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1. CONTEXT AND GENERAL OBJECTIVES

This document focuses on the part of the PYCASSO' experiment dealing with the densification of
pyrocarbon under irradiation in the high flux reactor (HFR) in Petten. The PYCASSO experiment is part
of R&D on very high temperature reactors (VHTR), one of the six nuclear reactor concepts meeting
criteria in terms of safety, sustainable development, non-proliferation and fuel-efficiency as identified in
the Generation IV initiative.

This irradiation experiment is carried out under the aegis of the RAPHAEL' project. The CEA is in
charge of defining the experimental irradiation conditions, the geometry and the number of samples to
be irradiated, as well as fabricating these samples. The Nuclear Research Consultancy Group (NRG) is
in charge of designing the sample holder and the device, as well as its irradiation.

As part of the Generation 1V initiative, the programme also involves various partners and particularly the
Americans, who will irradiate the creep specimens. This topic will not be discussed in this paper.

In relation to past fuel particle fabrications, the PYCASSO experiment mainly aims to acquire
knowledge on densification kinetics under conditions in which the pyrocarbon layers composed
of new fuel particles are free of any significant stress. The main priority therefore involves
determining the tangential and radial strain in the PyC layers in relation to the fast flux owing to
dimensional changes caused by neutron irradiation (source terms).

The statistical aspect of the experimental approach (global approach) is also highlighted in this paper.

" PYrocarbon Irradiation for Creep And Swelling/Shrinkage of Objects
" ReActor for Process heat, Hydrogen And ELectricity generation
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2. CHOICE OF SPHERICAL GEOMETRY

2.1. PLANE GEOMETRY

Most data on dimensional changes due to the neutron irradiation of pyrocarbon layers (IPyC and
OPyC) result from dimensional and densimetric measurements performed on small strips taken from
deposits obtained by introducing dedicated particles of small, flat substrates into a fluid bed. These are
more than often graphite disks such as the one illustrated below (diagram from Reference [1]):

Normal in the deposition plane
Twin markings
(fiducial holes)

PyC coating ’ \-Graphite
substrate

Such disks are considered as being potentially much easier and more flexible to use under
experimental conditions (particularly BAF* measurements) than deposits on spheres. Deposits thus
obtained are either stripped of their substrate to be irradiated unrestrained, or are irradiated restrained

on an unyielding support. The approximate size of characteristic strips is 6 mm long (L) by 300 uym to
1 mm wide (¢) and 25 to 100 um thick (e); the disk itself is about one millimetre thick.

Dimensional changes parallel to the deposition plane are estimated based on the variation in the
distance between two holes drilled through the sample (a diameter of about 150 um).

The accuracy of dimensional measurements is generally about one micron, whereas the accuracy of
densimetric (flotation) measurements is generally better than 0.03% (up to + 0.0001).

21.1. Determining parameters 7, 7, K and v

Except for specific cases, definitions of quantities are provided in § 3.

On the condition that geometric changes are homogeneous, particularly in terms of thicknesses, the
conservation of mass and various geometric considerations make it possible to write the following
expression [2]

In(1+Ad/d)+2In(1+AL/L)+In(1+ Ae/e) =0

* Bacon Anisotropy Factor
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Let:
In(1+Ad/d)+2 2, +2, =0 (1)

where AL/L (= A ¢1¢) represents the relative change in the length between holes.

In the case of strictly unrestrained strain, the relationship (1) is written as follows:

In(1+Ad/d)+2n,+n, =0 (2)

Experimentally obtaining the entity 7, directly results from the measurement of AL, with 7, being
inferred from (2) by determining Ad —, which is much more accurate than that of Ae.

Comment: According to Bl4], the change in density can be explained by the accommodation of
crystallite dimensional changes by the pores of different natures, which is assumed to significantly and

isotropically contribute to the overall dimensional change, adding the term —% In(1+Ad/d) to each

strain resulting from the reorganisation of the crystallites. The rearrangement of the crystallites is
assumed to be anisotropic, yet mainly isochoric in the initial phase.

The simultaneous irradiation of unrestrained and restrained strips on their support potentially provides
access to v, and then K— based on the hypothesis of isotropic creep. In this case, the irradiation creep
strain &, and &, are expressed by the following relationship (elastic strains are considered negligible
and o, non-existent):

o1l = (Ae/e)rest. - (Ae/e)ub. = _T 2Kvo, dy (3)
Sen = (AL/L),est, - (AL/L)/fb. = JEK(1 N V)O-” dy (4)

0

Insofar as it is accepted as a first-order approximation that the two creep parameters are independent
of the fluence y[%/ (i.e.: microstructural changes), the following relationships are obtained by dividing (3)

by (4):

(gu/gc//) =-2 V/(1 - V) (5)
that is:
V= (ch/gc// )/{(gu /& ) - 2} (6)

According to [5], v comes close to 0.5 (constant volume) with low strains before rapidly decreasing and
stabilising around 0.4 regardless of the structure, density or temperature. Irradiations in a restrained
configuration led to a reduction in the intensity of PyC densification in comparison to irradiations in an
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unrestrained configuration, which is coherent with a v coefficient less than 0.5. Determining K is a more
complicated matter.

Prior knowledge of changes in 7, and 7, as a function of the fluence and v, as well as knowledge of the
Young modulus and Poisson’s ratio theoretically makes it possible to deduce K from the formalism
obtained from the analytical treatment of the mechanics of a restrained strip (systematically under
biaxial traction). Complications arise from the fact that, strictly speaking, the entities 7, and 7| depend
on the degree of anisotropy and therefore the change in the state of stress (see § 4.1). In other words
and assuming that the parameter K is not sensitive to changes in the degree of anisotropy, it is strictly
speaking necessary to have entities 7, and 7| that take into account this change. For this reason, the

experimentally-complex procedure (to be repeated as many times as necessary) involves:

— Characterising (geometry, density and quantification of anisotropy) and irradiating a homogeneous
group of geometrically-restrained samples for a given time,

— Characterising this group once again, taking note that it is impossible to control the intensity and
change in the stress (seeing it is self-generated), which results in a new state of anisotropy,

— Resuming unrestrained irradiation (normal procedure) of the entire group (case of non-destructive
testing) or part of the group — not concerned by non-destructive testing (possibly destructive testing
in this case).

Ultimately, changes in relation to the fluence of 7, and 7| are obtained taking into account — all things

considered — changes in the anisotropic level of PyC; this makes it possible to calculate the coefficient
K.

2.1.2. Microstructural representativeness of deposits

It is more or less implicitly and consensually agreed by experimenters that if disk coatings display the
same density and anisotropy, as well as being carried out at the same deposit speed as coatings on
particles, they will therefore share the same properties and behave in the same way [6].

It nevertheless seems practically impossible to reproduce the microstructure of a spherical particle
coating on a plane support simultaneously in the same fluid bed, i.e.: under the same deposit
conditions (temperature, pressure, gas composition, transport kinetics of molecules to the substrate,
etc.), particularly owing to the fact that on a plane support:

— The deposit thickness is not constant (orientation in relation to the gaseous flux),
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— The surface-volume ratio is very different to that of a coated particle,
— The residual stresses act differently,
and the disks do not circulate in the same manner as the spheres within the fluid bed.

Inasmuch as the parameters for comparison have been completely identified, obtaining an identical
microstructure requires determining the suitable (and therefore different) deposit conditions, which in
turn engenders a lot of trial and error to be managed in terms of physical measurements and inevitably
generates a certain amount of approximation. In any case, measurements will notably reflect the
imperfections (cracks, pores, composition heterogeneities, etc.) inherent to deposits on plane supports.
Another problem is the evaluation of consequences of the physical separation the strips from their
supports.

