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1 Introduction

Thanks to its mechanical, thermal and neutronicpg@riies, graphite has been used as a
moderating agent in graphite-moderated gas-co@adtors Jranium Naturel Graphite Gaz :
UNGG).

In the framework of studies on the disposal of pitgpwaste resulting from the UNGG reactor
system, it is necessary to provide scientific datahe behaviour of long-lived radionuclides
¢l and*'C, with due account of their mobility in the gedlm) environment in relation to
their long radioactive half-life.

A R-D programme was proposed with a view to stugysnd quantifying the release
mechanisms of those radionuclides in water. A bistaphical study was summari§édThe

release of radionuclides in solution depend on nmygico-chemical processes, as follows :

- the input of reactants (water) on radionuclidessi
- the solubilisation of radionuclides,

- the transport of radionuclides in solution thrbulge graphite pores towards the solution.

The characteristics of the porous graphite mategmistitute essential parameters that will
largely influence the physico-chemical processastrotling the release of radionuclides in

solution.

In that framework, samples of the G2 reactors waeracterised in different CEA laboratories
: Laboratory of Chemical and Radiochemical Analy@esboratoire d’analyses chimiques et
radiochimiques-DEC/SA3C/LARC), with the support of the Assesstmand Destructive
Characterisation LaboratoryLgboratoire d’expertise et de caractérisation dastive—
DSN/SEEC/LECD), and at the Physico-chemical Chareztion Laboratory for Irradiated
Materials ([aboratoire de caractérisations physico-chimiquess dmatériaux irradiés
DMN/SEMI/LPCMI).
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This report presents the results of the physicataitterisations of virgin and irradiated stack-

graphite samples collected from the G2 reactorabigtthe measurements of geometric
density, porosity and pore distribution, as weltlas characterisations by X-ray diffraction and
Raman spectroscopy.

The first part of this report summarises bibliodnapl data, the rationale behind the selection
of samples and their preparation for characteasapurposes. The second part deals with
experimental results, which includes various measents, such as density, porosimetry by
helium and bromobenzene pycnometry, porosimetrysoreaents by mercury intrusion and

lastly, microstructural characterisations by X-daffraction and Raman spectroscopy.

2 Sample selection and preparation

In the framework of the study on radionuclide bebaw in irradiated graphite within an
aqueous medium, two different reactors were ingagtd: G2 and SLA2. The selection of both
reactors is justified by the different charactéesof pile graphite and the operating conditions
of the reactors in particular, as follows :

- the nature of the coke and of initial impurities,
- the neutronic and thermal powers, the ,G®essure, the thermal background of graphite
during the operation of the reactor, and the presef carboxyhydrogenated deposits.

Table 1 recalls the main differences between th@@RSLAZ2 reactors. It should be noted that
their selection is also justified by the fact tat have a sufficient number of non-irradiated
and irradiated graphite samples whose thermal andranic backgrounds are very well

known.
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Reactor G2 SLA2
Divergence date July 1958 June 1971
Shutdown date February 1980 May 1992

Thermal powerNW) 260 1,700
CO, pressureNIPa) 15 28.5
Mass of graphite pile (t) 1,500 2,200

Temperature of graphite
during operation

140-380°C 240-470°C
Nature of graphitedore) “Special” Grade-A coke MgF purified Lima coke
Carbonaceous deposits “Low” “High”

Density of graphite 1.71 1.684

TABLE 1: CHARACTERISTICS OF THEG2 AND SLA2 REACTORS

3 Summary of knowledge on G2 graphite

3.1.Acquired data on virgin graphite

The pile graphite in the G2 reactor, whose conienbased on “Special” Grade-A and
Lockport-L cokes, consists of 14,092 parallelepipduticks with a section measuring 200 mm
square over a maximum length of 1,500 mm. Laid ddvemizontally to form a prism
measuring 9.05 m long by 9.4 m high and 9.53 m wike bricks are perforated to let 1,200
channels pass through The reactor contains three grades of graphiteilslised among four
separate zones (Figure 1). The active cylindehefG2 reactor consists of “Special” Grade-A
graphite, which has been impregnated once andiguliréind whose density is generally said to
be 1.78,
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In J. Rappeneau’s 1959 reg8rsummarising the density measurements made durmge-

G3 graphite-production campaign, densities were soreal mainly not only on five bars
selected at random from each industrial batch atehded for cross-section measurements, but
also on a certain number of virgin HatsAs a reminder, an industrial batch used to inelud
about 190 bars measuring 225 fsquare by 1,500 mirlong. For the sake of capture and
geometric-density cross-section measurements irZ@i pile, samples were recut within a
section of the bar into pieces weighing between®B&kd®.

The bulk density of G2 graphites consisting of “§pB Grade-A (“batch”) is 1.703 with a
dispersion of 0.01 (n=41, K=1), but with a valuegea between 1.65 and 1.73. The results
obtained on sub-samples, call “barreaux balancare”very close with an average value of
1.698, whereas the density of virgin bars befowor& is 1.72 on average (789 values, some of
which probably result from mixed batches). The bddksity discrepancy between the virgin

graphite bars and the same machined graphite éacses 0.02.

A similar tendency, although less significant, iserved on Lockport graphite.

Special-coke-based graphite Lockport-coke-based gphite
Densit | Devia Numbe Densit | Gap | Interva Numbe
Type t () Interval r of Type y (o) | r of
y ' values values
Barreaux 1.60- Barreaux 1.59-
balancoires 1.698 | 0.024 1.78 235 balancoires 1.672) 0.025 1.72 8
1.65- 4 1.65-
Batches 1.703/ 0.01 173 41 Batches 1.670 0.013 1.69 11
Raw bars 1.725 - - 789 Raw bars 1.680 247
33% of values are below 1.70 36% of values are below 1.67
17% % of values are equal to 1.7Pp15% of values are equal to 1.67
50% of values are over 1.70 49% of values are over 1.67

TABLE 2: DENSITY OFG2VIRGIN GRAPHITE
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J. Rappenedt summarises also the parameters that were studigtiei development of

suitable graphites for nuclear reactors, notabdy ithpact of graphite impregnation on pore
density and distribution. Figure 2 shows the evotutof the porosity of a “Special’-coke-

based graphite having been submitted to zero (Ag @) or two impregnations (C). The
authors noted that impregnation raises the bulksitierof graphite from 1.53 to 1.79 and
reduces porosity by acting essentially in the dontdihigh-radius pores, thus leaving rather
intact the porous microstructure. The graphite loé tG2 moderator, which has been
manufactured with “Special” once-impregnated cokas a density close to the Grade-B

graphite of this study.
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FIGURE 2: EFFECT OF TAR IMPREGNATIONSMODIFICATION OF THE POROSITY CURVE

Other parameters, such as mechanical resistanaeslléb or perpendicular extrusion-wise),
heat-exchange coefficients and capture sectionalsoeavailable in this document.

Studies on the porous texture of virgin graphitesesalso conducted on simply impregnated
Lockport-coke-based grapHfteidentical to the graphite of the G2 reflector awl Grade-A

coke-based graphite close to “Special” Grade-A c(ikeglish) of the G2 moderator. The
authors present notably porosity ranges by merautrpsion (Figures 3 and 4). The main

parameters indicated in this study are summarisd@ble 3.
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Apparent Total Apparent porosity Sealed Porosit

Graphite ggnsity porosity accessible to Hg porosity peaksy
(P) (Prg) (Pt-Pug)

Lockport |4 691 25.38% 21.42% 3.96% | 2HM
L 0.02 um

3um

Grade A 1.788 21.09% 17.17% 3.92%

0.015pm

TABLE 3: SUMMARY OF MERCURY-POROSITY MEASUREMENTS ON INACTIVE SAMPLES
FROM REFERENCH8]
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FIGURE 3: MERCURY-POROSITY RANGE FOR SIMPLY IMPREGNATED
BUT NON-IRRADIATED L OCKPORTL COKE-BASED GRAPHITE
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3.2. Acquired data on irradiated graphite

During the operation of the G2 reactor, severaésaf small samples were collected notably
to monitor graphite wear due to the combined impéatradiation and temperature. The note
referenced C19.05 in DOCMAN provides information sampling dates and the number of
collected samples during the operation (some ofelgamples are still disposed of in the G2

basements).

Since its shutdown in 1980, the G2 reactor has gbneugh three coring campaigns, as

follows:

— in 1980, axial cores were collected along two cleéiicentral W17A channel and W14P
peripheral channel);

— in 1988, a horizontal radial core was collectedlércores measuring 80 mm in diameter
and a total of 3 m in length; a summary of the rmgmperations is presented in Reference
® and

— in 1989, vertical radial cores of the median plahd¢he reactor were collected over the
entire pile graphite (47 cores) in a zone where teutron flux corresponds to

approximately 85% of the maximum reactor flux.

From those three campaigns, there is no samplérdeit the first two. Only vertical cores are

available as samples for new measurements.

During the previous coring campaigns, the collecsadnples were mostly used for the
purposes of a radiological invent8fy and for leaching and impregnation t&3ts(axial

coring). However, certain structural data were raeas (density, and more rarely, porosity)
and various size-related data were recorded, thiosviag for geometric densities to be

calculated?.

Technical report CEA G2 WP3
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. Mass Diameter | Height |Calculated
Location (9) (mm) (mm) density
Core 1 Reflector 629 79 80 1.60
Core 2-A Reflector 640.5 78 80 1.68
Core 2-B Reflector 641.5 78 80 1.68
Core 3 Reflector 623.5 78 80 1.63
Core 4 Reflector 654 79 80 1.67
Core 5 Reflector 653.35 79 80 1.67
Core 6 Moderator 645.5 78 80 1.69
Core 7 Moderator 634 78 80 1.66
Core 9 Moderator 647 78 80 1.69
Core 10 Moderator 619 79 80 1.58
Core 12 Moderator 633 78 80 1.66
Core 13 Moderator 628 78 80 1.64
Core 14 Moderator 643.6 78 80 1.68

TABLE 4: DENSITY OFG2 SAMPLES FROM THEL988HORIZONTAL RADIAL CORING CAMPAIGN

It should be noted that all recorded data in Tdbt®orrespond to the reworked semi-cores
being used not only for the different leaching gediut also for impregnation tests with

bitumen or epoxy resif&12!

3.3. Summary of existing data

Many studies have been conducted on the graphitémadnitial G1 and G2 reactors, notably
with regard to the density and porosity measuremdating the fabrication of the graphites.
However, it is obvious that graphite is a porousemal, which is very difficult to characterise,
and that a large number of analyses provide robast that allow for the variability in

densities within the graphite to be taken into acto
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Many active samples from the G2 reactor were used,very few of them were fully
characterised with regard to the physical propgrtiethe solid. Most of the time, we have
access to density levels that are based on thendior&al measurements mentioned in a
descriptive objective and not for determining thetact density. On the basis of such data, one
may observe that the density of the irradiated $esnps often lower than that of virgin
graphite. However, those variations seem low affetdit to interpret, due to the measurement
methodology and the density variations of virgiagrite.

The lack of data has motivated new measurements ttaken on both non-irradiated and

irradiated samples.
4 Sample preparation

4.1. Inactive samples

The brick being used as reference for non-irradia@mples was collected from a stock of
bricks located under the G2 reactor. It measurdsn2® square and includes two semi-
channels measuring 70 mm in diameter and 50 crangth. Consequently, it results from the
cutting of a whole brick measuring 1.5 m in lengthcorresponds to the shape of the G2

moderator bricks, which contain a “Special” Gradeoke base.

