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Abstract

The present work has used microwave plasma cheragalur deposition to generate
suitable isotopically labelled carbonaceous depasitthe surface of Pile Grade A graphite
for use as surrogates for studying the behaviotimefieposits observed on irradiated
graphite extracted from UK Magnox reactors. Thesgogits have been shown elsewhere to
contain an enhanced concentratiori‘éf compared to the bulk graphite. A combination of
Raman spectroscopy, ion beam milling with scaneilegtron microscopy and secondary ion
mass spectrometry were used to determine topogr@apdhynternal morphology in the formed
deposits. Direct comparison was made against disgosind on irradiated graphite samples
trepanned from a Magnox reactor core and showexbd gimilarity in appearance. This
work suggests that the microwave plasma chemigadwadeposition technique is of value in
producing simulant carbon deposits, being of sigfitty representative morphology for use
in non-radioactive surrogate studies of post-diapbshaviour of*C-containing deposits on

some irradiated Magnox reactor graphite.

*Corresponding author. Tel.: +44 (0) 117 331 17683

Email address: liam.payne@bristol.ac.uk (L. Payne)
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1. Introduction

The decommissioning of the UK'’s first generatiorgaé-cooled, graphite-moderated
(Magnox) reactors will lead to approximately 45,3000f irradiated reactor core graphite,
with a packaged volume of 59,000, rfor geological disposal [1]JAn important radionuclide
in safety assessments for the disposal of radigauetaste in a geological disposal facility
(GDF) is the long lived isotop®C (half-life 5730 years) [2]. With an approximatea **C
activity of more than 7000 TBq arising from Magrgraphite cores and the additional
volume of graphite waste arising from advancedageded reactors (AGR) [2], investigation
of the behaviour of*C associated with such wastes after closure oblgieal disposal
facility is important. Whilst reactor graphite hasen extensively studied from a physio-
mechanical standpoint, related to core integriiatively little research effort has been
placed on understanding the behaviour of the graginid constituerfC in a geological
disposal environment.

Recent research [3] providing post mortem analysigadiated graphite from two Magnox
reactor cores highlighted the presence of a cademes deposit on the exposed surfaces of
the graphite bricks (channel and interstitial wditem one of the reactors that has a
pronounced and markedly different morphology tolibkk graphite. The extent of this
deposit is likely to be a worst case scenario arganticipated that not all Magnox reactors
may contain such significant deposits. Howeversélgurface deposits have been determined
to have a significar'C content compared to the bulk graphite [4] thatlheen created via
formation pathways discussed elsewhere [5]. rbisunderstood how these deposits will
behave in a GDF setting in comparison to the gtaphkinich it coats. Specifically there is a
gap in the understanding of the release rate amphitae of the labilé’C fraction, of which
1%C located in deposited material may contributeifigantly, with this labile fraction
expected to achieve relatively early release irliteme of a GDF [6]. The pronounced
“cauliflower-like” morphology observed is not unigto nuclear reactors and similar
morphologies have been commonly reported withirsthientific literature for carbon from a
range of deposition techniques unrelated to nu@pplications [7-11]. At present such
deposits are of specific interest in geologicapdsal of graphite waste from the
decommissioning of Magnox reactors, as the depbsitgterial may be present and represent
a significant fraction of the labiféC.

The Magnox reactors represent the first generati@gas-cooled reactors in the UK that used

carbon dioxide (Cg) as the primary coolant and a honeycomb networkaphite bricks to
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provide neutron moderation. During reactor operasiginificant amounts of carbon
monoxide (CO) was produced from the £g0olant. This CO in turn can be radiolytically
polymerised to form a carbonaceous deposit onsuekaces [12]. This non-graphitic carbon
deposit is significantly more chemically reactieeair than the underlying graphite [12, 13].
During the lifetime of some Magnox reactors, snyakhntities of methane gas were injected
into the coolant gas to inhibit weight loss of graphite core due to radiolytic oxidation [14].
Methane (CH) is a precursor for carbonaceous deposits that osacrificial layer

protecting the underlying graphite from excessiwght loss [15] and reduction in
mechanical strength [16]. It is assumed nitrogeoiporation during deposit formation is the
subsequent production route for the htdfd levels observed.