2.2 SPHERICAL GEOMETRY

Even if the homology of the microstructure remains to be checked in relation to the mean diameter of
the PyC layer, this geometry intrinsically seems to be the most appropriate for reproducing the
behaviour of PyC and SiC of standard fuel particles.

In this geometry, the technique that most resembles what is currently used on plane samples involves
the unrestrained irradiation of the PyC strips or fragments — rather than rings to encourage the
relaxation of residual stress — debonded from initially complete particles. The same types of
measurements and processing as those used on rectilinear strips are therefore accessible but must
take into account the radius of curvature [7] when dealing with lengths.

According to Reference [7], it is generally possible to obtain equivalent processing methods to those
used for rectilinear strips when comparing unrestrained changes with restrained changes in SiC
deposits (OPyC) under the same irradiation conditions by assimilating the deposit to a thin shell and by
ignoring geometric changes in SiC — a similar approach to that consisting in depositing PyC directly in
contact with a kernel of corundum (sapphire) /8] .

The relevance of this experimental approach lies in the knowledge that the correct PyC microstructure
is being tested — at least in terms of the “fuel diameter” — not to mention that it is possible to produce a
great number of samples that are, in principle, identical (statistics) before irradiating them in a minimum
amount of space. However, the extreme care required when using this technique seems contradictory
with the intention of using a statistical approach. Moreover and without going into details, this technique
designed to obtain identical data to those accessible in a plane geometry actually renders the
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procedures even more cumbersome and rules out the use of any statistical approach; this is confirmed
by the fact that to our knowledge, the literature does not mention any such use.

The homology of the microstructure raises the question as to how the spherical geometry could
possibly contribute to data on PyC behaviour in a context preferring global statistical treatment and the
“maximum simplification” of experimental and fabrication procedures, even if this requires both rather
substantial modelling efforts for result interpretation and experimental compromise in terms of
irradiation preparation and measurements.

Such concerns resulted in the development of a global BISO fuel particle approach with an inert kernel
for which the theoretical and experimental aspects will be described in this document.

3. ANALYTICAL MECHANICAL APPROACH FOR THE BISO FUEL PARTICLE

3.1. GENERAL CASE

The mechanical analysis below describes the spatial and temporal change (fluence) in strain and stress
generated in the outer layer of a BISO particle (kernel/buffer/PyC), i.e.: the OPyC layer. This analysis
resumes the analysis developed by J.L. KAAE [Erreur ! Signet non défini.],

The following basic expressions are compatibility equations expressed as spherical coordinates
(without shear):

&= 7 (7)

_du
Q=g (8)

where g, represents the total tangential (or orthoradial) strain, &, represents the total radial strain and u
is the radial displacement of the radius r,

and the balance equation:

do, 2

po» +7(ol—o,,):0 (9)

where ¢, and o, represent stresses in the tangential and radial directions respectively.

Total strains can be expressed as follows:

&y = Eey Ty Ty (10)

E, =& tE, T (11)
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where & and & represent elastic strains in the tangential and radial directions, &, and &, represent
homologous strains resulting from irradiation creep, and 7, and 7, represent homologous strains
caused by PyC dimensional changes owing to neutron irradiation (source terms).

Thermal creep is ignored as it is considered negligible in relation to the temperatures in question, nor is
thermal expansion taken into account, assumed to be isotropic and not generating stress.

When Young’'s modulus E and Poisson’s ratio y depend on the fast neutron fluence, the elastic strains
are expressed as follows:

701 . 7021u .

gei=_|‘E01d7—J‘?0'ud7 (12)
0 0
701_,” Volu

Eoy=|—FZ—o,dy—|Zoldy 13
[t o

where the symbol "prim" indicates the derivation in relation to the fast fluence y and y represents the
fluence value according to which stress and strain are assessed.

Based on the assumption that stationary irradiation creep (excluding primary creep) experimentally
validated for polycrystalline graphite (uniaxial behaviour) [97 can be generalised to cover PyC subject to
a multiaxial state of stress, the following equations are obtained:

&y =K|:O'1—V'(O'2+63):|7
£y =K[o’2 —v~(0'1+a3)}7
E.s =K[o’3 —v~(0'1+62)}7

where &, &, and &, represent the stationary creep rates in the three main directions, o1, 0, and o3

represent the three main stress, whereas K and v are respectively coefficients (considered isotropic)
for irradiation creep and “Poisson’s ratio in terms of stationary irradiation creep" [3].

In this case, the following expression applies:

79 70

¢, = Ko dy—[2Kvo,dy (14)
0 0
70 79

6‘0//ZJ‘K(']—V)O'//C/]/—J‘KVO'J_d}/ (15)
0 0
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The equations (10) and (11) are therefore expressed as follows:

70 1_ , ,

5//:I[%G//_§GL+K(1_V)O—//_KVO-L:|d7/+77// (16)
0
Y0 2 , 1 ,

& = |:_?‘L[O'//+Eo'l_ZKVO'//+K()_J-:|d}/+’7L an
0

By differentiating (7) in relation to r, the following is obtained:

du deg, u
—=r—2 -
ar aur r

By substituting (7) and (8), the following is obtained:
de

— A
& —r7+6‘”

or by differentiating in relation to y:
de;,

r_ ’
gl—r—+£,,

ar

Based on (16) and (17), and by grouping the terms, the following equation is established:

1_ ’ ’
r( #) do; —ﬁrdaL +K(1—v)rﬂ—erdal

E d E dr dr dr

dn! 1+u) | 1+u) |
+r%+( E )y L E )0L+K(1+V)(a,,-q) (18)
+(my—n)=0

It is important to point out that 7, is a function of r seeing that creep strain normally varies in relation to

the radius and therefore anisotropy also varies in relation to the radius.

The balance equation (9) can also be written as follows:

_rdo,
oy = 2 ar o, (19)
, rdo| ,
+ (20)

e
or by differentiation in relation to r:
do, 3do, LdZO'l

= +
dr 2 dr 2 dr? (21)
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doy, _gdai +£d20'1 22
dr 2 dr 2 dr? (22)

By substituting (19) by (22) in (18) to exclude oy, the differential equation describing radial stress can
be expressed as follows:

do, K(1-v) ,d% ,
a2 ar 770 (23)

&(1_ )d_ai+ r’ 1 d’o|

E ar FoE\ ) g TR0

with

n'=n -m-r—_—- (24)

According to the following equation:

2 42
y=2r90 Lo,
dr 2 ar
the differential equation (23) can be written as follows:
1-
%Y@ K(1-v)Y =7’ (25)

for which the solution is expressed as follows:
70 E
Y=e° e’y ——dy=f,
MR 20
with:
e 1-v
szKE—(_ )d;/ (27)
0

(1- 1)

It is important to remember that fx is normally both a function of rand y seeing that 7' depends on r.

