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1 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.
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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 matrix

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 Graftech Petroleum Extrusion
PPEA Graftech Pitch Extrusion
NGB-10 SGL Pitch Extrusion
NBG-18 SGL Pitch Fibro-moulding
Selected Major Graphite Grades
Grade Manufacturer Coke Process
PCIB-SFG Graftech Petroleum  Iso-moulding
LPEB/BAN  Graftech Needle Extrusion
NBG-20 SGL Petroleum Extrusion
NBG-25 SGL Petroleum  Iso-moulding
NBG-17 SGL Pitch Fibro-moulding
IG-110 Toyo Tanso  Pefroleum  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
0.9 + 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°C (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 3¢ 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 Conclusions

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 Screening measurements on INNOGRAPH-1B samples (marked with X)
Sample Grade | Orientation| Location dpa Dimensions | Massal DYM| CTE| Thermal diffusivity

S031 NBG-10 WG Centre 169 X X X X X
5033 NBG-10 WG Centre 222 X X i X
5038 NBG-10 WG Centre 119 X X
S041 NBG-10 AG Centre 214 X X X
S042 NBG-10 AG Centre 223 X X X X X
S043 NBG-10 AG Centre 173 X ¥ X | X X
S063 NBG-10 AG Centre 13.2 X X
S065 NBG-10 WG Edge 217 X X X
S068 NBG-10 WG Edge 135 X X
S061 NBG-10 AG Edge 10.1 X X
5094 NBG-25 AG Centre 194 X X X
S101 NBG-25 AG Centre 13.1 X X
5108 NBG-25 WG Centre 132 X X
S111 NBG-25 WG Centre 152 X X
S130 NBG-25 AG Edge 218 X X
5139 NBG-25 WG Edge 230 X X X
5468 NBG-18 WG Edge 13.1 X X X | X X
S476 NBG-18 AG Edge 100 X X X X X
55612 NBG-18 WG Centre 11.1 X X X X X
5514 NBG-18 WG Cenfre 120 X X
8523 NBG-18 AG Centre 132 X X X X X
5524 NBG-18 AG Centre 114 X X
S568_| NBG-17 | AG Edge 132 X X_| X
S571 NBG-17 AG Edge 108 X X
5579 NBG-17 WG Edge 132 X X X X X
S580 NBG-17 WG Edge 12.1 X X
5619 NBG-17 AG Centre 83 X X
S626 NBG-17 WG Centre 9.4 X X
TO11 1G-110 AG Centre 234 X X X
T014 1G-110 AG Centre 136 X X

| 702 [ 1G-110 | WG | Cente | 174 X X
T023 1G-110 WG Cenire 225 X X X
TO70 1G-430 AG Centre 222 X X X
T081 1G-430 WG Centre 219 X X X
uoo4 PCEA WG Centre 178 X X X X X
Uoos PCEA WG Cenfre 224 X X X X X
U006 PCEA WG Cenlre 96 X X X
U021 PCEA AG Centre 170 X X X| X X
up22 PCEA AG Centre 213 X X
un23 PCEA AG Centre 222 X X X | X X
U042 PCEA AG Centre 132 X X
uo77 PCEA AG Edge 205 X X X X X
U078 PCEA AG Edge 95 X X
U104 PCEA WG Edge 13.0 bk X
U123 PCIB WG Centre 182 X X
U148 PCI_B WG Centre 136 X X
U166 PCIB AG Centre 134 X X
U167 PCIB AG Centre 120 X X
U191 PCIB WG Edge 234 X X X
U197 PCIB AG Edge 236 X X X
U236 PPEA AG Centre 199 X X X X X
U238 PPEA AG Cenire 224 X X X X
U258 PPEA AG Centre 128 X X
U277 PPEA WG Centre 187 X X X X X
U279 PPEA WG Centre 222 X X X X
U287 PPEA WG Cenire 13.1 X X
U298 PPEA WG Edge 9.2 X X
U306 PPEA AG Edge 112 X X
U354 LPEB WG Centre 132 X X
U364 LPEB AG Cenfre 130 X X
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Table 2 Test Matrix for the INNOGRAPH 2B Experiment

