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Introduction

This report describes the screening results of the Post Irradiation Examination (PIE) of
INNOGRAPH-I B, the high dose irradiation experiment, irradiated at 750°C and INNOGRAPH-2B,
the high dose irradiation experiment, irradiated at 950°C. The latter results were reported in
RAPHAEL but have been included here for completeness. The results are plotted together in this
report to show the complete data curves at 750 and 950°C. Screening measurements are
performed on a selection of samples to get an idea of the behaviour of the interesting graphite
grades. More PIE work is planned in the ARCHER programme to establish Full PIE curves at
750°C and 950°C which can be used to establish the Design Curves at these temperatures.

2 Background

Within the previous 6th Framework RAPHAEL-IP, irradiation experiments were performed at 750°C
and 950°C in the High Flux Reactor (HFR) in Petten. In every experiment a few graphites were
also irradiated at lower temperatures of 680°C and 850°C respectively. Four graphite grades have
been selected to be tested as major grades. Two of those are produced by SGL Carbon and two
by GrafTech. In addition, the minor graphite grades are listed to be included in the experiments
with fewer samples. These also included graphite grades produced by Toyo Tanso. The following
material properties were measured and compared before and after irradiation: specimen
dimensions, mass, dynamic Young’s modulus, coefficient of thermal expansion and thermal
diffusivity. Density and thermal conductivity were calculated from the measured properties.

The diagram below shows schematically the expected volume change with neutron fluence at the
two main irradiation temperatures. The boxes on the curves indicate the four different irradiation
experiments.

!
950°C 750°C

4

2

Neutron Fluence

Schematic overview of the Four Graphite Irradiation Experiments performed in RAPHAEL-IP
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Box 1, the low dose irradiation at 750°C named INNOGRAPH-1A has been performed under HTR-
M1 in the 5th Framework Programme and had a target dose of 8 displacements per atom (dpa) [1].
Box 2, named INNOGRAPH-1B is the high dose (up to ~25 dpa) experiment at the same
temperature. Boxes 3 and 4, designated as INNOGRAPH-2A and INNOGRAPH-2B, represent
respectively the low to medium dose and the high dose irradiation experiments at 950°C. In order
to reach the target dose in as short a time as possible, the high dose experiments (INNOGRAPH-
1B/2B) partly contain specimens, which have been irradiated in the low dose experiments. These
high dose experiments had to be built in a hot-cell because of the radioactive loading. Capability to
do this delicate work with manipulators is essential in carrying out this irradiation programme.

3 Test malrix

The selection of the graphite grades for the RAPHAEL programme is based on several factors
such as thermal and mechanical properties, impurity levels and availability. The four major grades,
produced by SGL Carbon and GrafTech are chosen in such a way that the graphites cover a
variety of microstructures. The minor grades include graphites from three different manufacturers,
SGL Carbon, GrafTech and Toyo Tanso. The minor grades include iso-moulded graphites and
graphites based on needle coke. The list of major and minor grades is slightly different that the list
in the 5th framework programme, due to the fact that in the four year period between the two lists
new insights and grades were available.

Grade Manufacturer Coke Process

PCEA Graflech Petroleum Extnlsion

PPEA Graftech Pitch Extn~sion

NGB - 10 S GL Pitch Extl’usion

NBG- 18 SGL Pitch Fibro-moulding

Selected Major Graphite Grades

Grade Manufacturer Coke Process

PCIB-SFG Graftech Petroleum Iso-moulding

LPEB!BAN Graflech Needle Extrusion

NBG-20 SGL Petroleum Extn~sion

NBG-25 SGL Petroleum Iso-moulding

NBG-17 SGL Pitch Fibro-mouldmg

IG- 110 Toyo Tnnso Peh’oleum Iso-moulding

IG-430 Toyo Tanso Pitch Iso-moulding

Selected Minor Graphite Grades
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4 Results from Screening Tests at 750°C (Box 2)

For the INNOGRAPH 1B Tests, in total 60 samples were measured for dimensions and mass, 30
samples were measured for Dynamic Young’s Modulus (DYM), 18 samples were measured for the
Coefficient of Thermal Expansions (CTE) and 16 samples were measured for coefficient of thermal
diffusivity (Table 1). The irradiation experiment, test matrix, measurement techniques and
results of the INNOGRAPH- 1A experiment are presented in Reference [2]. The peak dose of
INNOGRAPH-1B was 13.5 dpa, resulting in a peak dose received by the reloaded samples of
9.9 + 13.5 = 23.4 dpa (INNOGRAPH-1A + INNOGRAPH-1B).

