Experimental evidence for ‘buckle, ruck and tuck’ in neutron irradiated graphite
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Abstract

The current mainstream theory for radiation-induced dimensional change of nuclear graphite is
based on the notion that interstitially displaced carbon atoms will coalesce into dislocation loops
(i.e., additional basal planes). This standard atomic-displacement model has been challenged by
theories based on first principles calculations. The so-called ‘ruck and tuck’ of basal planes has
been proposed as an alternative mechanism to explain the observed c-axis expansion under
irradiation; however, no such defects have been observed experimentally so far. In this study, the
first experimental evidence for the presence of a ‘ruck and tuck’ defect in high-temperature

neutron-irradiated nuclear graphite is presented.

Graphite has historically been used as a moderator material in nuclear reactor designs and
is now a candidate core material for the future envisioned Generation IV very high-temperature
reactors (VHTRs) and the molten salt-cooled reactors (MSRs) [1]. Despite the fact radiation
damage in nuclear graphite has been the subject of scientific investigation for over 70 years,

irradiation-induced defect evolution remains poorly understood. On the atomic scale, displacing
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radiation promotes Frankel pair formation and is the basis for irradiation-induced dimensional
change. Vacancies arise within the basal planes leading to under-coordinated carbon atoms which
rearrange into domains of non-six-member rings (i.e., basal plane dislocations); in general,
vacancy species are reasoned to account for contraction of the basal plane dimensions. The
standard model assumes that interstitially displaced carbon atoms will coalesce into additional
basal planes resulting in swelling of crystallites in the ¢ direction; however, the standard model
inadequately explains many property changes observed in irradiated nuclear graphite, including
the actual dimensional change and Wigner energy release [2]. Wigner energy release is reasoned
by the standard model to arise from point defect aggregation or annihilation; however, cryogenic
irradiation shows Wigner energy release at temperatures which cannot overcome the 1.2 eV
activation energy for the migration of the ground state spiro-interstitials [2-4]. In addition, the
amount of dimensional change which would arise from the formation of an additional basal plane
is reported to be less than a half that of the measured change [5]. Furthermore, transmission
electron microscopy (TEM) analysis of nuclear graphite damaged by particle radiation provides
little or no evidence of the growth of additional basal planes from the aggregation of interstitial
atoms [6-8]. To address these inadequacies of the standard model, Heggie et. al. proposed the
‘buckle, ruck and tuck’ model [2]. Using first principles calculations, they suggested the migration
and rearrangement of basal plane dislocations (driven by neutron damage) can result in columns
of material two layers thick, the so-called ‘ruck and tuck’ defect, contributing to significant c-axis
expansion; however, the ‘ruck and tuck’ defect has not been widely accepted as a plausible defect
mechanism as it has never been observed experimentally via TEM analysis. On the other hand,

studies on ripplocations by Barsoum et. al. report a spontaneous nucleation of the ‘ruck and tuck’



defect during their molecular dynamic studies of graphite and argued its existence is likely
plausible [9,10].

In this study, neutron irradiated nuclear graphite was supplied by Idaho National
Laboratory as part of the advanced graphite creep capsule (AGC-3) experiments. Nuclear graphite
IG-110 was neutron-irradiated at 817°C to a dose of 3.56 displacements per atom (dpa). For a
detailed description of irradiation conditions, we refer the reader to Ref. [11] (sample ID: EA3609).
Bulk irradiated samples were mechanically thinned with 1200 grit SiC paper to approximately 60
um. Final thinning to electron transparency was achieved by Ar" ion-milling followed by a low-
voltage, low-angle polishing step at 1 kV and 2° for 20 minutes using a Gatan PIPS II 695. High
resolution transmission electron microscopy (HRTEM) studies were performed using a JEOL-
2100 HR TEM operated at 100 kV.