Starting with that brick, successive lamellae abw@th3 cm in thickness were cut with a cable

saw from the LECD and transferred to the differéamboratories participating in the

programme.
Lamella | Laboratory Remarks
1° LPCMI Whole lamella, then recut (see plan)
2° SUBATECH Whole lamella
3° IPNL Samples recut in several pieces
4° LARC Whole lamella, then recut (see plan)

TABLE 5: DISTRIBUTION OF GRAPHITE LAMELLAE OF AG2 VIRGIN BRICK

Technical report CEA G2 WP3
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With regard to the LARC and the LPCMI, the initlamellae were recut with a cable saw in

order to obtain different samples for the varieastg (see plans in Figure 5).

1° - LPCMI
2° - SUBATECH
3° - IPNL
/ 1 :2:3:4: 4° - LARC
//, J t : : : :
,;)"l s A
Pt - —
Ty 4 SRR
LPCMI recut
LARC recut =

-

\ 10 11
) 12 13 \

- 14 15 N

1 4
i
/

Core samples for leaching
tests
and density measuremenis

FIGURE5: CUTTING PLANS OF INACTIVE G2 GRAPHITE BRICK
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4.2. Active samples

We selected four cores from different parts of blottom half of the reactor: three from the
moderator (Nos. 27, 32 and 42: “Special” Grade-kejaand one from the reflector (No. 46:
Lockport L coke). Hence, we were able to integthteleaching results of core No. 36 from a
previous study™ to the results that were obtained with the coedscsed here. In the end, the

five cores were almost equidistant from each o#iseshown in Figure 6.

p —
B Reflector
35 CAROTTE N'1
Vertical radial ?{
A core (9.4 m) /gg
%Z CAROTTE N2
w
E 22| | Moderator
A .;1’5 CAROTTEZ 12 & 14 E
£ Moderator S i S
< n°36 4 T
@ North face n°42 T i
n°46 :
906“\ \_ 1
v Reflector CARCTTE 11'47
9,53 m .
Loading face of G2

FIGURE 6: REPRESENTATION OF THE52 REACTOR WITH VERTICAL RADIAL CORING
AND SELECTED CORES

Figure 7 shows the temperature distribution ofdhagphite in the reactor during its operation
and the dose mass rate at contact with the vedregdhite cores in relation to the position of
the cores in the pile. Table 6 displays the sargdkwels and the temperatures of the operating

reactor for the selected G2 samples for leachiigcharacterisation tests.
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Presumed Sampling level Operating
Sample no.| Position - piing temperature
original coke (m) (°C) 14
G2-27 Moderator Special coke A 13.60 310
G2-32 Moderator Special coke A 14.60 300
G2-42 Moderator Special coke A 16.60 280
G2-46 Reflector Lockport L coke 17.40 <250
TABLE 6: SELECTED G2 SAMPLES FOR LEACHING TESTS
320 - 0,12
300 - ~01 .
S g
\J 280 T 008 s S
s O \
3 + K
5 260 - \ +006 S X
at o \n
- O €
g 240 - T004 g~
I~ =]
< 220 - +002 =
200 T T T T o

8,00 10,00 12,00 14,00 16,00 18,00
Position in the pile (m)

——T(°C) —*— [Mass DR

FIGURE 7: PROFILE OF GRAPHITE TEMPERATURE DURING THE OPERATIONF THE REACTOR
AND OF THE MASS DOSE RATE AT CONTACT WITH VERTICAICORING GRAPHITE SAMPLES
IN RELATION TO THE POSITION OF THE CORES IN THE FH

It is possible to note that the difference betwenoperating temperature and the dose rate of
the moderator samples is only slight. The reflesammple has very different characteristics
(lower dose rate and temperature, different fabiooq Since the collected cores in the G2
reactor measure 20 cm in length and 3 cm in diamétes necessary to cut them for the
leaching tests and characterisations. The diagtispayed in Figure 8 and Figure 9 show the
cuts made on the cores from the graphite modeaaibreflector of the G2 reactor.
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Core No. 27 (moderator) L=13cm, D=6,3cm

35 15,15, 3 1.1 1

13,80

Cutting waste used also
for Hg porosimetry and
determination of Ag

Core No. 22 (moderator) L=13cm, D=6,3cm
25
13
14,60

Cutting waste used also
for Hg porosimetry and
determination of Ag

FIGURE 8: CUTS MADE ON CORES NOS27 AND 32
OF THEG2 GRAPHITE MODERATOR
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Core No. 42 (moderator) L=13cm, D=6,3cm
15 15..15 3 1.1

6,3
13
16,60 = 16,80
1
16,80
Cutting waste used also 3 A5]

for Hg porosimetry and
determination of Ag

16,60

Core No. 46 (reflector)
17,60

L=20cm, D=6,3cm
1 115 15 3 1

-«

6,3
— 17,40
LARC | PCMT
3| |15} Cutting waste used also

for Hg porosimetry and
determination of Ag

FIGURE 9: CUTS MADE ON CORES NOS42 AND 46
OF THEG2 GRAPHITE MODERATOR AND REFLECTOR
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The two central lamellae are designed for leachangl impregnation tests with density
measurements. The cutting waste from the centraklla and the pieces collected at the
extremities are intended for various charactensapurposes: density, mercury porosimetry,
helium pycnometry and determination of the initi&C| activity. Intermediate lamellae were
cut for LPCMI geometric and hydrostatic densitiég;ay diffraction and Raman spectroscopy

measurements.

The overall information is displayed in Table 7.

Sample Lamella | Laboratory Gggrr::ietglc l\pﬁlgrrg;g E;‘lw(;nmetry E:r)lrzneor;e DRX | Leach | *°Cl | SIMS
G2-27 1 LARC/LECD X X X
13.60- 2 SEMI
13.80 3 SEMI X N L
4 SEMI X
5 SEMI X
6 LARC X X
7 LARC/LECD x# x# x# X x# x#
8 LARC/LECD X X X
Reserve LARC
G2-32 1 LARC/LECD X X X
14.60- 2 SEMI X
14.80 3 SEMI X N N
4 SEMI X
5 LARC/LECD X X
6 LARC/LECD Xt x#1 x# X x# N
7 LARC/LECD X X X
Reserve LARC
G2-42 1 LARC/LECD X X X
16.60- 2 SEMI
16.80 3 SEMI X X %1
4 SEMI
5 LARC X X
6 LARC/LECD X N X X NG
7 LARC/LECD Xt x# X
Reserve LARC
G2-46 1 LARC/LECD X X X
17.40- 2 SEMI X X £t
17.60 3 SEMI X
4 LARC X
5 LARC/LECD Xt x# N X X NG
6 LARC/LECD Xt x# X
Reserve LARC

TABLE 7: SUMMARY TABLE OF THE USES FOR SAMPLES

#1 Measurement taken on a subsample of the itgtaélla.
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5 Graphite characterisation

In order to understand the radionuclide-release@menon during graphite-leaching tests and
to study the evolution of its microstructure, iniscessary to characterise the initial samples. In
order to achieve that goal, various geometric-dgnand hydrostatic measurements with
bromobenzene, helium pycnometry and mercury pomtsymwere made, together with
characterisations by X-ray diffraction and Ramaecsmscopy, on active and inactive samples
of the G2 reactor. Those measurements were matleedtARC in co-operation with the
LECD of CEA CADARACHE, and at the LPCMI of CEA SAQLY.

5.1. Density measurements

Geometric densities are obtained by:

- measuring the dimensions of the samples witldangl calliper (uncertainty of 0.1 mm) by
recording several readings per level, and

- weighing samples on precision scales.

The propagation of uncertainties, notably on avenrggjues was calculated in accordance with

engineering techniques (Ref. R280).

5.2. Helium pycnometry

The non-destructive technique known as pycnometryhélium displacement is used to

measure the internal volume of a porous materidltardeduce its density from its mass. The
measurement principle relies on the propertiesetiim, which behaves like a pure gas. It is
first pressurised within a reference chamber of@¥n volume before opening the pressurised
chamber (sample) of a known volume. Pressure clsaageassociated with the porosity of the
sample. Gas fills up the open porosities of thepdepwhile only the dense fraction and the
sealed porosities of the sample remain inaccessible cells being used allow for

measurements to be taken on samples in an ordgingafntom 1 to 10 g more or less.
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5.3. Mercury porosimetry

The destructive technique known as porosimetry bycory intrusion is designed to determine
the distribution of the pore sizes within a porouaterial, whether solid or powdery. The
measurement principle relies on the properties mdrawetting liquid at ambient temperature,
such as mercury. In order to penetrate into thegpof a porous material, mercury needs to be
forced in. Any intrusion pressurl, which is necessary for mercury to penetrate porg with

a diameterd, is provided by the Laplace relation, as follows :

p = Ay cost (1)
d
where P is the intrusion pressure of mercuBaj
y is the surface tension of mercuBa{m)
@ is the wetting angle of mercury on pore surf&ge (

dis the pore diameter

The pressure applied to mercury is raised by inereamand the mercury volumes penetrating
in the porous solid are recorded at every incremén¢ end result is the cumulated porous
volume in relation to intrusion pressure and, cqosetly, to pore diameter. The derivative

provides the porous distribution of the solid.
However, that study method includes some consgasuoich as :

* more particularly, the high pressure (in the ormfe400 MPa) being applied to mercury for
penetrating into the finest pores (measuring arienometres in diameter) may modify or
destroy the porous network of the material undadyst The mechanical strength to the
compression of the graphite is approximately 25 NiRd corresponds to entrance pore
diameters in the order of 50 nm. Beyond half thegspure, which corresponds to a
diameter of 100 nm, it is recognised that measuntsneease to be representative of the

material, whose porous network may be modified ifopgcreation of porosity),
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» referring to Laplace’s Law is equal to assimilatalgpores to cylinders, which is very far
from being realistic. In addition, it is importatd remember that we are only being
sensitive to the entrance diameter of the pored$adh significant hysteresis phenomena
may hide the reality of the porous structure, atha case of bottle-shaped pores, which
may contain a large quantity of mercury, in spitéheir very small entrance diameter,

» the pores being reached do not allow to cover titgeeporosity range of the samples.
Helium as a gas and with its atomic diameter (2%'&?), which is much smaller than that

of mercury, is more suitable for probing corredtig open porosity of graphite.

However, the major interest of that technique iseforesent the distribution of pore sizes and
to compare various types of graphite by proposingoaventional display of the porous

structure.

During this study, twdvlicromeriticsporosimeters (Model 9420) were used: one for nraasu
inactive samples and the other, being placed inogegbox, to record measurements in a

radioactive environment.

5.4. Bromobenzene hydrostatic density

The measurement principle for the hydrostatic dgnsi a body is based on Archimedes’
principle. It consists in a double weighing, thestfibeing conducted in air, and the second in

bromobenzene.