CH, is also a commonly utilised feedstock gas forgraeuction of diamond and other
carbon coatings by the process of chemical vapeposition (CVD) [17]. The growth of
carbon materials by CVD involves the excitatioraafarbon-containing precursor gas using a
thermal or plasma energy source that creates éativadicals that will bond to a suitable
exposed surface. Therefore, even though differeexiss in the formation of carbonaceous
deposits from CO and GHboth include the activation of carbon-containgag creating
activated carbon species that will bond to surfaRegsent work [3] showed that graphite
from the Oldbury Magnox power station, which hadtmaee introduced into the coolant gas,
had a significant deposit on the fuel and intaedtdchannel walls of the graphite bricks. This
suggested that the deposit formed may be due toamet A comparison of the morphology
and density of such deposits will help determinethir a°C methane deposit can be used
as a simulant for the surface deposit found owliatad graphite in further work. fC
carbonaceous deposits can be used as a simuldahefdeposits seen on irradiated graphite it
will allow easier, non-radioactive investigatiorfsite potential release 6fC from deposits

on irradiated graphite in a geological disposalimment including the potential microbial
interaction with such material. If the depositsextved on the graphite behave differently to
the underlying graphite it may lead to a signifitadifferent release rate fofC from the
deposit than from the underlying graphite when act&d by groundwater some time after
the closure of a geological disposal facility. Mibral colonisation may also be more likely
on the deposit than the underlying graphite dudedncreased surface area due to the
amorphous nature of the material.

The use of &°C simulant allows wider access into the researafuofear graphite, which
contains many other radionuclides such’@®, as facilities to handle radioactive materials

are not required. Isotopic differences in the pregumaterial should not alter the chemical

3



100
101
102
103
104
105
106
107
108
109
110
111
112

113
114

115
116
117
118

119

nature and/or effect the chemistry of the depositetion material. To this enfC has
previously been used as a common isotopic tradeioingical systems [18] and implanted in
graphite [19] as a non-radioactive proxy 4. In the current work we demonstrate the use
of microwave plasma CVD to create a carbonaceos [an graphite substrates that exhibit
similar morphologies and densities to deposits Megkto have formed in-service on
Magnox graphite moderator blocks. The non-radivadgotope°C was selected as a tracer
during CVD deposition such that deposit-substnaterfaces could be clearly resolved using
imaging mass spectrometry analysis to determinéeigeee of material mixing and substrate
etching.

The present work is part of a larger programme (BI(3) directed at gaining a better
understanding and predicting the release of graptgtived"’C from a GDF and the
influence of microbial activity under alkaline canons expected to predominate for a

significant time in a cement-based near field gealogical disposal facility after closure.

2. Experimental

2.1. Sample preparation

Pile Grade A (PGA) graphite was provided by Maghorited as a surplus material from
the commissioning of the Wylfa nuclear power reegt@ales. This graphite was trepanned
into cores of 12 mm diameter using a stainless$ stgang tool. The cores were then cut into
2 mm thick discs using a South Bay Technology Madel 650 low speed diamond cutting
wheel with deionised water used as coolant. Tlosgss gave a flat surface that was a

L Argon
- Methane
F

@,

Figure 1, Schematic diagram of a single mode microwave plasma chenpical deposition (MPCVD)
system. A: variable power microwave controller (max. 1000 Bf)air-cooled microwave generat@; water-
cooled circulatorD: 4 port single mode TEO1 microwave cavify;double plunge microwave tuner; F: mass-
flow controllers;G: diaphragm vacuum pumpl: mass spectrometdr; quartz tube containing a graphite disc
on a porous glass sinter.)



120  suitable substrate for deposition. Subsequéf@lyand>*C carbonaceous deposits were

121 formed on the graphite surfaces using microwavenpéachemical vapour deposition

122 (MPCVD), Figure 1.

123 Coating was carried out using a computer-contrd&éd GHz microwave generator

124  (variable power output — maximum 1000 Watts)eMngle mode cavity (Sairem

125 downstream plasma source WR340), double plungeomare tuner, mass-flow controllers
126  (MFC) and a carrier (Argon) and precursor gastatal flow rate of 50 crh min*. Sample

127  coatings were made at methane concentrationsldf 8nd 20% fot?CHsand 2% for>CH,.