The results from the screening test at 750°C are shown in graphical form in a series of plots in
Figures 1 to 13. The graphs include the data from the INNOGRAPH-1A irradiation experiment.

The results in Figures 1-3 show the volume change as a function of irradiation damage. It can
be seen that there is an initial reduction in volume followed by a turnaround to increasing
volume. The peak dose of the experiments is high enough for samples to go beyond cross-
over (the point when the original volume is reached).

The results in Figures 4-6 show the length change in the samples. As for the volume change
there is an initial reduction in length followed by a turnaround to increasing length. The peak
dose of the experiments is high enough for samples to go beyond cross-over (the point when
the original length is reached). A similar behaviour was observed for the specimen diameter.
The anisotropic irradiation behaviour of the grades is also visible.

The change of dynamic Young’s Modulus as a function of irradiation dose is plotted in Figures
7- 9. For nuclear grade graphites, there is a rapid initial increase in DYM after which a plateau
is reached. (This initial rapid increase is not covered by the data). After about 5 dpa, a
second increase in DYM occurs. At higher doses the DYM reaches a peak and then starts to
decrease. The spread in results is high at these high dose levels, partly because of the
material variability between the different grades, and partly because the large amount of
irradiation damage results in larger measurement uncertainties. It will be interesting to
measure samples between 10 and 15 dpa in the ARCHER programme, to determine at what
dose the peak value of DYM change has been reached.

Figures 10 and 11 show the results of the CTE measurements. For nuclear grade graphites,
after a small initial increase in CTE, the CTE decreases as a function of dose until at a
medium dose a plateau value is reached. (The initial small increase is not covered by the
data). Performing more measurements between 10 and 15 dpa will give more information
regarding the dpa value at which this plateau has been reached. -

Figures 12 and 13 show the results of the thermal diffusivity measurements. For nuclear grade
graphites, there is a large initial decrease in thermal diffusivity, after which a plateau is
reached. (The initial large decrease is not covered by the data). At higher doses, the
coefficient of thermal diffusivity decreases further as can be seen from the graphs

Note - A very low dose experiment is to be carried out in ARCHER at 750°C. This will provide
useful data where the rapid changes in DYM and thermal diffusivity occur, which will allow a
better definition of the curves to be obtained.
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5 Results from Screening Tests at 950°(: (Box 4)

The results for the INNOGRAPH-2A tests are reported in the RAPHAEL Programme in Reference
[3]. Screening results for the INNOGRAPH 2B tests have also been reported within the RAPHAEL-
IP but are summarised here for completeness. Table 2 gives the test matrix of the INNOGRAPH-
2B irradiation experiment. The pre-irradiated samples have been irradiated in the INNOGRAPH-2A
experiment prior to their insertion in shielded facilities [3]. The INNOGRAPH-2B experiment was
irradiated for 12 cycles, corresponding to 323 full power days. Measurements were taken in the
first screening experiments where 60 samples were measured on dimensions and mass.

From these samples 30 samples were measured on DYM, 15 samples on CTE and 15 samples
on thermal diffusivity. Criteria for the sample selection for these measurements cover most grades
and select high dpa samples. However only low active (contact dose rate) samples could be
selected to allow measurements in the glove boxes.

Table 3a and 3b show the results of the measurements on dimensions and mass. The tables also
show the calculated volume and density and the results of the DYM measurements (if performed).
The results before and after irradiation are given. As for the 750°C experiment, it was observed
that a significant number of samples have increased volume and dimensions at high irradiation.
The dosimetry results together with more PIE results are needed to obtain the dpa level at which
cross-over occurs, and these will be obtained from the full PIE. Also the DYM values of the high
dose samples are smaller than the highest DYM values of INNOGRAPH-2A. This suggests that
the peak DYM for the 950°C irradiation is lower than that for the 950°C irradiation, and perhaps
decrease at a faster rate thereafter. However, this cannot be confirmed until the full PIE has been
carried out.