By changing the variable r = exp(z), it is demonstrated that the differential equation:

2 2
r-do do
L or— =L

=f,
2 dr? ar
accepts the following solution:
c, 21F%, 2% f,
o, = 1+$—§E:’[r del’+§.a[Tdr (28)

where R represents the radius of interest in the OPyC layer, and a represents its inner radius, while C,
and C, represent two integration constants that can be determined based on the layer boundary
conditions.
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Based on the balance equation (9), the orthoradial stress can therefore be determined:

C, ,

o, =C, _W

17 2f 4 2Rde
E‘!‘r K r+§.£7 r (29)

3.2. SPECIFIC CASES WHERE f DOES NOT DEPEND ON THE RADIUS

Based on the assumption that 7, and 7, do not change in relation to the radius, then 7' and

consequently fx (equation (26)) no longer depend on r; and equation (24) is written as:

n'=n.—m, (30)
and equations (28) and (29) become:
C 2 2 (R
O'L=C1+R—§—W|:R3—as:|fK+§|n(g]fK (31)
C 2 2 (R
oy :C1—2—R23+W[R3_33Jf,(+§|n[;]f,< (32)

Based on the assumption that the OPyC layer is subject to pressure P, on the inner wall and pressure
P, on the outer wall (radius b), the boundary conditions are:

o, (a) =-F (33)
o,(b)=-F, (34)
where b represents the outer radius of the layer, which results in:
b3 2 2 b3 b
A P R A L )
63b3 2 2 33b3 b
Cz:(bs_asJ(Pb_Pb)_gaafK_ng(mjln(gj (36)

This ultimately leads to the following stress equations:

e R )

UL__TW%_E(bS—aS)Pb+§ 5 _E(bs_as) - (37)
g (2R+p)  p (2R'+&) | 1 R\ b (2R°+a") (b
6/’:2R3 (b3_a3) Pa_2R3 (b3_33) Pb+— 1+2|n(gj—ﬁ(b3—_a3)ln(gj fK (38)
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More specifically, by assuming x = a/b:

_1(2e+1) 3 4 1, In(x)

O'//(a)—2 (1—X3) P, 2(1—X3)Pb+{3+(1—x3) fi (39)
o) =3 X podZX)p 1, X In(x) |f

I 2(1—X3) a7 5 (1—X3) b "3 (1—X3) K (40)

1- '
By referring to (16) and by identifying {%f,( + K(1—v)fK} with 77 (equation (25)), the following total

tangential strain expressions according to a and b are obtained:

g//(a)z{g_ ln(X) ]77//+|:1+ In(X) }h

3 (1—x3) 3 (1—x3)
+I{K(1_V)Ll((21’i;1))a_%(1_1X3)Pb]+KvPa}dy 1)

0 _ 3 |
+]{(1 y)[l(ZX +1)P'_§ 1 5 +ﬁpa,}dy

o E |2 (1-¢) 7 2(1-¥) "] E

2 x°In(x) 1 x° In(x)_
5//(b)={§—m]ﬂu+{§+(— un

" 3 X 1(2+x%)
+!{K(1—v){§(1_x3)g—§( 3)Pb +KvPb}d;/ (42)

+T{(1—#){3 x° p'_l(2+xa)P']+ﬁPé}d7

N
|
x

| E |2(1-x°)° 2(1-x°) °| E

Based on the hypothesis that the pressures and x do not vary in time, these expressions therefore

become:

et ornfeo
o355 3 5

s froeafes
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They are written as follows in the case where P, = P, = P:

g(a)= _%‘%]W 4{%"‘ (:n_(iz) }h _PIK(1_2V) dy (45)

and when v = % (incompressibility of OPyC during creep) or P = 0, the expressions are simplified as
follows (mixture laws):

2 () 1. In(x)

‘9//(3)—_g—m]ﬂﬂ{:fr—(,l_xs)}h (47)
__2_x3ln(x) 1 x> In(x)

g//(b)__§ m]ﬂ/ﬂ{:frﬁ_xg) ]m (48)

It must be pointed out that when x tends towards 1, g(a) and g,(b) can be identified vis-a-vis 7,
whereas when x tends towards 0 (a — 0), the following is obtained:

2 1
=1+ (49)

b:
&,(b) 3 3

In Reference [10], J.L. KAAE et al. base their first-order reasoning on similar expressions without
demonstration, namely:

11+ x 1(1-x
5//(3)=E 'R 77//—5 x un

5//(b)— (1+X)77// 2(1_X)77l

which leads to numerical results that are practically identical to those obtained based on (47) and (48)
when x is close to 1.

3.3. COMPARISON WITH THE ATLAS CODE

Version 2.1 of the ATLAS code was used to validate the analytical approach based on certain data sets

resulting from Reference [77] in which E, K, v and u are systematically considered as a non-function of
the fast fluence and 7|, 7, , provided in a polynomial form in relation to y:
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n =ay+a;y+ayy +..+a )" (50)
' I I I, 2 I
Mm=ay +ay+ayy +..+a, " (51)

This results in the following expression (equation (30)):

n'=a,+a,y+a,y>+..+a,y"

where (52)

PN
a =a; —a,;

In this case, fx is written as follows (equation (26)):

fy =£e"”je” n'dy
0

1-p
or
E ) 70 70 7o
fe =1—e"” aoje“’dy+a1jye“’dy+a2j72e“ydy+...+anj y" e dy (53)
—HM 0 0 0 0
where
a=KEIZY
1-p

The parameter « is expressed in terms of [n/m?]"; it is more or less about 10%*[n/m?] ™.

The function fx is therefore analytically solvable on the condition that the integral terms are also
solvable through the recursive relationship:

)/mea;/

Iym e”dy = —%J‘)/"H e“dy (54)

Knowledge of x, P, and P, is used to calculate tangential and radial stresses (equations (37) and (38)),
particularly internal and external tangential stresses g,{a) and g,(b) based on equations (39) and (40).

The following data were drawn from Reference [77] for comparison with the ATLAS V2.1% code:

E u K v 1, and 7,

39600 MPa 0.33 | 2.71510™ [MPa -10®° n/m® (>0.18 MeV)]' | % correlation (E)

§D(—:'veloped in the environment with CASTEM tools, ATLAS V2.1 does not make it possible any more than
CASTEM to introduce creep coefficients differing by Y. Creep is therefore implicitly considered as isotropic and

occurring at a constant volume (incompressibility).
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Analytical calculations were performed using MS Excel; more specifically, the fx calculation was
programmed as a recursive function in MS Excel/Visual Basic Applications. Concerning ATLAS and the
buffer, options in terms of data input were chosen to simulate behaviour that is mechanically
transparent to the latter.

COMPARISON FOCUSED ON TWO OPYC LAYER GEOMETRIES BASED ON THE SAME THICKNESS OF
40 pM AND TWO INNER RADIUSES (A) OF 420 M AND 1900 puMm, EQUIVALENT TO AN X OF 0.9130
AND 0.9794 RESPECTIVELY. THREE DIFFERENT CASES OF PRESSURE WERE TAKEN INTO ACCOUNT;
ZERO PRESSURE, A PRESSURE OF 0.1 MPA (1 BAR), AND P, = 0.072 MPA (0.72 BAR) AND
P;=1 MPA (10 BARS). IN FIGURE 1 (A&B), FIGURE 2 (A&B) AND

figure 3 (A&B), inner and outer tangential stresses, as well as the analytically calculated entities Aa/a,
Ab/b and Aele are compared to those calculated by ATLAS.

In any case, the changes corresponding to each of the different quantities versus the fast fluence make
a satisfactory fit, which in principle confirms the analytical approach while validating (where appropriate)
ATLAS mechanical modelling for BISO; this is the case for the ranges of x and pressures under
investigation.

