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ABSTRACT 

This report documents the results of dimensional, thermal expansivity, 

thermal conductivity, Young's modulus, and tensile strength measurements on 

graphite specimens irradiated in capsule OG-3. The graphite grades 

investigated included near-isotropic H-451 (three different preproduction 

lots), TS-1240, and S0818; needle coke H-327; and European coal tar pitch 

coke grades P3JHA N, P JHAN, and ASI2-500. 
temperature range 823 K to 1673 K. 
experiment was 3 x 
exceeded 9 x n/m on some H-451 specimens and 6 x n/m on some 

TS-1240 specimens. 

Data were obtained in the 2 3  
The peak fast neutron fluence in the 

n/m2 (E > 29 fJ)HTGR; the total accumulated fluence 
2 2 

Irradiation-induced dimensional changes on H-451 graphite differed 

slightly from earlier predictions. For an irradiation temperature of about 

1225 K, axial shrinkage rates at high fluences were somewhat higher than 

predicted, and the fluence at which radial expansion started (about 9 x 10 
n/m2 at 1275 K) was lower. TS-1240 graphite underwent smaller dimensional 

changes than H-451 graphite, while limited data on SO818 and ASI2-500 

graphites showed similar behavior to H-451. P JHAN and P JHA2N graphites 
displayed anisotropic behavior with rapid axial shrinkage. Comparison of 

dimensional changes between specimens from three logs of H-451 and of TS- 

1240 graphites showed no significant log-to-log variations for H-451, and 

small but significant log-to-log variations for TS-1240. 

25 

3 3 

The thermal expansivity of the near-isotropic graphites irradiated at 

865-1045 K first increased by 5% to 10% and then decreased. At higher 

irradiation temperatures the thermal expansivity decreased by up to 50%. 

Changes in thermal conductivity were consistent with previously established 

curves. Specimens which were successively irradiated at two different 

temperatures took on the saturation conductivity for the new temperature. 

iii 



The fractional increase in Young's modulus as a function of 

irradiation conditions was similar for all near-isotropic graphite 
specimens, regardless of orientation or location in the parent log. The 

tensile strength increased in a manner similar to Young's modulus, but the 

exact relationship between strength and modulus was different for different 
materials. The coefficient of variation of the strength determinations was 

not significantly changed by irradiation. 
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1. INTRODUCTION 

This report documents the results of physical property measurements on 

graphite specimens irradiated in the third of the OG-series of graphite 

capsules irradiated in the Oak Ridge Reactor (ORR) under the ERDA-sponsored 

HTGR Fuels and Core Development Program. The test plan for the irradiation 

experiment is given in Ref. 1, and engineering details of the capsule 

fabrication and assembly are contained in Ref. 2. A complete inventory of 

specimens is available in Ref. 3. Full results from the first two 

irradiation experiments in the OG-series are contained in Refs. 4 and 5. 

For convenience, the present report also includes data from the two earlier 

capsules. 

Neutron fluences are given in this report in terms of neutrons with 

energies greater than 29 fJ (0.18 MeV) in a typical HTGR spectrum, 

calculated from the dosimetry measurements according to the number of 

displaced carbon atoms based on the Thompson and Wright model. 

factors for other fluence units are: 

Conversion 

Fluence with E > 29 fJ in the ORR C-3 position = 1.12 x fluence 

(E > 29 fJ)HTGR 

Equivalent fission fluence for graphite damage = 1.25 x fluence 

(E > 29 fJ>HTGR 

Nickel-Dido equivalent fission fluence = 0.67 x fluence (E > 29 fJ)HTGR 
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2. TEST DESCRIPTION AND OBJECTIVES 

Capsule  OG-3 was t h e  t h i r d  i n  a series of g r a p h i t e  i r r a d i a t i o n  

c a p s u l e s  which are ope ra t ed  t o  o b t a i n  des ign -bas i s  d a t a  on t h e  e f f e c t s  of 

n e u t r o n  i r r a d i a t i o n  on t h e  p h y s i c a l  p r o p e r t i e s  of c a n d i d a t e  g r a p h i t e s  f o r  

HTGR f u e l  and r e p l a c e a b l e  r e f l e c t o r  b locks .  The range  of o p e r a t i n g  

t empera tu res  a long  t h e  l e n g t h  of a c a p s u l e  is  approximate ly  823 K t o  1673 K 

(550O t o  1400°C). A l l  c a p s u l e s  have i d e n t i c a l  thermal  des ign .  A f t e r  

i r r a d i a t i o n ,  many specimens are t r a n s f e r r e d  t o  t h e  same l o c a t i o n  i n  t h e  

n e x t  c a p s u l e  i n  o r d e r  t o  b u i l d  up i s o t h e r m a l  d a t a  a t  inc remen ta l  f l u e n c e s .  

The p r i n c i p a l  o b j e c t i v e  of t h e  OG-3 experiment  was t o  p rov ide  

a d d i t i o n a l  i r r a d i a t i o n  d a t a  on Great Lakes Carbon Company g rade  H-451 near -  

i s o t r o p i c  pe t ro leum coke-based g r a p h i t e  which i s  t h e  r e f e r e n c e  g r a p h i t e  f o r  

HTGR moderator  and r e f l e c t o r  b locks .  Specimens from three d i f f e r e n t  pre-  

p roduc t ion  l o t s  were inc luded .  Specimens of two o t h e r  c a n d i d a t e  pe t ro leum 

coke n e a r - i s o t r o p i c  g r a p h i t e s  (Union Carb ide  g rade  TS-1240 and Airco-Speer 

g rade  S0818) w e r e  a l s o  i r r a d i a t e d .  Some compara t ive  d imens iona l  change 

expe r imen t s  u s i n g  European c o a l  t a r  p i t c h  coke-based g r a p h i t e s  (Pechiney 

g rades  P JHA2N and P JHAN and S i g r i  g rade  ASI2-500) were a l s o  inc luded .  3 3 

. 

t 
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3. MATERIALS INVESTIGATED 

r 
t 

,- 

A summary table showing the number of specimens of each material 

included in the experiment appears in Table 3-1. Further details of the 

principal grades are contained in Refs. 6 and 7. 

The largest proportion of capsule space was allotted to grade H-451 
graphite. Specimens were taken from the following three preproduction 

lots, which were made with minor differences in their coke formulation: 

1.  

2. 

3 .  

Lot 266, previously irradiated in capsules OG-1 and OG-2 (one l o g  

sampled). 

higher irradiation temperatures now exceeds the end-of-life 

fluence for large HTGR designs. 

The fluence accumulated by these specimens at the 

Lot 408, previously irradiated in capsule 06.2 (one log sampled). 

Lot 426, virgin specimens (three logs sampled). 

In addition, a few previously irradiated specimens of grade H-429 (small- 

diameter prototype for H-451) were continued. 

The next largest proportion of space was given to another petroleum- 

coke-based, near-isotropic graphite, Union Carbide grade TS-1240. Some 

specimens previously irradiated in capsule OG-2 were continued. 

specimens sampled from three different logs (all from the same preproduction 

lot) were added. Only a minority of the irradiated specimens of TS-1240 

graphite were tensile-tested; the remainder were held for possible future 

reirradiation. 

Fresh 

Dimensional change, thermal expansivity, and thermal conductivity 
specimens from a single l og  of Airco-Speer grade SO 818 (preproduction lot 

4 B )  were irradiated. No tensile specimens of this material were included. 
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Previously irradiated specimens taken from a single log of Great Lakes 

Carbon needle coke graphite grade H-327, which was used for the core of the 

Fort St. Vrain HTGR, were reirradiated. The planned irradiations on this 

material are complete. 

A limited number of dimensional change specimens made from pitch-coke- 

based graphites (Pechiney grades P3JHAN and P J H A 2 N  and Sigri grade ASI2- 

500) and a fine-grained isostatically molded graphite (Stackpole Carbon Co. 

grade 2020)  were included for comparison with the major candidate 

graphites. 

3 

The following standard specimen shapes were used: 

Shape Dimensions 

Cyl inder  5.1 mm d i a .  x 
11.4 mm long 

Cylinder 6.3 mm dia. x 
22.9 mm long 

Disc 10.2 mm dia. x 
1 . 3  mm thick 

Type of Test 

Dimensional 
Thermal expansivity 

D imens ional 
Thermal expansivity 
Tensile test 

Thermal diffusivity 

Technique 

O p t i c a l  gauge 
Silica dilatometer 

Optical gauge 
Silica dilatometer 
Uniaxial tension 

Heat pulse 

A l l  virgin specimens were annealed at 1 7 7 3  K ( 1 5 O O 0 C )  for 1800s in an argon 

atmosphere after machining. 
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Great Lakes 
Carbon Co. 

2 66 H-451 Near-isotropic 
petroleum 

H-429 

TS-1240 

Near-isotropic Great Lakes 
petroleum Carbon Co. 

Near-isotropic Union 
petroleum Carbide 

H-327 
I 

Needle Great Lakes FSV-42 
Carbon Co. 

Near-iso tropic 
petroleum 

Pitch 
Pitch 

Pitch 

Fine grained 
.petroleum , _. 

Airco-Spear 

Pechiney 
Pechiney 

Sigri 
S t ackpo le 

"' t, 

TABLE 3-1 
MATERIALS IRRADIATED IN CAPSULE OG-3 

Production 
Manufacturer I Lot 

Previous 
Crradiations Type of Test Specimen 

Graphite 
Grade 

Number of 
Specimens 

96 
21 
34 
28 

96 
40 
102 
20 

OG-I, OG-2 Dimensional/CTE 
Dimensional/fatigue 
Dimensional/ tensile 
Thermal diffusivity 