128  For coating, each cylindrical PGA graphite disc \wksed on a glass sinter situated inside a
129  quartz tube which was aligned to position the #ighin the centre of the waveguide. The
130 tube was then connected to the mass-flow contsyleegas flow was established and then the
131  system was placed under a low vacuum. Once a 18@94?em pressure had been achieved
132 the microwave generator was switched on and theomave reflectance was reduced, as
133  much as possible, using the double plunge microwaver. Once the microwave reflectance
134  was tuned the CVD coating process was left to mdder a period of 30 minutes [20].

135  Additionally, deposition was performed at varyimggsures (1000, 5000, 10 000 Pa),

136 however a flow rate of 50 ¢chmin™ for the gas mixture did not achieve a system pressf

137 less than 700 Pa. A lower flow rate of 20°amin™ was applied at 109%CH, so that a

138  system pressure of 500 Pa could be achieved, addily growth was performed at 10 Pa
139  system pressure at this reduced flow rate.

140  1-2 mm particles were also produced alongside iseeshmples due to crucible size

141  restrictions for the Linkam catalyst stage for Rarapectroscopy. Additional PGA graphite
142 was provided by the National Nuclear Laboratory (NINI'his graphite was sectioned into
143  smaller rectangular sheets using a JCB toolboxasaimhen cut into smaller monoliths using
144  an Erbauer ERB180C tile cutter (with no coolantjstimaking the graphite more

145 manageable. The graphite monoliths were then potaimmetal container and placed into a
146  10-ton hydraulic press, where a pressure betwedEhtbnnes of pressure was used to break
147  the graphite down into smaller pieces. The piecai®when subsequently filtered using a 3
148  compartment Fisherbrand stainless steel sievet(apesizes: >2 mm, 1-2 mm and <1 mm)
149  and the 1-2 mm patrticles were retained for subsgquerowave deposition. Both the larger
150 and smaller pieces were repeatedly pressed untif tle graphite was left as a mixture of
151  either particles or powder, following sieving.



152 A selection of virgin PGA samples (i.e. without dsjt) and irradiated graphite specimens
153  extracted by trepanning from a Magnox power statvene also analysed for comparison,

154  exact details previously described in [4].
155 2.2. Scanning electron microscopy/ Focused ion beam

156 A Helios NanoLab 600i combined SEM/FIB system (FBilegon USA) was used to obtain
157  scanning electron micrographs. The focused ion bEdB) was utilised to precision mill
158  trenches to allow the thickness and morphologyefdeposit to be determined with

159  nanometre accuracy and to allow subsequent anaiysig other techniques.

160  Electron micrographs were acquired using an acat@bey voltage of 15 kV, an electron beam
161  current of 0.17 nA and a dwell time of 100 us. Tiees were FIB milled with the use of a
162 Ga ion source with an accelerating voltage of 30 A\Gelective Carbon Mill (SCM) gas
163  was used throughout to enhance milling rates. Tl &dmits small amounts of water

164  vapour directly over the milling area, promotingsifiaation of the milled material,

165 enhancing the etch rate and reducing redepositiaitso minimises beam damage and

166  therefore reduces the need to deposit platinunm@siirface as a protective measure.

167 Initially a 20 nA beam current was used to genecatsely defined trenches, with

168  subsequent incremental reductions in ion currenréach a final beam current of 0.9 nA for
169  surface finishing. The milled trenches had appratemimensions of 50 pum x 56 um x 20
170 um (X, y and z respectively). The trench facessveenooth and flat, allowing for direct and
171 high spatial resolution observation of structuned geatures.