Grade | Irradiated | Un-irradiated Total
1G-110 2 2 4
1G-430 2 5 7

LPEB 3 6 9

LPIB 2 0 2

NBG-10 13 18 31
NBG-17 2 12 19
NBG-18 15 18 33
NBG-25 5 6 11

PCIB 5 6 11

PPEA 10 20 30
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)

5056

-1 =

1.857

5358 | NBG-10 | AG | Edge | 7.026 | 8358 | 6330 | 03427 | 3460 1.568 120 74635 ) 7934 03470 120
55840 | NBG-10 | AG | Cenme | 7.593 | 7.685 | 5017 | 03348 | 2855 | 1.37%3 7709 ) 7990 | 5904 | 03352 1.801 132
SB52 | NBG-10 | AG | Cenme | 7.578 | 7.867 | 5012 | 05338 | 1851 1872 TI07) 7978 | 5970 ) 03362 1816 154
G380 | NBG-10 | AG | Edee | 7.653 | 8350 | 6464 | 03474 | 3303 | 1541 143 | 7604 | 7907 | 6.03§ | 03343 1851 122
S077 | NBG-10 | AG | Edee | 7019 | 8342 | 6.200 | 05230 | 3324 1.580 TO77| 7996 | 6.003 | 05387 J 1.786 131
5648 | NBG-10 | WG | Cenme | 7.640 | 7.826 | 5877 | 05334 | 1866 | 1.86] 7716 | 7.807 | 5080 | 05337 | 297 1.707 135
5648 | NBG-10 | WG | Cenme | 7.635 | 7.017 | 5201 | 05308 | 2872 1343 7703 | E0Q0 | 5001 | 03311 | 20735 1785 131
S082 | NBG-10 | WG | Edee | 7.833 | 8325 | 6.124 | 05360 | 310.7 1471 2 | 7437 | 7OR7| 6030 | 05362 | 2084 1.707 123
S350 | NBG-10 | WG | Edee | 7.661 | 8254 | 6.140 | 05280 | 3243 1628 2 700 | BQ04| 6016 | 05411 | 2000 1810 106
8352 | NBG-10 | WG | Edge | 8004 | 8380 | 6165 | 05311 | 3346 1.587 7491 | 7990 | 6055 | 05424 | 2008 1800 1nai
5382 | NBG-10 | WG | Cepms | 7.887 | 8184 | 6133 | 05400 | 3105 | 1630 275 | 1768 | 7980 | 5078 | 05233 | 1074 1.767 81
S420 | NBG-25 | AG | Edge | 7.738 | 7.055 | 5021 | 05581 | 2021 1.844 T3 | E002| 6014 05307 | 20838 1.806 ns
S438 | NBG-25 | AG | Centre | 7.752 | €111 | 6342 | 05367 | 3226 | 1670 F783 )| 7002 | 6014 | 05564 | 2006 1857 115
$448 | HNBG-25 | WG | Centre | 7.857 | £.078 | 5070 | 053566 | 3036 | 1.747 331 7702 ] 7935 5052 05275 | 2947 1.700 13.0
S448 | NBG-25 | WG | Cenme | £.026 | £.253 | 6043 | 05361 | 3218 1.645 288 | 7433 | 70386 | 604605525 | 2002 1847 135
5518 | NBG-18 | AG | Cenme | 7.833 | £.228 | 6306 | 03474 | 3341 1.833 213 7600 | E015| 5002 ) 035621 | 2083 1.884 135
S670 | WBG-18 | AG | Cenme | 7.585 | 7.676 1.8a2 76334 | 7082 | 5005 | 05426 | 2063 1.831 143
5680 | WBG-18 | AG | Edee | 7.625 | 7.602 1858 7600 | 7033 | 5084 | 03421 | 2962 1.830 133
5683 | NBG-18 | AG | Edge | 7.617 | 7.885 1.833 TI03 | 7037 | 5084 | 03402 | 2064 1822 134
5475 | NBG-18 | AG | Edege | 7.798 | £.163 1.633 216 | 7633 | 7TO04| 6005 | 05303 | 2076 1.762 131
5473 | NBG-18 | AG | Edge | £.052 | 8540 1461 166 | 7643 | 7087 | 5084 | 05370 | 2054 1818 135
S482 | NBG-18 | WG | Edge | 8298 | 8.648 1442 160 7601 | 7983 | 6005 ) 05480 | 2070 1848 134
5463 | NBG-18 | WG | Edge | £.130 | 8452 : 1.535 174 | 7637 ) 7007 | 6027 ) 05407 | 2088 1.600 127
S464 | NBG-18 | WG | Edge | 7.861 | €131 | 6070 | 05462 | 31 L5 7606 | 7997 | 6013 ) 05418 | 2083 1.816 128
S508 | NBG-18 | WG | Cenge | 7.705 | §212 | 6170 | 05447 | 31 1.703 277 | 74097 | 7081 | 6.038 | 03437 | 2087 1820 132
&8585 | NBG-17 | AG | Edge | 7.676 | 7.056 | 6017 | 05580 | 20 1.839 7718 | £012] 5002 ] 0560 2085 1.877 141
3562 | NBG-17 | WG | Edge | 8061 | 8431 | 6334 | 05486 | 34 1.576 202 ) 7351 | B008 | 5075] 05614 | 10830 1884 143
S578 | NBG-17 | WG | Edge | 7.701 | 7.000 | 50338 | 05583 | 206 1831 7740 | B013 | 6028 | 05568 | 30038 1.861 140
8568 | NBG-17 | WG | Cenme | €104 | B381 | 6244 | 05507 | 341 1.44] 249 | 7745| E015| 5080 | 05620 | 2000 1.880 140
T044 | 1G-110 | AG | Edge | 7.600 | 8185 | 6.335 | 05402 | 32 1.631 207 | 7763 | 7090 | 5078 | 05153 | 1074 1.767 A |
TOES | IG-110 | WG | Edge | 7.860 | 8258 | 6.015 | 05246 | 31 16538 241 7574 | 7973 | 5088 | 05181 | 2034 1.769 10.5
T087 | IG430 | WG | Cenme | 7.782 | 8206 | 6.122 | 05175 | 322 1.635 230 7774 | 7970 | 6033 | 05330 | 1006 1.782 112
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Table 3b Results of Screening Measurements from INNOGRAPH 2B
(Dimension, Mass, Volume, Density & Dym; pre and post irradiated)