Dimensional/tensile 
Dimensional/CTE 
Dimensional/tensile 
Thermal diffusivity 

OG-2 
-- 

W 
I w 

GEH-422, 
OG-I, OG-2 

Dimensional/CTE 23 

~~~~ ~ 

Dimensional/tensile 
Thermal dif f usivity 
Dimensional/CTE 
Dimensional/tensile 

OG-2 50 
24 
16 
128 

44 
10 
26 

16 
18 

-- 

Dimensional/CTE 
Dimensional/ tensile 
Dimensional/tensile 

Dimensional/CTE 
Thermal diffusivity 
Dimensional/CTE 
Dimens ional/CTE 

Dimensional/CTE 

OG-I, OG-2 
OG-2 

SO 818 4B 

-- OG-I, OG-2 29 

22 

22 

P3JHAN 
P3JHA2N 

ASI2-50( -- 
OG-I, OG-2 Dimensional 2020 78 

- 



4.  CAPSULE OPERATING CONDITIONS 

4.1.  DESCRIPTION OF CAPSULE 

Capsule OG-3 was a fully instrumented, controlled-temperature, doubly 

contained irradiation capsule which was irradiated in the C-3 position of 

the Oak Ridge Reactor (ORR) between June 2 1 ,  1975, and December 5, 1975. 

The total residence time in the reactor was 14.4 M s  with 12.8 Ms at a power 

level of 30 MW, yielding a capsule cumulative power of 4452 MWd. 

The capsule contained two cells, each with its own sweep-gas system. 

Adjustment of the helium-argon ratio in the sweep gas allowed independent 

temperature control in the upper and lower cells. The cells contained a 

total of 10 graphite crucibles approximately 57 mm in diameter by 51 mm 

high (except for crucible No. 3, which was 76 mm high). The crucibles were 

drilled with holes to act as specimen holders. The crucibles were 

contained in Inconel 600 cans, which were housed in an annular aluminum 
thermal bond inside two 304 stainless steel containment tubes. The heat 

transfer gap between each crucible and the containment can was designed 

according to the gamma heating rate to allow the crucible t o  operate at the 
desired temperature. During operation the sweep gas composition was 

periodically adjusted to maintain the centerline temperature of crucible 3 

(in cell 1 )  and crucible 7 (in cell 2 )  at 1273 K. 

The capsule contained 21 chromel-alumel thermocouples and 12 tungsten- 

rhenium thermocouples. All crucibles contained at least one thermocouple 
on the centerline and at least one thermocouple near the outside. Six sets 

of chromel-alumel/tungsten-rhenium thermocouple pairs were located in 

various crucibles to provide in-situ decalibration data for the tungsten- 

rhenium thermocouples used alone in the two highest-temperature crucibles, 

4 and 5. A schematic diagram of the capsule layout and thermocouple 
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locations is shown in Fig. 4-1. All thermocouples operated reliably for 

the full life of the capsule except thermocouple W5 in crucible 3 ,  which 

operated erratically from the start. 

4.2. OPERATING TEMPERATURES 

Each thermocouple reading was recorded four times per day, but the 

data analysis was based on one reading per day (148 data points per 

thermocouple). 

true operating temperatures, but the tungsten-rhenium readings had to be 

corrected for neutron-induced decalibration. The decalibration factors 

were estimated from the ratios of the chromel-alumel/tungsten-rhenium pairs 

as a function of thermal fluence. The factor applied to thermocouples W19, 

W20, W29, and W30 in crucibles 4 and 5 was determined from the pairs in 

crucibles 3 and 7, which were the closest in temperature to crucibles 4 and 
5. The relationship between the true temperature, 

temperature in crucibles 4 and 5, Ti, was taken to be 

The chromel-alumel readings were assumed to represent the 

and the indicated Tt , 

i T 
= 

-27 
9 

1 - 7 x 1 0  Tt 

2 where f is the thermal fluence (n/m >. 
The averaged daily temperatures at the centerline and outside of each 

crucible are listed in Table 4-1. The values are based on chromel-alumel 

thermocouple readings except for crucibles 4 and 5, which are based on 

tungsten-rhenium thermocouples. The irradiation-induced change in the 

thermal conductivity of the graphite crucibles caused a 10 to 30 K long- 
term drift in the temperatures of the crucibles running at 1273 K or less, 
while crucibles 4 and 5 experienced a downward drift in temperature 

amounting to about 80 K over the life of the capsule. 
control rod bank travel caused sawtooth-shaped fluctuations in temperature 

which were most marked in crucibles 4, 5, 9, and 10. The upper and lower 

limits of the fluctuations, defining the band within which the temperature 

remained for 90% of the time at power, are included in Table 4-1. 

In addition, the 

c 
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The mean operating temperatures of individual specimens were 

calculated from the centerline and outside temperatures of the crucible, 

assuming a parabolic temperature distribution along the radius, 

4.3. NEUTRON FLUENCE 

Dosimetry for the capsule was obtained from flux wires of vanadium - 
0.216% cobalt, vanadium - 0.52% iron (88.25% enriched in Fe-54), and 

titanium. The wires were encapsuled in quartz vials and placed in grooves 

in the aluminum thermal bond at seven axial locations. In each axial 
location there were four sets of flux wires spaced 90 deg apart 

circumferentially. All flux wires were recovered from the irradiated 
capsule and analyzed by gamma-ray spectroscopy. 

were decayed back to the end of irradiation and used to calculate the 

thermal and fast fluences, taking into account the disappearance of target 
atoms by competing nuclear reactions and the burn-out of product atoms. 

The values used for the principal effective activation cross sections were 

36.8 x 
x 
spectrum), and 6.61 x 10 m for the Ti-46 (n,p) Sc-46 reaction (fast 
fluence, E > 29 fJ, ORR spectrum). The fluences obtained for the four 

circumferential positions at a given axial location were averaged, and the 
fast fluence results from the iron and titanium flux wires were combined. 
The average fluences were plotted against the axial location, and third 
order polynomial curves were fitted through the data and used to obtain the 
fluence at the center of each crucible. The curves are shown in Fig. 4-2. 

The equivalent fluences for each crucible, expressed in terms of neutrons 
with energies exceeding 29 fJ in a typical HTGR spectrum and as the 

The measured activities 

m2 for the Co-59 (n,y) Co-60 reaction (thermal fluence), 46.56 

m2 for the Fe-54 (n,p) Mn-54 reaction (fast fluence, E > 29 fJ, ORR 
-31 2 

equivalent fission fluence for graphite damage, are given in Table 4-1. 
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I 
8 

BOTTOM 
OF CORE 

O F  i O R E  

- -  
4 11.812 11.812 J---l 

CONTAINMENTS 4 0.78 k-14.43 -(0.88k-7.13 
P R I M A R Y .  

CRUCIBLES 10 9 8 7 6 5 4 3 2 1 

CELL 2 CELL 1 

THERMOCOUPLE I O  

1-K7 6 W? 
2-W4 I K9 
3 K13 8-WIO 
1 - K 8  9-K12 
55W6 IO W14 

11 -KII 16 K17 21bW29 26-K22 31LK32 
12-W5 17-K l6  22-K21 27-K27 32-K25 
13 K3 18-Wl9 23-K28 28-K23 33-K18 
14-W1 19-W30 24-K33 29-K31 
15 K15 20-W20 25-W26 30-K24 

K = CHROMELlALUMEL THERMOCOUPLE 
W = W/3% Re W/25% R e  THERMOCOUPLE 

ALL DIMENSIONS IN INCHtS 

F i g .  4-1. Schematic layout of capsule OG-3 with thermocouple locations 
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C r u c i b l e  

Center  

Yaximum ( a)  Minimum (a) 

K " C  K "C 

1000 727 957 684 1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

* 
I m 

Mean 

K "C  

889 616 

TABLE 4-1 
TEMPERATURES AND FLUENCES I N  CAPSULE OG-3 

F i s s i o n  
Fluence  f o r  

G r a p h i t e  
Damage 

2.30 
3.00 
3.52 
3.71 
3.61 
3.35 
2.99 
2.52 

1.97 
1.39 

Neutron Fluence  x 
(n/m2) 

M e  an 

K O C  

979 706 
1052 779 
1271 998 
1576 1303 
1661 1388 
1314 1041 
1262 989 
1160 887 
1055 782 
888 615 

Operat ing Temperature 

O C  

638 
678 
926 
1221 
1371 
950 
944 
857 
757 
585 

Thermal 

1.29 
1.47 
1.68 
1.79 
1.75 
1.61 
1.39 
1.12 
0.83 
0.61 

K 

870 
907 
1166 
1320 
1513 
1128 
1161 
1054 
943 
773 

E>29f J, 
HTGR 

1076 
1286 
1658 
1726 
1347 
1280 
1193 
1113 

940 

1.84 
2.40 
2.82 
2.97 
2.89 
2.68 

2.39 
2.01 
1.57 
1.11 

803 1031 758 927 654 

1013 1255 982 1182 909 

1385 1491 1218 1409 1136 

1453 1586 1313 1580 1307 

1074 1273 1000 1173 900 

1007 1237 964 1189 916 

920 1122 849 1090 817 

840 1041 741 981 708 

667 847 574 807 534 

Equiva len t  1 Outs ide  
Maximum(a) I Minimum ( a >  

K 

91 1 
95 1 
1199 
1494 
1644 
1223 
1217 
1130 
1030 
858 

O C  

597 
6 34 
89 3 
1047 
1240 
85 5 
888 
781 
670 
500 

(a)Maximum and minimum tempera tures  i n d i c a t e  range w i t h i n  which t h e  tempera ture  remained f o r  90% of t h e  
t i m e  a t  power. 



5. MPERIMENTAL RESULTS - DIMENSIONAL CHANGES 

5.1  . INTRODUCTION 

Capsule OG-3 contained dimensional change specimens of eight near- 

isotropic graphites, needle coke H-327 graphite, and several miscellaneous 

graphites. The design data bases for calculating irradiation-induced 

dimensional change in H-451, TS-1240, and H-327 graphites were 

significantly enlarged by the addition of OG-3 data. 

comparisons of dimensional change between domestic and foreign grades of 

near-isotropic graphite were carried out. 

In addition, spot 

Dimensional change data are reported as percent strain [ ( R  - R o ) / R o  x 

1001, where R is the post-003 irradiation length and E is the original 
(unirradiated) length. The average irradiation temperature and fast 

neutron fluence experienced by specimens while in OG-3 were assigned as 
discussed in Section 4 .  Specimens which were re-irradiated in OG-3 were 

assigned fluence-weighted average temperatures corresponding to the 

aggregate fast neutron fluence of the specimen. 

0 

5.2. IRRADIATION-INDUCED DIMENSIONAL CHANGE IN NEAR-ISOTROPIC GRAF'HITES 

5.2.1. H-451 - 
Two hundred and nineteen axial and 1 7 0  radial dimensional change speci- 

mens of H-451 graphite were irradiated in capsule OG-3. Many of these 

specimens were previously irradiated in the OG capsule series (Ref. 5 ) ;  thus, 

the total fast fluence of some H-451 specimens exceeded the lifetime reactor 

fluence for fuel element graphite. 
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Specimens were i r r a d i a t e d  a t  average temperatures  ranging from 880 K 

t o  1670 K t o  t o t a l  neut ron  f luences  of 1.55 x 

29 fJ>HTGR* 