172 2.3. Magnetic Sector-Secondary lon Mass Spectrometry

173 For isotopic analysis of the samples, an in-housk tmagnetic sector secondary ion mass
174  spectrometer (MS-SIMS) was utilised. Full detaflshe system are described elsewhere
175  [21]. In summary the system comprised of a focugadtium ion gun (FEI electronically

176  variable aperture type) fitted to a Vacuum Genesataodel 7035 double-focusing magnetic
177  sector mass analyser with a channeltron detecte sé@mple was held at a 4 kV potential
178  during analysis. The equipment was controlled uBIlTBRCES software, written in-house by
179  Dayta Systems Ltd (Thornbury, UK). The system wggsable of providing selected ion

180  mapping and depth profiling with sub-micron reswint

181  MS-SIMS analyses were performed in negative ionerfod both spectral acquisition and

182  secondary ion imaging. Mass spectra and depthlgsofiere initially acquired from 4
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different areas of the 296C and'*C methane deposits, detecting mass/charge (m#zlsig

at 12, 13, 24 and 26 Da. These ion signals arergetkdue to the @nd G ions derived

from sputtered’C and™C respectively. Mass spectra were obtained by segrihrough the
mass range 0-100 Da in 0.05 Da steps, with duratid®0 ms per step and 200 s in total.
Data acquisition was performed at a low magnifarato reduce beam damage (area
analysed ~0.25 mfhand with a 3 nA beam current. Identification aadibration of the

exact m/z values for use in subsequent depth psofihd images were achieved with the use
of these survey spectra.

Depth profiles record the ion yield intensity framlected sputtered analyte ions over time
while rastering the ion beam over a selected #&gdhe deposits are suitably thick it is not
anticipated that the depth profile will sputter egb material to immediately expose the
underlying graphite. This allows the signal to beraged over a set period of time and then
the ratio between signals to be compared. Deptligsavere acquired for 1800 s with a
beam current of 3 nA and area analysed of apprdeigna500 prf. Electronic gating was
used throughout to eliminate signal created atthggins of the etched area. Signal averages
and ratios were calculated from 200 s to 1800ssedarding the first 200 s of data as this
was the observed transient period for the experimen

The species compared were theiGns at 24 and 26 Da, rather than 12 and 13 Dajalthe
strong signals obtained from these species, and@lavoid some prominent mass
interferences. Interference peaks are difficukltminate, however the use of the geak is
appropriate as the present work is not trying emtdy trace elements but aiming to
investigate whether the surface deposits are formh&iC, to what extent®C is incorporated
into the graphite and how thick the overall depssit

Secondary ion images were recorded from the FlRedhttenches using the;Gons (24 and

26 Da). The images were obtained by selectingritzeratio of the ion of interest, and then
raster scanning the ion beam over a defined ard®eafample. The images presented in this
paper were acquired over a total area of approxiyat0225 mrh Each image was

acquired over a 60 second period using a 0.3 nAbmarent to give the best possible spatial

resolution whilst still maintaining sufficient isignal.
2.4.Catalyst stage Raman spectroscopy

A CCR1000 catalyst stage reactor system connectad ©5 system controller and LinkPad
interface (Linkam, Surrey UK) was used for the thakoxidation of the PGA graphite 1-2



215 mm particles. Fom situ spectral acquisition, a LabRAM HR800 confocal Rammacroscope
216  (Horiba Jobin Yvon, Kyoto Japan) was used.The samwgls heated up in the crucible inside
217  of the catalyst stage from room temperature uP®°€ (at 10°C min*), with a 50 cm min
218 'flow of air. Spectra were acquired using a 532laser, a 50X long-working distance

219  objective, a 300 g mrhgrating, and spectral acquisition times of 25arg60°C.

220 The heating regime and the spectral acquisitioarpaters for automated analysis were

221 controlled using a built-in Linkam module scripttive Horiba Labspec 6 software package.
222 The Raman spectroscopy system was calibrated trensR0 crit peak from a silicon

223 crystal.Spectral analysis, during thermal oxidatioair, of virgin PGA graphite and PGA
224 graphite with*C and™C carbonaceous deposits was carried out to antigsbermal

225  profile of the surface material (i.e. graphite stdde) and the “cauliflower-like”

226  carbonaceous deposit. This technique allows folyaisaof the thermal oxidation

227  properties/reactivity of the different carbon matkrand also surface chemical changes due

228 to thermal oxidation.