Page 24/83 Technical report CEA G2 WP3



i CARBOWASTE 7
Treatment and Disposal of Irradiated Graphite andl@r Carbonaceous Waste S| —

The actual mass (Ma) of a sample is equal to imENt mass, to which buoyancy must be

added. Both weighings, in air and in bromobenzeaespectively, provide the following

equation :

Mr = Mj + (Ve.pa) = Mz + (Ve.pp) (2)

where :
Mr is the effective mass of the sample
Mj is the mass of sample weighed in air
M is the mass of the sample weighed in bromobenzene
Pa is the air density
M is the bromobenzene density
Ve is the geometric volume of the sample. In thakecéise sample is weighed in
bromobenzene, but the bromobenzene does not weathgle

It is therefore possible to calculate the geometrsdume e of the sample through
relation (3), as follows:

_M,-M,
B Po ~ Pa

Ve 3)
from which it is therefore possible to deduce tl®rgetric density of the samp{g,), as

follows :

_| M [pb - pa]
el e *

If bromobenzene is submitted to a vacuum beforeemimg the sample into it for weighing

purposes, it will imbibe all open pores of the smirigure 10), thus allowing a massz M

which is the mass of the sample as weighed in bbemzene after imbibition to be

determined.
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Sealed
1 e
porosity &

— V geometric

Open
porosity

V after imbibition

Vv apres imbibition

FIGURE 10: GEOMETRIC VOLUME (Ve) AND VOLUME AFTER IMBIBITION (Ve-Vpo)

Both weighings in bromobenzene, before and aftéibition, provide the following equation
) :
Mr =M, + (Ve.pp) = Mz + (Ve - Vpo)pp (5)

whereVpois the volume of open porosity.

Hence, it is possible to calculate the volume & tpen porositypo of the sample by
relation (6) :

Vpo = b (6)

Lo

and deduce the pycnometric denspy) ©f the sample, as follows :

_ M
Po V, -Vpo

- Ms[pb _pa]pb }4_ 7
P {[Ml_Mpr + [Ms_Mz]pa & @
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5.5. Expression of results

Pore-distribution calculations (total porosity, opand sealed porosities) were made in
accordance with the following relations :

The total porosityHy) is :

a(%o=1o{1—£@) )
th
wherepy, is the theoretical density of graphite crystaR@B) andog is its measured geometric
density.
The open porosityRp) is :
ax%o:1o{é—f@J )
Ps

where ps is the density of the skeleton, as measured byrhgbycnometry or by hydrostatic

measurement in bromobenzene.

The sealed porosity P which is inaccessible to helium, is :

P.=P -P, (10)

5.6. X-ray diffraction

A Siemens D5006/20' diffractometer with a copper anticathode (CwXand Cu K2

radiation) is used and set into a shielded ceuyfé 11). In order to collimate the X-ray beam,
the device is equipped with slits before and attersample in accordance with the following
optical scheme: 1° slit/ 0.3° slit/ sample/0.3t/Sbller slits/0.05° slit. Furthermore, in order to
filter potential stray radiation, the device is ggped with a back graphite monochromator

(filtering of Kg radiation of copper and of stray X apdadiation).
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Acquisitions consisted in phase recordings 826" mode (variable impact) over a range
varying between 20 and 90°0.2Diffractograms were recorded at 40 kV/30 mA (X-ra
generator), with a pitch of 0.02° and a countimggtiof 10 s per pitch.

]

7X>-ra§/'tube J Front slits Back slits

Shielded
scintillation detctor )

=

FIGURE11: X-rayDIFFRACTOMETER IN SHIELDED CELL(LPCMI)

5.7. Raman spectroscopy

A Jobin-Yvon T64000 triple-analysis-network Ramaeatrometer, using a 2 W argon laser
(A =514 nm) and coupled with an optical microscopsighed to enlarge up to one hundred
fold (optical observation of the sample and focgsai the laser on the analysis zone). The
spectrometer and the laser are coupled with twéysisastations, one “cold” for studying non-

irradiated materials, and the other in a shielddbfar characterising activated samples (Figure
12). For the “cold” station (BX40 microscope), tlaser/microscope/spectrometer connection
is made through an optical path with mirrors. Hoe shielded-cell station, the connection
between the laser exciter, the sample positioneemua nuclearised microscope (BX50) in Cell
M16,and the spectrometer is made with optical fibre
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M16 « hot » cell

A g
Optical
fibre to
M16 ~ BX50
microscope

/

BX40
microscope

T64000 spectrometer
Optical ' 3 . ;/
fibre from i -
M16
i m ) detector
Analysis room : ‘A R -
Optical fibre from

BX50 (M16)

Optical fibre
to BX50 (M16)
T |

microscope

FIGURE 12: RAMAN -SPECTROMETRY INSTALLATION(LPCMI)

For technical reasons (connection problem betwlkemuclearised microscope and the optical
fibre linked to the spectrometer) the Raman charesation of the G2 graphite has not been

performed yet on samples X1-1, Y3-2 and Z1-1 ire lwith the following experimental

conditions:

— laser power: 200 mW at laser output

— acquisition windows: between 1,250 and 1,800'cm

— counting time: 1 background count + 2 acquisitonnts (3x 120 s)
— microscope lens: x 100
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6 Results from G2 virgin graphite samples

6.1. Geometric-density measurements

Density measurements were made on a lamella oinvggaphite brick from the G2 reactor.
Since that graphite block is machined (tracks @&l fthannels), it should be noted that it is
possible to deduce that it consists of core-grapteimains. That graphite must have been
developed from “Special” Grade-A coke and its appartheoretical density is 1.71. The
LARC and the LPCMI worked on lamellae Nos. 4 andekpectively. For the time being, no

inactive graphite sample is available from theaetfbr.

6.1.1. Density on samples collected at the core of  the brick

Small samples, which are used for preliminary wateregnation tests, were measured in
order to determine their geometric densities. Thmaglude prismatic samples measuring
between 1 and 1.5 cm square by 1 to 3 cm in lenttlbse samples, which were used for

leaching tests, come from the core subsample ollanNo. 4 and identified as No. 5 on the

cutting plan.
Subitem of lamella No. 4| Massd) | Average size ¢m) Pc
5-1 7.2085 1.97*1.51*1.48 1.63+0.0%
5-2 3.6199 1.51*1.46*1.02 1.61+0.04
5-3 10.4770 1.48*1.4*2.89 1.66+0.06
5-4 1.7116 1.02*1.00*0.97 1.73+0.06
5-5 4.7425 1.02*1.00*2.88 1.63+0.06
5-6 4.3433 1.02*0.99 *2.87 1.64+0.05
5-7 4.8074 1.02*1.00*2.88 1.67+0.06
5-8 10.9432 1.51*1.51*2.89 1.66+0.08
5-9 11.9068 2.88*0.74*3.00 1.63+0.05
5-10 15.526 3.01*1.07*2.88 1.68+0.04
5-11 10.7028 2.84*1.48*1.51 1.68+0.06
Average 1.66+ 0.07
Minimum 1.61 +0.04
Maximum 1.73 +0.06

TABLE 8: GEOMETRIG-DENSITY MEASUREMENTS MADE ONG2 VIRGIN GRAPHITE— CASE OF
SAMPLES USED FOR LEACHING TESTS AND COLLECTED FROMHE BRICK CORE OF LAMELLANO. 4
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It was observed that the values are rather dispersanging from 1.61 to 1.73 — and that the

average density of such small samples is 1.66,ad3athe expected density would be 1.71.

Following the first results, larger samples were atuthe LARC from the same lamella of the

G2 brick, which was recut from the items collectexin the core part of the brick (under items

No. 5).
. Mass Average size
Type Piece no. © (cm) Pc
Core 5-12 43.4214 3.02*2.87*3.02 1.66+0.02
Core 5-13 44.1425 3.02*2.89*3.03 1.67+0.02
Core 5-14 43.6621 3.00*2.88*3.01 1.68+0.02
Core 5-15 15.1900 2.88*1.06*3.01 1.66+0.04
Core 5-16 18.6911 1.98*1.97*2.87 1.67+0.03
Core 5-17 18.6582 1.99*1.97*2.88 1.65+0.03
Average 1.67+0.03
Minimum 1.65+0.03
Maximum 1.68+0.02

TABLE 9: GEOMETRIG-DENSITY MEASUREMENTS MADE ATLARC ON G2 VIRGIN GRAPHITE—
CASE OF SAMPLES CUT FROM THE BRICK CORE

It was observed that, on average, the new serigseaisurements on brick-core subsamples
may be grouped, apart from measurement uncertgjntigh the first series (density of
1.67+0.02), with due account of a lesser dispersforalues from 1.65 to 1.68. Such reduction
in dispersion is probably due to the fact that $henples are larger in volume. However, the
measured density is still lower than the generatliynowledged one for samples consisting of
“Special’ Grade-A based graphite.

Slightly lower values were obtained at the LPCMI Bh samples collected from the core of
lamella No. 1, whose dimensiong Z0 mm / h 20 mm) are close to those of the samples
characterised at the LARC (see Figure 5 for the MP&€ampling plan). The measurements
presented in Table 10 show that the average demsitymeasured in the brick core, is 1.59 with

a dispersion range between 1.50 and 1.65.
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Sample | Sample |Diameter| Length | Mass |Volume Densi
reference|  no. (cm) (cm) (9) (cm®) ensity
5.1 1.996 2.028 10.478  6.343 1.652
5.2 1.999 1.957 10.10% 6.14p 1.646
6.1 1.999 1.994 10.106  6.26D 1.614
v 6.2 1.993 1.987 9.915 6.201 1.599
7.1 0.997 0.894 1.061 0.698 1.520
7.2 1.001 2.003 2.439 1.575 1.549
8.1 1.000 0.985 1.162 0.774 1.502
8.2 0.997 1.821 2.183 1.42p 1.535
2.1 1.999 0.799 4.102 2.50b 1.637
X 2.2 1.998 0.901 4517 2.82b 1.599
2.3 1.982 0.821 4.104 2.53b 1.619
2.1 1.999 0.836 4.258 2.624 1.623
Y 2.2 1.996 0.905 4.491 2.830 1.587
2.3 1.991 0.773 3.899 2.406 1.621
Average 1.59+0.05
Minimum 1.50
Maximum 1.65

TABLE 10: GEOMETRIG-DENSITY MEASUREMENTS MADE ONG2 VIRGIN GRAPHITE—
CASE OF SAMPLES COLLECTED AT THE CORE OF THE BRIGK LAMELLA NoO. 1

Those measurements were completed by others atgesof the brick.

6.1.2 Density on the samples collected at the edge  of the brick

Edge samples resulting from the cutting of lam&la 4 were measured and weighed (see

cutting plan) with a view to providing density vakiat the edge of the brick.
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Type ltem no. Mass Average size o
(9) (cm)

Edge 1 57.2185 3.01*2.86*3.89 1.71+0.02

Edge 2 58.3973 3.01*2.88*3.83 1.76+0.02

Edge 3 56.8173 3.03*2.86*3.79 1.73£0.02

Edge 4 58.7388 3.01*2.88*3.93 1.72+0.02

Edge 6 148.1919 3.01*2.89*9.95 1.71+£0.03

Edge 7 88.6698 2.88*1.77*10.07 1.73+0.07

Edge 8 86.2461 2.88*1.75*9.95 1.72+0.06

Edge 9 149.6542 3.02*2.89*10.01 1.71+0.02

Average 1.72+0.05

Minimum 1.71+0.02
Maximum 1.7620.02

TABLE 11: GEOMETRICG-DENSITY MEASUREMENTS MADE ONG2 VIRGIN GRAPHITE—
CASE OF CUT SAMPLES AT THE EDGE OF LAMELLAO. 4

It was observed that the measurements made on asifnpin the edge of lamella No. 4 show

an average density of 1.72 + 0.03 with a dispersiange between 1.71 and 1.76.

Consequently, it was also observed that the depsithie G2 block is heterogeneous between
the inside and the outside of the brick, which rhayexplained by a lesser impregnation of the
brick core.