4. POTENTIAL OF EXPERIMENTAL EVALUATIONS ON BISO

Disregarding any problems of an experimental nature (conditions implemented to meet calculation
hypotheses, uncertainties and measurement accuracy, etc.) in the beginning, the equations (43) and
(44) have the potential of providing the following two options:

— Evaluating 7, and 7, based on knowledge of pressures and OPyC creep parameters with the
specificity of being able to experimentally ignore the effect of pressure and therefore prior
knowledge of creep parameters,

— Having access to creep parameters with known pressure, as well as 7, and 7, (or 7, and 7).

4.1. PARAMETERS 77, & 17,

In principle and generally speaking, when it is possible to ignore the terms of equations (43) to (46) in
which pressure is cited, the equations (47) and (48) have the potential of experimentally retrieving 7,
and 7, if we know how to initially calculate x and measure changes in relation to both the outer radius
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Ab/b and the inner radius Aa/a or the thickness (e = b-a) Ae/e or the density of the OPyC layer through
the following expressions:

g,(b)= Ab/b (55)
6‘,,(6) = Aa/a (56)
1 X ,
Aefe = (m) Ab/b - (mj Aaja  (conservation of mass)
or
2 x(1+x 1 x(1+x (57)

Ae/e = |:§+ﬁln(x) ]77// +l:§—ﬁln(x) :l?]L
by observing that Ae/le — n, when x — 1.

1 ( L j(1 + Ab/b)3 [ (1+ Aa/a)3 (conservation of mass) 58
1+Ad/d | 1-x° 1-x° (58)

FIGURE 4 (A&B) AND

figure 5 (A&B) compare changes in relation to the fast fluence (respectively equivalent to x = 0.9130
and x = 0.9794, taking into account the same values as those used for previous parameters (see § 3.3),
excepting v equal to 0.3 or 0.4) of the quantities Ab/b and Ae/e corresponding to several couples of
pressure. It can be seen in these figures that the contribution of pressure on these quantities is
insignificant and can in fact be ignored“ on the condition that P, and P, remain similar (about
0.1 MPa or 1 bar). Generally speaking, the effect of the P,/P, couple becomes more pronounced as x
nears close to 1 (decrease in the layer stiffness), which proves to be more sensitive when v decreases
from 0.4 to 0.3 and clearly increases as the pressure rises.

However, even when contribution of pressure can be disregarded (the two first terms of equations (37)
and (38)), it nevertheless remains that the self-generated contribution owing to anisotropic dimensional
changes under irradiation and the spherical shell geometry of the OPyC layer become more
accentuated (in terms of the maximum absolute tangential stress) as the parameter x moves away from
1 (see figure 6 (A&B)). Thus, an increase in the layer stiffness, with the case of x = 1 being
equivalent to a plane unrestrained system without biaxial stress gradients in the thickness. The
sensitivity of the coefficient K to change is demonstrated by the difference in stress levels reached
between figure 6A and figure 6B (~ -45%). The sensitivity of the Young modulus is not as pronounced.

“In principle, the most penalising P./P,, couple imaginable within the scope of this irradiation experiment is 0.072/0.1 MPa, which

corresponds to a fuel particle manufactured under 1 bar at 1350 °C and irradiated at 900 °C.
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The direction change in the variation in 7, (densification then orthoradial expansion) — sign of 7| with

7y remaining stable (tangential densification) — can be mainly explained by the sign inversion of the
internal and external stresses: the function fx determines which fast fluence value will result in the
stresses cancelling each other out.

Generally speaking, PyC strain rates due to irradiation (77; and 7, ) are sensitive to PyC anisotropic

changes (characterised by the Bacon anisotropy factor (BAF) or any other suitable quantity). This is a
characteristic for which change is dependent on the state of stress, first in terms of the degree of
triaxiality (or in this case, biaxiality) and then in terms of the intensity or sign. Consequently, changes in
n. and 7, (thus n, and r;,) in relation to time (i.e.: the fast fluence) are therefore related to the change
in the state of stress. This actually challenges the hypothesis of the non-dependence of fx with the
radius seeing that the stresses vary locally. Nonetheless, in the case of PyC layers subject to slight or
zero pressure, the intensity of self-generated biaxial stresses remain largely below (of a factor of about
10 or greater) the intensities reached with spherical or plane geometries in restrained conditions on the
SiC layer (or any other) and graphite supports.

On the condition that microstructural representativeness is no longer a problem, the greater the mean
diameter of the OPyC layer is, the more the effect of stress on 7| and 7, changes can be ignored.
This means that it is more relevant to work on large particles rather than small ones. However,
comparison of the behaviour of PyC layers corresponding to rather different particle sizes should
provide — like many others — a great deal of useful information.

Note: In the presence of primary stress (i.e.: when pressures exist), the increase in the Young modulus
(resulting from irradiation) theoretically contributes to elastic strain after irradiation and once stress
relaxation has occurred. In terms of the recommended formalism, this strain is compared to permanent
strain in OPyC. However, this contribution remains insignificant when pressures are low and similar.

4.2. PARAMETERS K AND v

The formalism of the equations (43) and (44) allows for different possibilities when experimentally
evaluating these more or less problematic parameters depending on whether the 7, & 7, changes in
relation to the fluence have already been determined or not. Using the second possibility requires
taking into account the fact that 7, & 7, changes versus the fluence do not significantly vary in relation
to the different pressure loads in question.
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4.2.1. Previously determined 7, & 77, changes

Let /(y,) = fK(1 v)dy and J(,) ijdy

0

In the case of BISO-coated fuel particles having integrated the same fluence y, and "operating under” a
constant and known pressure couple (P, being the internal pressure inherent to both fabrication and the
operating temperature, while P, is the external pressure), the experimental determination of both Ab/b
and Aal/a, coupled with the knowledge of x and variations in 7, et 77, with the fluence, generally makes it
possible to deduce the integral terms (y,) and J(yy) of equations (43) and (44). It may even be possible
to directly infer K and v if they are not a function of the fluence. Generally speaking, the iteration of this
procedure with y, as the parameter therefore makes it possible to obtain the variations in / and J in
relation to y, before differentiation with K(») and ().

If the hypothesis of non-variation of 7, and 7, in relation to the state of stress is considered acceptable,
the method only requires knowledge of “unrestrained variations” in these entities.

Otherwise, following the example of what is used for plane geometry and without going into details, the
procedure (to be repeated as many times as necessary) may consist in irradiating a group of fuel
particles with pressures required to determine K and v for a given time, before characterising this

group, and then continuing irradiation in unrestrained conditions. In the end, we would obtain changes
in relation to 7;(y) and 7} (y) taking into account — all things being equal — the microstructural

variation in PyC.

4.2.2. Case of 77; & 1, being independent from pressure loads

Based on the hypothesis of two groups of BISO-coated fuel particles having integrated the same

fluence y, that share the same internal pressure P, (pressure inherent to fabrication and the operating
temperature) but that are subject to two different and constant external pressures, P} and P,, the

following equations can be written:
1 (b)=2(b) = A(ab/b) = [A(x) 1(75)+J (1) (P -7

¢/(a)- ¢ (a) = A(Aafa) = B <>/<m<P -F7)

where

A(x):—zlgi——;)), B(X):_g('l—;xs)’ I()/o):TK(1 v)dy et J(7,) ijdy

0

Of course, similar expressions can be obtained by inverting the role of internal and external pressures.
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By knowing the values of x and external pressures in addition to strain differences, it is theoretically
possible to obtain the integral terms /(y,) and J(y,) based on the two previous equations. It is even
possible to obtain K and vif they are not a function of the fluence. This also makes it possible to infer 7,
and 7, values taking into account the state of stress in question. The iteration of this procedure using
ypas the parameter also makes it possible to calculate variations in / and J in relation to y, before
differentiation with K(y) and ().

figure 7 (A&B) compares changes in relation to the fast fluence, respectively for x =0.9130 and

x = 0.9722, of the quantities A(Ab/b) and A(Aa/a) calculated analytically based on the above-mentioned
equations corresponding to three Pa/Pb1 couples (P, = constant = 0.085 MPa) relative to the couple

Pa/Pb0 =0,085/0,1 MPa. Once again, these equations take into account the same values of the

previously-mentioned parameters (see § 3.3), excluding v which is equal to 0.4. More specifically,
substantial pressure differences and large diameters are required to evaluate K andv.