229 3. Results
230 3.1. Scanning Electron Microscopy

231  The deposit formed on irradiated graphite takemfldbury Magnox reactor has a distinct
232 and pronounced morphology, Figure 2a, comparedganPGA graphite, Figure 2b [3]. For
233 comparison, electron micrographs of the 2@H, and 2%"*CH, deposits can be seen in

234  Figure 3, a and b respectively. The distinctiowleein deposit and underlying graphite

235 should be noticeable due to the lack of charattefsatures in the deposit that are routinely
236  seen in all PGA graphite such as shrinkage cractidigaments between pores [22] , Figure
237 4. The deposits found on irradiated graphite ha\caaliflower-like’ appearance due to an

238 agglomeration of irregular spheres, Figure 5. AR milling the internal morphology of

239 the 2%"CH, and 2%, 10% and 20%CH, deposited samples can be seen in Figure 6a, b ,c
240 ,and d respectively.

241  The 2%'“C and"*C methane CVD deposits were observed to have aippffeathery’

242  texture that appears to be significantly less déimse the underlying graphite. For the

243 irradiated graphite however, there was very liilginction in density or fine structure

244  between the deposit and the underlying graphite ddposit appears to have a lower porosity
245  compared to virgin PGA, Figure 5). It is possiltiattthe underlying PGA graphite in the



246 irradiated samples is protected from radiolyticdation by the carbon deposit, leading to the

247  deposit and underlying graphite being difficultdistinguish [15].

Figure 2,a) Focused ion beam mage of deposit found on irradiated graphite siiom [4] and
b) virgin PGA surface.

(a)

50 um

Figure 3, Scanning electron micrographs fré@ (a) and“C (b) carbonaceous deposits on Pile
Grade A graphite, system pressure 1000 Pa.

248

249  Further investigation using greater methane comatomhs showed increases in the apparent
250 density of the deposit (which was only determinesai&lly), Figures 6 (b), (c) and (d), that
251 are more closely comparable to the deposit foundradiated graphite. Deposits produced at
252 system pressures of 5000 and 10000 Pa were ofeafffenorphology, instead comprising an
253  agglomeration of spherical deposits that were s@xdensive or as thick as those grown at
254 the lower pressure of 1000 Pa. Reducing the flae/t@20 cri min * allowed a system

255  pressure of 500 Pa to be achieved, however evemglhthhe surface topography of the
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270

Figure 4, Scanning electron micrograph from Figure 5, Focused ion beam image from cross

cross section of an uncoated Pile Grade A section of channel wall trepanned sample
graphite after FIB milling showing from a Magnox reactor [3].

characteristic cracking and ligaments, shown
with the arrows.

deposit was similar to irradiated material anddtieer cauliflower-like deposits formed, the
internal morphology exhibited extensive porositg #ms did not appear suitable as a
simulant, Figure 7(a). Conversely, growth at aesyspressure of 1000 Pa at this reduced
flow rate formed a deposit that was very similathtat grown at 50 chmin™, Figure 7(b).

The deposit formed at 1000 Pa pressure at 10% mettancentration showed the closest
resemblance to those seen on Oldbury irradiatechbdagraphite and was deemed to be the

most suitable for use as a simulant.
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Figure 6. Scanning electron micrographs showing the ion beam milled crisesém 2%"CH,

10% (c) and 20% (8FH, deposited samples, all at system pressure of 1000 Pa.
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Figure 7. Scanning electron micrographs showing the ion beam milled crogesatsystem pressures of
500 (a) and 1000 (b) Pa, flow rate 20°amin™.
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272 3.2. Secondary lon Mass Spectrometry
273 Survey spectra from the 2% methaf@ and**C deposits are shown in Figures 8 (a) and (b)
274  respectively. Signals recorded at mass/chargespefald Da {*C and 26 Da'fC,)) are
275  significantly greater in th&C deposit compared to th&C deposit, although these signals are
276  also present in thE€C sample due t&*CH and*?CN" species respectively. The mean ratio
277 (n=4) between the peak heights at 26 Da and 24b&é&™*C deposit was found to be 0.14 +
278  0.03. The mean ratio (n=4) for thi€ deposit was 115.3 + 19.1. This increase of sévera
279  orders of magnitude is strong evidence that thesiefs predominatelj’C as the interfering
280 peak from”CH at 13 Da is unlikely to be higher in th€ sample. The errors given here are
281 likely to be due to the strong dependence of sigrniahsity on location and geometry of the
282  sample in the SIMS system [23].
350000
180000
300000 160000
250000 140000
120000
» 200000
t £100000
3 5
© 150000 S 80000
60000
100000
40000
50000 50000
0 +— n'\ 0 + L\—A
(@ 0 15 20 25 30 b 10 15 20 25 30
m/z m/z