A L nn = a Fm
Td33 AG | Centre [ 0.5343 1428 122 7881 0.5244 pas) ) 1.802 111
U034 AG | Ceomre 6.21 0.5232 1645 pi] 8.003 05355 2678 733 110
s AG Edze 6.07 0.5547 1811 362 7821 05450 | 2883 1.843 118
LER] AG | Centre 6.25. 0.5358 1.686 207 7880 0.5333 2578 1807 111
U348 AG | Ceptre | 3. 6.0 05354 1828 340 7880 05331 2678 18097 11.0
Tovd A8 Edze T 63 05451 1687 212 TEED 05338 2873 1832 114
U421 AG | Ceome | 7548 58 0.5330 1808 T2 0.5332 2057 1.833 11.7
U451 AG Edze .52 58 0.5358 1886 7583 05360 | 2857 1.813 115
U210 WG | Canre £7 6.0 05313 1.672 2435 7888 0.5360 2058 1.812 118
011 AG | Cetre 3 5068 | 0335) 1.725 25.0 7850 0.5373 28638 1.812 113
a3 WG Edze LT 3660 | 05415 1.763 322 8006 0.5425 28635 1.830 126
T4 WG Eds= {25 6. 0.5501 1534 183 70 0.5410 2853 1.832 124
U171l AG | Ceome L5 0.5451 1754 TLED 0.5505 2832 1.852 11.7
Ul A6 | Ceoe 45 05423 1800 8.000 0.5558 301 1.845 110
Ui4s W& | Cenme 05543 1743 7886 0.5540 2851 1.3582 123
Uilsd W& | Centre 05533 168 203 7880 05552 2853 1.855 124
U1 WG | Edre 0.5442 1583 247 702 0.5471 28350 13854 123
U205 WG Edze 0.5404 1.830 8002 0.5403 2571 1848 126
U3ss AG | Ceome 05429 1.868 78E1 0.5504 2883 1350 101
U353 W& | Ceome 0.5574 1601 7874 {.5530 2802 1.848 105
U3sa WG | Ceons 0.5531 18283 TERE {.5527 2885 1.350 116
Usaa AC | Ceoire 0.5377 1883 75875 05380 255 1.821 142
Ull AG | Ceomme 053464 1874 7801 0.5345 868 1.807 138
U3ds AG Edze 0.5387 1712 211 7885 05426 2830 1.852 14.0
227 WG | Ceonme 0.3330 1480 178 7877 0.5403 2853 1831 140
el WG Ei 0.5382 1.927 287 7LE1 05312 52 1.833 142
a5 W& | Cenme 05384 1874 778 05367 2855 1.81¢ 4=
U3eq WG | Ceore 05353 1870 7872 0.5356 2854 1.813 145
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Figure 3¢ Results of CTE Measurements from INNOGRAPH 2B