Those measurements were completed by others atifeeof lamella No. 1 on 20 samples (see
cutting plan, Figure 5).
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Sample | Sample |Diameter| Length Mass |Volume Densi
3 ensity
reference no. (cm) (cm) (9) (cn)
1 2.006 1.999 10.588 6.319 1.676
2 2.001 1.987 10.486 6.246 1.679
3.1 1.998 2.002 10.500 6.27p 1.673
3.2 1.995 0.795 4.021 2.484 1.619
4.1 1.998 1.985 10.278 6.22p 1.652
4.2 1.986 1.937 9.741 6.002 1.623
v 9.1 1.002 0.902 1.157 0.712 1.625
9.2 0.999 2.164 2.701 1.696 1.592
10.1 1.002 0.899 1.162 0.70B 1.641
10.2 1.000 2.051 2.640 1.6111 1.639
11.1 0.998 2.002 2.446 1.564 1.564
11.2 1.001 2.002 2.546 1.57p 1.616
12.1 1.000 2.004 2.554 1.574 1.622
12.2 0.999 2.009 2.538 1.57p 1.6101
1.1 2.001 0.835 4.425 2.624 1.686
X 1.2 1.998 0.902 4,727 2.827 1.672
1.3 1.991 0.859 4,538 2.674 1.697
1.1 1.986 0.900 4,752 2.788 1.705
Z 1.2 1.987 0.717 3.795 2.225 1.706
1.3 1.986 0.829 4,394 2.569 1.710
Average 1.650.04
Minimum 1.56
Maximum 1.71

TABLE 12: GEOMETRICG-DENSITY MEASUREMENTS MADE ONG2 VIRGIN GRAPHITE—
CASE OF CUT SAMPLES AT THE EDGE OF LAMELLANO. 1

Those measurements also show a density gradiewebetthe samples collected at the edge
and at the core of the brick. The resulting measergs show that the average density at the
edge is 1.65 with a dispersion range between In86la&/1.
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6.1.3 Density on large sample

With due account of the differences that were olegbrat the various sampling scales and
zones involved and in order to determine whetherctimracterised brick is truly representative
of the G2 pile, it was decided to perform a measer@ on the remaining block, which is

larger in both size and mass, with a view to primgdan average value that would involve all
density gradients. Average rates are displayedbieTl3.

Measurement of half-cylinders Measurement of faceslels
Length1| Length?2 Length | Width | Height
. 3,48 6,99 cm (cm) (cm)
Cy'x'der 3.43 7.01 23,00 | 20,00
7.04 Face 1 22,94 20,00
Average 3.46 7.01 22,90 20,00
Stand. 22,90 20,00
dev. 0.03 0.03 Face 2 22,91 20,01
Delta 0.03 0.03 22,94 20,00
3.51 7.10 22,93 20,00
Cylinder B| 3.44 7.08 Face 3 22,90 20,00
7.05 22,91 20,00
Average 3.48 7.08 22,98 20,01
Stand. Face4 | 22,96 20,01
dev. 0.05 0.03 22.94 20,01
Delta 0.05 0.03 20,00 20,00
| Face 5 20,00 | 20,00
19,99 | 20,00
D Length 2 19,99 [ 20,00
ﬁ Face 6 20,00 20,00
20,00 | 20,00
:) Length 1 Average 22,93 20,00 20,00
/ Stand.
dev. 0,03 0,01 0,00
Delta 0,03 0,01 0,01

TABLE 13:DENSITY OF THEG2 VIRGIN BLOCK SAMPLE

In the end, we obtain a volume block measuring 8220 cniwith a mass of 14,240 + 10 g
i.e., a sample with a geometric density of 1.710&0, which is close to the values recorded in

the literature and also obtained on larger samples.
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6.1.4 Summary of geometric-density measurements

For the entire set of characterised samples, meamnts highlighted a density gradient
between the less dense core of the brick and the, @dth an average difference of 0.05. That
radial gradient should be attributed to the impeggm of G2 bricks, which is less

comprehensive at the core of the brick. In addjtibthe low density values recorded at first
on small samples may have raised a doubt with defgathe exact nature of the characterised
graphite, further measurements on the whole blacKicned that the brick being used as non-

irradiated reference material was actually G2 gtephkith a density of 1.717.

Table 14 summarises the measurements that were made

Measurem? | Measurem? | Measurem. M Measurem. | Measurem.
easurem
lamella lamella lamella Block lamella lamella
No. 4 No. 4 No. 4 ' No. 1 No. 1
Sampling Core Core Edge Block Core Edge
Average 1.66:0.07 | 1.67+0.03 | 1.72+0.05 1'71510'00 1.59:0.05 | 1.650.04
Minimum 1.61+0.04 1.65+0.03 1.71+0.02 — 1.50 1.56
Maximum 1.73+0.06 1.68+0.02 1.76+0.02 — 1.65 1.71
Number 11 6 8 1 14 20

Total porosity % 26.9+1.2 26.50.5 23.90.7 24.20.1 29.80.9 27.20.7

TABLE 14: SUMMARY OF GEOMETRIGDENSITY MEASUREMENTS

! Case of samples used for impregnation test§Other samples.

It is possible to note that, on average, laméla 1 is less dense that lamella No. 4, and
consequently, that the total porosity is higherthMiue account of the fact that the brick results
from the cutting of a whole brick, it is not podsilto conclude that lamelldo. 1 is at the edge

of the brick. Lamella No. 4, whose densities aset to that of the block, may be considered

as more representative of the reference material.
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6.2. Helium pycnometry

A helium-pycnometry measurement was taken on a i@gnvgraphite sample from the brick
core of lamellaNo. 4. A density of 2.15+0.05 was deduced for th& gkeleton. Identical
measurements were made at the LPCMI on samplesctaxdl from the core (Y7.1 and Y8.1)
and at the edge (Y9.1 and Y10.1) of lamé&lla 1. Both samples provided an identical density
value of 2.17 for the G2 skeleton. Value resulesdisplayed in Table 15.

Sample | Sample Avergge Tota_l Helium Opep Sealt_ed
Lamella no. position density | porosity pycnc_)metry porosity | porosity
(29) (%) density (os) (%0) (%)
Y7.1 Core 1.520 32.92 2.173 30.05 2.87
1 Y8.1 Core 1.502 33.72 2.169 30.75 2.96
Y9.1 Edge 1.625 28.29 2.168 25.05 3.24
Y10.1 Edge 1.641 27.58 2.170 24.38 3.20
4 5 Core 1.69 25.60.9 2.15+0.0% 21.7+1.2 3.9+15

TABLE 15:HELIUM-PYCNOMETRY MEASUREMENTS

Measurements show that the density gradient betwleerbrick core and edge is reflected

essentially by a higher open porosity in the bdoke, while the sealed porosity does not vary.

Figure 13 illustrates the correlation between operosity and the density of samples. As
density increases, the open porosity decreases, dbmonstrating that impregnation has

reduced part of the open porosity of the graphiteat result confirms the bibliographical
datd”.
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FIGURE 13: CORRELATION BETWEEN DENSITY AND OPEN POROSITY OF THEAMPLES

6.3. Mercury porosimetry

The results from mercury measurements taken witinactive porosimeter on five inactive
graphite samples are shown on the following figufegure 14 and Figure 15 show the
evolution of the cumulated porous volume in relatio pore diameter and the distribution of
pore diameters, respectively. It was observedaHatge part of the total porous volume of the
sample lies within a pore-diameter range betweandl30 um. A second peak was also noted,
but on a very broad range of pore sizes, thus guirfg a primarily a macroporous solid.
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FIGURE 15: PORE-DIAMETER DISTRIBUTION IN ML/G AND IN % IN RELATION
TO THE POROUS VOLUME OF THE SAMPLE AS MEASURED FGRVE G2 VIRGIN GRAPHITE SAMPLES

Those figures illustrate the sound reproducibibfythe five analyses on G2 virgin graphite,

which is reflected by the low dispersion rates geireasured on the main parameters.

Sample Test 1 Test 2 Test 3 Test 4 Test 5 Average
Density (og) 1.70 1.70 1.70 1.71 1.69 | 1.7Gt0.01

Open porosity 23.84% 23.39% 24.51% 23.92% 23.53%023.8:0.43%
Total porosity 25.17% 25.14% 24.82% 24.45% 25.46%025.0t0.4%

Ps 2.23 2.21 2.26 2.25 2.21 | 2.23t0.02
Vp max

0.141 0.138 0.144 0.140 0.139 0.14Gt0.002
(mL/g)

TABLE 16:RAW RESULTS OF MERCURY MEASUREMENTS ON VIRGIN GRAPHE SAMPLES
OF THEG2 REACTOR(Vp POROUS VOLUME PER GRAM OF GRAPHITE

The results shown in the previous table were obthiby taking into account the entire

sequence of analyses up to a total pressure ofMR&. The values are deduced from the
volume of mercury that penetrated the sample updabpressure. It is worth noting that, under
such conditions, the measured skeleton densityery ¢lose to the theoretical density of
graphite, which leads to an open porosity closttal porosity and to a closed porosity equal
to 0. Those contradictory results with the previbgdium-pycnometry output show that the
pressures (400 MPa) achieved by helium intrusione haodified the porous network by

opening the sealed porosity.
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For the rest of this study, we have decided tormég the helium-porosimetry results up to an

injection pressure of 12 MPa (i.e., half of the hmatical strength of graphite) for graphite,
thus corresponding to pores with a bore-mouth maditi about 0.1 pm. The recalculated
skeleton densities for that pressure limit are tbemsistent with helium measurements (Table
17).

Sample Test 1 Test 2 Test 3 Test 4 Test 5 Average

0.1 pum 0.1 pum 0.1 um 0.1 pum 0.1 pum 0.1 um
12MPa | 12MPa | 12MPa | 12MPa | 12 MPa | 12MPa

Density (o) 1.70 1.70 1.70 1.71 1.69 | 1.70+0.01
Open porosity |  19.8% 19.5% 21.5% 20.5% 19.6% |[20.2t0.9%
Total porosity | 25.17% 25.14% 24.82% 24.45% 25.46%25.0t0.4%
Ps 2.11 2.10 2.15 2.13 2.10 | 2.12+0.02
Vp, max (mL/g) | 0.1167 0.1129 0.1225 0.1139 0.116 0.116

Size/pressure

TABLE 17:RESULTS OF MERCURY MEASUREMENTS FOR AN INJECTIONRESSURE
BELOW 12 MPA

Data relating to pore-size distribution in relatimnporosity accessible to helium distribution

are presented in Table 18 by adopting a cutting zdr0.1 um.