Figure 8, SIMS spectra from 2% methaf@ (a) and>C (b) deposit.

12
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The areas analysed were selected randomly andhtheriteria for examination was that
they produced sufficient SIMS signal to allow asa&y Due to the surface not having a
uniform, flat surface there are likely to be topayghic effects that will affect the signal
recorded. This has been studied by other auth82%2 with suggestions that the changes
may be due to the incident angle of the beam, ¢énghh of the features and variations in the
electric field due to topographic features that rieayl to trajectory changes of the secondary
ions [24].

SIMS ion signal maps have been recorded for 26rdle?4 Da for &°C sample, Figure 9 (a)
and Figure 9 (b) respectively. For tH€ deposit the mass peak signal at 26 Da is present
primarily on the deposit with a significant redactiin signal in the underlying graphite with
the 24 Da signal being the reverse, with a moense signal recorded in the underlying
graphite than in the deposit. This shows thatiBds deposited on top of the underlying
graphite. The signal at the bottom of the trena$ & relatively high intensity for both 24 and
26 Da, and this may be due to re-deposition ofteped material originating from tHéC

deposit during FIB milling of samples [26].

2 ,' B 3 3
o AL : &
_‘K P s

Figure 9, Secondary lon signal maps for 26 Da (a) and 24 Da (b) from cross setitibnasbonaceous deposit on

top of Pile Grade A graphite after FIB milling.

298

299
300
301
302

3.3.Catalyst stage Raman spectroscopy

A three-vectored graph displaying Raman shift,riety and temperature (X, y and z axis
respectively) was used to illustrate the Ramantspet each temperature during the thermal
oxidation experiment. The Raman spectra are displégtween 1100 — 1700 ¢rto allow

the critical peaks related to bdfi€ and*C carbonaceous materials to be compared e

13
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peaks are th¥D peak at ~1350 cthand the"’G peak at ~1575 cfand the"C peaks are
the'®D peak at ~1300 cthand the™G peak at ~1525 cth

3.3.1. Virgin PGA

The thermal oxidation spectral profile for a virgd#GA graphite 1-2 mm particle is shown in
Figure 10. This spectral profile shows that theas & negligible change in the intensity of
the D and G peaks between 50 — 8CG0 This indicates that between 50 — 8Q0the surface
of the PGA graphite undergoes very minimal suri@adation and that the PGA is mostly
unreactive.

As the surface of the virgin PGA material remaiglstively unchanged during thermal
oxidation it will readily allow for any spectral ahges, due to the thermal oxidatiort &

and**C carbonaceous deposits, to be isolated.

da
S

Intensity (counts)

1700

Figure 10)n situ Raman spectral analysis, during thermal oxidation, of a 1-2 mm virgin PGA
graphite particle.

14



315 3.3.2. PGA Graphite with *?C and *C Deposits

316 The thermal oxidation spectral profiles for a 24H, and**CH,deposit on a PGA graphite
317  particle are shown in Figures 11 and 12 respegtiv@gure 11 shows that there is a

318 noticeable decrease in tH® peak intensity between 400 — 68D. This indicates that the
319 '%C carbonaceous deposit begins to thermally oxialiseproximately 400C and appears to
320 have been completely removed by 6@indicated by the intensity of tHéD peak at 600

321 °C, showing the spectral profile of the virgin PGraghite material.