0 xdiabo

pefh 0 v =Te D oefhci O CPAnsKo 0
U U | DO i | (-l | G U 0 U I i
5350 | NBG-10 | AG 23 24 35 38 44 45 51 57
£322 | NBG-10 | WG 2.0 22 3.3 a5 39 42 5. 5.5
2358 | NBG-10 | AG 2.3 26 38 4.1 39 43 53 55
55852 | NBG-17 | WG 2.0 2.2 34 a7 45 45 55 57
5510 | NBG-18 | AG 1.7 2.0 34 a7 44 4.5 54 57
S506 | NBG-18 | WG 1.8 2.1 332 a4 43 44 53 56
8443 | NBG-18 | WG 1.8 2.0 32 35 4.3 45 55 57
S446 | NBG-25 | WG 1.2 1.8 27 3.0 3.5 25 4.8 4.8
U227 | PPEA | WG 1.5 1.7 3.0 33 4.1 4.2 52 54
U3g3 | PPEA | AG 2.2 2.4 34 3.7 47 44 58 6.1
LUD74 | PCEA | AG 24 27 3¢ 42 38 40 50 5.2
UCB2 | PCEA | WG 1.5 1.8 30 a3 24 as 4.7 50
U035 | PCEA | AG 1.8 2.0 30 32 28 a4 4.8 £.2
UL32 | PCEA | AG 22 2.4 38 ag a3 37 4.7 5.0
U1 | PCEA | WG 1.2 1.5 28 a0 33 a7 4.7 5.0