4.2.3. Relevance of a pressure approach and related experimental problem

Using pressure as the main force driving creep normally makes it possible to control (and stabilise) and
quantify the state of stress, according to the distribution of the internal and external pressures
undergoing compression or tension. A correlation of the “state of integrated stress - degree of resulting
anisotropy” does seem possible based on the assumption that the phenomena are decoupled. This in
turn would make it possible to use correlations based on the “degree of anisotropy - 7; (7). 77i(7)
The most appropriate stress “evaluator” (tangential stress, etc.) remains to be determined for the
characterisation of the stress system relative to anisotropy. The effect of the size of the fuel particle in
terms of the microstructure may also be studied through changes in 7, and 7, (x parameter).

Insofar as PyC is not supposed to be leaktight, one of the experimental problems to be solved involves
pressurising and maintaining the internal and external pressures at a constant and predetermined level.
This means either rendering the surface leaktight or transferring pressure via an impermeable
membrane that is mechanically transparent (see Reference [72]).

In principle, it seems much easier to generate and control external pressures than internal pressures.
Furthermore, the option involving control via the internal pressure may require (pressure is not
determined by simply increasing the temperature) drilling holes in the particles to relax elastic stresses
after irradiation and before possibly resuming “unrestrained” irradiation on the same particles.

However, in the case where conditions are controlled via the external pressure, the problem of potential
buffer shrinkage is accentuated because the decrease in the OPyC inner diameter is amplified.
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5. IRRADIATION EXPERIMENT OPTIONS

Even though the fuel particle approaches involving pressure seem to have a greater potential in
providing accessible data (at least in terms of this document), the related experimental problem needs
more extensive research especially in terms of uncertainties before an irradiation experiment as
described in § 4.2 can be reasonably considered in the short term.

However, the experimental approach such as that described in § 4.1 seems technically plausible, not to
mention relatively and rapidly feasible. Though this approach reaches its limit when it comes to
determining unrestrained or practically unrestrained 7, and 7, (moderate self-generated biaxial
stresses), this does not make it any less relevant (particularly when compared with “earlier” PyC
fabrications), insofar as the vast majority of formalisms available in literature neither mention nor
integrate changes that are a function of the anisotropic variation. This is all the more so true because
like other fuel particle thermohydraulic codes, the ATLAS code implicitly establishes the hypothesis
according to which the entities 7, and 7, do not vary in relation to r, i.e.: in relation to the state of stress,
or in other words, in relation to the anisotropic changes — through lack of a suitable correlation, which
has been questioned several times in this document.

The experimental study of practically unrestrained dimensional changes in the spherical PyC layers
was therefore chosen as the main theme for this part of the PYCASSO irradiation experiment. The
various different theoretical elements and the experimental problem that have been raised or briefly
mentioned led to the proposal of an irradiation experiment to be performed on two different sizes of
particles based on inert kernels with respective diameters of 500 ym and 2000 pm. It was decided to
study one OPyC layer thickness only to avoid multiplying parameters.

In addition, the particles including a SiC layer with identical kernel diameters will be irradiated
simultaneously, with the following objectives in mind:

— Obtaining information on the ductility of PyC under irradiation and with load conditions that are
representative of normal operation (heavy biaxial load), knowing that ductility is not an inherent
characteristic,

— Quantifying SiC swelling,

— Assessing the difference between unrestrained swelling (no OPyC layer) and restrained swelling
(compression) of SiC (OPyC layer) using a representative spherical geometry,

— Comparing geometrical changes in this type of particle with ATLAS numerical calculations
(integrating experimental data resulting from irradiation).
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Compliance with the hypothesis based on the non- “Buffer-OPyC Mechanical-Interaction” (BOPMI)"
depends on the buffer's capacity to densify under irradiation and/or disintegrate, crumble or compact
owing to external stress without any significant resistance. For this reason, kernel-buffer type fuel
particles will also be irradiated with the aim of checking the validity of this hypothesis. On an
independent basis, examination of these particles will provide information on densification-compaction
kinetics and microstructural buffer changes. Complying with this hypothesis also requires taking into
account kernel swelling, which is an integral part of its nature.

The buffer thickness in relation to kernel behaviour therefore determines its shrinkage potential and

consequently the overall particle diameter, but especially the maximum irradiation time that is
compatible with the above-mentioned hypothesis (non-BOPMI).

5.1. BUFFER SHRINKAGE POTENTIAL

5.1.1. Inert kernel material

The following criteria need to be taken into account when choosing a material for the kernel:

— Density: the objective is to avoid departing from parameters generally required when making fuel
particles (specified density of 10.5 for the UO, kernel)

— Post-irradiation activity: possibility of post-irradiation handling in a glove box when the activity level
has dropped (which is problematic in terms of material-related impurities)

— Swelling under irradiation,

— Temperature stability particularly in terms of possible phase changes,
— Non-generation of fission gases such as helium,

— Compatibility with reactor management,

— Commercial availability.

™ Interaction Mécanique Buffer OPyC in French (translator’s note)
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The table below provides the densities of possible materials:

SIC A|203-(1 Aleg-(‘L ZFOZ(HfOZ)/Yzog Hf02
polycrystalline alumina corundum Y-TZP (YTZ) hafnium oxide
~3.2 3.9-4.1 3.99 5.95-6.0 9.7-9.9

It is worth pointing out that corundum (sapphire) has been the most frequently-used material by HTR
experimenters and therefore has the most feedback, which makes it the most industrially-available
material, with a very low total content of impurities (low activation), i.e.: 99.99% of aluminium
sesquioxide according to the CIMAP company.

5.1.2. Irradiation time before BOPMI

Based on the assumption that total buffer compaction results in a relatively homogeneous and
isotropic variation in density Ad/d on the one hand, and volume swelling AV/V (written G) of the inert
kernel with an initial diameter @ on the other hand, the relative variation associated with the outer buffer
radius Aa/a (a also being the initial inner radius of the OPyC layer) is written as follows:

2\ 5
Aa/a:{(1—k)+(k+6)(2—aj} -1 (59)
. 1
with 1-k=——
1+ Ad/d

or
1ok =P

1-p*

where p and p* represent the porosities before and after buffer compaction respectively.