Pore size >30pum | 1to30 umn 0.1to 1 pum

Pressure
(MPa) 0-0.035 | 0.035-1.24 1.24-12.4
Test P 4% 75% 19%
Test 2 1% 78% 20%
Test 3 0.4% 78% 18%
Test 4 6% 68% 20%
Test5 4% 76% 19%

Average 3.02.2% | 75+4% 19+0.4%

TABLE 18: DISTRIBUTION OF APPARENT DIAMETERS FOR52 VIRGIN GRAPHITE PORES

Pores located in the zone ranging from 1 to 30 pmouwmt to approximately 75% of the total

with the maximum distribution oscillating toward®3im.
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6.4. Summary

In conclusion, lamellae Nos. 1 and 4, as well a&slilock of the inactive G2 graphite brick

have the characteristics shown in Table 19.:

Lamella No. 1 Lamella No. 4 Block
(LPCMI) (LARC/LECD)
Density (edge 1.65 1.72+0.05 (n=8)
Total porosity (edgg 27.220.7% 23.20.7% (n=8)
Open porosity dgeg 24.7% (n=2 for He) Not measured
Sealed porosity édge 3.22%(n=2 for He) Not measured
Core density 1.59 1.66+£0.07 (n=11)
Total porosity (core) 29.8+0.9% (n=20) 26.9+0.9% (n=11)
33.32% (n=2 for He 25.6+0.9% (n=1 for He)
_ 0 _
Open porosity (core) Izr&;);;oi?.: é‘; PO(H(?:] ?0%-3;—“)1-2%
0, 0

Sealed porosity ¢ore) (n=§ 'fgo{oHe) (iflif;SH/;)
Average density 1.63 (n=34) 1.68+0.08 (n=25) 1.717+0.009
Total porosity 28.3% (n=34) 25.8% (n=25) 24.2+0.05%
Porosity Macroporous solid

# 4% > at 30 um
Pore-size distribution # 75% between 1 and 30 pm

# 19% between 0.1 and 1pm

TABLE 19: CHARACTERISTICS OFG2 VIRGIN BRICK

Summary results clearly show that graphite is asemrtglly heterogeneous solid from a
microstructural point of view (density, porosity) the scale of centimetric samples. Results
highlight impregnation differences between the ealge the core of the brick, thus reflecting a
higher open porosity in the brick core, while tlealed porosity remains constant between 3
and 4 %. Pore size lies essentially between 1 @npB, with the maximum distribution at
3.5 um. The helium-porosimetry technique is noeatol determine pore distribution below

0.1 pm.
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6.5. X-ray diffraction

Three samples collected on the surface of lametialNof the non-irradiated G2 brick were
characterised at the LPCMI by X-ray diffractiononder to determine tha andc meshing
parameters, as well as the full width at half-maxim(FWHM) of diffraction peaks. The
purpose of those determinations is to provide ezfee values to be compared with the values
resulting from irradiated samples and, thus, toewheine the crystalline evolution of G2
graphite under irradiation (potential mesh swelldegormation and evolution of the size of

graphite crystallites).

Since the anisotropic nature of graphite is alsofeeced by the extrusion process due to its
crystalline structure, the three G2 samples thaevebaracterised by X-ray diffraction were
collected in the three major directions of the krio order to detect potential differences
(Figure 5): X1-1, perpendicular to extrusion; Y3{Zerpendicular to extrusion, and Z1-1,

parallel to extrusion.

X-ray-diffraction recordings are representativeFaict Sheet No. 74-2330 of the International
Centre for Diffraction Data (ICDD) relating to gtafe (Annex 1). The expansion of the zone
containing the main peak — (002) — displays a figant dissymmetry in the diffraction peaks
of all characterised samples. Since graphite igghtly dense material, X rays penetrate deep
inside the samples, thus inducing an asymmetrixahmsion of diffraction peaks (absorption
effect). The resulting diffractograms also cleahow a marked crystallographic texture to be
tied directly with the forming process by extrusi@ffigure16). Hence, it appears that peaks
(002), (004) and (006) are more intense for sampled and Y3-2 than for sample Z1-1,
which reflects the fact that the basic planes apbite crystal — peaks (002), (004) and (006) —
and by par analogy, the coke grains, are prefaigntriented according to the extrusion axis
of the brick.
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FIGURE 16: DFFRACTOGRAMS OFG2 VIRGIN GRAPHITE SAMPLES

Analysing the recorded diffractograms leads to rmggtparameters and diffraction-peak
FWHMs (002), (004) and (110), as presented in T@Band 21.

G2 Parameterc (A) Parametera (A)
Theoretical parameters 6.707 2.461
X1-1 () 6.725 % 0.002 2.460 % 0.002
Y3-2 () 6.725 + 0.002 2.460 £ 0.002
Z1-1 () 6.738 £ 0.002 2.461 £ 0.002

TABLE 20: MESHING PARAMETERS OK52 VIRGIN GRAPHITE

Technical report CEA G2 WP3

Page 43/83



CARBOWASTE

Treatment and Disposal of Irradiated Graphite andl@r Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

Peak position FWHM
G2 (hkl) ) )

(002) 26.49 0.30
X1-1 (004) 54.54 0.43
(110) 77.55 0.58
(002) 26.49 0.31
Y3-2 (004) 54.54 0.45
(110) 77.55 0.61
(002) 26.43 0.24
Z1-1 (004) 54.42 0.53
(110) 77.44 0.84

TAaBLE 21:FWHM oF PEAKS(002),(004)AND (110)OFG2 VIRGIN GRAPHITE

In the light of a parameter values (quasi identical to those of lytapmonocrystal), the
samples from lamella No. 1 of the G2 brick seemnidude a very good organisation of
graphene planes. It should be noted that the lagbuhe carbon atoms in the hexagonal
structure (sp carbon) requires no considerable energy inputcdieaven for relatively low
graphitisation temperatures, any carbonated mateiila still have graphene-type planes.
However, with regard t@ parameter values, they are further away from tfagraphite
monocrystal, which tends to prove that graphitsativas not thorough— a common
phenomenon for industrial graphite. In fact, esshlhg the three-dimensional structure of
graphite requires higher temperatures than 3,000M@reas a temperature of 2,700-2,800°C is

sufficient for most fabrication processes.
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If we compare the meshing parameters between ftifieratit samples, the value of tlee
parameter associated with sample Z1-1 varies $§lightm that of the samples collected
perpendicularly to the direction of the extrusidhat may be explained by the fact that, when
the graphite is formed, radial-compression stresgesintroduced in the graphite with a
decreasing gradient at the surface towards thé&ldoe. Since the chemical bond between the
graphene planes is relatively poor (Van-der-Waghetbonding), the presence of radial
compression stresses modifies slightly the valud®€t parameter. For samples X1-1 and Y3-
2, the graphene planes analysed by X-ray diffracdce mainly oriented in such a way for
radial compression stresses to close up (decrdage leor sample Z1-1, graphene planes are
primarily oriented in such a way for radial comies stresses to distance themselves from

each other (increase of.

Since the chemical bonds within graphene planesvarg strong, the compression stresses
created during graphite extrusion are not impor@argugh to induce a significant change of

the crystallinea parameter.

The values of diffraction-peak FWHM values presdrite Table 21 do not raise any specific
comment and serve merely as reference data to bwared to the values achieved on

irradiated samples.
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6.6. Raman spectroscopy

The three samples that were studied by X-ray diffoa were also characterised at the LPCMI
by Raman microspectroscopy. That analytical teammigust as X-ray diffraction, is designed
for the crystalline study of matter, but at a mimeal scale. While X-ray diffraction integrates
the information over approximately 1 émRaman microspectrometry focuses on an area
covering 2 to qum?. Beyond providing information on the crystallinérusture of the
materials, Raman spectroscopy also displays thetailipe faults of the sample. In fact “pure”
graphite has a single Raman band (marked Band dajdd at about 1580 ¢mlf crystalline
faults are present in the structure, three additibands are likely to appear: Band D1 (~1360
cm?), Band D2 (~1,620 cif) and Band D3 (~1,540 ¢t

Since that technique is very local and graphitene a composite than a homogeneous
material (coke grains, binding agent, impregnatitich), two zones were characterised for

each of the three samples :

- the cleaved part of a coke grain, the most “gitegrzone of the sample (Figure 17a), and
- the external face of a coke grain, a zone whesdarated notably the binding agent and
the impregnation pitch, two materials that are évas less “graphitable” as coke and,

hence, have a graphitic structure of lesser quétityure 17b).
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L. ¢*

FIGURE17: RAMAN MICROSCOPE WITH AN XLOOLENS

As expected, the acquisitions made on the cleagetios and the external face of coke grains
lead to different Raman spectra (Figure 18). Hetloe,cleaved part of the grain also has a
quasi-perfect graphitic structure: Band G of thaphite at 1580 cthwith a very slightly
intense Band D1 (with the Bands D2 and D3 not beirgiple). However, the spectrum
achieved outside of the coke grain spectrum clestrtyws the presence of Bands D1 and D2,
whereas Band D3 is more difficult to display. Adcorded Raman spectra are shown in
Annex 2.
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FIGURE 18. RAMAN RANGES OF SAMPLEX1-1

If the acquisitions made on the cleaved part ofdblee grains of samples X1-1, Y3-2 et Z1-1
lead to identical Raman spectra (Figure 19), thextsp resulting from the acquisitions made
outside the grains a re less similar (Figure 20atTphenomenon may be explained by the fact
that, since coke grains are “well graphitable”,itheternal structure is almost identical from
one grain to another, thus generating superimpBsadan spectra. However, the zones being
analysed outside the grains may vary locally (#fding agent or impregnation pitch at
various graphitation levels), which might lead #&ative intensities between flaw bands and

Band G, which vary among spectra.
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FIGURE 19: RAMAN RANGES FOR SAMPLESX1-1,Y3-2 AND Z1-1(CLEAVED ZONE)
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FIGURE 20: RAMAN RANGES FOR SAMPLESX1-1,Y3-2 AND Z1-1 (EXTERNAL GRAINS)

The deconvolution of the Raman spectra made féereift samples led to the results presented
in Table 22. Those data, and notably the intensitips of the flaw bands and Band G, will
serve as reference to be compared with the datnelok on irradiated G2 samples. It was
noted naturally that the value of the intensityoraf Bands D and G is proportionally lower, if
the analysed zone is well crystallised.
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Those deconvolutions were also useful in confirmiihg visual observations of the Raman
spectra outside the coke grains, or in other wotkat it was not possible to detect the
contribution of D3 flaw bands in the recorded sped@tigure 21). Deconvolutions relating to
the other Raman spectra are shown in Annex 3.

Band G Band D1 Band D2
— - — - — - A(DL)/A(G) | A(D2)IA(G)
Position | Intensity Area Position  Intensity Area Positi on Intensity Area

X-11 Coke 1,583 4,051 18,5377 1,358 49 4,289 0.0023
Ext grain 1,582 5,487 29,3158 1,354 653 59,910 1,623 119 3,066 0.204 0.215

v-32 Coke 1,583 4,255 19,1380 1,358 71 75,553 0.038
Ext grain 1,581 5,358 34,6094 1,353 1037 108,202 1,621 225 8,923 0.313 0.338

711 Coke 1,581 4,605 19,1997 1,354 45 402 0.018
Ext grain 1,582 2,628 13,8313 1,355 495 47,956 1,623 120 4,469 0.347 0.379

Average Coke 1582 4304 189,585 1,357 55 5,015 0.026
Ext grain | 1582 4491 259,188 1,354 726 72,023 1,622 155 5,486 0.278 0.299

TABLE 22: RAMAN DATA RELATING TO G2NON-IRRADIATED SAMPLES
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FIGURE 21: DECONVOLUTION OF THERAMAN RANGE IN SAMPLE échantillonsX1-1
(EXTERNAL GRAINS)
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7 Results on irradiated G2 samples

As mentioned in Section 4 (“Preparation of sample§2 graphite cores were recut and

distributed between both laboratories (see Tahlas’jollows:

- cutting waste was used for porosity-charactadsapurposes at Cadarache. Hence, for
every core, porosity measurements by helium pyctiymeere made on three locations on
the core: at both extremities and in the middle. the case of geometric-density
measurements, the samples that were preparedafdrihg tests were used, because cutting
waste is unable to provide a reliable geometricsitgrvalue (complex form and small
sample). Those samples were all collected towahds riddle (i.e., between both
channels),

- at Saclay, the geometric-density measuremente taken on samples with a compatible
geometry, which include samples G2-27-3, G2-27-242@-5, G2-32-3, G2-32-4, G2-42-3,
G2-42-4, G2-46-2 and G2-46-3 (Figures 8 and 9).rbigihtic densities were determined
with bromobenzene on samples measuring 10 mm imediexr by 10 mm in height that
were cored from samples G2-27-3, G2-32-3, G2-48eB@2-46-2 respectively.

