
single macro-crack captured in Fig. 6(a) Al. The kinks in the crack shown in Fig. 6(c) can be explained
by instances of severe misorientation between nucleating cracks, causing them to join at sharp angles.
The above hypothesis is consistent with the observation that the highly-heterogeneous microstructure
of graphite causes load transfer under deformation to be non-uniform and affected by local changes in
modulus [49]. As a result, the distribution of strain in graphite has been proven to be discontinuous and
capable of developing in high concentrations at multiple separate locations [10,11,14,49], each of which
can be considered potential sources for crack nucleation. In the irradiated Gilsocarbon specimen
studied, Fig. 11(b) reveals that, whilst crack initiation occurs from the same flaw structures as those in
the unirradiated graphite specimen, see Fig. 10(a-h), the higher statistical prevalence of these features

following radiolytic oxidation leads to a narrower distribution of crack nucleation sites, an indication
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of a more cohesive crack initiation process. However, as is also shown in Fig. 10(a-h), nucleated cracks
in the irradiated Gilsocarbon specimen extend in a variety of different directions. This supports crack
initiation in the irradiated graphite occurring as discrete local fracture and coalescence in the formation
of a single macro-crack. A plan view of the crack in Fig. 6(c) also supports this, displaying gaps between
the individual sections of the crack, again, each with their own vertical and lateral angles of propagation.
The similarities displayed by both specimens leads to the conclusion that, at the scale-lengths at which
XCT is able to operate, there is no identifiable change in the crack initiation behaviour of the
Gilsocarbon specimens characterised in this study. This is consistent with the higher strength of
irradiated graphites being generally attributed to irradiation-induced increases in elastic modulus (see
Fig. 5) caused by the introduction of crystalline residual strains and the pinning of dislocations at the
atomic-scale [25,50] rather than any sort of mechanistic change in crack initiation at the macro-scale.

This study provides a direct experimental observation of this for the first time.

4.2 Crack Propagation and Arrest

Based on the 3D segmented crack volumes in Fig. 6(a-b) and the reconstructed tomographic
images in Fig. 12(a-g) and 13(a-1), crack deflection, crack-bridging, and crack tip blunting have been
identified as active mechanisms by which crack growth rates are regulated in both the unirradiated and
irradiated Gilsocarbon specimens. The non-linearity of the stress-strain curves in Fig. 5 and the
incomplete elastic recovery displayed in Fig. 8(a-b) also provides indirect evidence of micro-crack
shielding in both graphites. However, despite having the same active mechanisms, detailed analyse of
the 3D datasets captured at multiple stages of crack growth using 4D-XCT reveals distinct differences
in the extent to which each contributes to crack arrest in the unirradiated and irradiated Gilsocarbon
specimens. These differences are shown to be microstructurally-driven and are found to have a profound
impact on the crack propagation behaviour (see description given in section 3.2).

Micro-crack shielding, for example, requires the generation of micro-cracks in a ‘fracture
process zone’ ahead of microstructural flaws and/or crack tips [17,33], toughening graphite by releasing
built-up strain around these features, thereby shielding them from far-field stresses [32], and using
energy that would otherwise be available for macro-crack extension. However, given the linearity of
the stress-strain curve in Fig. 5, it may be inferred that fewer micro-cracks have formed in the irradiated
Gilsocarbon during specimen loading. This is further confirmed by the 3D-COD analysis presented in
Fig. 8(a-b), where the recovery of more elastic deformation in the unloaded crack in the irradiated
Gilsocarbon indicates less permanent, non-recoverable damage in the form of micro-cracks. The
suppression of micro-cracking in the irradiated Gilsocarbon is associated with the elimination of flaws
from which they can develop. Irradiating graphite is known to close micro-to-nano-sized cracks as they
accommaodate the net expansion of graphite crystallites [51,52]. This reduction in both the number and

size of these flaws on irradiation lowers the probability of their contribution to crack growth processes
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when compared to unirradiated graphite. Consequently, with fewer micro-cracks developing during
specimen loading, micro-crack shielding will make a smaller contribution to toughening in the
irradiated Gilsocarbon.
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Fig. 14: The accumulative length of the deflected crack paths generated in both unirradiated and

irradiated Gilsocarbon as a function of crack extension.