Table 3c shows the results of the CTE measurements both pre-and post-irradiation. Tables 3d and
3e show the results of the thermal diffusivity measurements. The values of the high dose (2B)
samples are lower that the PIE results of INNOGRAPH-2A [3], which shows that both CTE and
thermal diffusivity continue to decrease at higher doses..

6 (:onclusions

The results of the Graphite Irradiation Screening tests performed on samples from the 750 and
950°C graphite irradiation experiments in RAPHAEL have been reported and summarised.
The purpose of this report is to provide an initial indication of behaviour at high doses ahead of
the results from the Full PIE Tests being performed in ARCHER. The PIE tests to be carried
out and the results of the assessment are to be reported in Deliverable D-41-12.
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Table 1        Seree~m~g measurements on L-xTNOG1LAPH-1B samples (marked with X)
Grade Orientafioni Dimensions

8031 NBG-10 WG "I 6.9 X X X X X
S033 NBG-10 WG 222 X X X X X
S038 NBG-10 Centre 11.9 X X
S041 NBG-10 AG Centre 21.I X X X
S042 NBG-10 AG Centre 223 X X X X X
S043 NBG-10 AG Cenke 17.3 X X X X X
8053 NBG-10 AG Centre 132 X X
S065 NBG-10 WG Edge 21.7 X X X
S068 NBG-10 WG Edge 13.5 X X
S001 NBG-10 AG Edge 10.1 X X
8094 NBG-25 AG Centre 19.4 X X X
S101 NBG-25 AG Cen#e 13.1 X X
$108 NBG-25 WG Cenffe 13.2 X X
Sl ’11 NBG-26 WG Cenhe 152 X X
$130 NBG-25 AG Edse 21.8 X X
$139 NBG-25 WG Edge 23.0 X X X
$468 NBG-18 WG Edge 13.1 X X X X X
$476 NBG-18 AG Edge 10.0 X X X X X
$512 NBG-18 WG Cen#e X X X X X
$514 NBG-18 WG 12.0 X X
S523 NBG-18 AG Centm 13.2 X X X X X
$524 NBG-18 AG Centre 11.4 X X
$568 NBG-17 AG Edge 132 X X X
$571 NBG-17 AG Edge 10.8 X X
$579 NBG-17 WG Edge 132 X X X X X
$580 NBG-17 WG Edge 12.1 X X
$619 NBG-17 AG Cenffe 0.3 X X
$626 NBG-17 WG Cen~e 9.4 X X
T011 IG-lt0 AG 23.4 X X X
T014 AG 13.6 X X
T022 IG-110 Centre 17.4 X X
T023 IG-110 WG Centre 22 5 X X X
T070 IG-430 AG Centre 222 X X X
T081 IG-430 WG Centre 21.9 X X X
UO04 PCEA WG Centre l 7.8 X X X X X
U005 PCEA WG Centre 22.4 X X X X X
UO06 PCEA WG Centre 9.6 X X X
U021 PCEA AG X X X X X
U022 PCEA AG Cen#e 21.3 X X
U023 POEA AG 22.2 X X X X X
U042 P CEA AG Cen~e 132 X X
U077 PCEA AG Edge 205 X X X X X
U078 PCEA AG Edse 9.6 X X
U104 PCEA WG Edge 13.0 X X
U123 PCIB WG 182 X X
U148 PCIB WG 13.6 X X
U166 PCIB AG 13.4 X X
U167 PCIB AG Centre 12.0 X X
U191 PClB WG Edge 23.4 X X X
U197 PCIB AG Edge 23.6 X X X
U236 PPEA AG Centre 19.9 X X X X X
U238 PPEA AG Cenbe 22.4 X X X X
U258 PPEA AG Centre 12.8 X X

U277 PPEA WG 18.7 X X X X X

U279 PPEA WG Cenke 222 X X X X

U287 PPEA WG CeriSe 13.1 X X

U298 PPEA WG Edge 9,2 X X

U306 PPEA AG Edfle 112 X X

U354 LPEB WG Cen#e 132 X X

U364 LPEB AG tense 13.0 X X
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Table 2 Test Matrix for the INNOGRAPH 2B Experiment