Tables 5-1 and 5-2. The d a t a  have been p l o t t e d  as open symbols i n  Figs .  5- 

1 and 5-2. The c losed  symbols i n  these  f i g u r e s  r ep resen t  i r r a d i a t i o n  d a t a  

from previous OG series capsules  r epor t ed  i n  Ref. 5. 

t o  9.2 x n/m2 (E > 

The t o t a l  dimensional change of each specimen i s  t a b u l a t e d  i n  

The H-451 OG-3 d a t a  g e n e r a l l y  ag ree  wi th  prev ious  H-451 d a t a  f o r  GLCC 

product ion l o t s  266 and 408 (see  Sec t ion  3 ) .  Radia l  H-451 specimens were 

i r r a d i a t e d  t o  s u f f i c i e n t  f l uences  t o  show turnaround in t h e  dimensional 

change and, i n  two specimens, n e t  r a d i a l  expansion. The earliest  change i n  

l inear  dimensional change t o  n e t  expansion occurred i n  H-451 g r a p h i t e  

i r r a d i a t e d  a t  approximately 1275 K. Radia l  specimens appear t o  go t o  n e t  
2 

expansion when exposed t o  approximately 9 x n/m (E > 29 fJ)HTGR neut ron  

f luence .  Higher i r r a d i a t i o n  temperatures  create a g r e a t e r  i n i t i a l  

c o n t r a c t i o n  which de lays  c rossover  t o  n e t  expansion u n t i l  f a s t  f luences  

g r e a t e r  than 9 x n/m (E > 29 fJIHTGR. 
2 

These d a t a  and r e l a t e d  e f f e c t s  were incorpora ted  i n t o  t h e  des ign  

curves  fo l lowing  t h e  procedures  o u t l i n e d  i n  Ref. 5. Since H-451 d a t a  now 

extend through r e a c t o r  l i f e t i m e  f luence ,  t h e  H-429 g r a p h i t e  ( p i l o t - s c a l e  

p recu r se r  t o  H-451) d a t a  are no longer  included i n  t h e  d a t a  base  t o  be  

fit by computer. 

decreased.  I so thermal  s e c t i o n s  through t h e  des ign  s u r f a c e  are p l o t t e d  i n  

Fig. 5-3. The polynomial which d e s c r i b e s  t h e  des ign  s u r f a c e  i s  l i s t e d  i n  

Table  8-1 ( a ) .  

A s  a r e s u l t ,  t h e  scat ter  i n  d a t a  about t h e  des ign  s u r f a c e  

5.2.2. H-429 

Twelve axial  and 11 r a d i a l  H-429 g r a p h i t e  specimens cont inued 

i r r a d i a t i o n  i n  capsu le  0 6 3 .  The d a t a  provide h igh  f luence  [up t o  11.4 x 
2 

n/m (E > 29 fJ)HTGR] d e f i n i t i o n  of t h e  shape of petroleum coke, near- 

i s o t r o p i c  g r a p h i t e  dimensional  change curves.  Table 5-3 l i s ts  t h e  OG-3 H- 

429 g r a p h i t e  da ta .  

5-2 
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5.2.3. TS-1240 

Capsule OG-3 included 96 axial and 98 radial dimensional change 

specimens of graphite TS-1240. 

temperatures of 865 K to 1655 K to neutron fluences of 1.55 x n/m to 

5.9 x n/m2 (E > 29 fJ)mGR. Tables 5-4 and 5-5 list the total dimen- 

sional change for TS-1240 O G 3  specimens. Data at higher fluences are shown 

as open symbols in Figs. 5-4 and 5-5. For comparison, dimensional changes 

observed in the 0 6 2  experiment (Ref. 5) are also included in Figs. 5-4 

and 5-5 as closed symbols. 

The specimens were irradiated at average 
2 

TS-1240 graphite continues to exhibit excellent dimensional stability 

under neutron irradiation. Dimensional changes observed in TS-1240 are 

approximately 50 to 70% the magnitude of those in H-451 graphite. 

5.2.4. SO-818 

A third potential fuel element graphite, SO-818, was irradiated in the 

OG-3 experiment. Eight dimensional change specimens for each orientation 

were irradiated. 

H-451 graphite. The data are listed in Table 5-6. 

Observed dimensional changes were about equal to those of 

5.2.5. Pitch Coke Graphites 

Several pitch coke graphites developed by European programs were 
irradiated in the OG-3 experiment. ASI2-500 exhibited moderate dimensional 
change similar to H-451. 

P JHA N, underwent considerably more contraction than any other near- 3 2  
isotropic graphites. 

and 5-8. 

The two graphites of French origin, P 3 J W  and 

ASI2-500 and P3JHA2N data are included in Tables 5-7 

P JHAN specimens from earlier experiments were reirradiated in capsule 3 
OG-3. 

during removal from the experiment after irradiation at high fluence levels 

As shown in Table 5-9, some of the P JW specimens were broken 3 
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The unbroken specimens demonstrated 

n/m2 (E > 29 

2 [8.5 x n/m (E > 29 fJlHTGR1. 
l a r g e  n e t  expansions i n  t h e  r a d i a l  d i r e c t i o n  a t  8.5 x 

I 

I 

whi le  the  axial  specimens went through turnaround a t  t h e  same J, HTGR 
f luence .  The l a r g e  dimensional changes of t h e  P JHAN specimens caused 

mechanical i n t e r a c t i o n  between t h e  specimen and t h e  g raph i t e  c r u c i b l e  

seve re  enough t h a t  specimens were f r a c t u r e d  dur ing  removal from t h e  

c ruc ib l e s .  

3 

5.2.6. 2020 - 

The 28  a x i a l  and 50 r a d i a l  specimens of 2020 g raph i t e  were 

r e i r r a d i a t e d  i n  the  OG-3 experiment a f t e r  prev ious  i r r a d i a t i o n  i n  OG-1 and 

OG-2. Tables  5-10 and 5-11 con ta in  t h e  r e s u l t s  of t h e  OG-3 i r r a d i a t i o n .  

Radial  dimensional change i s  somewhat g r e a t e r  than  a x i a l  dimensional  change 

i n  2020 because the g raph i t e  i s  i s o s t a t i c a l l y  molded r a t h e r  than extruded 

as are t h e  o t h e r  g r a p h i t e s  d i scussed  above. The spread of observed 

dimensional change between a x i a l  and r a d i a l  o r i e n t a t i o n s  i s  about t h e  same 

as i n  H-451 g raph i t e ,  but  2020 g r a p h i t e  c o n t r a c t s  less and expands more 

than  H-451. 

5.3. IRRADIATION-INDUCED DIMENSIONAL CHANGE IN NEEDLE-COKE H-327 GRAPHITE 

Specimens of H-327 g r a p h i t e  which w e r e  p rev ious ly  i r r a d i a t e d  i n  OG 

capsules  w e r e  r e i r r a d i a t e d  i n  t h e  OG-3 experiment.  Tables 5-12 and 5-13 

l i s t  t h e  41 axial  and 39 r a d i a l  H-327 specimens i r r a d i a t e d  i n  OG-3. The 

d a t a  were added t o  t h e  d a t a  base of H-327 g r a p h i t e  and computer f i t  by 

FUNFIT as descr ibed  i n  Ref. 5. The r e s u l t a n t  des ign  curves f o r  H-327 

g r a p h i t e  are shown as isotherms through t h e  des ign  s u r f a c e  i n  Fig. 5-6 

which i s  generated from t h e  polynomial given i n  Table  8 - l ( b ) .  

5.4. MISCELLANEOUS GRAPHITES 

The OG-3 experiment contained miscel laneous g r a p h i t e  specimens, t h e  

most important  of which are contained i n  Table  5-6. Laboratory grade 565161 
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\ 
graphite, made from Robinson coke at Oak Ridge National Laboratory, showed 

larger net expansion than other near-isotropic graphites following the OG-3 

irradiation. Grade H-451C, which was H-451 graphite infiltrated with 

binder pitch during cure-in-place process studies, continues to demonstrate 
about the same dimensional changes as observed in H-451 graphite. The mean 

axial dimensional change for H-451C is -2.78%, compared with -2.93% for 

H-451 at approximately the same irradiation conditions. 

5.5. SIDE-BY-SIDE COMPARISON OF DIMENSIONAL CHANGES IN DIFFERENT GRAF'HITES 

To facilitate direct comparison, groups of four replicate axial and 

radial specimens (midlength-center location) of H-451, TS-1240, SO-818, 

P J H A 2 N ,  and ASI2-500 graphites were irradiated side-by-side at 1040 K in 
crucible 2 and at 1653 K in crucible 5. The mean dimensional changes are 

listed in Table 5-14. At both irradiation temperatures grade TS-1240 

showed less shrinkage (in both directions) and grade P JHA2N showed more 

shrinkage (in the axial direction) than the other three grades. Grade 

P JILA2N behaved more anisotropically than the other materials. 

3 

3 

3 

5.6. EFFECT OF CHANGING IRRADIATION TEMPERATURE ON DIMENSIONAL CHANGES 

After irradiation in capsule OG-I, two sets of four axial and four 

radial specimens of H-451 graphite were interchanged between crucibles 1 

and 6 for the next two irradiation increments. 
temperature was 948 K (675°C) in crucible 1 and 1323 K (1050°C) in crucible 

6. The dimensional changes of the specimens are plotted as functions of 

neutron fluence in Fig. 5-7. Isothermal curves for specimens irradiated 

continuously in crucibles 1 and 6 are included in the figure. When the 
irradiation temperature of the axial specimens was increased, the shrinkage 

rate increased to that of specimens irradiated isothermally at the higher 

temperature. The shrinkage rate of axial specimens decreased when their 

irradiation temperature was reduced, but remained higher than that of 

specimens isothermally irradiated at the lower temperature to the same 

fluence. The shape of the curves suggests that the new shrinkage rate may 

Their mean operating 
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correspond to the lower temperature isothermal curve extrapolated to the 

higher strain of the stepped-down specimens. The data points for radial 

specimens are too closely clustered to draw firm conclusions, but the 

trends appear similar to those of the axial specimens. 

5.7. BETWEEN-LOG AND WITHIN-LOG VARIATIONS IN DIMENSIONAL CHANGE 

Several groups of H-451 and TS-1240 specimens were made up from three 

different logs out of the same lot. In some cases specimens from both the 

midlength-center location and the midlength-edge location in the log were 

included. Four or five replicates were used for each log and location. 

After post-irradiation length measurements, the data were analyzed by the 
analysis-of-variance method to find whether the between-log and within-log 

variations were statistically significant. Individual measurements are 

included in Tables 5-1 through 5-5. Summaries of the results of the 
analyses of variance are given in Tables 5-15 through 5-18. For H-451 

graphite, neither the between-log nor the within-log variations were 

significant at the 95% confidence level. Shrinkage of TS-1240 graphite 
showed significant between-log differences among the specimens irradiated 

at the highest temperature (Table 5-16). However, the differences were 
small (0.33% or less). Differences in shrinkage between midlength-center 

and midlength-edge specimens were not statistically significant for H-451 