7.1. Geometric-density measurements

The geometric density readings from prismatic (&&t3) and cylindrical (Table 24) lamellae

are consistent for all samples.
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Item n° Mass | Average sizedm) Pc p;—rootsailty Remarks

(9) L I H %
G2-27-7TA | 12.1629| 1.53| 1.53| 3.02 | 1.72+0.08 24.1+0.3 Leaching balance
G2-27-7B | 10.0860| 1.62| 1.51| 2.46 | 1.67+0.04 26.2+0.3
G2-27-7C | 12.0563| 1.61|1.51| 3.01 | 1.65+0.04 27.0+0.3
G2-27-7D| 6.1674 | 1.521.52| 1.67 | 1.60+0.04 29.2+0.3 Initial SIMS
G2-27-7E| 1.0933 | 0.910.47| 1.52 | 1.68+0.08 25.8+0.6 | % cutfor SIMS measureme
Average 1.6710.05
Minimum 1.6040.04
Maximum 1.7240.03
G2-32-6A | 10.5228|1.47|1.46| 3.12 | 1.58+0.04 30.0+0.4 Leaching balance
G2-32-6B| 8.2873 | 1.461.41| 251 | 1.61+0.04 28.7+0.4
G2-32-6C | 10.6187|1.48|1.42| 3.15 | 1.61+0.04 29.1+0.4
G2-32-6D | 10.3788|1.48|1.41| 3.12 | 1.60+£0.04 29.4+0.4 Initial SIMS
G2-32-6E| 1.0243 | 0.820.53| 1.41 | 1.67+0.08 26.2+0.6 | % cutfor SIMS measureme
Average 1.6140.04
Minimum 1.5840.04
Maximum 1.6740.08
G2-42-6A | 13.2756|1.61|1.52| 3.12 | 1.74+0.06 23.3+0.4 Leaching balance
G2-42-6B| 9.8308 | 1.481.53| 2.57 | 1.70+£0.04 25.1+0.3
G2-42-6C | 13.1417|1.53|1.64| 3.12 | 1.68+0.04 25.84+0.3
G2-42-6D | 3.6458 | 1.431.01| 1.53 | 1.66x0.05 26.9+0.4 Initial SIMS
G2-42-6E | 1.1327 | 0.780.55 1.53 | 1.73+0.08 23.8+£0.6 | % cutfor SIMS measureme
Average 1.7040.05
Minimum 1.660.05
Maximum 1.74+0.06
G2-46-5A | 11.9283| 1.6 | 1.48 3.02 | 1.67+0.08 26.4+0.4 Leaching balance
G2-46-5B | 9.6695 | 1.621.47| 2.49 | 1.64+0.04 27.7+0.3
G2-46-5C | 11.9511|1.62|1.49| 3.06 | 1.62+0.04 28.6%0.3
G2-46-5D | 11.5513|1.58(1.46| 3.05 | 1.65+0.04 27.3+0.3 Initial SIMS
G2-46-5E | 1.0066 | 0.790.48| 1.59 | 1.67+0.08 26.3+0.3 | % cutfor SIMS measureme
Average 1.6510.04
Minimum 1.6240.04
Maximum 1.6710.08

TABLE 23: GEOMETRIC-DENSITY MEASUREMENT ONGZ2 PRISMATIC IRRADIATED SAMPLES
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Median | Median Total
Sample | dgiameter | thickness Mass Density | porosity Wear
Core (see cutting 0 (%
plan) (cm) (cm) (9) (+0.02) (%) (+0.8%)
(x0.02 (x0.02 (x0.4%)
3 6.32 1.10 56.3001| 1.62+0.02  28.51 5.26
G2-27 4 6.33 0.96 49.6919| 1.65+0.02 27.18 3.591
5 6.32 3.02 157.2170 1.66+0.02 26.74 2.92
6 6.32 1.53 80.0304| 1.67%0.02 26.4 2.5
3 6.33 1.08 54.8243| 1.62+0.02  28.51 5.26
G2-32 4 6.32 291 147.864Q 1.62+0.02  28.51 5.96
5 6.32 1.40 72.0947| 1.64+0.02 27.4 4
3 6.32 1.09 58.6864| 1.71+0.02 24.54 0.00
G2-42 4 6.32 3.04 164.604Q 1.73+0.02  23.6b -1.17
5 6.32 1.50 82.044 1.74+0.02 23.1 -2
2 6.33 1.05 55.4287| 1.69+0.02 25.4p -0.40
G2-46 3 6.34 3.03 159.2290 1.67+0.02  26.3D 0.490
4 6.32 1.56 80.8629| 1.65%0.02 27.1; 1.4

TABLE 24: GEOMETRIC DENSITY MEASUREMENTS ON IRRADIATED CYCLINRICAL G2
SAMPLES

For calculating the wear rate of “Special” coke Afegence: 1.71- ref Lockport coke: 1.68

Results show that irradiated graphite samples Bhghktly lower densities than those of virgin
graphite, except for G2-42 and G2-46 cores, whesesith may be considered as identical to
that before irradiation (« Special » Grade-A cokaderator: 1.71 and Lockport coke reflector:

1.68. That reduction in density is due to graphite weader irradiation (radiolytic corrosion).

The wear is consistent with the neutron-creep legekived by the samples and measured

activities.

Order
G2-32~G2-27 > G2-42 > G-46
G2-32 > G2-27 > G2-42 > G-46

Neutron creep
Measured wear (%)

TABLE 25: CLASSIFICATION OF SAMPLES IN RELATION TO NEUTRON CREP,
WEAR AND MEASURED ACTIVITY (IN DECREASING ORDER
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However, caution is called for concerning the Ibdtween the collection zone and the activity
of the samples. In fact, their activity dependsnenitron creep (possible correlation with the
position of the samples in the core), but it alepehds on the impurities contained in the
samples and likely to be activated, since the ibigion of those impurities may be quite

heterogeneous among bricks or even within the sarok.

Caution is also advised for the fine quantificatmfngraphite-density variations in relation to
the location of the samples and with due accourthefsmall evolutions being recorded in
comparison with the disparities in the values beahbgerved not only on virgin materials
(difference between edge and core densities) aadiated materials. However, it is possible to
propose the existence of a radial geometric-demgagient between the core and the channel
of the bricks for the three moderator samples (fe@g2R). That gradient seems all the more
significant (G2-27) since the sample has receivddgh neutron creep, which is consistent

with the more intense radiolytic corrosion at tdge of the bricks.

1,76 Evolution of the density of the channel towards
the centre of the brick for G2 moderator core

L
~

——G2-27
—m—G2-32
—h— G2-42

Geometric density (g-cf

Position of the sample in relation to the surfatthe channelroim)

FIGURE 22: EVOLUTION OF DENSITY WITHIN THE SAMEG2 CORE
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7.2. Open-porosity measurements: hydrostatic densit y by
bromobenzene and helium pycnometry

The hydrostatic density measurements at LPCMI weaele in bromobenzene after vacuum
imbibition of the samples. The resulting valuesrespond to the density of the carbonated
graphite skeleton and allow for reaching the pewaggm of open and sealed porosities of G2
irradiated samples. The results of hydrostatic iiessare shown in Table 26.

At the LARC, the G2 samples being analysed by helipycnometry have a mass of
approximately 10 g and have been collected frometkgeemities and the middle of each
sample. The measuring error is estimated at 4%h®basis of the geometric densities and the
density measurements of skeletons, it is possiléetuce the total, open, as well as sealed

porosities of the samples thanks to formulae @)aad (10), respectively.

Hydrostatic density (09
Sample Measurement 1 Measurement 2 Average
G2-27-3-1 2.180 2.181 2.18 £0.05
G2-32-3-1 2.190 2.191 2.19+£0.05
G2-42-3-4 2.181 2.182 2.18 £0.05
G2-46-2-1 2.126 2.128 2.13+£0.05

TABLE 26:HYDROSTATIC DENSITY ATLPCMI ON IRRADIATED G2 SAMPLES
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sanpe | Gy | peknor | AP | |
(o5) : measured density

Virgin

(core Ia‘r‘SeIIa No. | 1.69+0.06| 2.15+0.05" 25.6+0.9% 21.7+1.2% 4.9+1.4%
Virgin

(core Iarlr;ella No. | 1.540.05 2.17+0.05% 30.A#1.0% 27.6+1.1% 3.1+1.5%
G2-27-1 1.67+0.05 2.17+0.09%" 26.3:0.6% 22.91.1% 3.4+1.2
G2-27-3-1 1.62+0.02 2.18+0.05? 28.5:0.4% 25.20.7% 2.80.8
G2-27-7 1.65+0.05 2.27+0.09W 27.2+0.7% 27.31.3% -0.1+1.49
G2-27-8 1.68+0.05 2.22+0.09" 25.9+0.6% 24.31.1% 1.7+1.3%
G2-32-1 1.67+0.05 2.16+0.09" 26.5:0.7% 22.91.1% 3.5+1.3%
G2-32-3-19 1.62+0.02 2.19+0.05? 28.5:0.4% 26.80.7% 2.30.8%
G2-32-6 1.65+0.05 2.18+0.09" 27.140.7% 24.31.1% 2.8+1.3%
G2-32-7 1.67+0.05 2.17+0.09%" 26.4:0.7% 23.61.1% 3.4+1.3%
G2-42-1 1.71+0.05 2.11+0.09" 24.5:0.7% 19.%#0.9% 5.4+1.2%
G2-42-3-4 @ 1.71+0.02 2.18+0.05?) 24.5:0.3% 21.60.6% 3.20.6%
G2-42-6 1.69+0.05 2.17+0.09" 24.3t0.7% 20.81.0% 4.9+1.1%
G2-42-7 1.70+0.05 2.14+0.09%" 24.8:0.7% 20.51.0% 5.8+1.1%

TABLE 27:RESULTS OF HELIUMBROMOBENZENEPYCNOMETRY MEASUREMENTS

FOR THE GRAPHITE OF THE IRRADIATE52 MODERATOR

(1) Skeleton density determined by helium pycngmetr
(2) Skeleton density determined by bromobenzeribitiah.

Table 28 shows the results for the reflector sartp246).

] Open P (Ref.)
s Average ps He or Total porosity Average/ Sealed
ample . .
density pg bromobenzene Ref d=2.266 measured porosity
density
Raw ™
(Lockport — 1.68+0.06 - 25.38% 21.42% 3.96%
attention ref. ( Hg))

G2-46-1 1.68+0.05 2.14+0.09%" 25.9+0.6% 21.51.0% 4.41.2%
G2-46-2-1”) 1.69 £0.02 | 2.13+0.05% | 25.4r0.3% 20.%0.5% 4.80.6%
G2-46-5 1.69+0.05 | 2.13+0.09" 25.6+0.6% 20.%21.0% 4.91.1%
G2-46-6 1.69+0.05 2.10+0.09%" 25.5+0.6% 19.20.9% 5.81.1%

TABLE 28:RESULTS OFHELIUM-PYCNOMETRY MEASUREMENTS OF GRAPHITE

FOR THE IRRADIATEDGZ2 REFLECTOR

Reference data on virgin graphite resulting fronfeRencé’ : (1) Skeleton density as determined by helium pyetrgm
(2) Skeleton density as determined by bromobenzene.
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It was observed that, in the case of the G2-modesamples collected in the nearest zones to

the reactor core (G2-27 and G2-32), not only thal fporosity, but also the open porosity, had
increased, whereas the sealed porosity has dedreHsat observation is consistent with the
literaturé®® " and may be explained by the fact that radiolyticra@sion within a C@
atmosphere induces the opening of the porosityviaatnot reached initially by helium and/or
bromobenzene, hence an increase of the open poavsita reduction of the sealed porosity.