In terms of crack deflection, the morphology of the 3D segmented crack volumes in Fig. 6(a-
b) confirm that cracks in both the unirradiated and irradiated Gilsocarbon specimens studied extend
along deflected paths. This is perhaps to be expected as crack deflection in graphite is predominately
governed by the distribution of filler particles throughout the graphite matrix [10,15] and the continued
existence of a weak filler-binder interface [10,32]. As illustrated in Fig. 13(l), the former is largely
unaffected by neutron irradiation and radiolytic oxidation. This has been observed to much higher
weight losses in both thermally and radiolytically-oxidised nuclear graphite [15,53,54]. Meanwhile, the
latter is only amplified by the irradiation-induced “hardening”, which both strengthens and stiffens the
filler particles of the graphite, and preferential radiolytic oxidation of the binder phase [54], that
simultaneously weakens the graphite matrix (irradpariice o = 652 MPa, E = 37.5 GPa vs. irradmatrix o =
357 MPa, E = 8.6 GPa [46]). There is quantitative evidence in Fig. 7(a-b) which suggests that the crack
in the irradiated Gilsocarbon specimen is ~35% more deflected than that in the unirradiated specimen.
However, as presented in Fig. 14, measurements of the total length of the entire deflected crack path
(an accumulative measurement of all parts of the crack) as a function of crack extension (a straight-line
measurement from crack opening to crack tip), made using Fiji image analysis software, shows no
appreciable differences. This is in agreement with the findings of Hodgkins et al. [10], where cracks in

unirradiated and radiolytically oxidised graphite up to 44% weight loss were found to be of largely
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comparable morphology. Thus, it is probable that the higher crack face area of the crack in the irradiated
Gilsocarbon is caused by events that occur at a smaller (micro) scale-lengths, e.g. the creation of an
etched graphite surface texture following radiolytic oxidation, which has been demonstrated elsewhere
[46,55,56].

Discontinuities in the 3D segmented crack volumes in Fig. 6(a-b) highlights the presence of
crack-bridging in both the unirradiated and irradiated Gilsocarbon specimens. Clear examples of the
mechanism are shown in Fig. 12(a-e) and 13(a-¢, j and k). There was no measurable difference in the
frequency of uncracked bridging ligaments (typically 2-3 located nearer the crack front), their breadth
(~15-30 pm), nor the depth with which they are located in the wake of the crack in either graphite
specimen. This would suggest that, in this particular instance, the process and its contribution to crack
arrest remains largely unchanged with irradiation. Crack-bridging relies on the presence of voids and
defects throughout the graphite microstructure and their ability to change the direction of the crack path
such that the crack propagates around solid features to create bridging ligaments [17]. As mentioned
previously, irradiation and radiolytic oxidation eliminates some of the smallest pores/cracks and
expands the largest, respectively. The limited affect this has on crack-bridging indicates that either the
irradiation-induced changes to the microstructure in the low dose specimens in this study are insufficient
to influence the crack-bridging mechanism, and/or the defect size range that is altered by irradiation
and radiolytic oxidation is outside the scale-length relevant to crack-bridging.

The most noticeable difference between the unirradiated and irradiated Gilsocarbon is the
increased incidence of crack-tip blunting, see Fig. 13(a, f, g, and h). This appears to be the primary
means by which uncontrolled crack growth is impeded in the irradiated specimen studied, especially
given the reduced contribution of micro-crack shielding. This process involves a crack entering a pore
such that the crack tip radius increases, modifying the stress intensity factor, Ki, so that a higher applied
stress is required for further crack propagation. In accordance with the model of Deng et al. [57], crack
tip blunting in the irradiated Gilsocarbon (pore sizes = ~200-400 um in diameter) should yield
reductions in Ki at the crack tip of ~5-10%. This is in the range of expected changes in fracture toughness
with irradiation alone [23,27,28]. The existence of crack tip blunting in the irradiated Gilsocarbon
sample is relatable to the increased open pore structure following radiolytic oxidation, the higher density
of larger macro-pores throughout the microstructure in Fig. 2(b) increasing the probability of crack-
pore interactions. This is shown by, on average, >60% of the propagating crack front in the irradiated
Gilsocarbon specimen being covered with pores, compared with <35% for the crack in the unirradiated
specimen. The emergence of crack tip blunting as a significant toughening mechanism in the irradiated
Gilsocarbon specimen is consistent with the description of fracture given in section 3.2. The sporadic
manner in which crack growth ensues in the irradiated graphite specimen can be associated with
instantaneous changes in crack tip radius (which is assumed to be near-zero for an ideal crack front) as
it enters and exits pores of differing size. Moreover, the instability of crack growth after exiting a pore