graphite, but the TS-1240 graphite showed slightly more shrinkage at the 

edge of the log than at the center (Table 5-18). 
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0 I R R A D I A T I O N  TEMP 
0 I R R A D I A T I O N  TEMP 

875 K - 975 K 
1075 K - 1175 K 

Fig.  5-1 (a). Dimensional change i n  H-451 g raph i t e ,  a x i a l  o r i e n t a t i o n :  i r r a d i a t i o n  temperatures 875 K 
t o  975 K and 1075 K t o  1175K 
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0 

-4 

0 IRRADIATION TEMP 875 K - 975 K 
0 IRRADIATION TEMP 1475 K - 1575 K 

1 2 3 4 5 6 7 a 9 10 
NEUTRON FLUENCE ( d 5  N/rn2) (E  > 29 fJ)HT,-R 

Fig. 5-2 (a). Dimensional change in H-451 graphite, radial orientation: irradiation temperatures 875 K 
t o  975 K and 1475 K t o  1575 K 
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0 IRRADIATION TEMP 975 K 1075 K 
0 IRRADIATION TEMP 1275 K - 1375 K 
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NEUTRON FLUENCE (loz5 N/m2) ( E  > 29 fJ)HTcR 

Fig.  5-2 ( b ) .  Dimensional change i n  H-451 graph i t e ,  radial  o r i e n t a t i o n :  i r r a d i a t i o n  temperatures 975  K 
t o  1075 K and 1275 K t o  1375 K 
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Fig .  5-5. Dimensional change i n  73-1240 graph i t e ,  r a d i a l  o r i e n t a t i o n  
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ISOTHERMAL -- 948 -, 1323 K 
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Fig. 5-7. Dimensional changes in H-451 graphite irradiated with changes 
in temperature 
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TABLE 5-1 
DIMENSIONAL CHANGE I N  H-451 GRAPHITE, AXIAL ORIENTATION 

ul 
I 
10 
10 

Record Specimen 
Number Number 

I r r a d .  
Cruc ib l e /Ho le  

P rev ious  P r i o r  T o t a l  T o t a l  F luence  
A R I L o  (E>29fJ ,  HTGR) Average I r r a d .  Temp 

( x )  (1025 n/m2) ( "c )  (K)  

878 
878 
878 
878 
878 
878 
893 
893 
903 
903 
903 
903 
903 
903 
903 
90 3 
903 
903 
903 
903 
903 
903 
903 
913 
943 
943 
943 
943 
943 
943 
943 
94 3 
943 
943 
943 
943 
943 
943 
( a )  
(4 



TABLE 5-1 (Continued) 

Record Specimen Pos i t ion  
Number Number i n  Log 

Previous  P r i o r  T o t a l  
Irrad. Record I r r a d .  Temp A U R O  

Crucib lefHole  No. ("C) ( X )  

i s  
1 s  
1 1  
1 1  
1 .  1 
1 7  
1 8  
1 8  
1 9  
1 9  
2 2  
2 2  
2 3  
2 3  
2 4  
2 5  
Z b  
2 7  
9 5  
9 5  
9 0  
9 9  
2 1  
2 1  
9 2  

9 1  
9 1  
8 2 5  
R 2 3  
e 1 4  
8 1h 
6 15 
R 15 
Y 16 
@ !b 
A 9  
a 9  
R 1 6  
fi  113 

b z  

. .. 

6 5 2 4  
6525 
6 5 0 0  
650 1 

0 
0 
0 
0 
0 
0 

b b 3 3  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

6bZS 
6626 
7426 
7470 
7 4 Z O  
7022 
7 4 1 6  
741 7 
7UlQ 

7412 
741 3 
7u9 4 
7015 
7363 
7360 
7 365 
73bb 

701 1 

T o t a l  Fluence 
(E>29fJ,  HTGR) Average 

(1025 n/m2) ("c) 

5.5s  
5.55 
5. S I  
5ts9 
1 *= 
1.85 - 
1.85 
1 e85 
1.85 
1.89 
7 . 2 0  
7.20 
2 m 4 t  
2.40 
2 . 4 3  
2.uo 
2.uo 
2.40 
1155 
1.55 
1 e 5 5  
1.55 
7.20. 
7.20 
5.15 
5.15 
5.15 
5.15  
4 1  15 
0.15 
4,15 
4. 15 ". 1s 
4 . 1 5  
4 .15  
4 . 1 5  
0 .15  
" e  15 
4 . 1 5  
u t  is 

(a )  
(a) 

.68f, 0 

b9-$ Q 
b8S 0 

695.0 
695.4 
699 0 
69S.e Q 
695 , 0 
7SS.O' 
755.0 
769.0 
769.0 
765.0 
765.0 
765.0 

779.0 
7bS. 0 

779.0 
77'5,O 
775.0 
779.0 
775.0 
@ i S . O  
815.0  
825.0 
830,O 

845.0 
855,O 

855.0 
855.0 
855.0  
855.0 
f i 85 .0  
8 8 5  a 0 
805,O 
885.0 

w5.o 

855.0 

I r r a d .  Temp 
(K) 

(a)  
(a )  
958 
958 
968 
968 
968 
968 
968 . 

968 
1028 
1028 
1038 
1038 
1038 
1038 
1038 
1038 
1048 
1048 
1048 
1048 
1048 
1048 
1088 
1088 
1098 
1103 
1118 
1118 
1128 
1128 
1128 
1128 
1128 
1128 
1158 
1158 
1158 
1158 



TABLE 5-1 (Continued) 

Previous P r i o r  T o t a l  T o t a l  Fluence 
I r r a d .  Record I r r a d .  Temp A!L/go (E>29fJ,  HTGR) Average I r r a d .  Temp 

( " 0  ( x )  (1025 n/m2) ( O C )  (K) CruciblefHole No. 
Record Specimen P o s i t i o n  

- Number Number i n  Log 

-5. ?.! 
b 27 

0 
@ 

. .  

905.0 
91)s.o 
905,O 
905.0 
9Ve!.s,.Q- 
90'9.0 
905.0 
905.0 
920.0 
920.0 
92 L 0 

910.0 
910.0 

9 1 0 ~ 0  

920.0 

910.0 

910.0 
910.0 

910.0 
910.0 
930 e Q 
930.0 
9 1 0 @ 0  
910.0 
91000 
910.0  

, o  
.O 

910.0 

910.0 

889.0 
889.0 
04s. 0 
885.0 
86L.Q- 
885.0 
899. 0 
805.0  
910.0 
910.0 
910.0 
910.0  
915.0 
915.0 
915,O 
915.0 

- PISSP 
91S.O 

915.0 
. 915 --e- 0 
919.0 
920.0 
920.0 

.o 
930.0  
930.0 
930.0 

955.0 

915.0  

9 2  r 0 

- 9  35-19 
439.0 
9sslo  
9 3 f . 0  
93s.t0_ 
039.0 
.q 3'9.0 
935.0 
935.0 
935.0 

.. 

1158 
1158 
1158 
1158 
1158 
1 158C 
1168 
1168 
1183 
1183 
1183 
1183 
1188 
1188 
1188 
1188 
1188 
1188 
1188 
1188 
1188 
1188 
1193 
1193 
1203 
1203 
1203 
1203 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 



TABLE 5-1 (Continued) 

Record Specimen 
Number Number 

Previous P r i o r  Total  
I r r ad .  Record I r r ad .  Temp ARIRo 

Crucible/Hole No. ( " 0  (%> 

6 30 
b 30 
6 31 
6 3 1  
b 32 
6 32 
b 35 
b 33 
b 34 
b 34 
b $5. 
b 35 
6 36 
b 36 
b -31 
6 37 
6 38 
6 38 
3 7  
3 0  
3 6  
3 8  
3 9  
3 9  
3 9  
3 10 
3 I O  
3 1 0  
3 1 1  
3 11 
3 11 
5 12 
3 12 
3 I f ?  
3 1 3  
3 1 3  
5 1 3  
3 5  
3 s  
3 5  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

6868 
68  39 
b8UO 
b8U 1 
68U2 
6 8 U 3  
b8UU 
6776 
b777 
6778 
6779 
6780 
6?8  1 
6782 970.0 - 1  1764 
6783  970.0 - 2 , 0 2 2  
b784 970.0 -2 .  I35 
6785 970.0 -1.751, 
b 7 R b  9 7 O e O  -2.  151 
6787 970.0 -1.899 
b 8 O O  960.0 - 2 . 8 U S  
6 8 0 1  9 6 0 . 0  -2.967 
6 8 0 2  960.0  -2.756 

Tota l  Fluence 
(E>29fJ,  HTGR) Average 

(1025 n/m2) ("c) 

2.70 
2.70 
Z I Y Q  ' 

2 s 7 0  
Z.7P 
2.70 
2.79 
2.70 
2rZQ 
2.70 
2.70 
2.70 
2.70. 
2.70 
2.70 
2.70 
2Jo 
Le70 
~ P S Q  
8,SO 
8 .50  
8.50 

-8,SP 
8 e f O  
8150 
5.50 
5.50 
5.50 
5.50  
5 s S O  
SI50 

9 3 5 . 0  
935.0 
ft35.0 
9 3 5 . 0  
93SaQ 
935.0 
9 3.%. 0 
9 3 5 . 0  
93s.a 
93S.O 
935.4 
9 3 S . O  

. ~ J S S O  
959.0 
935.0 
93S.0 
9 3 5 r Q  
9 S S e  0 
935au 
9 3 5 . 0  
935.0 
9 3 S . O  
915.0 
935.0 
0 35 c0 
970.0 
970.0 

970. 0 
970.0 
970 ,O 

970.0 

5 e S O  970 0 
s.50 970.0 
5.50 070.0 
5.50 970.0 
5.50 970.0 
5.50 970.0 

8.50  910.0 
8.50 Q 7 0 . 0  

8.50 970.0 

I r r ad .  Temp 
(K) 

1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 ' 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 .. 

1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
1243 
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c '  
TABLE 5-1 (Continued) 

' C  

. .  Previous Prior Total Total Fluence 
Record Specimen Position Irrad. Record Irrad. Temp AllIRo (E>29fJ, HTGR) Average Irrad. Temp 
Number Number in Log Crucible/Hole N o .  ("C)  ( X )  (1025 nIm2) ("c) (K) 

7 0 8 0  1330.0 
7 0 8 1  1330.0 
7 0 P Z  13to.o  
7 0 2 9  1365.0 
7 9 3 0  13bSirP.. 
7 0 2 1  1565.0 
7 0 22 ! 365 I 0 
1.323 1369.0 
7Q24 136580 

7QZb 13bS10 
7 0 2 7  1565.0 
7 0 2 8  134510 

0 0 0  
0 .0 
0 .O 
0 I O  

6985 139500 
6 9 4 6  139510 

7025 1369.0 

.. . 

1603 
1603 
1603 
1618 
1618 
1638 
1638 
1638 
1638 
1638 
1638 
1638 
1638 
1653 
1653 
1653 
1653 
1668 
1668 

(a)Specimens whose temperature was deliberately changed between capsules OG-1 and OG-2 



TABLE 5-2 
DIMENSIONAL CHANGE I N  H-451 GRAPHITE, RADIAL ORIENTATION 

Previous P r i o r  T o t a l  T o t a l  Fluence 
Record Specimen Position I r r a d .  Record I r r a d .  Temp AR/Ro ( E > 2 9 f J ,  HTGR) Average I r r a d .  Temp 
Number Number i n  Log Crucible/Hole No. ( " C >  ( x )  (1025 n/m2) ( O C )  (9) 

8695 Q G - 3  .505, A C  1 0  2 75311 6 0 0 . 0  - . 0 4 6  3.650 6 3 0 . 0  903 
86W 0%-3 .+U&. MC 1 0  3 7538  0 ~ 0 , O  v.436 3.650 630.0 903 
8 7 0 3  0 G - 3  , 5 0 7 ,  M C  1 0  Q 7542  h U 9 , O  - ,318 3 ,b50 630.0 903 
7 8 1 5  O G - 3  2A 3 1 4  MC 1 31 u .o - e 1 6 6  1.850 6 ' J O . O  913 
7816 06-3 28 4 O A  MC 1 11  u e 9  - e 1 0 5  le650 640.0 913 
7 K l Y  BiT2-A: -31T --- MC - 1 3z- - 

- - -  a 
- . B  - . i3Q- 1 .850  640;O 913 

1 32 
1 33 
1 33 
1 34 
1 34 
1 35 
I 3s 

1 0  i 
1 2  
I 3  
1 4  
1 4  
1 5  
1 5  
1 1  
1 1  
1 7  
t -- 7 
1 6  
1 8  
1 9  
1 9  
2 10 
.? 11- 
t 1 2  
2 2  
2 2  
2 3  
2 3  
2 9  
9 7  
9 R  
9 e  
Q 9  

- -  

0 
0 
0 
0 
U 

- 0  
0 

7530  
b 5 0 6  
6510 
6 S Z 2  
6573  
6526 
6 5 2 7  
6502  
6 5 0 3  

6 
TT- 
0 
0 
0 
0 
0 
U 
u 

6631 
66 35 

0 
0 
0 
0 
5 
0 
h 

_ _ _  

- . Z I P  -. 125- -. 192  
- e  157 -. 180 - .-1-4u -. f 9 5  
- e  300 
- ,614 
- .661 

- 1  .so0 
-1,38?i 
- 1  .sou 
-1 .317 

m . 5 8 2  
9 . 6 1 4  -. 156  
-J 6(r- 
- , O h 6  
-*It?€! 
- e  155 - . 267 -. 182  -. r e  
W.073 
-,95z 
-,948 
- , 2 1 3  
- . 2 1 1  
-.033- 
0.033 -. 053 
- , O l h  
-, 033 

__ 

l i e 5 0  
i . s a  
1 e 8 5 Q  
1 e85E 
1 .85C 
1,075c 
1 m85f 
3. b 5 (  
5 . 55( 
5.55(  
5 . ssi 
-5.-557 
s.55r 
5.551 
5,551 
5.551 
1 ,851 

-1-;eS1 

I ,ns  
1 m 651 
1.85 
1 ,-e5 
2.40 +. ao 
Z,UO 
7.ZO 
7.20 
2.40 
2.40 
2-, 0 u 
1 e 5 5  
1.55 
1.55  
1.55 

64O;O 
640.0 
640.0 
6QO;O 
bc)O.O 
64D;(T 
640.0 
640.0 
670.0 
670.0 
(4 
(a> 
(a )  
( a )  

685 . 0 
685.0 
695.0 
695-0 
6 9 5 . 0  
6 9 5 . 0 .  

6 9 5 0  
740.0 
740,U 
740.0 
7 5 5  ;O 
755.0 
765.0 '  
7b5.0 
T65; 0- 
775,O 
775.0 
775.0 
7 7 5 . 0  

695.0 

91 3 
91 3 
913 
91 3 
913 
913 - 
91 3 
913 
943 
943 
( a )  
(a )  
(a )  
( a >  

- 
958 
958 
968 
968 
968 
968 
968 
968 
1013 
1013 
1013 
1028 
1028 
1038 
1038 
1038 
1048 
1048 
1048 
1048 



TABLE 5-2 (Continued) 

UI 
I 
13 
W 

Previous 
Record I r r ad .  Temp I r r a d .  

("C) 

2 1  66.27 770.0 
2 1  bb2H 770.0 

Crucible/Hole No. 

9 7  7 U ? 1  P35.0 
9 2  7 4 2 9  815.0 
9 1  VU25 8U5.0 
9 1  7u23 t350.0 
8 26 (J * o  
8 ilb 0 .o 
8 27 u .0 
8 27 0 .o 
9 28 0 .') 
8 28  0 .o 
8 29 (1 .O 
8 24 0 . o  
8 30 0 .O 
8 30 0 .o 
8 31 n .0 
8 31 0 .@ 

0 .o 
0 9 0  

33 0 .o 
8 33 n .n 

8 32 
e 3 2 -  

6 34 
B 3 d  

.o .. 0 
v .o 

8 35 0 . o  
8 3 s  0 .n 
A 36 I) e v  

8 36 0 . 0  
8 37 0 .0 
A '17 0 .o 

Total Tota l  Fluence 
A!./Ro (E>29fJ, HTGR) Average I r r a d .  Temp 

( X I  (1025 n/m2) ("c) (K) 

-1.Ob7 7.20 775.0 1048 
-1.073 7.20 775.0 1048 

-,b70 5.15 815.0 1088 
-..!it9 5.15 8lS.O 1088 

- 5.15 
5 . 7 3  
2.00 
2.00 