322 There is a noticeable decrease in'fiie& **G peak intensities between 450 — 8Q0in

323  Figure 12, which are solely present due to'fflecarbonaceous deposit. This indicates that
324 the™C carbonaceous deposit begins to thermally oxalissproximately 456C and

325 appears to have been completely removed by’6G@dicated by the absence of i &

15000

10 000

:

Intensity (counts)

1700™

Figure 11 In situ Raman spectral analysis, during thermal oxidation, of a 2%64CH
carbonaceous deposit on a 1-2 mm PGA graphite particle

326 3G peaks at 600C, showing the spectral profile of the virgin PGraghite material.
327 The intensities of th&D and*“G peaks (PGA graphite) do not decrease but infiactase
328 relative to the decrease in the intensities of 'iBeand’*G peaks {éC carbonaceous

15



329
330
331
332
333
334

335
336
337
338
339
340
341

deposit), which also illustrates that the surfaictne virgin PGA material, as a base substrate,
remains relatively unchanged during thermal oxafati

As the Raman peaks associated with the depositeaterbetween 400 - 600 it indicates

that the carbonaceous material on the surface kimsilar oxidation temperature to that of

the carbonaceous deposits found on irradiated P@Gphigte (M. P. Metcalfe, personal

communication, 1 November 2013).
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Figure 12 In situ Raman spectral analysis, during thermal oxidation, of a 2%4CH

carbonaceous deposit on a 1-2 mm PGA graphite particle

Figure 13 illustrates the isothermal profiles afyin PGA graphite, irradiated PGA graphite
deposit & a*C microwave simulant deposit at 4%D, in air, over a 50 hour period. The
oxidation of virgin PGA graphite is negligible wieass the irradiated PGA graphite deposit &
the C-12 microwave simulant deposit show signifiiagreater rates of oxidation and are
clearly more reactive. Initially the rates of thelmxidation remain fairly similar for the first
5 hours for the irradiated PGA graphite deposih&fC microwave simulant deposit but for

the next 45 hours the irradiated PGA graphite diégbsws a greater rate of thermal
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oxidation. This deviation in rates of reactivity yriae due to irradiated damage caused to the
underlying PGA graphite in the irradiated PGA griégbample whereas the underlying PGA
graphite in the microwave simulant underwent nadiation and started off as pristine virgin
PGA graphite. However the microwave simulant cage@ous deposit reactivity seen in the
TGA isothermal data shows a similar reactivityhattof the carbonaceous deposit seen in
irradiated PGA graphite.

101

100.5 +

Virgin graphite
= w st o

100 -+

o Microwave deposit

99

985 Irradiated graphite
98
97.5 +

97 +
0 10 20 30 40 50

Time (hours)

Figure 13, Thermograms from virgin PGA graphite, irradiated PGA geaphif°’C simulant
deposit on PGA graphite examined at 450 °C, in air, over a 50 hour period.

4. Discussion

Previous examination [3] of irradiated graphitenfr Magnox reactors has shown that during
generation lifetime a carbonaceous deposit caoimeed on the fuel and interstitial channel
walls of the graphite moderator that has a markddfgrent morphology to the underlying
PGA graphite. This work aimed to form a similarbmraceous deposit usiftf precursor

gas to allow subsequent investigation of the behawf such deposits in leaching and
microbial studies pertinent to examining graphiéggmdation an&'C release in a GDF [27].
Use of a simulant allows future experiments to &gqvmed more easily than using
irradiated graphite due to a removal of the neadldrk with radioactive materials.

However, the use of simulants necessitates cardore that they are representative of the
properties being examined. With the use of sewapérimental techniques (FIB, SEM, MS-

SIMS, Raman) this work has examined the internajpmalogy as well as the surface
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topography of carbonaceous deposits formed usisgmave plasma CVD and compared
them to irradiated graphite trepanned from a Magomxer station graphite core.
Microwave plasma CVD has been used to form adheabbnaceous deposits on the
surfaces of virgin (unirradiated) PGA graphite diddicrowave plasma CVD is widely used
to grow other carbon materials with differencegiiowth parameters (precursor gas,
temperature, pressure, microwave power) leadirdifterent allotropes being formed most
notably Carbon-Nanotubes (CNT) [28, 29] and diam{@@d 31]. Initially,**C precursor gas,
using a system pressure of 1000 Pa with a flowat%® cn? min, was used, primarily due
to the high cost of labelled isotopic gases, antl Wie use of scanning electron microscopy
the surface topography was found to be very sindl@he ‘cauliflower-like’ deposits found
on irradiated graphite [3]. However, after sectmwith a focused ion beam it was found
that the internal morphology was more porous thamdeposit found on irradiated graphite.
This is believed to be due to the growth rate, axiprately 50 pm hod, of the deposit