can be linked to the rapid release of high amounts of elastic strain energy that is stored in the irradiated
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graphite, a product of the material’s increased fracture strength and the high stress states required to
overcome blunted crack tips. By comparison, in unirradiated Gilsocarbon specimen studied, the greater
propensity for micro-cracking in regions where stress concentrations are high enables the controlled
release of elastic strain energy. Consequently, the elastic strain energy stored in the material is never
substantial enough to cause the same abrupt crack growth observed in the irradiated graphite specimen
[10,14]. As shown in Fig. 13(h and i), this instability is further promoted by the fact that the increased
size and frequency of pores in the microstructure, whilst being the dominant contributor to crack arrest
by facilitating crack tip blunting under the appropriate conditions (e.g. an adequate coverage of pores
along the crack front), also provide an alternative, resistance-free route for crack growth. This likely
explains why, despite exclusive exposure to fast neutron irradiation having a toughening effect on
graphite as a function of irradiation dose [23,26,27], its combination with radiolytic oxidation reverses
this trend to produce a net reduction in fracture toughness that is only magnified with increasing

irradiation dose and weight loss [28].

5. Conclusions

For the first time, 4D synchrotron X-ray computed microtomography has been used to capture crack
initiation, propagation, and arrest in neutron irradiated and radiolytically-oxidised nuclear graphite. The

main conclusions of this paper are as follows:

e Crack growth is shown to proceed in the unirradiated Gilsocarbon specimen in a steady and
controlled manner. However, in the irradiated Gilsocarbon specimen (irradiated at 301 °C to
19.7 x 1020 n/cm2 (~2.6 dpa)), this transitions into an abrupt and unstable process. This change
in behaviour is linked with the evolution of the graphite microstructure following exposure to

fast neutron irradiation and radiolytic oxidation.

e Crack initiation is found to follow the same mechanism in both unirradiated and irradiated
Gilsocarbon specimens, namely by incidences of discrete local fracture in which individual
cracks nucleate from irregular-shaped macro-pores as well as lenticular cracks and join together

via lateral crack propagation to form a single macro-crack.

e The extent to which various toughening mechanisms contribute to the crack growth rate of
unirradiated and irradiated Gilsocarbon has been investigated and it is shown that, for the
specimens studied, crack deflection and crack-bridging are unaffected by irradiation and

radiolytic oxidation.
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e The irradiation-induced closure of micro-to-nano-sized cracks and pores is associated with the
suppression of micro-cracking ahead of complex microstructural features and/or crack tips in

the irradiated Gilsocarbon specimen.

e The expansion and increased frequency of macro-pores in the microstructure of the irradiated
Gilsocarbon specimen leads to the emergence of crack tip blunting as a dominant toughening
mechanism. This, combined with the suppression of micro-cracking, is believed to be the
primary cause for the change in crack propagation/arrest behaviour in the irradiated graphite

specimen of this particular study.

The limited literature available on fracture in neutron irradiated and radiolytically oxidised nuclear
graphite means that many of the above findings are novel and provide potential new insights into the
behaviour of in-reactor graphite. The prospective impact of this on the wider nuclear graphite
community is two-fold. Firstly, an improved understanding of how microstructural features influence
the macro-properties and in-service behaviour of irradiated graphite enables graphite manufacturers to
develop superior graphite grades with optimised microstructures that maximise performance. Secondly,
the fracture analysis presented above assists computational modelling that links the structure, properties
and performance of nuclear graphite [58]. These models are used to predict the lifetimes of graphite-

moderated reactor cores and, thus, play a vital role in ensuring their safe operation.
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