2.00  
2.i)O 
z .00  
2.36 
2 .00  
2.00 
2 . 0 0  
2 . 0 0  
2.00 
2.00 
2.00 
2 . 0 0  
2.00 
2.00 
2.00 
2,na 
2.00 
2 .-0 0 
2.00 
2.00 
2.00 

- 2 . 0 0  
0.235 2.00 
-;lrl z;oo- 

825.0 

835.0  
835.0 
835.0 
835.0 
835.0 
035;o 
835.0 
835.0 
835.0 
635.0 
835.0 
835.0 
835.0 
035.0 
855.0 
835.0  
8 5 5 . 0  
035.0 

8m.a 

e3s.o 
835 .  o 
835.0 
835.0 
835.0 
835.3 
835.0 
8- 35 ,b 
8U5.0 
84s. 0 
8U5.0 
8US.O 
910.0  
910.0  
q10.0 
9 1 0 . 0  

1098 
1103 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1108 
1118 
1118 
1118 
1118 
1183 
1183 
1183 
1183 



cr, 
I 

W 
0 

TABLE 5-2 (Continued) 

Previous 
Record Irrad. Temp Irrad. Record Specimen Position 

Number Number i n  Log Crucible/Hole No. ("C) 

3 
3 
A 
R 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

Z b  e82 3 
27 68Zh 

1 7 3 2 7  
1 7328 

28 6827 
76 6-88'28 
28  be29 

29 6831 
29 6832 
30 6833 

-3'u- - - b&39 
30 b8 35 
7 1  6836 
31 b837 
31 6838 
32 0 
32 0- 
32 0 
33 0 
33 0 
33 0 
34 0 
34  0 
34 0 
35- 0 
35 0 
35 - tl 
36 0 

-36- - -  - 3- 
36 0 
57 - v  
37 0 
37 U 
38 0 
?B 0 
38 0 
39  0 
39 u 
39 rl 

29 b e s o  

9 i n . o  
9 l O . O  
93n. o 
o 3 0 , n  
920 . 0 
9 2 0 7  
920.0  
02n . 0 
920 . 0 
920 . 0 
920.0 
um;o- -- - 
920 0 
920.0 
920  0 
920 0 

.o 
,o - -  
.0 
.o 
.o  
v f l  

Total Total Fluence 
AR/Ro (E>29fJ, HTGR) 

( X )  (1 025 n /m2)  

- . R O 1  8.50 
-.639 8 - 5 0  
-.923 b.45 

- 1 . 0 0 2  6 .U5  
-1 .058 5.50 
-1,ZSB 5,sa 
- 1 . Z U S  5.50 
-1.071 5.3U 
-1,173 5 . 5 0  
-1.213 S i 5 0  
-1.122 5.50 
-1-;TvT s.zo 
-1.342 5.50 
-1.029 5.50 
-1 .18U 5.50 
-1.179 5.56 

1.213 L , 8 0  
-;mF KBF 
- .U86 2.80 
-.293 2.00- 
Em336 2 - 8 0  
0.430 2.86 
-.319 2.80 
- , a 3 5  z;av 
-.Ur(3 2.00 
-mi98 2.8V 
-.350 2 . 8 0  
-.37r Z.BU 
-.370 2.80 

9.392 2.80 
-.26-0 2 i 8 0  
- . 285  2.80 
- . t n  2.80 
-.I68 Z.80 
-.340 2.8U 
-0422 2.80 
- .193 2.80 
- , ? R S  2.80 
-.370 2 . 8 0  

. ,3ut z.;au 

Average Irrad. Temp 
( " C )  (K) 

9 1 5 . 0  1188 
915 .0  1188 
920 . 0 1193 
920 . 0 1193 
925.0 1198 
9 s  ,D 1198 
9 2 5 . 0  1198 

925.0 1198 
-925; U 1198 

925.0 1198 
925 .0  1198 
9zs.u 1198 
925.0 1198 
ws; 0 1198 
930 .0  1203 
m'6- 1203 
930.0 1203 
9 30 ;O 1203 
930.0 1203 
P30 D 1203 
9 3 0 . 0  1203 
930.0 1203 
930.0 1203 
Q30.0 1203 
9 3 0 . 0  1203 
930 .0  1203 
9 3 0 . 0  1203 
9 3 m -  - -  1203 
930 . 0 1203 
930.0 1203 
930 . 0 1203 
930.0 1203 
9 3 0 . 0  1203 
9SU . 0- 1203 
9 3 0 . 0  1203 
930;U 1203 
930.0 1203 
930.0 1203 

VZ5.0 1198 

925 , 0 1198 

- 



e '  ' C  

Record Specimen Posit ion 
Number Number i n  Log 

.". 

M C  
MC 
MC 
M C  
MC 

-)lc 
MC 
M C  
M E  
M E  
MF 
M €  
M E  
MC 
HC 
HC 
MC 
M C  
flC 
# C  
MC 
HC 

. . . . . __ 

. .. 

. 

. .  

Irrad. 
Crucible/Hole 

3 
3 
3 
3 
3 
3 
3 
3 
7 
7 
7 
7 
7 
6 
b 
6 
6 
b 
6 
b 
6 
6 
b 
t 
3 
3 
3 
b 
6 
h 
b 
6 
6 
h 
b 
6 
i J  

Y 
0 
u 

15 
15 
16 
17 
1 4  
1u 
1 4  
15 

2 
3- 
4 
5- 
5 
9 
9 

1 0  
1 0 
I 1  
11 
12 
12 
13  
1 3  

1 
1 
1 
1 
2 
3 
B 
8 
c 
(I 

5 
5 
1 
2 
2 
1 
1 

TABLE 5-2 (Continued) 

Previous 
Record Irrad. Temp 

No. ( " C )  

b615 9 1 0 . 0  
6814 910.0 
6817 910.0 

6809 935.0 
6 9 1 0  935 .0  . 
6811 935 .0  
6 b l Z  935,O 
7221 9 8 5 . 0  
7.225 985.0 
7229 985.0 
7 2 3 7  9BS.n 
7238 985 .0  

0 .e 
0 s o  
0 
n .o 
u s o  
U 0 0  
0 . Q  

v . u  
0 s o  
u * (' 

7217 1000.0 
6732 995,O 
6734 995.0 - 

6736 9 9 5 . 0  

7102 1010 .0  
i, .o 
U .0 

7 1 2 q  1033,0(a) 
7 1 3 0  lO35.O(a) 
7133 1035.o(a) 
7 1 3 4  1035,0(a) 
7098  11155.P 
b 9 e ~  i i 9 s . n  

hQ01 1215.0 
b 9 0 2  1215.0 

M Z O  9io.o 

?low 1 0 1 0 . ~  

61)orJ 1 195. (1 

Total Total Fluence 
AR/Ro  (E>29fJ, HTGR) Average Irrad. Temp 
(XI (1025 n/m2> ( O C )  

9 5 0 . 0  
9 3 0 . 0  
930.0 
9f0,O 
945.0 
945.0 
945,O 
945,O 
905.0 
985 , 0 
985 , 0 
985 , 0 
985.0 
995,O 
9 9 5 0 0  
9PS.O 
995 . 0 
9v5.n 
995.0 
9 9 5 . 0  
995.0 
995.0 
9v5 0 

995,O 
995.. 0 
995.0 

uu5,a - 

l015.(1 
l O l 5 n O  
1030.0  
1OJ0.0 

(a) 
(a) 
(a ) 
(a) 

1 0 5 0 . 0  
1225.0  
1 Z d 5 . @  
1205.U 
1245 .0  

(0 

1203 
1203 
1203 
1203 
1218 
1218 
1218 
1218 
1258 
1258 
1258 
1258 
1258 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1268 
1288 
1288 
1303 
1303 
(4 
(a) 
(a) 
(a) 

1323 
1498 
1498 
1518 
1518 
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0'09E I 
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o'SEI t 
O'SZ€I 
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TABLE 5-4 
DIMENSIONAL CHANGE I N  TS-1240 GRAPHITE, AXIAL ORIENTATION 

Ln 
I 
w c 

P r e v i o u s  P r i o r  T o t a l  T o t a l  F l u e n c e  
Record S p e c i z e n  . P o s i t i o n  I r r a d .  Record I r r a d .  Temp &&/to (E>29fJ, HTGR) Average I r r a d .  Temp 
Number Number i n  Log Cruc ib l e /Ho le  No. ("0 (XI  (1025 n/m2> (OC> (K) 

1 0  1 1  
1 i  1 1  
1 0  12 
i t 7  12 
1 0  13 
f 6  13 
1 0  1u 
1 0  1 u  
1 0  10  
!O 13 
9 2 b  
9 2Q 
9 25 
9 2 5  
9 26 
9 2 6  
9 27 
Q 27 
9 2 8  
q 28 
9 29 
9 ZQ 
9 30 
9 3 T  
9 31 
9 31 
0 32 
9 32 
Q 33 
9 33  
9 3cr 
Q 7 4  
Q 35 
7 35 

3h 
9 36 
v x 7  
9 37 
Q 36 
9 Z 8  

7 6 1  3 
7b10  
7015 
7616 
761 7 
7618 
7419 

- 7&20 
757u 
7575 

u 
rr 
0 
0 
0 
0 
0 
0 
( I  

0 
0 
0 
0 
0 
0 
0 
0 
0- 
0 
0 
0 
0 
0 
0 

7520 
752 1 
7522 
7523 
7 5 2 b  
7525 

2 . 251 
2.251 
2.258 
2.251 
2.251 
2 . 2 5  
2 251 
2;25 
2 251 
z *z5 
1 .Sf 
1.55 
1 e 5 5  
1 s 5 5  
1 * 5 5  
1.55 
1 e55 
1.55 
1.55 
1.5s 
1.5s 
I ,5s 
1 .s5 
1.55 
1.55 
I a s s  
1.55 
1 .Tis 
1.55 
1.. 55 
1.55 
1 a55 
1.55 
1 .SS 
3.25 
3 . n  
3.25 
3.25 
3.25 
3.25 

5 9 0 .  C' 

590 .  Q 
590 . 0 
590 0 
590 . 0 
5 9 0 ; O  
5 9 0 . 0  
3 0 ; 0  
6 0 5 . 0  
635.0 
725.0 
72'53 
725.0 
725.0 
725.0 
725.0 
725.0 
'RfX - 
725.0 
725.0 
725.0 
725.0 
725.0 
72s;o 
725.0 
725.0 
725.0 
? E 0  
725.0 
725.0 
725.0 
725.0 
725.0 
72f:O 
7k5.0 
745.0 
7U5.0 
745.0 
7u5.0 
745.0 

86 3 
86 3 
863 
86 3 
863 
863 
86 3 
863 
878 
878 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 
998 

1018 
1018 
1018 
1018 
1018 
1018 



TABLE 5-4 (Continued) 

Record Specimen 
Number Number 

Position 
i n  Log 

q C  
vc 
M C  
M C  
Y E  
-$. 
"C 
MC 
MC 
MC 
HC 
#C 
MC 
M C  
MC 
M C  
. .. -. 

Previous Prior 
Irrad. Record Irrad. Temp 

Crucible/Hole No. ("C) 

9 39 
9 39 
9 16 
9 16 
9 17 
9 17 
2 4  
2 5  
2 6  

7 9  
1 9  
7 10 
7 10 
7 1 1  
7 11 
7 8  
7 8  
4 29 
4 29 
4 30 
u 30 
4 31 
4 31 
4 32 
4 32 
u 21 
u 21 
4 22 
4 ai - 
4 2 3  
a Z f  
4 ?4 

24 
4 25 
4 2s 
4 i?h 
!4 ? b  
4 2 7  
4 2 7  

1526  765.0 
1527 7 6 5 . 0  

0 .0 
0 .o 
. -  

0 .o 
0 .o 
0 .o 
U e 0  

7253 970.0 
7254 -970.0 
7255 970.0 
7256 9 7 0 . 0  
7257 970,O 
YzS8 970.0 
7251 V70.0 
7 2 5 2  970.0 
6967 1105.0 
6068 1105.0 
6969 1105.0 
6970 ii05.0 
6971 110'5.0 

- 6-97;! 11 03.0- 

U . -3- 
8 0  

-1 . 385 
-1.521 

m . 9 7 5  

-,947 
-1  ;023 
-1 . 366 
--1 , 175-  - 945 
-1.246 
-1,067 

0.975 
-1.015 
-1.026 

-.H45 
-1,342 

- 1. U Q U  

_ _  

5 .90  
5 ;  90 
2.95 
2 .95  
2.95 
2;95 
2.95 
5 ; i is 
2.95 
2.95 
2.95 
2 . g 5  
2.95 
2.95 
2.95 
2.95 

Total Total Fluence 
A.R/.Ro (E>29fJ, HTGR) Average 

( X I  (1025 n/m2 (OC) 

0.103 3.25 745.0 
-,l45 3.25 745.0 
- . 0 3 6  1.55 760.0 

- ,03!  l-LS5 760.0 

- g o 3 6  2 - 4 0  765.0 

-.129 z.40 7b5,O 
- .133 Z8a0 765.0 
-.98h 4.90 970.0 
-8773 TWs 970.0 
r .991 4.90 970.0 
-.a54 4 - 9 0  970.0 

-1.031 4,90 970.0 

-1.106 4.90 975.0 

-1.396 5.90 1140.0 

0 . 0 2 5  l e 5 5  700.0 

-.Ob1 1,513; 'fa0 - 0 -  

-;1se 2.40 fb5.0 

1.826 8.90 9 7 0 . 0  

-1,003 4.90 975.0 

-1.506 S , 9 0  i l40.O 
-1.564 5,90 l l ' J O e 0  
-1.538 5.90 1140.0 

1140,O 
i-i 66; 0 
1140,O 
1 I40 .-0 
1180.0 
1160.0 
1180.0 
11 ao;o 
1180.-0 
i i eo .0  
1180.0 
1186*0  
l l8OmO 
1180.6 
11BO.O 
1180.0 
1100.0 
1180.0 

Irrad. Temp 
(K) 

1018 
1018 
1033 
1033 
1033 
1033 
1038 
1038 
1038 
1038 
1243 
1243 
1243 
1243 
1243 
1243 
1248 

1413 
1413 
1413 
1413 
1413 
1413 
1413 
1413 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 
1453 

1248 

_ _  

. -. 



TABLE 5-4 (Continued) 

P o s i t i o n  
i n  Log 

M C  
ME 
MC 

- Tic - 

kF 
-- -REc 

MC 
HC 
ME 
KE 
MC 
RC 
MC 
Mc 
M C  
I l t  

I r r a d .  
C r u c i b l e  /Ho l e  

u 2e 
4 1 0  
0 1 1  
D i i  
4 12 
11 1 2  
4 13 
0 13 
u 111 
4 t u  
u 15 
11 15 
5 2  
5 3  
5 4  
5 6  

Prev ious  P r i o r  
Record I r r a d .  Temp 

No. ("0 
0 . 0 
(1 .o 
0 e '1 
0- - s o  

0 e o  
0- .-u - 

T o t a l  T o t a l  Fluence 
~ ~ l j , ~  (E>29fJ,  HTGR)Average I r r a d .  Temp 

0 . 6 9 2  2 - 9 5  llt3O.U 1453 
-1 .034  2-93 1lt)O.O 1453 

1250.0 1523 
- 1 , 0 1 1  2195 1250.0 1523 
-1,366 2 - 9 5  1250.0 1523 

1523 
1523 
1523 
1523 

-1.Oc15 2,95 1256.0 1523 
- 1 - 1 4 3  2.95 lZSOm6 1523 - 1 .OB4 -2,QS S250.0 1523 
-1,790 2-90 13Cr0,O 1653 

1653 -1.794 2.vo 1380 ; O  
-1,612 2-90 1300.0 1653 
-1 ,BbR 2 . m  1380.0 1653 

( X I  n/m2> (OC)  (K) 

-1,159 2-95 

- 1 - , F 4  2 - 9 5  1 7 5  0,o- 
- ,961 ? , 9 5  1250,o 

-1.367 Z.95 1250 .'a 
-1.118 2-95 1250.0 

- 

.. . .. - . . .  - .  . . .. .. . ~ .  . - . ... ~ ~ .. . . 



e' ' C  

TABLE 5-5 
DIMENSIONAL CHANGE I N  TS-1240 GRAPHITE, RADIAL ORIENTATION 

P r e v i o u s  P r i o r  T o t a l  T o t a l  F luence  
Record Specimen P o s i t i o n  I r r a d .  Record I r r a d .  Temp A R f R o ( E > 2 9 f J ,  HTGR) Average I r r a d .  Temp 
Number Number in Log Cruc ib l e fHole  No. ("C) ( x >  (1025 n/m2) (OC)  (K). 

11) 27 
1 0  22  
1 0  23 
fO 2 3  
1 0  2 d  
1 0  ?a 
1 0  25 
10 75 
1 0  26 
i d  Ib 
I D  ?7 
10 77 
10 29 
1 0  20 
10 29 
1 0  z9 
10 30 
I O  30 
10  51 
10  31 
10  32 
1 0  32 
1 u  3 3  
1 0  33- - 
10 15 
1u 15 
1 0  16 
1 0  16 
2 34 
2 30 
2 35 
z 35 
2 36 
2 36 
2 3 7  
2 37 
2 3 H  
2 3FI 
2 39 
2 30 

- .O2b 
-,e34 
0 , 0 7 7  
-.0&2 
-.002 . 030 
1.040 - . 656 
- * 6 2 8  

.OZl 
-.ou5 
1.032 
-,OS3 
-.is37 
- .ouo 
.Qvr 
, 0 1 9  . m a  

-.048 
-.019 
-.02u 
,004 

-.070 
- - m ; m -  - . 296 -. 159 
- ,193 
0 .  168 
-,OB1 
-.I23 
9.123 -. 170 -. 106 
-.I70 
-,09U 
9,117 
- , l U 3  
9 . 0 7 8  
-*037 
- . 0 1 9  

1 . l o  
1.10 
1.10 
1 , l B  
1.10 
1 ;-io 
1.10 
1-.-1 d 
1.10 
1.10 
t a l 0  

1.10 
i e ru 
1.10 

1.10 
1,zu 
1.10 
1.10 
1.10 