being too rapid to allow a dense deposit to be &tnBy comparison, growth rates of
diamond using microwave plasma CVD are usualljh@region of 1 um hot{32] and

these form ‘solid’ deposits. By increasing the na@i concentration in the precursor gas mix
an increased density in the deposit was achieilealy Idue to the increased availability of
carbon radicals available for deposition. It shdudnoted that the deposits formed on
irradiated graphite are formed at conditions thatwry difficult to replicate, pressures of 1-
3 MPa, temperatures of approximately 400 °C arntierpresence of a neutron flux [33],
therefore the high density of the deposits foundr@uiated graphite is likely due to the high
pressure environment, whereas in microwave plasyia 6w pressures are used so that the
plasma can be sustained.

Further experiments were carried out to investitjadeparameters which can affect the
growth rate of carbonaceous deposits and to datermihether a more representative
carbonaceous deposit could be formed using micreypéasma CVD. Experiments carried
out at 200 W using 2, 10 & 20% Glthiled to generate carbonaceous deposits. However,
deposition at 400 W induced a rapid growth of cagm®ous material.

Further tests were carried out at both 5000 & 10@@@ressures using 10% £Beposits
were produced for both pressures; however thesesdsghowed a thin agglomeration of
carbonaceous spheres on the graphite substratedifi@grence in form and thickness shows
that growth at higher pressures is not suitabjgaducing an analogous material for studying
irradiated material. At pressures of 500 Pa withréduced flow rate the deposit was not

analogous of those found in irradiated materiajgesting that the most representative
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deposit is formed at system pressure of 1000 Fraansi0 cm min™ flow of 10% CH;:90%

Ar.

Growth using*C precursor gas showed a similar topography/mogajyolo*“C deposits
indicating that there is no appreciable differeimcthe growth mechanism between the
different isotopes, thereby justifying the useto$ tsimulant to study the behaviour of
carbonaceous deposits found on irradiated grapHite clear separation of the deposit and
underlying graphite shown by isotopic imaging usanglS-SIMS has shown that a deposit is
formed, and cross-sectional images indicate tleatdpography and morphology are very
similar to the ones found on irradiated graphitataly/st stage Raman spectroscopy
combined with TGA have shown these deposits tof lmesimilar reactivity to those found on
irradiated graphite. These deposits appear to itesel for further studies involving
microbial systems to examine the possible relebfgealeposit into the environment in a
geological disposal facility. Based on the thermatiation behaviour, the density difference
in the surface deposit materials between irradiatetisimulant samples does not appear to
significantly influence observed reactivity. Withetsurface layers exhibiting rapid
degradation at much lower temperatures than thertymag graphite.

5. Conclusion

Carbonaceou¥C and™*C deposits were formed on Pile Grade A graphitegisiicrowave
plasma deposition and examined using Focused lamB8canning Electron Microscopy
and Magnetic Sector-Secondary lon Mass Spectrom&eyeral conclusions can be drawn:

1. The surface topography of baftC and**C deposits formed by MPCVD are very
similar to the ‘cauliflower-like’ deposits found gmaphite samples trepanned from a
Magnox reactor.

2. Deposits formed at 1000 pa system pressure withardmin™ flow of 10%

CH4:90% Ar showed the closest resemblance to the deposthe irradiated
material.

3. The internal morphology of the deposit is slightipre porous than that found in
irradiated graphite. However, variations in metheoecentrations and gas pressure

can affect the density of deposited material.

To summarise, there is a potential use of-tecontaining deposits synthesised in this work

to act as simulants in future studies aimed atbettderstanding and predicting the post-
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disposal behaviour of irradiated graphite waste geological disposal environment and the

associated release profile™8€ arising from the labile deposit.
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