Since sample No. 42 was the first moderator cotbealimit of the reflector, and thus the most
distant from the core, it was less irradiated aras wxposed to a lower temperature than the
two others. Consequently, the porosity values dmost identical to those that were
determined on the inactive brick, which confirme firevious observations on the evolution of
the geometric density and leads to the conclugiah riadiolytic corrosion may be considered

as negligible with regard to the zone of the G2 enatbr.

Open-porosity calculations show also that the gpanosity of the extremities of cores G2-27
and G2-32 is lower than that of the sample takemfthe brick core and of virgin samples.
However, the gradient is lower for irradiated saesp|2%) than for virgin samples (5%), thus

confirming that radiolytic corrosion acts primaroy the edge of the brick.

For the reflector sample, measurements show theh epd sealed porosities have the same
order of magnitude, irrespective of the positiorthad core and are close to the data gathered
from the literature for a non-irradiated samplenét it may be concluded that irradiation

damages in that zone are very small.
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7.3. Mercury porosimetry

Figure 23 shows the evolution of the porous volumeelation to pore-diameter and pore-

distribution results at the LARC for the samplesiwhdiated graphite and for the three

positions of each core, respectively. The testeeveenducted with helium porosimetry in a

glove box at the CHICADE Facility.
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FIGURE 23: MERCURY-POROSITY RANGE OF ACTIVEG2 REFLECTOR SAMPLES
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FIGURE 24: MERCURY-POROSITY RANGE OF ACTIVE SAMPLES OF THE2 REFLECTOR

Pore-size distributions in relation to helium-astele porosity are shown in Table 29 for

moderator graphite and in Table 30 for reflect@pdpite, respectively. It should be noted that

very small diameters (<0.1 um) are not taken imtooant in the distribution calculations, as

mentioned before.
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Max.
Samples >30 um 1-30 pm Ft;o;n porﬁl di grcr)]reet er
(1m)
Virgin 3+£2.2% 75x4% 19+0.4% 3.4+0.7
G2-27-1 7% 80% 14% 5.0
G2-27-7 7% 80% 13% 6.3
G2-27-8 4% 83% 14% 6.0
Average 6+2% 83+0.3% 14+0.3% 5.7+0.7
G2-32-1 2% 83% 15% 5.1
G2-32-6 2% 86% 13% 5.9
G2-32-7 3% 82% 15% 5.1
Average 2+0.6% | 84+1.8% 14+1.1% 5.4 £0.5
G2-42-1 12% 69% 20% 4.7
G2-42-6 3% 78% 18% 4.6
G2-42-7 6% 77% 17% 3.6
Average 7+2.9% | 75+7.9% 18+0.5% 4.3+0.6

TABLE 29:RESULTS OF POROSITY MEASUREMENTS

OF THE IRRADIATED G2 GRAPHITE MODERATOR
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from 0.1 Max pore
Samples >30 um 1-30 pm ) diameter
to1lum
(k)
Raw 2 um
G2-46-1 2% 84% 14% 7.4
G2-46-5 5% 79% 16% 6.0
G2-46-6 3% 84% 12% 7.2
Average 4+1,0% | 83+4,5% 14+1,0% 6,9+0,8
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TABLE 30: RESULTS FROM POROSITY MEASUREMENTS OF
THE IRRADIATED GRAPHITE G2 REFLECTOR

Helium porosimetry detects a modification in theusture of graphite, as illustrated in Figure
25, for moderator samples. Only the curves achiéyethe samples resulting from the middle

of each core were reported.
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FIGURE 25: PORE-WATER DISTRIBUTIONS FOR IRRADIATED AND VIRGIN GRAPHIE
SAMPLES
FROM THE G2-REACTOR MODERATOR
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A general increase of the macroporosity is obse(pede diameters ranging between 1 and 30

pnm) with a wider pore-size distribution mostly amples G2-27 (68% porosity) and G2-32
(72% porosity) with a modification of the averagaeradius in the distribution. The average
radius increases from 3.5 um on inactive samplds3qum on sample No. G2-42, then further
to 5.4 um for sample No. G2-32, before reachingi’for sample No. G2-27. Hence, it may
concluded that irradiation induces not only an éase in the average size of graphite pores,
but also a modification in the distribution of patemeters. Those modifications would seem
to be due rather to the neutron creeps receivetihdypamples than to temperature, with due

account of the small temperature discrepanciesdsstvgamples.

In the case of reflector graphite, the comparisoonly possible on the basis of the available
literature. The results displayed in Table 30 shwwslight increase in the helium-accessible
porosity. The major information seems to be thedase in pore diameters in the field of
macroporosity.

7.4. X-ray diffraction

Given the sampling orientation of cores G2-27, @2-B2-42 and G2-46 (perpendicularly to
the extrusion axis of the brick), the orientatidnircadiated samples characterised by X-ray
diffraction is identical to that of virgin sample3¥2 (see Figures 5, 8 and 9). Consequently, the
resulting data will be preferentially comparedhoge resulting from the non-irradiated sample
Y3-2. The samples characterised by X-ray diffratiizclude the following: G2-27-3, G2-32-3,
G2-42-3 and G2-46-2. For those four samplesatardc meshing parameters and the FWHM
of diffraction peaks have been determined.

As in the case for non-irradiated reference sampkesay diffraction recordings are
representative of Fact Sheet ICDD No. 74-2330 irgjato graphite (Annex 1) and display for
all characterised samples a significant dissymmietithe diffraction peaks at smald 2ngles,
notably for the main peak (002) (Figure 26). ItMarth recalling that such dissymmetry is due
to the low density of the graphite, since X raysigieate deeply inside the samples, thus
inducing an asymmetrical widening of the diffractipeaks (absorption effect).
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The resulting diffractograms also prove that thgstallographic texture of the moderator
samples (Nos. G2-27 a G2-42) is identical to thfatsample No. Y3-2. With regard to

irradiated sample No. G2-46-2 collected from th#eotor, however, it is worth noting the

slightly different texture, where the intensities tbe peaks correspond to graphene planes
[peaks (002), (004) and (006)] and are relativelydr than those for the other peaks. That

means that the orientation of coke grains in thieusion sense is less marked for reflector

graphite than for moderator graphite. That phenames consistent with the fact that graphite

with a Lockport-coke base is more isotropic thaapgite with a “Special” Grade-A base

(Table 31).

Reactor Gl G2

Coke Special B Special A Lockport L
Density 1.61 171 1.68
CTE (// dir.) (25-525°C) (10° K™) 1.44 1.25 2.68
Anisotropy coefficienta(L) / a(//) 2.3 23 1.3
CTE (O dir.) (25-525°C) (1P K™% 3.31 2.88 3.48

TABLE 31: PROPERTIES OFK51 AND G2 GRAPHITES

Dilatation thermal dilatation coefficients (CTE)
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Irradiated G2 graphite
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FIGURE 26: DIFFRACTION DIAGRAMS OF IRRADIATED SAMPLES

In Figure 26, the peaks associated with base pléd@®), (004) and (006) of the graphite
crystal shift towards narrow diffraction anglesyghreflecting an increase of thgparameter.
Inversely, diffraction peaks associated with prismalanes (100) and (110) of the graphite
crystal shift towards wide diffraction, thus reflieg a decrease of tha parameter. The
analysis of the recorded diffractograms confirmssthinitial observations and leads to the

meshing parameters presented in Table 32.
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G2 c parameter (A) (??Cé;gg- a parameter (A) ( Re:fl ?Y@:Q)Z)
Theoretical parameters 6.707 NA 2.461 £ 0.002 NA
Non-irradiated referenceY3-2 (0) | 6.725 +0.002 NA 2.460 = 0.002 NA
G2-27-3 6.805+0.002 |1 19+ 0.0§ 2.454 +0.002 | -0.24 +0.16
G2-32-3 6.777£0.002 14 77 4 0.0 2.454+0.002 | -0.24 +0.16
G2-42-3 6.77520.002 |4 74 4+ 0.04 2.454 +0.002 | -0.24+0.16
G2-46-2 6.745£0.002 19 59 + 0.07 2.46320.002 | 0.12:0.16

TABLE 32: MESHING PARAMETERS OF IRRADIATEDG2 SAMPLES

Variations in crystallinea andc parameters are consistent with literature f4tahat is, an
increase ot and a decrease afunder irradiation. Those dimensional variationgdphite
crystallites are directly associated with the aogdinigration of defects due to neutron
irradiation. Neutrons move the carbon atoms ofgitaghite crystal, which leads to the creation
of carbon atoms in pores (increase of ttigarameter) and the creation of gaps in graphene
planes (decrease of tagparameter) — see Figure 27. Since the bonds betgraphene planes
are much weaker than inside the planes, the creafiarradiation defects leads to a much
more significant evolution of theparameter than of tteparameter.

The evolution of crystalline parameters dependshennumber of defects being created and,
hence, on the neutron creep and the irradiatiopéeature. As creep increases, the parameters
are modified proportionally up to a threshold vaheyond which defects will recombine and
cease to participate in the modification of crysial parameters. Similarly, the higher the
irradiation temperature is, the more the defect$ vé mobile and tend to recombine, thus

inducing a lesser effect on the variation of criisia parameters (Figure 28).

Page 64/83 Technical report CEA G2 WP3



CARBOWASTE

Treatment and Disposal of Irradiated Graphite andl@r Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

\
/

a'<a

FIGURE 27:IRRADIATION-INDUCED VARIATIONS IN CRYSTALLINE PARAMETERS
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FIGURE 28: VARIATIONS IN a8 AND C CRYSTALLINE-GRAPHITE PARAMETERS OF UNDER
IRRADIATION AT DIFFERENT TEMPERATURES AND GRAPHITESRADES!® 75455

With regard to irradiated G2 samples, the modifazain thec crystalline parameter is all the
more significant that the sample is collected framone that is close to the pile centre, where
creep is more important. Since variations are sessitive in the case of tlagparameter, it is
not possible to detect any effect of the irradmatypadient, except for sample G2-46-2, whose
parameter is comparable to that of the non-irradiateference (apart from uncertainties).
However, that last remark is to be taken cautiqusilyce the samples are not fully comparable
(Lockport coke for G2-46-2 and “Special” Grade-Aedor reference Y3-2).
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The analysis of the diffractograms of irradiated &#mples also led to the FWHMs of
diffraction peaks (002), (004) and (110), as shawhable 33.