1.1u 

r.10 

re ru 

2 .25  
z.uo 
z.uu 
2.40 
2;vu 
2.40 
z.40 
('-40 
2 . 0 0  
2.40 
2.40 
?,UO 
2.40 

5 5 5 . 0  
555 . 0 
555.0 
555.0 
555.0 
555; 0 
555.0 
555.4 
555.0 
555.0 
555.0 
555 . 0 
555.0 
555.0 
555.0 
5 5 5 3  
555 . 0 
55S.U 
SSS.0 
555 . 0 
555.0 
555.0 
5 5 5 . 0  

5 5 f ; D  
5 9 0 . 0  
500 mu 
590  0 
590.0 
685.0 
b 8 5.3 
685.0 
685,'o 
6 0 5 . 0  
685.0  
685.0 
685.0 
6es.o 
ba5.0 
68'5.0 
605 . 0 

828 
828 
828 
828 

828 
828 
828 
828 
828 
82 8 
828 
828 
828 
828 
828 
828 
828 
828 
828 
828 
828 
828 
828 
863 
863 
863 
863 
958 
958 
958 
958 
958 
958 
958 
958 
958 
958 
958 
958 

828 



TABLE 5-5 (Continued) 

Previous Prior 
Record Specimen Position Irrad. Record Irrad. Temp 
Number Number i n  Log Crucible/Hole N O .  ("C) 

9 11 
9 12 
Q 12 
9 1 3  
Q 13 
9 1 4  
9 111 
9 15 
9 t s  
2 9  
7 29 
7 29 
7 30 
7 3 0  
7 19 
7 19 

I 21 
7 21 
7 2 2  
7 2 2  
7 2 3  
7 23 
7 24 
5 24 
7 25 
7 25 
7 Z6 
7 26 
7 27 
7 2 7  
7 2e 
7 2P 

0 
(1 

0 
0 
9 
0 
0 
0 
0 
0 

7321 
7 322 
7323 
7 3-2 11 

0 
0 

Total Total Fluence 
Ag/Ro (E>29fJ, HTGR) Average Irrad. Temp 

( x )  (1025 n/m2) ("c) (E) 

7UO. 0 
740.0 
7 4 0 . U  
700.0 
7bO.O 

760.0 
760.0 
760 . 0 
740;O 
760 .0  
7bO.O 

7 6 0  . 0 
760.0 
765.0 
ws.0 
925;b 
925.0 
925.0 
935.0 
9fS.O ' 
935.0 
P35.0 
935.0 
935.0 
935.0 
935.0 
935.0 
435.0 

Q 3 5 0  
935.0 
935.0 
935.0 
935;O 
935.0 
935 0 
93s.n 

7bO.O 

7 6 0 . 0  

935.0 

935.0 

1013 
1013 
1013 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1033 
1038 
1198 
1198 
1198 
1198 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 
1208 



c '  ' C  

Ln 
I 

W 
LD 

. .... ....... ~ . .  

TABLE 5-5 (Continued) 

Previous Prior 
Irrad. Record Irrad. Temp 

Crucible/Hole No. ("(2) 

7 12 0 e o  

7 12  0 .o  
7 13 u .o 
7 13 - -  G . o  
7 14  
7 - 1  is-- - 
4 9  
U P  
4 1 0  
u 1 0  
4 7  
a 7  

4 8  
5 1 1  
s 7  

4 a  

0 
0-  

69 39 
bPYU 
69U 1 
6962 

6 9 3 6  
6937 
6 V38 

be 35 

. O  
;a- - 

1200 .0  
120 0.; 0- 
lZOO.0 
1200 .0  
12oo.a 
imo-*a - 
lZOO.0 
i ZB a-. o 

Total Total Fluence 
All /R,  (E.29fJ,  HTGR) Average Irrad. Temp 
(x) (1025 ,,irn2) (co) 

9 6 5 . 0  
965.0 
965.0 
965.0 
965.0 
m; a 
1225.0 
1 ns. 0 
1225.0 
1225.0  
1245.0 

'-1 za5 : P 
12u5.0 
1245.0 
1360.0 
1380.0 
1380.0 
13Ba;b 

-. . . . . .. . . - .. . .. . - .. 

(K) 

1238 
1238 
1238 
1238 
1238 
1238 
1498 
1498 
1498 
1498 

1518 
1518 
1518 
1633 
1653 
1653 
1653 

151a 



TABLE 5-6 
DIMENSIONAL CHANGE IN MISCELLANEOUS GRAPHITES 

7841 

7846 

7851 

7856 

8178 
8183 

8188 
8193 

IA-1A 

IA-1B 
IA-1C 

IA-1D 
1A-2A 
1A-2B 

1A-2C 
1A-2D 

8008 
8014 
8020 

8027 
8032 
8038 

H- 

8332 

8333 

8334 
8335 

8336 
8337 
8338 
8339 

8340 
8341 
8342 
8343 - 

1A-61A 

1A-61B 
1A-61C 

1A-61D 
1A-68A 

1A-68B 
1A-68C 
1A-68D 

s-525 

S-528 
S-531 
5-534 
s-537 
5-540 

1c 
S-951 

5-963 
s-952 

S-964 
s-953 
5-965 
s-954 
5-966 

s-955 
5-967 
5-956 
5-968 - 

MC 
MC 

MC 
MC 

MC 
MC 

MC 
MC 

- 
MC 

MC 
MC 

MC 
MC 

MC 

MC 
MC 

- 
so-818 I 

7861 

7866 
7871 

7876 
8198 

8203 
8208 
8213 

565 1-61 

215 

216 
217 

218 

513 
514 

515 
516 

3/18 

3/19 
3/20 

3/21 
3/22 
3/23 

6/20 

6/20 

6/20 
6/20 

6/21 
6/21 
6/21 
6/21 

6/22 
6/22 
6/22 
6/22 

2/10 

2/11 

2/12 
2/13 

518 

519 
5/10 
511 1 

3/18 
3/19 
3/20 

3/21 

3/22 

3/23 

Axial Orientation 

6855 
686 1 

6867 

6873 

6879 
6885 

7195 
7196 

7197 
7198 

7199 
7200 
7201 
7202 

7203 
7204 
7205 
7206 

925 

925 
925 
925 
925 
925 

980 

980 
920 
980 

980 
980 

980 
980 

980 
980 
980 
980 

Radial Orientation 

6856 
6862 
6868 

6874 
6880 

6886 

925 
925 
925 
925 

925 

925 

-0.21 

-0.15 
-0.21 

-0.28 

-2.31 
-2.27 

-2.44 
-2.25 

+ 2 . 2 2  

+2.57 
+2.07 
+ 2 . 2 2  

+2.83 
f2.52 

-2.48 

-3.22 
-2.68 

-2.78 
-2.46 

72.13 
-3.52 
-2.83 

-2.75 
-2.31 

-3.36 
-2.82 

-0.11 

-0.24 
-0.23 

-0.22 
-1.54 

-1.45 

-1.28 
-1.40 

+l. 16 
+0.98 

+1.56 
+1.53 
+1.26 

+l. 29 

2.4 

2.4 

2.4 
2.4 

2.9 
2.9 
2.9 
2.9 

8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

8 . 4  

8.4 
8.4 

8.4 
8.4 
8.4 

8.4 
8.4 

8.4 
8.4 
8.4 
8.4 

2.4 

2 . 4  

2.4 

2.4 
2.9 

2.9 
2.9 

2.9 

8.5 

8.5 
8.5 

8.5 
8.5 

8.5 

- 

765 

765 
765 

765 
1380 
1380 
1380 
1380 

940 
940 
940 
940 
940 
940 

985 
985 
985 

985 
985 
985 

985 
985 

985 
985 
985 
985 - 

740 

740 
740 

740 
1380 

1380 

1380 
1380 

940 
940 
940 

940 
940 

940 - 

- 
1038 

1038 
1038 

1038 

1653 
1653 
1653 
1653 

1213 

1213 
1213 

1213 
1213 
1213 

1258 
1258 

1258 
1258 

1258 
1258 
1258 
1258 

1258 
1258 
1258 
1258 - 

1013 

1013 

1013 

1013 
1653 

1653 

1653 
1653 

1213 

1213 
1213 

1213 
1213 
1213 

5-40 



, 

Record 
Number 

TABLE 5-7 
DIMENSIONAL CHANGE IN AS1 2-500 GRAPHITE 

Previous 
Location Irrad. Previous Irrad. 

Sample in Position Record Temp 
Number Log Crucible/Hole Number ("C) AL/L, ( W )  

765 
765 
765 

765 
1380 
1380 
1380 

1380 
775 

775 
775 

ul 
1 
f 

1038 
1038 
1038 

1038 
1653 
1653 

1653 
1653 
1048 

1048 
1048 

7840 
7845 

7850 

7855 
81 77 

8182 
8187 

8192 
8599 

8602 
8605 

765 
7 40 
740 
740 
1380 

1380 

1380 
1380 
775 

775 
775 

~ 

7860 

7865 
7870 

7875 
8197 

8202 

8207 

8212 

8608 

861 1 
8614 

1038 
1013 

101 3 
1013 
1653 

1653 

1653 
1653 
1048 

1048 
1048 

1 A-5A 
1A-5B 

1A-5C 

1A-5D 
1A-5E 

1A-5F 

1A-5G 
1 A-5H 
1A-5L 

1A-5J 
1A-5K 

1 A-4A 
1 A-4B 
1A-4C 

1A-4D 
1A-4E 

1A-4F 

1A-4G 

1A-4H 

1A-4J 

1A-4K 

1A-4L 

EE 
EE 

EE 

EE 
EE 

EE 
EE 

EE 
EE 
EE 

EE 

EE 

EE 

EE 
EE 

EE 
EE 

EE 
EE 

EE 

EE 
EE 

Radial Orientation 

219 
2/11 
2/12 

2/13 

51 7 

519 
5/10 
511 1 

91 7 
9/18 

919 

Axial Orientation 

-0.30 
-0.20 

-0.23 
-0.18 

-1.70 

-1.88 
-2.08 

-2.06 
-0.11 

-0.06 
-0.27 

Average Irrad. Fast Neutron 
Fluence 

1025 n/m2 

2.4 
2.4 

2.4 
2.4 
2.9 

2.9 
2.9 

2.9 
1.55 
1.55 
1.55 
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TABLE 5-9 
DIMENSIONAL CHANGE IN P3JHAN GRAPHITE 

Location 
Record Sample i n  
Number Number Log 

Average Irrad. 
Temp 

Previous 
Irrad. Previous Irrad. Fast Neutron 

Posit  ion Record Temp Fluence 
CrucibleIHole Number ("C) ALILo (%) 1025 n/m2 ("c) I K 

7947 

7949 

7951 

8297 

8299 

8300 

830 1 

8303 

8304 

8589 

8590 

8593 

8594 

8717 

8719 

8721 

8723 

6737 

6739 

6741 

7170 

7172 

7178 

71 74 

7176 

7180 

7450 

7451 

7454 

7455 

7597 

7599 

7601 

7603 

7948 

7950 

8298 

8302 

859 1 

8592 

8595 

8596 

8718 

8720 

8722 

8724 

985 

985 

985 

995 

995 

995 

995 

995 

995 

795 

795 

795 

795 

600 

600 

600 

600 

0.851 

0.852 

0.853 

0.864 

0.865 

0.868 

0.866 

0.867 

0.869 

0.884 

0.885 

0.886 

0.887 

0.876 

0.877 

0.878 

0.879 

i 4 . 5 7  

Broken 

+7.01 

+7.93 

-0.87 

-0.84 

-0.92 

-0.77 

-0.70 

-0.54 

-0.55 

-0.51 

0.901 

0.902 

0.914 

0.916 

0.934 

0.935 

0.936 

0.937 

0.926 

0.927 

0.928 

0.929 

8.5 

8.5 

8.4 

8 .4  

5.15 

5.15 

5.15 

5.15 

3.65 

3.65 * 

3.65 

3.65 

312 

3 / 2  

312 

616 

6 / 6  

616 

617 

61 7 

617 

913 

9 / 3  

9 / 4  

9 / 4  

1018 

1 0 / 8  

1 0 / 9  

1 0 / 9  

616 

617 

913 

9 / 3  

914 

9 / 4  

1018 

1018 

1 0 / 9  

1019 

Radial Orientation 

6738 

6740 

7171 

7175 

7452 

7453 

7456 

7457 

7598 

7600 

7602 

7604 

985 

985 

995 

995 

795 

795 

795 

795 

600 

600 

600 

600 

Broken 

-2.29 

-0.87 

Broken 

-3.14 

-0.66 

Broken I 

-2.62 

-2.34 

-2.10 

-1.99 

-2.16 

-1.86 

-0.99 

-0.93 

-0.86 

-0.67 

8.5 

8.5 

8.5 

8 .4  

8.4 

8.4 

8 .4  

8.4 

8.4 

5.15 

5.15 

5.15 

5.15 

3.65 

3.65 

3.65 

3.65 

985 

985 

985 

1005 

1005 

1005 

1005 

1005 

1005 

790 

790 

790 

790 

600 

600 

600 

600 

985 

985 

1005 

1005 

790 

790 

790 

790 

600 

600 

600 

600 

1258 

1258 

1258 

1278 

1278 

1278 

1278 

1278 

1278 

1063 

1063 

1063 

1063 

873 

873 

873 

07 3 - 

1258 

1258 

1278 

1278 

1063 

1063 

1063 

1063 

873 

073 

873 

873 - 
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TABLE 5-10 
DIMENSIONAL CHANGE I N  2020 GRAPHITE, AXIAL ORIENTATION 

Previous  Pr ior  T o t a l  T o t a l  Fluence Average I r r a d .  Temp 
(K) Record I r r a d .  Temp AR/Ro (E>29fJ ,  HTGR) ("C) Record Specimen P o s i t i o n  I r r a d .  ( X I  (1025 n/m2) 

("C) .-- Number Number i n  Log Crucible/Hole No. 

7576 
7578 
-7s e Q. 
7582 
7584 
7586 
b5U8 
6549 
b552 
6555 
6596 
6557 
6.6 7 S 
6677 
6679 
bb81 
. M a  3 
6685 
6687 
6689 
7472 
7 4 7 4  
7876 
7478 
TU80 
7482 
7U8U 
f U 8 b  

61010 
b1O.O 

610.0 
-6 1 0  rQ 

610.0  
bJS,O 
639.0 
b 3 L Q  
6SS.O 
b I I . 0  
635.0  

_&l-LQ. __ 

7lG.O 
710,O 
7 l 0 . 0  
710.0 
7 1 0 . 0  
710.0 
710.0 
710.0 
785.0 

785.0 
785.0 

789.0 

785 0 
785.0 

785.0 
785.0 

883 
883 
883 ~ 

883 
883 
883 
908 
908 
908 
908 
908 
908 
9 83 
983 
983 
983 
983 - __ 
983 
983 
983 

1058 
1058 
1058 
1058 
1058 
1058 
1058 
1058 
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TABLE 5-1 1 (Continued) 

Previous Prior Total Total Fluence 
Record Specimen Pos i t ion  Irrad. Record Irrad. Temp A R I R O  (E>29fJ ,  HTGR) Average Irrad. Temp 
Number Number i n  Log Crucible/Hole No. 

("C) ( x >  (1025 n/m2) (OC) (K) . .  

. .  .1 ... . . 

1213 
1213 
1213 
1213 
1213 
1213 
1438 
1438 
1438 
1438 



I 

! 
,

j
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! ! 
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TABLE 5-13 
DIMENSIONAL CHANGE I N  H-327 GRAPHITE, RADZAL ORIENTATION 

UI 
I c- oo 

Prev ious  P r i o r  T o t a l  T o t a l  F luence  
Record Specimen P o s i t i o n  I r r a d .  Record I r r a d .  Temp AR/Ro (E>29fJ,  HTGR) Average I r r a d .  Temp 
Number Number i n  Log Cruc ib l e /Ho le  No. ( “ 0  (XI 1025 n/m2 (OC) (K) 

8705 UG-3 
8706 OG-3 
1222 .  m53 
7723 00-3 
-ah96 4Gr3 
8700 oG-3 
8704 O G - 3  
8692 OG-3 
7707 0 6 - 3  
7711 OG-3 
-7909 O G e 3  
7910 06-3 
7911 OG-3 
7912 OG-3 
1913 OG-3 
7910 06-3 
791s O&-3 
79lb OG-3 
7917 Q G - 3  
7911) O G m 3  
8496 OF-$ 
8091 O G * )  
_e_usa_ 04=.3 
8344 oG-3 
8345 01;-3 
8317 06.3 