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

[heE Deffoovily (mmn

25°C | 100°C | 200°C | 300°C | 400°C | 500°C | 600°C | T00°C | 8§00°C | 900°C | @30°C
5352 NBG-10 WG | 1690 | 140 128 114 104 0.5 2.8 £.5 82 70 75
3446 NBG-23 WG | 126 11.5 10.1 ] 34 1.9 5 7.2 7.0 6.7 6.7
5464 NBG-18 WG | 154 12.1 107 9.6 38 82 7.8 74 7.2 7.0 6e
8475 NBG-18 AG 127 | 114 10.0 9.0 g4 7.8 75 7.1 69 6.6 6.5
ToH IG-110 AG o1 g3 7.3 6.7 61 57 54 52 48 4.7 43
uoll PCEA WG | 168 | 147 128 11.5 104 9.6 0.1 g7 82 8.0 78
Uni4 | PCEA AG | 135 12.0 10.6 a3 87 g2 31 7.5 71 7.0 66
Up3s | PCEA AG | 44| 127 112 100 az 8.5 8Q 7.3 7.1 7.0 6.6
UD36 | PCEA AG | 248 | 224 101 16.7 15.0 13.7 126 118 11.2 10.7 104
o4 PCEA AG 184 162 141 125 11.3 104 o7 5.2 g8 83 80
U083 | PCEA WG | 218 | 196 16.7 147 13.2 12.1 11.2 105 10.0 9.5 al
Ungo PCEA AG | 238 | 207 177 15.6 14.0 12.8 11¢ 111 10.5 10.] 04
Ul43 PCIR W& | 1035 0.5 8.5 7.7 7.1 6.7 6.3 6.1 50 37 56
U171 B AG 11.2 10.2 2.1 8.2 .7 3 7.0 6.7 6.5 6.5 63
U303 | PPEA AG | 120 | 107 0.4 84 78 73 6.8 66 64 6.1 58

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

[hermal Dafimsavity {mm

25°C | 100°C | 200°C | 3{00°C | 400°C | 500°C | 6006°C | 700°C | 800°C | &00°C | 950°C
5382 NBG-10 WG | 1156 [ e62 61.1 46.3 375 320 276 246 220 204 10.4
5446 | NBG-15 WG | 1030 | 776 360 | Ho 359 30.2 255 234 | 200 104 18.6
5464 NEG-18 WG | 1002 707 6.7 44.0 363 30.7 268 235 213 185 18.7
5475 HNBG-18 AG | Id6 | 755 33.1 404 326 28.0 242 21.6 184 17.6 17.0
T04H 1G-110 AG 08.0 72.0 51.8 40.1 350 27.6 240 214 183 17.5 169
U011 | PCEA WG | 1200 | o976 60.4 524 422 358 306 275 245 20 212
U034 | PCEA AG | 1232 028 63.1 487 385 331 200 254 28 208 104
U035 | PCEA AG | 1285 ] e3¢ 67.4 50.5 400 348 302 26.5 23.0 218 20.8
U036 | PCEA AG | 1283 | 936 66.8 304 | 413 340 3040 263 23.7 215 20.7
U074 | PCEA AG | 1264 | 027 66.1 40.9 403 344 206 262 23.7 216 205
U0g: | PCEA WG | 1578 | 1002 | 707 54.1 43.7 368 320 284 255 231 21.8
Uoso PCEA AG | 1244 | 024 65.7 49.6 404 342 301 26.3 23.3 215 20.6
Ui4: | PCIB WG | 948 | 714 528 41.0 338 280 2448 227 20.5 18.6 17.8
Ui7l | M(IB AG | 911 | 69.0 5.1 308 323 28.0 242 21.9 106 178 17.5
U302 | PPEA AG | 906 | 767 552 427 350 208 258 231 0.8 18.0 18.4
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Figure 1 Volume change of the SGL grades
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Figure 2 Volume change of the Graftech grades
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Figure 3 Volume change of the Toyo Tanso grades
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Figure 4 Length change of the SGL grades
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Figure 5 Length change of the Graflech grades
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Figure 6 Length change of the Toyo Tanso grades
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Figure 7 Change of Dynamic Young's modulus of the SGL grades
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Figure 8 Change of Dynamic Young’s modulus of the Graftech grades
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Figure 9 Change of Dynamic Young’s modulus of the Toyo Tanso grades
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Figure 10 Change of CTE of the SGL grades
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Figure 11 Change of CTE of the Graftech grades
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Figure 12 Change of thermal diffusivity of the SGL grades
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Figure 13

Change of thermal diffusivity of the SGL grades
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