Grade ~rradiated Un-irradiated Total
IG-II0 2 2 4
IG-430 2 5 7
LPEB 3 6 9
LPIB 2 0 2

h"BG-10 13 18 31

NBG-17 7 12 19
i’~"BG-18 15 18 33
NBG-25 5 6 11

PCIB 5 6 11
PPEA 10 2O 3O
PCEA 16 18 34
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Table 3a Results of Screening Measurements from INNOGRAPH 2B
(Dimension, Mass, Volume, Density & Dym: pre and post irradiated)
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Table 3b Results of Screening Measurements from INNOGRAPH 2B
(Dimension, Mass, Volume, Density & Dym; pre and post irradiated)

2979

0"~4~ 114
27P.7 19~ ,~0
0016

C,~ 1.672
WG C,~T~ 25 o I15

U]TI 6141 1 754 117
A~- ¢ ~t~ $ 305.1

6.122 1745
12 ~,~’~ 332.7 124

U2,01 WG 6 215 7592 1 $54 125
WG O47 0~494 5591 126

0.5574 7.731 7 974
w& 116

U599 7 975
AO 2062 7.701

U303 A~- 1710 271 7 .~.’~ I40

i[~£~ &147 0 655 1 4gO 7977
05392 142

7.672

C~q~- 5877 145
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Figure 3c Results of CTE Measurements from INNOGRAPH 2B

~448 NBG-25 WG 1,2 1.5 2 7 3.0 3.5 3.6 4.e 4.8
U227 PPEA WG 1.5 1.7 38 33 4A 4.2 5,2 5,4
U393 PPEA AG 2.2 2.4 3.4 37 4.7 4.0 5.9 6.1

I.;D33 PCEA AG 2,2 2.4 3.~ 3.0 3.3 3.7 4.7 5.0
U01O PCEA t.2 1.5 2 8 3.O 3.3 3.7 4,7 5.0

Figure 3d Post-irradiated Thermal Diffusivity Measurements from INNOGRAPH 2B

5446 WO ]15 9.1 8.4 7.5 7.0 6.7
WG 121 9.6 8.2 7.4 7.2 7O

5475 NBG-]8 AG 11.4 £o 8.4 7.5 7.1
T844 AG 8.3 7.3 5,7 5.4 4.8 4.7 45
UO!1 ?C.EA 14.7 12f 11.5 9.5 9.1 78
UO34 AG 13.5 12o _0.5 8,3 .7.7 ,7.5 7.1 7.8 6~6

PCEA AG 14.4 127 112 9~2 8~5 8.0 7.7 7,1 7O 6~6
AG 24.8 224 131 126 118 ]].2 I0.7

U074 PCKA 18.4 16 2 11.3 10.4 9.7

WG 196 ]67 13.2 12.~ 112 ]o 5 85 91
PCEA AG 207 17.7 14,0 12£ 11 8 10.5 .0.4
pcl~ WG 105 9.5 73 6.7 6.3 6.1 5.7 56

11.2 7.7 7.0 6.7
AG 12.0 ]0.7 9.4 84 7.8 6.9 6.6 6.4 6.1

Figure 3e Pre-irradiated Thermal Diffusivity Measurements from INNOGRAPH 2B

S446 N~G-25 WG 103.0 77.6 56.0 30 2 23.4 20.9 1‘0.4
109.2 79.7 56.7 269 21.3 1.o.5 18.7

8475 AG 104.6 75.5 53.1
~1 I~.4 17.6

AG 98.0 72.0 40.1 33.0 27 6 2!.4 19.3 17.5 169

PCEA 97.9 69.4 42.2 35.8 27.5 24.5 22.0 212
U034 AG 123.2 .02.8 55.1 48.7 2.0 0 2-~ 22.8 1‘0.4
U035 AO 1285 93.9 67.4 50.5 34.8 302 26,5 23.9 21.8 20.8
U038 PCEA AG 1283 93.6 66.8 50.4 413 34 9 30.0 23.7 21.5 20.7
U074 PCEA AG 126.4 92.7 4_0.9 4-93 34.4 26.2 23.7 205

PC:~A WG 70.7 54.1 36 8 28.4 25.5 231 21.8
AG 124.4 924 65.7 49.6 4D,4 30.I 26.3 215 206

U]43 WG 71.4 52.8 28 9 249 20.5 18.6
pC~B AG 6.0.9 51.1 39.8 28.0 n4 ~3 2!.9 19.6 17.8 17.5

U303 PPEA AO 99.6 76.7 55.2 42.7 35.0 25£ 23.1 20,8 1-0.0 18.4
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Toyo Tanso

Figure 9
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Gra~ech
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