Reference G2-27-3 G2-32-3 G2-42-3 G2-46-2
Peak| v3-2

ewhvy | FWHM |AFWHM |FWHM | AFWHM [FWHM | AFWHM [FWHM | AFWHM
(002)] 0.31 0.6 0.29 0.58 0.27 0.46 0.15 0.29 -0.02

(004)] 0.45 0.98 0.53 0.94 0.49 0.88 0.43 0.5 0.05
(110)] 0.33 0.82 0.49 0.79 0.46 0.78 0.45 0.33 0.00

TABLE 33:FWHM OF DIFFRACTION PEAKS OF IRRADIATE52 SAMPLES

The purpose of studying the FWHMs of diffractionake between irradiated and reference
graphite samples was to estimate the modificatinrthe dimensions of graphite crystallites
under irradiation. In fact, in addition to modifgnthe crystalline parameters of graphite,
neutron irradiation may also lead to a significambdification in the height and width of
crystallites within coke grains, since those madifions are partly responsible for macroscopic
variations in graphite block&Xa/Xa andAXc/Xc deformations, which are associated with the
L. andL, dimensions of the crystallites and depend on cegepirradiation temperature, are
similar to the variations in meshing parameters,diways higher or equal to those variations
(Figure 29). In fact, the orderly association ofbean atoms in pores forms new graphitic
planes, thus inducing an increase of the crysallib thec direction, whereas, locally, the
associated meshing parameter returns to its iniihle. As for the creation of gap loops, it

generates a contraction along ¢haxis (Figure 30).
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FIGURE 30: VARIATION IN THE SIZE OF GRAPHITE CRYSTALLIES

On one diffractogram, the widening of the diffracti peaks has three sources (11): one
instrumental Ko, common to all samples), another associated with dimensions of the
crystallites and grains that diffra¢t|j, and the lastHy) associated with the presence of

microdeformations within the crystallites (presen€éefects), as follows :

H=H,+H, +H 11
0 | g
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By using Scherrer’'s formula, it is possible in gehé¢o estimate the variation in the size of

crystallites and gains within a material (12), @l$oivs :

kA
rcosd

H, = (12)

where : H, isthe widening in radians of the diffraction peancerned
k  is equal to 0.89, if the FWHM of diffraction pesis used
A is the wavelength of X-rays(metre$
r isthe variation in the average size of crystallitethe direction concerneth(
metre3

@ s the diffraction angle of the peak concerned

In the case of graphite, the increase in the sizth® crystallites in thec direction must
normally be reflected by a refinement of diffractipeaks (002), (004) and (006) and a
decrease in the direction, as well as a widening of diffractionags (100) and (110).
However, according to the results shown in Table @B diffraction peaks have widened
significantly, and all the more since the samples lacated closer to the pile centre (higher
creep). That result reflects the fact that the ontion of microdeformations (associated with
defect concentratiortg) in the widening of diffraction peaks is more imfamt and hides the
“refining” contribution {,) of diffraction peaks (002), (004) and (006), whis due to the
increase in the direction of the crystallites. Due to the facttthas impossible to de-correlate
Hy and H; contributions, it is not possible to estimate therease of crystallites in the

c direction la direction and their contraction i thdirection.

Since the evolution in the FWHMs of diffraction jgeareflect mostly the concentration of
crystalline defects in the graphite, the resultswshin Table 33 are therefore consistent with
the relative position of samples in the G2 pile aodfirm the results achieved with crystalline
parameters, that is the presence of a gradiertieofrtacrostructural properties from the pile

centre (moderator) to the reflector.
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7.5. Raman spectroscopy

Due to technical reasons relating to connectiomblpras between the nuclearised microscope
and the optical fibre connected to the spectrométevas impossible to perform the Raman

characterisation of the G2 graphite, except onnthve-irradiated reference samples. Without
proper analyses, it is still not possible todaydézide whether carboxyhydrogenated deposits

are present or not at the surface of the chanfé& graphite bricks.

7.6. Summary of measurements on irradiated samples

Measurements relating to density and open, seakedyell as total porosimetry, detected a
decrease in density and, consequently, an incieatbe total porosity of the most irradiated
samples. That difference is highlighted by an iaseein density from the edge to the centre of
the irradiated samples, whereas the impregnatioanganenon during fabrication and
measurements show that the density of inactive kmmp higher on the edge than in the
centre. The observation is therefore made thatilpsofire reversed after irradiation. The
phenomenon responsible for those differences isolsdit corrosion, which was more
significant towards the edge (due to the contath was) than within the samples. As always
for samples resulting from the most irradiated spribe total and open porosities increased,
while the sealed porosity decreased. Helium-inbrusneasurements show that the average
pore diameters had increased mostly in the macosfgrzone. Measurements by X-ray
diffraction also show that variations in crystadliparameters are more significant for both
moderator-centre samples (increase of chgarameter of the mesh and of the FWHM of

diffraction peaks).

In the case of the sample located at the reflentmtérator interface, irradiation effects are
difficult to quantify and it is therefore possikie estimate that they are negligible from the
standpoint of the graphite structure (density, waead porosity, whether total, open or sealed).
Only an increase in the diameter of the pores geonked, as well as a slight evolution in the
density within the core. Measurements by X-ray rddfion show a modification in the

meshing parameters and smaller FWHMs in diffracfieaks than for the other two samples.
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For the reflector sample, conclusions are moracditf to establish due to the absence of any

reference sample. However, the measured valuesmiparison to those found in the literature
seem to indicate that variations do not exceed umea®ent uncertainties. It is therefore
possible to conclude to the quasi-absence of ataxi damages on that sample.

8 Summary and conclusions

In the framework of the studies on the disposdigophite” waste resulting from the UNGG
system, it is necessary to obtain reliable dattherbehaviour of long-lived radionuclides 36Cl
and 14C, with due account of their mobility withive geological medium associated with their
long radioactive half-life. The characterisation tife evolution of the structural and
microstructural properties of G2 graphite underdration forms an integral part of that
framework, since it constitutes one of the esskpieameters that will have a broad impact on

the physicochemical processes that control thaselef radionuclides in solution.

From the characterisation of G2 virgin samples fttlewing observations were made:

— a significant density heterogeneity of the mateaatathe scale of centimetric samples;

— the existence of density gradient between the em@ the edge of the brick, which
occurred during the less thorough impregnationraphbite at the core of the material;

— porosity is essentially open (22-30%), whereas eseglorosity remains scarce with
approximately 3-4%, and

— pore distribution has a significant fraction of @@measuring between 1 and 30 um (about

75%), with the maximum distribution at 3.5 pum.

Irradiated samples collected during the radialtgaltcoring campaign in the G2 reactor in
1989 were also characterised. In general, irramiatnduced a small modification in the
characteristics of graphite, with due account &f tesulting power (260 MW over 22 years)
and of the moderate operating temperatures (<2803 for the characterised samples). The

maximum wear rate reaches only 5% locally on thgesdaf the most irradiated samples.
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The following observations are also made :

— adecrease in density, associated with an inci&abe open porosity and a decrease of the
sealed porosity, which is all the more importantsithe sample was irradiated;

— alarger decrease in density on the edges of thle, bvhich is logically associated with the
phenomenon of radiolytic corrosion;

— an increase of the open porosity, which relatesrggdly to the macroporosity, and

— an increase of both theemeshing perimeter and of the FWHM of X-ray diffian peaks,
thus illustrating the increase in structural digwsddue to irradiation, which is all the more

significant since neutron creep is high.

Characterisations by Raman spectroscopy remairetpdsformed on irradiated samples in

order to complete the study.

All characterisations performed on virgin and ireded samples were instrumental in
providing basic data on the material and, espgcialh the porous network. Those data are
essential for conducting studies relating to théaveur of radionuclides under disposal

conditions.

Those characterisations are also under way onnvagd irradiated graphite samples from the

Saint-Laurent-des-Eaux NPP and will form the subpé@ future document.
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ANNEX 1: ICDD’s graphite fact sheet

742330 Wavelength— 1.54060 C
C 2 Int  h k 1 da Inl  h k 1
Carbon 6.099 999+ 0 0 2 49.613 2 0 2 8
12215 115 oo 4 50.375 4 0 018
18.366 4 00 &6 51.349 1 1 1 9
Graphile 24572 127 o0 8 51.399 1 0 2 9
o - (iKa B " P —  Foloiilata 30.8561 33 o 010 53544 1 1 110
Rad.: CukKal a: 1.54060 Filter: d—sp: Calculated 97 997 1 ERRE 59 944 1 0 o210
Cut off: 17.7 Int.: Calculated I/leor.: 10.41 42.386 4 1 1 0 55.418 1 L1
Ref: Caleculated from ICSD using POWD—12++4, {199’?) 42.396 4 0 2 0 55.438 1 0 2 11
Ref: Nixon, [LE., Parry, G.8., Ubbelohde, AR., Proc. R. Soc. 42518 4 T 1 1 87.211 4 0 018
London, Ser. A, 291, 324 (1966) 42.5168 1 o2 1 57.673 3 1 112
42.874 1 1 1 2 L7673 4 0 2 12
Sys. Orthorhombic 3.G.0 CmeZy (36) 42.874 1 oD 2 2 650,041 1 1 113
. 43 467 2 I 1 3 60041 1 0 213

e 4D . . .

a: 2.46 br 4.26 o 28.96 A 05775 o 67981 47 467 5 g 2 3 62 537 3 1 114
a: [iN ¥ i 24 mp: 43725 1 0 014 62537 2 0 2 14
- 44 286 15 11 4 64 27H 1 0 020
feef: Tbid. 44206 15 0 2 4 65157 1 1 115
45,321 2 1 1 & 65.15% 1 0 215
- . o 45.321 2 0 2 5 67.897 1 1 1186
D= 1.5%7 [im: ICED # - 028419 46 562 9 11 & &7 BG7 1 0 216
46.562 3 0 2 6 T0.757 1 1 117
Peak height intensity. R—factor: 0.133. C.D. Cell: a=4.260, ooy 10 b A
b=28.960, c=2.460, a/b=0.1471, c/b=0.0849, 5.G.=Bb21m(3&). 49612 = 1 1 8 Ly 1 1118

PSC: oC24. Mwl: 12.01. Volume|CD]: 303.49.

20 Int  h k 1
TA.7A7 1 0o 218
T6.838 1 1 119
76.838 1 0o 219
Ti.o6e3 1 2 0 0
77563 4 1 3 0
T7.095 2 2 0 2
T7.095 2 1 4 2
To.088 1 2 0 4
TH.088 1 1 3 4
79.341 10 024
T9.631 1 13 5
BO.OGEH 1 11 20
B0.066 1 0 220
B0.536 1 2 0 6
B0.536 1 1 4 6
HB2.831 5 2 0 8
H2.831 9 1 3 8
B3.425 1 1121
B3.425 1 0 221
B5.764 3 2 010
B5.764 4 1 4310
B6.925 1 o122
B6.925 1 0 222
BY.508 1 1 411
B7.508 1 0 026
BY.335 1 1 312
B89.335 12 012

Toop=- ® 1998 JCPDS-International Centre for Diffraction Data. All rights reserved
PCPDIWIN v, 2.00
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CARBOWASTE

Treatment and Disposal of Irradiated Graphite andl@r Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

ANNEX 2: Raman ranges for samples X1-1, Y3-2and Z1 -1
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Raman ranges for sample échantillons X1-1
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Raman ranges for sample _échantillons Y3-2
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SEVENTH FRAMEWORK
PROGRAMME
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Raman ranges for sample échantillons 71-1
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CARBOWASTE

Treatment and Disposal of Irradiated Graphite andl@r Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

ANNEX 3: Deconvolution of Raman ranges for sample échantillons  X1-1
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Sample X1-1: Range of the cleaved zone
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Sample X1-1: Range of the external zone of the coke grain
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SEVENTH FRAMEWORK
PROGRAMME

ANNEX 4: Deconvolution of Raman ranges for sample échantillons ' Y3-2
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Sample Y3-2: Range of the cleaved zone
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Sample Y3-2: Range of the external zone of the coke grain
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SEVENTH FRAMEWORK
PROGRAMME

ANNEX 5: Deconvolution of Raman ranges for sample échantillons  71-1
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Sample Z1-1: Range of the cleaved zone
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Sample Z1-1: Range of the external zone of the coke grain
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