- 811s oF-h 
8319 OG-3 
A m a E 4  
8521 OG-3  
- 8322 - 06-3 
7957 O G - 3  

7960 06-3 

8383 OG-3  
8387 O G - 3  
8391 OG=3 
8 3 7 9  OG-3 

__ 7959 __ OF-3 

. - .  - .  

625.0 
625.0 
bi1’5.0 

b3O.O 
b30.0 
6 3 0 . 0  
b4O.O 
b70.0 
670.0 
68S.O 
605.0 

625.0 

b8S.O 
b85.0 
68S.O 
685.0 
6@5. P 
68S.O 
685.0 
b8S.O 
880.0 
89SlO 
8v5.0 
950.0 
9BOJ 0 
970.0 
970.0  

970.0. 
970.0 
97010 
97S.O 

970.0 

985.0 
985.0 
9 9 5 . 0  

898 
898 
898 
89 8 
903 
903 
903 
913 
943 
943 
958 
958 
958 
958 
958 
958 
958 
958 
958 
958 

1153 
1168 
1168 
1223 
1223 
1243 
1243 
1243 
1243 
1243 
1243 
1248 
1248 
1248 
1248 
1258 
1258 
1258 
1268 

_. . . __ . . -___ . .. . . . 
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TABLE 5-15 
BETWEEN-LOG VARIATIONS IN IRRADIATION-INDUCED SHRINKAGE OF H-451 GRAPHITE, LOT 426 

Neutron -25 
Irrad. Fluence x 10 
Temp (n/m2, D 2 9 f J ,  

Orientation Crucible (K) HTGR) 

Axial 6 1210 2.68 

Radial 1 91 0 1.84 

Radial 8 1110 2.01 

Radial 3 1200 2.83 

cn Radial 6 1270 2.68 
I 
ul 

Is Variation 
Significant at 95% Mean Shrinkage (X) 

Log 6484-33 Log 6484-34 Log 6484-41 Confidence Level? 

0.71 0.79 0.69 No 

0.18 0.16 0.14 No 

0.17 0.20 0.19 No 

0.28 0.36 0.36 No 

0.79 0.82 0.79 No 



€ '  
. 

TABLE 5-16 
BETWEEN-LOG VARIATIONS I N  IRRADIATION-INDUCED SHRINKAGE OF T S - 1 2 4 0  GRAPHITE 

O r i e n t a t i o n  

ln 
I 
ln 
-.L 

Axial 

A x i a l  

R a d i a l  

R a d i a l  

R a d i a l  

R a d i a l  

5651-72 5651-73 I Log I Temp (n/m2, E>29fJ ,  
C r u c i b l e  I (K) 1 HTGR) 

9 

4 

10 

2 

9 

7 

1000 

1450 

8 30 

960 

1030 

1210 

1.57 

2.97 

1.11 

2.40 

1.57 

2.39 

0.02 

1.07 

0.02 

0.09 

0.02 

0.24 

0.01 

0.96 

0.03 

0.10 

0.01 

0.21 

Log 
6489-29 

0.05 

1.29 

0.03 

0.10 

0.00 

0.28 

Is V a r i a t i o n  
S i g n i f i c a n t  at95% 
Confidence Level? 

No 

Y e s  

No 

No 

N o  

Y e s  



TABLE 5-17 
WITHIN-LOG VARIATION I N  IRRADIATION-INDUCED SHRINKAGE OF H-451 GRAPHITE, LOT 426 

A x i a l  

R a d i a l  

I I r r a d .  1 F l u e ~ ~ ~ t ~ ~ O  Is V a r i a t i o n  

6 1210 

8 1110 

(n/m2, E>29fJ ,  of Edge of  S i g n i f i c a n t  a t  95% 
O r i e n t a t i o n  I C r u c i b l e  1 :T I HTGR) I Logs 1 Confidence Level? 

0.71 

0.18 

0.75 

0.18 

2.68 

2.01 

R a d i a l  
- 

3 1200 2.83 0.36 0.30 No 

No 

No 



cn 
I cn 
w 

O r i e n t a t i o n  

Axial 

Axial 

R a d i a l  

R a d i a l  

. 

Neutron 25 Mean Shrinkage (%) 
I r r a d .  Fluence x 10' Is V a r i a t i o n  
Temp (n/m2, E>29fJ ,  Center  of Edge of S i g n i f i c a n t  a t  95% 

C r u c i b l e  (K) HTGR) Logs Logs Confidence Level? 

9 1000 1.57 0.04 0.01 No 

4 1450 2.97 1.06 1.15 Yes 

10 830 1.11 0.01 0.04 Yes 

7 1210 2.39 0.24 0.24 No 

TABLE 5-18 
WITHIN-LOG VARIATIONS I N  IRRADIATION-INDUCED SHRINKAGE OF TS-1240 GRAPHITE 



6. EXPERIMENTAL RESULTS - THERMAL PROPERTIES 

6.1. THERMAL EXPANSIVITY 

The thermal expansivity of representative groups of cylindrical 

specimens was measured between ambient temperature and 100 K below the 

irradiation temperature, using a silica dilatometer (ASTM Method of Test 

E288). Measurements were made on H-451 graphite (lots 266 and 426), H-429, 

TS-1240, and SO-818. All except the H-451 (lot 426) and the SO-818 had been 
irradiated in previous capsules. 

The mean thermal expansivity between ambient temperature and 773 K is 
listed in Tables 6-1 through 6-5. 
increase or decrease in thermal expansivity of H-451, H-429, TS-1240, and 

SO-818 graphites irradiated in capsules OG-1, OG-2, and OG-3 appear as 

Tables 6-6 through 6-9. The fractional change in thermal expansivity is 

plotted as a function of fast neutron fluence in Fig. 6-1. At the lowest 
irradiation temperatures (865 to 1045 K) the thermal expansivity first 

increases by 5% to 10% and then slowly decreases. At higher irradiation 
temperatures, the thermal expansivity decreases by as much as 50% of its 
preirradiation value, with the decrease most marked at the highest 

irradiation temperatures. Data from all the near-isotropic graphites fall 
into the same band regardless of orientation and log location, with the 

exception of H-429 whose irradiation-induced changes in thermal expansivity 

are somewhat lower than the others. 

Summary tables showing the fractional 

For convenience in design calculations, the data for irradiation- 

induced fractional changes in thermal expansivity, (ai - ao)/ao, of H-451, 
TS-1240, and SO-818 graphites were fit to the following polynomial: 

6- 1 



(ai - ao)/ao = (0.27830 - 4.2734 x 
-2.0664 x 

T + 1.7815 x T 2 ) @  

-3 *3 Q2 + 1.3601 x 10 

where T is the irradiation temperature ("C) and 0 is the neutron fluence 

[ Curves calculated from the equation are 

included in Fig. 6-1. The standard deviation of data points from the 

design curves is 0.063. 

2 
n/m , E > 29 f.J)HTcR]. 

6.2. THERMAL CONDUCTIVITY 

Thermal diffusivity measurements were made on discs of H-451 (lots 266 
and 426), TS-1240, and SO-818 graphites irradiated at three temperatures 
(925, 1220, and 1615 K). The H-451 (lot 266) and the TS-1240 specimens had 
been previously irradiated in earlier OG capsules. The measurements were 
made by the heat-pulse method (ASTM Method of Test C714), and the thermal 

diffusivity value was converted to the thermal conductivity by multiplying 
by the density and heat capacity. Readings were taken every 100 K between 
ambient temperature and 1073 K, except for the specimens irradiated at 925 
K, when the upper measurement temperature was limited to 773 K to avoid the 
possibility of annealing. 

The measurements are listed in Tables 6-10 through 6-13. The tables 

include values for the conductivity extrapolated to the irradiation 

temperature. The accumulated data on near-isotropic graphites from 

capsules OG-1, OG-2, and OG-3 are summarized in Tables 6-14 through 6-16. 
The conductivity at the irradiation temperature is plotted as a function of 

fast neutron fluence in Fig. 6-2. Irradiation rapidly reduces the thermal 

conductivity to a saturation level which increases with increasing 

irradiation temperature. The thermal conductivity of all the near- 

isotropic graphites falls into the same band after irradiation, in spite of 

some differences in preirradiation conductivity. The irradiated values 

are in excellent agreement with the design equations currently in use (Ref. 

5) 

6-2 



Two radial specimens of H-451 graphite which had been Irradiated 
previously in capsule OG-1 at 1625 K were reirradiated in OG-3 at 925 K. 

Two more specimens, formerly irradiated at 875 K, were reirradiated at 
1615 K. The conductivities are shown in Table 6-17. In both cases the new 

conductivities were equal to the saturation level for the new irradiation 

temperature. 

model for the conductivity of graphite subjected to a changing irradiation 

temperature. 

This behavior is consistent with the currently used design 

6- 3 
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A 
A v 
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X 

GRADE 

H-451 
H-45 1 
H-451 
H-451 
H-451 
H-451 
H-429 
H-429 
TS-1240 
TS-1240 
TS-1240 
TS-1240 
SO818 
SO818 

923 K 

MLC 

MLC 

MLC 

-60 1 1 I I I 
20 

0 

-20 

-40 

-60 

X --TFy + 

DESIGN 
CURVE 
1123 K 

T IRR = 1080 - 1205 K 
(807 - 932OC) 

I I I I 
0 2 4 6 8 10 

FAST NEUTRON FLUENCE X (N/m2) (E > 29 fJ)HTGR 

Fig. 6 - l ( a ) .  Percent  change i n  thermal  expans iv i ty  (295 K t o  773  K) of 
nea r - i so t rop ic  g r a p h i t e s  as a func t ion  of f a s t  neut ron  
f luence ,  i r r a d i a t i o n  temperature  865 K t o  1205 K 
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Fig .  6 - l ( b ) .  P e r c e n t  change i n  thermal  e x p a n s i v i t y  (295 K t o  773  K) of 
n e a r  i s o t r o p i c  g r a p h i t e s  as a f u n c t i o n  of f a s t  n e u t r o n  
f l u e n c e ,  i r r a d i a t i o n  tempera ture  1250 K t o  1705 K 

6-5 



100 

50 

0 
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50 

0 
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0 H-451 GRAPHITE, LOT 266 
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n 

Fig..6-2. Thermal conductivity at the irradiation temperature for 
near-isotropic graphites as a function of fast neutron fluence 
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TABLE 6-1 
THERMAL EXPANSIVITY OF H-451 GRAPHITE, LOT 266, 

IRRADIATED IN CAPSULE OG-3 
- m o m o m ~ w w m o m ~ o m m o  

. .. . 

6- 7 



TABLE 6-1 (Continued) 
o L ~ ~ ~ ~ m o w o m ~ o o w L ~  

Q 

a 3.54 

. . .  .. . . . . . . . . . .  - 1 - . . . . . .  ^ .  . . . . . . . .  -- ... 

.. - _ _  . . . . .  S T @ ,  - 0 E v :  , o b  
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- . - . . . . . 

TABLE 6-2  
THERMAL EXPANSIVITY OF H-451 GRAPHITE, LOT 4 2 6 ,  

IRRADIATED I N  CAPSULE OG-3 - - - - - - __. - 
m - - m C I I L I I w I o - m I -  
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TABLE 6-3 
THERMAL EXPANSIVITY OF H-429 GRAPHITE IRRADIATED 

I N  CAPSULE OG-3  

6-1 0 



.- 

TABLE 6-4 
THERMAL EXPANSIVITY OF TS-1240 GRAPHITE 

IRRADIATED IN CAPSULE OG-3 

6-1 1 



TABLE 6-5 
THERMAL EXPANSIVITY OF SO818 GRAPHITE 

IRRADIATED IN CAPSULE OG-3 
* w w - - - - m - m - - - m - - w  

STD,  O t V 8  ,14 

- MEAN: 5,43 

... . .-- 
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TABLE 6-6 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF H-451 GRAPHITE 

IRRADIATED IN CAPSULES O G - I ,  OG-2,  AND OG-3 

Log No. 

5651-28 

Orient at ion 

Axial 

Locat ion 
in Log 

Midleng t h 
center 

Midleng th 
edge 

Mean Irradiation 
Temperature 

(K)  

915 
935 
935 

1045 
1195 
1205 
1170 
1270 
1335 
1665 
1660 
1660 

1045 
1125 
1110 
1255 
1260 
1480 
1515 

2 .o 
3.7 
5.5 
1.9 
2.3 
4.5 
6.4 
8.5 
3.0 
3.2 
6.1 
9.0 

1.9 
1.9 
3.6 
2.8 
5 .3  
6.3 
9.2 

Average 
Percent 
Change 
in CTE 

(295-773 K)  

+1 
+3 
-3 
+6 
-4 
-15 
-24 
-38 
-7 
-4 
-34 
-47 

+4 
+2 
+2 
-1 1 
-20 
-30 
-4 3 



TABLE 6-6 (Continued) 
~ 

Lot  

266 

426 

Log No. 

651-28 

6484-34 

O r i e n t a t i o c  

R a d i a l  

Axial 

R a d i a l  

I I Mean I r r a d i a t i o n  
Locat ion ’ Temperature 

i n  Log j (K) 