In the case where compaction can be identified by volume densification inherent under irradiation AV/V
(written D), the following expression applies:

2V s
Aa/a:{(1+D)+(G—D)(EJ] -1 (60)

The maximum compaction corresponds to the theoretical case where the buffer reaches its theoretical
density (p* =0, or D = -p), which means equation (59) can be expressed as follows:

2V %
Aa/a=[(1—p)+(p+G)(E]] -1 (61)
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Before setting a plausible maximum irradiation time prior to BOPMI or at least before geometrical
overlapping occurs between the OPyC layer shrinkage and the buffer, we compared changes versus
the fast fluence for 1) relative variations in the buffer outer radius estimated using equation (60) and 2)
variations in the inner radius of the OPyC layer (material data identical to those given in § 3.3), in both
cases written as Aala:

— By exclusively taking into account buffer densification resulting from irradiation (penalising
approach),

— With and without kernel swelling: based on the normally maximum volume swelling of the
previously listed buffer materials, i.e.: Al,Os-a (extrapolated beyond the temperature qualification

range: 387°C — 827°C) [13],

— Based on the three expressions for isotropic densification laws provided in the technical note [74 :
FZJ, BNFL and CEGA,

— Based on two kernel-buffer couples that are theoretically experimentally feasible, @/a: 500/170 pm
and 2000/400 pym.

In terms of the fast fluence (10‘25- y[n/mz] — E >0.18 MeV), the maximum irradiation times are as

follows:
G=0 G (827 °C) G (900 °C) | G (1000 °C) | G (1100 °C) G (1200 °C) G (1300 °C)
500/170 ym 3.0 2.8 2.8 2.7 2.6 2.4 2.3
BOPMI limit from BOPMI limit from
2000/400 ym 2.4 2.2 2.1 2.0 1.8
the start (CEGA) | the start (CEGA)

figure 8 (A&B) and figure 9 (A&B) illustrate the changes in Aa/a = f(y), which respectively correspond to
500/170 pym and 2000/400 pm for G = 0 (A) and G(1100 °C) (B). Beyond the CEGA interaction, the FEJ
law systematically proves to be design-based in terms of BOPMI.
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Based on the assumption that the maximum integral neutron flux is greater than 0.18 MeV in position

G3*™ of the HFR with a dummy aluminium element in this position (see figure 10), which is equivalent to

1.882 -10"® n/m%s, the threshold limits in terms of effective full power days (EFPD) are as follows:

G=0| G(827°C) | G(900°C) | G(1000°C) | G(1100°C) | G (1200 °C) G (1300 °C)
500/170 ym 185 172 172 166 160 148 141
2000/400 148 135 129 123 111 BOPMI limit from BOPMI limit from
m
H the start (CEGA) | the start (CEGA)

In a conservative manner, the objective is to obtain a maximum buffer porosity, that is to say, at least
the lower bound of specifications in terms of density, i.e.: d = 0.9, or p = 59.46% based on a theoretical
PyC density of 2.22. This is necessary to obtain a buffer manufacturing range that is considered
representative.

5.2. PARTICLE TYPES

This irradiation experiment does not intend to investigate the effect of the microstructure on the
behaviour of PyC and SiC. This experiment aims to correspond with UO, fuel particle specifications,
which are: respective thicknesses of 40 ym and 30um, respective densities of 1.90 and > 3.18, and a
OPyC BAF of < 1.04.

Four types of particles in two different sizes were finally recommended for irradiation: 2 dedicated to
studying PyC behaviour and 2 with a SiC layer.

kernel/buffer/PyC kernel /buffer kernel /buffer/SiC kernel /buffer/SiC/PyC
500/170 500/170/40 500/135/35 500/135/35/40
@/ thickness [um] 2000/400 2000/400/40 2000/365/35 2000/365/35/40
scale: x 10 and real
size in A4 format
o o o

# Energy fluences > 0.10 MeV are obtained in this position by multiplying energy fluences > 0.18 MeV by 1.0915.
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6. ASSESSMENT AND EVOLUTION OF UNCERTAINTIES

Considering errors as independent and theoretically comparing them to small algebraic increases, a

literal assessment of uncertainties was carried out based on the experimental evaluation of 7, and 7,

on the basis of explicit dependence relationships:

i 1 X3 ] | 1 X3
U T T e Ty Ty
| 2 X3 | | 2 x3
Th:_1_3|n(X)+(1—X3)_Ab/b+_3|n(x)_(1_x3)

resulting from the equations (47) and (48), which can be simplified as follows:

ny =A, Ab/b+(1-A,)Aa/a
n. =A, Ab/b+(1-A )Aa/a

with A, and A, being positive.

Aa/a (62)
Aa/a (63)
(64)
(65)

By expressing the absolute uncertainties on 7, and 7, in terms of 67, and J7,, and based on the

assumption that A, and A, are constant (x constant), the following is established:

5ny = A, 5(Ab/b)+[1- A | 5(Aa/a)

5n, =A, 5(Ab/b)+[1- A, |5(Aa/a)

6.1. RADIUS AND THICKNESS MEASUREMENTS

(66)

(67)

Let b be the absolute uncertainty common to dimensional measurements of radiuses or

thicknesses, then the absolute uncertainties on 7, and 7, are expressed according to the formalism of

this document:

1-A

5n, = 6b {%(2+Ab/b)+| . 1 (2+Aa/a)}
1-A

5n, = b {% (2+Ab/b)+| i (2+Aa/a)}

(68)

(69)
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6.2. RADIUS AND DENSIMETRIC MEASUREMENTS OF THE OPYC LAYER

The equation (58) can be expressed as follows:

1

mZAd (1+Ab/b) +(1—Ad)(1+Aa/a) (70)

In the case where determining Aal/a is based on measuring the relative variation in density Ad/d (as
applied to plane geometry), the following is reached:

-
ob A 2+Ab/b 111-A,|od 2+Ad/d
5’7//:—(2+Ab/b) A+ g [ +AbJ j +— U e ( / ) 5 (71)
b | 1-A\2+4a/a) | 3[1-A] d [(1+d/d)(1+Aa/a) ]
_ .
- 2+Ad/d
577L=5—b(2+Ab/b) A + A, [2+Ab/bj s 1=A od (2+4d/d) - (72)
b i 1-A;\2+4aja) | 3[1-A,| d [(1+Ad/d)(1+ Aa/a)]

where &d represents absolute uncertainty common to density measurements.

In consideration of the normal values of 4d, the second term of these expressions proves to be
practically negligible in comparison to the first.

6.3. NUMERICAL APPLICATIONS

This exercise involves comparing uncertainty estimates resulting from the equations (68) and (69) with
those resulting from (71) and (72). This is done by considering the analytical estimates based on (47)
and (48) as experimental values of Aa/a and Ab/b. OPyC data from § 3.3 was used: (with d = 1.9), for
x =0.9130 (500 ym kernel) & x = 0.9722 (2000 ym kernel) and for d = 1.9, 6d = 0.0001 & 6b = 0.5 pm
(theoretically common values).

figure 11 compares variations in the relative uncertainty 67/|7| (; and ;) — calculated on the basis of the
correlation (E) — in relation to the fast fluence for the eight possible cases. This figure clearly shows
(even if the hypothesis based on comparing errors to small increases is not really systematically
justified):
- the advantage of large diameters (2000 um kernel) when it comes to experimentally determining 7,
- the need to use densimetry when referring the densimetry of 7,.
Between 0.3 -10%° n/m? and 2.5 -10%° n/m?, uncertainty on 7 is still acceptable, whereas uncertainty on
7. remains borderline even in the best of conditions. Insofar as uncertainties are directly proportional to
ob, minimising the latter parameter still remains relevant.

It is nevertheless important to point out that the effect of 7, uncertainty on stress evaluation is much
less than that on 7, considering that it is the latter that determines the level of biaxial stress in a
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standard TRISO configuration. The analytical expression of ¢, (hypotheses identical to those in § 3.2
and 3.3) corresponding to the case of a restrained PyC layer on a plane support (infinite-radius sphere)
is proof of this, as shown below:

70
—e J. e“ n, dy

oy ==
1-u o

where the entity 7, only is used.