Fig. 1 shows HRTEM micrographs of 1G-110 neutron-irradiated to a dose of 3.56 dpa at
817°C. Fig. 1 (a) shows two lattice defects (marked by arrows) which result in swelling along the
c axis. Fig. 1 (b) shows the upper defect, as shown in (a), at higher magnification where a ‘ruck
and tuck’ defect is clearly visible resulting in significant expansion along the ¢ axis of the
crystallite. For comparison, the inset image shows a representation of the originally proposed
defect structure in which there is observed a remarkable similarity. These results are the first
experimental evidence for the ‘ruck and tuck’ defect as proposed by Heggie et. al. [2]. Fig. 1 (¢)
and (d) show similar defect structures observed from other parts of the sample and evidence that
the ‘ruck and tuck’ defect, or folding of basal planes, is a plausible irradiation-induced defect

structure occurring in high-temperature neutron-irradiated nuclear graphite.



Fig. 1. HRTEM micrograph of IG-110 graphite neutron-irradiated to a dose of 3.56 dpa at 817°C.
(a) shows two indicated defects resulting in ¢ axis expansion. (b) shows the upper defect as
indicated in (a) at higher magnification. The inset in (b) shows the proposed ‘ruck and tuck’ defect
by M.I. Heggie et al. [2] reprinted with permission from Elsevier. (c) and (d) show similar defect
structures which exhibit the folding of basal planes.

The ‘ruck and tuck’ defect shown in Fig.1 (b) is composed of three graphite basal planes,
one which is folded interstitially and two adjacent. The displacement along the ¢ axis between the
two adjacent basal planes is 1.76 nm. When comparing this value to the measured spacing of three
basal planes of well-ordered graphite (0.68 nm as measured from Fig. 1 (b)) the resulting expansion
along the c axis is 159%. This value is well above the theoretical value for the formation of a single
additional basal plane (50%). Heggie et. al. suggested that, if considering the ‘perfect’ case, the
dimensions of a ‘ruck and tuck’ defect may be approximated via adoption of the chiral indexing

of carbon nanotubes, (j, k) [2]. The diameter of a nanotube is given by the following relationship,
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where a is the lattice constant. DFT simulations showed the ‘ruck and tuck’ defect composed of
partial nanotubes zig-zag in nature (i.e., £=0) and the appropriate indexing included (7, 0) [2].
Evaluating equation (1) for a = 0.246 nm and a chiral index of (7, 0), gives an approximate
diameter of 0.55 nm for each partial nanotube. It follows that the theoretical displacement of the
basal planes adjacent to the defect is given by two nanotube diameters and two interplanar spacings
of 0.34 nm; therefore, the approximated theoretical displacement is 1.8 nm along the ¢ axis which

is in exceptional agreement with these experimental results (1.76 nm).

The defects shown in Fig. 1 are a result of high-temperature irradiation and do not exist
intrinsically within unirradiated nuclear graphites [12,13]. Heggie et. al. suggested that the ruck
and tuck mechanism would only become favorable at irradiation temperatures above 250°C [2].
The Buckle, ruck and tuck model proposed that basal dislocations are pinned by interlayer defects
(such as spiro-interstitials) at temperatures below 250°C, at temperatures greater than 250°C
pinning defects mostly disappear and basal dislocations are free to interact and pile up, with the
possible consequence of ruck and tuck [2]. However, our previously reported high-temperature
electron-irradiation studies of nuclear graphite 1G-110 show no evidence of the formation of
carbon nanostructures or fullerene-like defects below temperatures of 750°C [8]. In addition,
previously reported studies conducted on 1G-110 neutron-irradiated at 674°C to nearly twice the
dose of this study (6.7 dpa), showed no evidence of such defects [7]; therefore, temperature is
believed to be a significant factor when considering the formation of such defects and could
explain why these defects have not been previously observed in lower-temperature irradiation

studies.



The HRTEM micrographs presented here are the first experimental evidence showing the
existence of the ‘ruck and tuck’ defect. The defect structures previously proposed, and
experimentally verified here, will give valuable insight to unresolved quantitative anomalies of the
standard model of graphite expansion and may improve the understanding of current empirical and
theoretical models of irradiation-induced property changes in nuclear graphite. Furthermore, the
adoption of a new model for irradiation-induced defect production could potentially directly
influence the design of next-generation nuclear reactors and both the operation and

decommissioning of current graphite-moderated reactors.
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