6.4. EFFECT OF VARIATION IN X

The orders of magnitude of this effect are estimated based on a numerical example.

Relative uncertainty in determining x is given by:ﬁ = ﬁ+5—b . For 6b = 6a = 0.5 uym, its value is equal
X a

t0 0.228 % and 0.070 % for small and large particles respectively.

For the interval 0 —2.5-10'25-;/[n/m2] (E > 0.18 MeV), dimensional changes that are analytically
estimated based on data in § 6.3 result in a maximum relative variation in the parameter x equivalent to
0.297% and 0.092% for small and large particles respectively. In a conservative manner, the
accumulation of these two sources of approximation leads to a multiplicative factor of x equivalent to
1.00525/0.99475 and 1.00162/0.99838 respectively, which results in the following maximum relative
uncertainties (all else being equal):

N, _ 4,70 % and oy negligible, all sizes included.
|7h| |’7//|

6.5. PROPOSAL OF A DIMENSIONAL MEASUREMENT METHOD

Within the scope of a statistical approach of behaviour, one method consists in measuring the mean
diameter of a sufficient number of fuel particles in a global manner. A way of doing this consists in lining
up the particles in a V-shaped tray for which the longitudinal axis is slightly inclined so that the adjacent
particles are in contact and the length of this stack can be measured several times. The particles are in
a different order and position each time. If the fuel particle diameters are dissimilar, the mean diameter
measured will also be less than the real diameter.

Based on certain simplified yet penalising hypotheses for which the population is exclusively composed
of n particles of two extreme diameters (R — upper bound and r — lower bound) and for which two
geometries regularly alternate within the stack, the systematic relative error F of the method used to
evaluate the mean diameter can therefore be expressed as such [75]:
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2

Fz%?é:_[plj 1- 1_M

n (R+r) (73)

where @ is the smallest commensurable diameterand @ =R +r .
Error is less significant in all other geometry scenarios than the one described above.
In order to establish the orders of magnitude and in the case an absolute uncertainty of 1 ym on the

stack length is accessible, applying this method to geometries and n values specified in § 8 results in
the following absolute uncertainties on the following radiuses (to be compared with éb = 0.5 pm):

Dp-n R-r=20 um R-r=30pum R-r=40pum R-r=50pum R-r=60pum R-r=70pum
840 pm - 111 0.12 um 0.27 ym 0.48 ym >0.5um >0.5um > 0.5 um
920 pm - 111 0.11 ym 0.25 ym 0.44 ym > 0.5 um > 0.5 um > 0.5 um
2800 um - 30 0.05 uym 0.09 ym 0.15 um 0.23 ym 0.33 um 0.44 ym
2880 pm - 30 0.05 uym 0.09 um 0.15 um 0.23 ym 0.32 ym 0.43 ym

This shows it is possible to reduce uncertainty by a significant factor using an experimental approach
based on the selection of fuel particles coupled with “global” measurements.

7. STATISTICAL ASPECTS

Seeing that a global approach has been chosen, i.e.: the particles are not experimentally discernible, a
sufficient number n of the same type of particles must be treated under identical irradiation conditions
(fluence and temperature) to be characteristics of the behaviour of all particles. For statistical treatment,
a number n>50 corresponds to the minimum size required so that a sample can be considered
representative of a population. To establish the orders of magnitude, a reactor load (reaction oven) of
500 g corresponds to 1,914,646 kernels @ =500 ym and 29,916 kernels @ = 2000 ym composed of
corundum (kernel density of 3.99).

Minimising uncertainties — particularly those related to determining 7, — requires limiting the choice of
fuel particle external diameters, which justifies raising the question as to the representativeness of this
specific selection. However, for any given order of magnitude, it seems reasonable to believe that the
spectrum of particle sizes only reflects that of inert kernels, which does not have a significant effect on
the microstructure.

Considering it is necessary to obtain homogeneous behaviour and thus homogeneous manufacturing,
the recommended approach consists in choosing kernels so as to obtain the most accurate distribution
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histogram in diameters and carry out selection during all sampling phases of the manufacturing process
according to the same criteria. The number of fuel particles per load permits the excessive sampling of
particles at each phase while avoiding significant modification of the load mass. This is normally
sufficient in order to establish the number of homogeneous particles to be distributed into two batches:
one for irradiation and the other for statistical characterisation prior to irradiation. All disregarded
particles may possibly be reintroduced into the reactor.

8. DRUM COMPOSITION

The main constraints related to the drums are their adequacy vis-a-vis the hypotheses governing the

possibility of experimentally determining 7, andz, and the statistical representativeness (fuel particle

samples) in view of the maximum overall dimensions imposed by the HFR experimental device at

Petten, such as:

- The space available per cylindrical drum (stress on the minimum metallic mass required for heating),
i.e.: per flux zone and/or homogeneous temperature;

- Available diameter, D, of 21 mm (22.5 mm effective diameter) and height, H, overall size of 50 mm,
to be reconciled with the two particle sizes (see arguments reported in § 4.1).

Hexagonal cross section cavities were chosen (fuel particle box), with a distance across flats of D-V3/2,
coherent with a planar arrangement (single layer) of compact, hexagonal-type particles, which is
in principle more appropriate for a homogeneous distribution of temperatures (and fluences) while
being capable of preventing mechanical interactions (inter-particle restraint, minimisation of contacts
and friction); this is also based on the principle that the plane, side walls of cavities will encourage a
well-ordered structure of the single layers composed of fuel particles.

Based on this geometry and considering fuel particles with a diameter @,, the maximum acceptable
number of rings of particles p is given by the integer value of the following expression:
D 1

20, 3

the maximum number n of particles therefore provided by (p = 0 corresponding to one particle only):

n=1+3p(p+1)
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The application of these relationships for the four particle types results in the following counts and

maximum acceptable diameters:

Type @/ thicknesses [um] Dy, [um] p n maximum &, Tray

[um]
kernel/buffer 500/170 840 12 397 906.94 Pp2
kernel /buffer/OPyC 500/170/40 920 11 331 992.69 Pp1
kernel /buffer 2000/400 2800 3 37 2935.13 Pa2
kernel /buffer/OPyC 2000/400/40 2880 3 37 2935.13 Pa1
kernel /buffer/SiC 500/135/35 840 12 397 906.94 Pp2
kernel /buffer/SiC/OPyC 500/135/35/40 920 11 331 992.69 Pp1
kernel /buffer/SiC 2000/365/35 2800 3 37 2935.13 Pas2
kernel /buffer/SiC/OPyC 2000/365/35/40 2880 3 37 2935.13 Ps1

Finally and taking into account space required for temperature sensors, the drum volume is decoupled
into 14 cylindrical stages, with 2 solid stages at both ends (plugs, B) and 12 stages (trays) of particles
distributed in the following manner:

— 8 trays (4 Pgy and 4 Pg,, equivalent to 2 trays per particle type) each housing a hexagonal cavity
with a distance between flats of 21-V3/2 mm truncated on two adjacent sides, holding 29 to 30 large
beads (depending on whether there is a central fuel particle or not) of the type kernel/buffer, kernel
/buffer/OPyC, kernel /buffer/SiC or kernel /buffer/SiC/OPyC,

— 2 trays (Ppy) including 3 hexagonal cavities with a distance between flats of 7-V3/2 mm each
containing 37 small beads, equivalent to 111 particles of the type kernel/buffer/OPyC or kernel
/buffer/SiC/OPyC per tray,

— 2 trays (Pp,) including 3 hexagonal cavities with a distance between flats of 6,5:V3/2 mm each
containing 37 small beads equivalent to 111 of the type kernel/buffer or kernel/buffer/SiC per tray.

The trays all have a 1 mm thick solid base; the trays Pg and Pp have a total height of 4.10 and 2.10 mm
respectively; the plugs are 4.40 mm high.

The partitioned trays Ppq and Pp, should simplify the handling of small particles (positioning inside the
cavities). The cavity dimensions are such that the particle diameter may systematically exceed a
maximum of 55 ym (large) or 60 ym (small).
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These parameters are shown in the diagrams (scale of 1 based on an A4 format) below:
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2'_1 m_|:n
1.0 mm
225 mm T
6.5 mm
Pes 0.840 mm
2'._1 m_|:n
22.5mm A4 mm
B

Owing to the deposited power y required by the temperature levels (heating), the material composing
the trays is the molybdenum-based alloy TZM (Mo-0.5Ti-0.08Zr-[0.1-0.4]C in at.%); a coating or strip
(several um thick) composed of a material yet to be defined shall be used to prevent any chemical

reaction with the outer particle coating (buffer, OPyC or SiC). Rhenium (possibly coupled with graphite)

has been suggested owing to its compatibility with silicon carbide up to 1600°C [76/ and graphite up to

at least 1100°C [77]. The conditions of its efficiency as a barrier material nevertheless remain to be

checked and specified, i.e.: effects of the microstructure and the thickness [78].

In terms of preserving the mechanical integrity of the fuel particles, the chosen dimensions are largely

conservative insomuch as the particles will decrease in diameter and the thermal expansion of TZM is

greater than particle thermal expansion.
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9. CHARACTERISATION AND POST-IRRADIATION EXAMINATIONS
Performing this irradiation experiment requires at the least:

— Microstructural characterisation of the different types of layers and measurement of the OPyC
anisotropy using BAF or any other anisotropy factor (comparison between the two mean deposit
diameters);

— Determining the mean diameter of each fuel particle type before and after irradiation;

— Determining the mean density of the different layers of each particle type before and after
irradiation.

If the method used to determine the mean diameters is a global one, it will nonetheless be based on
individual measurements — during sorting for example — so as to quantify the scope of diametral
dispersion in the batches.

As density measurements are destructive, they will be performed:

— On the batch of fuel particles intended for characterisation before irradiation (see § 7) and on a
greater number of particles than the number of irradiated particles of the same type (for statistical
needs); as density measurements are individual, it will be necessary to evaluate dispersion
(standard deviation),

— On the entire batch (when possible) after irradiation.

Pre- and post-irradiation statistical measurements of the mean outer diameters of the kernel/buffer
beads (a) and the kernel/buffer/OPyC beads (b) are used to determine the value of x and its variation
under irradiation. Pre- and post-irradiation statistical measurements of the mean outer diameter of
kernel/buffer/OPyC beads, coupled with statistical measurements of the mean density of OPyC, are
used to determine 7, and 7,.

However, determining Young’s modulus and Poisson’s ratio would at least make it possible to update
the experimental results using the ATLAS code insofar as the other part of the PYCASSO experiment
evaluates creep parameters.
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10.

11.

IRRADIATION PARAMETERS

In order to obtain experimental results corresponding to several different fast fluences at a given
temperature, the 400 mm long PYCASSO rig will house four 90 mm high containers. At least 3 drums
will be irradiated as described in § 8, with each drum filling the upper 50 mm of a container.

In a global manner, two irradiation temperatures were chosen for the PYCASSO experiment in
collaboration with our partners: 1000°C and 1200°C. Bearing in mind § 5.1.2, a maximum integrated
fast fluence (E > 0.18 MeV) of 210> n/m*> — or 2.183 -10?° n/m® (E > 0.10 MeV) equivalent to a
maximum irradiation time of 123 EFPD - is still deemed acceptable.

The evaluation of the dose based on the neutron spectrum (cf. figure 10) [79] in the position G3-HFR
and dpa cross sections of graphite and SiC (by assimilating PyC to graphite) results in an acquisition
rate of 0.0126 dpagaphite/EFPD and 0.00105 dpasic/EFPD; respectively equivalent to 1.55 dpagraphite and
1.29 dpasg;c for 123 EFPD.

CONCLUSION

The definition of this part of the PYCASSO irradiation experiment has been practically finalised, with the
main objective being to acquire knowledge on densification kinetics in the pyrocarbon layers of fuel
particles produced in current fuel fabrication processes

On the grounds on microstructural and statistical representativeness, the spherical geometry was
chosen in preference to all other geometries.

It has been possible to establish the theory, methods and procedures used to determine the entities 7,
and 7, inherent to practically unrestrained conditions in pyrocarbon layers based on the irradiation of
spherical fuel particles with inert kernels.

In order to represent standard fuel as much as possible while corresponding to hypotheses behind the
theory related to data processing, two fuel particle geometries with inert kernels were chosen (kernel
diameters of 500 ym and 2000 pm).

The different types of fuel particles to be irradiated have been identified (arrangement of the different
layers); however, the number of each fuel particle type remains to be specified taking into account the

amount of available space and statistical aspects.

A preliminary design of the experimental device (drum) has been recommended.
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Two particle operating temperatures have been chosen: 1000°C and 1200°C. The risk of incompatibility
with the theory in question and thus PyC-buffer interactions (problem of relative densification) limits
irradiation to a maximum integrated fast fluence (E > 0.18 MeV) of 2 -10?°> n/m?, which corresponds to
123 EFPD.

The possible temperature-fluence couples still need to be specified for the different levels of the HFR
rig housing the drums.

The nature of the inert kernel remains to be established, even if corundum (Al,O3) looks promising.
The manufacturability of particles, particularly large-diameter particles, must be validated.

The provisional schedule is as follows:

— Sample specifications: October-December 2006,

— Feasibility-development: January-March 2007,

— Manufacturing: April-June 2007,

— Controls: July-September 2007,

—  Delivery: 4" trimester 2007.
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FIGURE 5: CHANGE IN Ab/b AND Ae/e FOR DIFFERENT PRESSURE COUPLES — X = 0.9794
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FIGURE 6: INFLUENCE OF X ON THE INTENSITY OF SELF-GENERATED STRESSES (0/0 BAR)

OPyC sur buffer (E, u, K et v constants) - pressions nulles - v =0,4 - K= 2,71510°% /(MPa-n/m?)

—— -x =420/460 pm = 0,9130
——  x =900/940 ym = 0,9574
X =1400/1440 pm = 0,9722
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FIGURE 7: CHANGES IN A(Ab/b) AND A(Aala)
x =0,9130 - corrélation (E) (E, y, K, v et P, constants) - v = 0,4 - couple P,/P, de référence : 0,085/0,1 MPa
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FIGURE 8: BUFFER SHRINKAGE VERSUS OPYC — 500/170 um

Particules 500[170|40 um - retraits : buffer versus OPyC - gonflement du noyau nul
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FIGURE 9: BUFFER SHRINKAGE VERSUS OPYC — 2000/400 um

Particules 2000]400]40 um - retraits buffer versus OPyC - gonflement du noyau nul
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FIGURE 10: RELATIVE DISTRIBUTION OF NEUTRON ENERGIES IN G3-HFR POSITION
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FIGURE 11: VARIATION IN 87/|57| VERSUS FLUENCE - b = 0.5 ym - 5d = 0.0001
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