“ldleng t h  
c e n t e r  

Midl eng t h 
edge 

Midlength 
c e n t e r  

Midl eng t h 
c e n t e r  

915 
935 
935 

1045 
1195 
1205 
1170 
1270 
1335 
1665 
1660 
1660 

1045 
1125 
1110 
1255 
1260 
1480 
1515 

9 70 
1040 
1655 

9 70 
1010 
1655 

i 
I 
I 

F l u e n c e  x 10 -25 
2 

(E>29 fJ) 
(n/m ) 

R 

2.0 
3.7 
5 . 5  
1.9 
2.3 
4.5 
6.4 
8 .5  
3.0 
3.2 
6.1 
9.0 

1 . 9  
1.9 
3.6 
2.8 
5 . 3  
6 .3  
9 .3  

1 .8  
2.4 
2.9 

1 . 8  
2.4 
2.9 I 

Average 
P e r c e n t  
Change 
i n  CTE 

(295-773 K) - 
+3 
+7 

0 
+9 
-9 
-9 
-23 
-43 
-7 
-9 
- 34 
-46 

+2 
+2 
+2 
-1 1 
-18 
-27 
-41 

+ l o  
+11 
+15 

+10 
+9 
+13 



TABLE 6-7 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF 

H-429 GRAPHITE IRRADIATED IN CAPSULES OG-I, OG-2, AND OG-3 

Log No. 

4 9 74 -04A 

Orientation 

Axial 

Radial 

Mean 
Irradiation 
Temperature 

(K) 

1165 
1180 
1 1  70 
1435 
1460 
1480 
1705 
1675 

1165 
1145 
1170 
1435 
1460 
1480 
1705 
1675 

3 .O 
5.2 
7.2 
5.6 
8.6 
11.4 
6.6 
8.8 

3.0 
5.6 
7.2 
5.6 
8.6 

11.4 
6.6 
8.8 

Average 
Percent 
Change in 

CTE 
(295-773 K) 

-8 
-4 
-2 1 
-1 3 
-28 
-4 1 
-22 
-30 

+2 
+1 

-1 9 
-9 
-29 
-39 
-1 7 
-2 7 
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TABLE 6-8 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL FXPANSIVITY OF 

TS-1240 GRAPHITE IRRADIATED IN CAPSULES OG-2 AND OG-3 

Log No. 

5651-73 

Orientation 

Axial 

Radial 

Location 
in Log 

Midlength- 
center 

Midlength- 
edge 

Midlength- 
center 

Midlength- 
edge 

Mean 
Irradiation 
Temperature 

(K) 
~ 

895 
1040 
1195 
1250 
1380 
1415 

880 

865 
1080 
1195 
1200 
1475 
1500 

880 

1.2 
1.7 
2.5 
4 :9 
2.9 
5.9 

2.3 

1.2 
1.7 
2.5 
4.9 
2.9 
5.9 

2.3 

Average 
Percent 

Change in 
CTE 

(295-773 K) 

+7 
+2 
-1 

-36 
+1 

-33 

+6 

-1 
-4 
-4 

-20 
-1 1 
-47 

+4 
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TABLE 6-9 
SUMMARY OF IRRADIATION-INDUCED CHANGES I N  THERMAL EXPANSIVITY OF 

Mean I r r a d i a t i o n  
Temperature  

( J-Q 

1040 
1655 

SO8 18 

-25 Fluence x 10 
(n/m*> 

(E>29 fJIHTGR 

2.4 
2.9 

O r i e n t a t i o n  

Axial 

R a d i a l  

GRAPHITE IRRADIATED I N  CAPSULE OG-3 

L o c a t i o n  
i n  Log 

Midlengt  h 
c e n t e r  

Midlength 
c e n t e r  

__ .____ 

1010 
1655 

2.4 
2.9 

I 

Average 
P e r c e n t  
Change 
i n  CTE 

(295-773 K) 

+3 
-12 

+7 
-1 1 



TABLE 6-10 
THERMAL CONDUCTIVITY OF H-451 GRAPHITE, LOT 266, 

IRRADIATED IN CAPSULE OG-3 
-1-----1--1.----- 

Q 

6-1 8 
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TABLE 6-1 1 
THERMAL CONDUCTIVITY OF H-451 GRAPHITE, LOT 4 2 6 ,  

IRRADIATED I N  CAPSULE OG-3 

n 

C R U C T R L F  NO! 1 

34.4 
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TABLE: 6- 1 1 (Continued)  
oo.~ooo.oooo-.--o 

6-2 1 



n 
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TABLE 6-13 
THERMAL CONDUCTIVITY OF SO818  GRAPHITE 

IRRADIATED IN CAPSULE OG-3 
9 9 0 0 9 0 0 9 0 9 0 0 ~ 0 0 ~ 9  

-. ~- - . ... .___~ 

L O G  N U M B E R t S j  16464-22 -______ L f l f  NUMRER: 0-R 
. . . - .. . -... 

n 
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TABLE 6-14 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL CONDUCTIVITY OF H-451 GRAPHITE IRRADIATED IN 

CAPSULES OG-1, OG-2,  AND OG-3 
(ALL SPECIMENS FROM MIDLENGTH-CENTER OF PARENT LOG) 

(W/m-K) 2 

At 
293 K 

1 4 5 . 2  t 1.3  
34.7 f 1.4  
30.1 t 0 . 9  
29 .6  t 1 . 4  
48.8 t 1 . 8  
4 1 . 3  t 8 . 4  
43 .6  t 6.8  
79 .8  t 4.2  
80 .9  2 4 . 0  
6 8 . 9  k 9.'2 

1 2 3 . 0  t 7.1  
3 2 . 0  t 1 . 9  
2 7 . 8  t 3.1 
2 5 . 9  2 0 . 8  
4 2 . 9  t 3 . 3  
34 .2  t 4 . 3  
3 1 . 2  t 5.1 
83 .5  2 7 . 2  
65 .7  t 8.2 
5 6 . 2  t 2.8  

1 3 6 . 0  t 17.2  
34 .0  2 3 . 0  
6 0 . 8  2 5.1  
82 .4  2 1.1 

1 2 8 . 9  t 1 0 . 0  
2 9 . 6  2 4.1  
58.9 t 3.1 
7 2 . 4  t 1 . 3  

Lot 

Std. Dev. 

At Irradiation 
Temperature 

-- 
3 3 . 3  t 2.7 
32 .5  t 4 . 3  
3 1 . 5  t 4 . 4  
40 .0  t 1.7 
39.8 t 3 . 0  
34 .1  2 5 . 9  
41.1 1 . 2  
40.7  t 0.6  
34.5 2 3.8  

3 3 . 3  t 2.7 
29.5 t 3 . 2  
2 8 . 0  t 4.7 
36.1 2 2 . 8  
29 .5  t 2 . 0  
30.7 t 6.1  
3 9 . 3  t 3 . 4  
36.4 t 2 . 0  
33.1 t 4.4  

-- 

-- 
32.0  t 6.6  
39 .0  t 6.7 
32.5 2 6 . 3  

2 9 . 8  2 6.7 
3 5 . 4  t 6 . 4  
3 1 . 9  t 6 . 3  

-- 

266 0 
2 . 0  
3.7 
5.5 
2 . 8  
5 . 3  
7.7 
3 .2  
6 . 1  
9 .0  

0 
2 . 0  
3 . 7  
5.5 
2.8 
5 . 3  
7.7 
3.2 
6.1 
9 . 0  

0 
1 . 8  
2 . 4  

i 2 . 9  
0 
1.8 
2 . 4  
2 . 9  I 

266 

426 

Log 
No. 

5651-28 

5651-28 

6484-34 

Orientation 

Axial 

Radial 

Axial 

Radial 

Mean 
Irradiation 
Temperature 

(K) 

-- 
87 5 
890 
900 

1195 
1205 
1210 
1625 
1625 
1620 

-- 
875 
890 
900 

1195 
1205 
1210 
1625 
1625 
1620 

-- 
925 

1220 
1615 

925 
1220 
1615 

-- 



TABLE 6-15 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL CONDUCTIVITY OF TS-1240 GRAPHITE IRRADIATED IN 

CAPSULES OG-2 AND OG-3 
(ALL SPECIMENS FROM MIDLENGTH-CENTER OF PARENT LOG) 

Lot 
Log 
No. 

5651-73 

5651-73 

Orien ta t ion  

Axial 

Radial  

Mean 
I r r a d i a t i o n  
Temperature 

(0 
-- 
91 0 
915 

1220 
1220 
1620 
1615 

-- 
91 0 
91 5 

1220 
1220 
1620 
1615 

-25 Fluence x 10 

(E > 29 fJ)HTGR 
(n/m2) 

0 
1.7 
3.5 
2.5 
4.9 
2.9 
5.8 

0 
1.7 
3.5 
2.5 
4.9 
2.9 
5.8 

Mean Thermal Conductivity 
(W/m-K) f Std.  Dev. , .  

A t  
293 K 

97.9 f 8.4 
30.5 f 1.2 
26.5 f 0.9 
45.5 f 3.7 
51.5 f 2.1 
68.8 f 3.4 
66.0 f 7.9 

103.3 t 4.2 
28.5 t 2.8 
27.5 f 0.8 
37.0 f 2.2 
50.1 f 1.4 
64.5 f 5.5 
65.4 f 2.8 

At I r r a d i a t i o n  
Temp era t u r  e 

-- 
34.1 f 1.7 
27.9 2 5.0 
38.2 f 2.4 
36.5 f 4.0 
37.2 f 1.5 
37.5 f 4.6 

-- 
32.6 2 0.3 
25.1 f 3.4 
29.9 f 1.7 
37.6 t 4.7 
33.5 f 1.2 
37.0 f 3.5 



TABLE 6-16 
SUMMARY OF IRRADIATION-INDUCED CHANGES I N  THERMAL CONDUCTIVITY OF SO818 GRAPHITE IRRADIATED I N  

CAPSULE OG-3 
(ALL SPECIMENS FROM MIDLENGTH-CENTER OF PARENT LOG) 

-- 
925 

1220 
I 1615 

L o t  

-25 Mean I 
I r rad ia t ion  Fluence x 10 

m 
I 
N 
cn 

Mean T h e r m a l  C o n d u c t i v i t y  
(W/m-K) t S t d .  D e v .  

4-B 

4-B 

T e m p e r a t u r e  
(0 

Log 
No. 

( n / m 2 )  A t  A t  I r r a d i a t i o n  
(E > 29 ~ J ) H T G R  293 K T e m p e r a t u r e  

6 484- 2 2 

6484-22 

135.1 f 5.0 
28.6 f 0.8 
50.5 f 0.8 
64.5 f 4.9 

125.9 f 5.0 
28.4 f 0.8 
43.7 f 4.2 
65.8 f 2.3 

O r i e n t a t i o n  

-- 
26.7 f 4.6 
36.7 f 4.2 
34.3 f 4.4 

-- 
27.0 f 5.0 
32.3 f 4 .3  
33.0 2 4.2 

Axial 

R a d i a l  

-- 
925 

1220 
1615 

0 
1.8 
2.4 
2.9 

0 
1.8 
2.4 
2.9 



TABLE 6-17 
THERMAL CONDUCTIVITY OF H-451 GRAPHITE IRRADIATED AT TWO DIFFERENT 

TEMPERATURES: (1) 3 x 1025 n/m2 AT 1625 K, THEN 1.8 x 1025 n/m2 
AT 925 K; (2) 2 x 1025 n/m2 at 875 K, THEN 2.9 x 1025 n/m2 AT 1615 K 

~ m - w - v ~ Q I m - m m C m I ~  
-. - - - 

L O T  N J I I Y R F Q ?  2 6 4  -_ LnG - N U M R F R ( S ) 1 5 6 5 1 - 2 R  -- _- - -_ - __ - - - - - - - - __- - 
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7 .  EXPERIMENTAL RESULTS - MECHANICAL PROPERTIES 

7 . 1 .  TENSILE STRENGTH AND YOUNG'S MODULUS 

More than 200 ambient-temperature tensile tests were conducted on 

graphite specimens irradiated at several different fluences and 

temperatures. Specimens of H-451 graphite (lots 266, 408, and 426) ,  TS- 
1240 graphite, and H-327 graphite were tested. 

previously irradiated in capsules OG-1 and OG-2. An Instron tensile- 

testing machine with a crosshead speed of 2 pm/s was used, and strains were 
measured with a 12.6 mm gauge length extensometer. 

cemented to metal end pieces with high strength epoxy cement, and the load 
was applied through roller-link chains to maintain uniaxial alignment. The 
specimens were loaded to 7 MPa, unloaded to 0.7  MPa, and reloaded to 

failure. 

the reloading curve. 

Many specimens had been 

The specimens were 

Young's modulus was measured from the 0.7  MPa to 7 MPa portion of 

The tensile strengths, strains at failure, and Young's moduli are 

listed in Tables 7-1 through 7-5. Summary tables of all tensile data 

obtained in capsules OG-1, 06-2, and OG-3, including unirradiated controls, 
appear as Tables 7-6 through 7-8. The percent increases in strength and 

Young's modulus (referenced to unirradiated control specimens from the same 

location in the same log) are plotted as functions of fast neutron fluence 

in Figs. 7-1 through 7-3. For H-451 and TS-1240 graphites the data for all 

orientations, locations, and lots fall in the same scatter bands. For H- 

327 graphite the increase in Young's modulus is the same in the axial and 

radial directions, but the fractional increase in tensile strength is  

somewhat lower for radial specimens than for axial Specimens. 

The statistical spread in strength values is an important parameter in 

Irradiation causes a the mechanical design of graphite structures. 
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significant increase in the standard deviation (Tables 7-6 through 7-8). 
However, the coefficient of variation (standard deviation divided by the 

mean) appears to be unaffected by irradiation. Figures 7-4 and 7-5 show 
the estimated coefficient of variation, together with its 95% confidence 
interval, plotted as a function of fast neutron fluence. There are 

considerable differences in the coefficients of variation for different 
materials, with TS-1240 graphite and radial specimens of H-327 having 

higher coefficients of variation than H-451 or axial specimens of H-327, 

but no definite trend with irradiation is apparent. Possible exceptions 

are the H-327 axial specimens irradiated beyond 5 x 

apparent increase in coefficient of variation may occur (Fig. 7-5). This 

may be explained by the slight warping which develops in highly irradiated 

specimens of needle coke graphite and prevents perfect axial alignment of 

the tensile specimens. 

2 n/m , where an 

7.2. DESIGN CURVES 

The design curves presently used for the irradiation-induced increase 

in Young's modulus (Ref. 5) are based on Dragon project data for the change 
in sonic modulus of a near-isotropic pitch coke graphite. The data on H- 
451 and TS-1240 graphites are in excellent agreement with these curves (see 

Figs. 7-1 and 7-2). However, the high fluence data on H-327 graphite for 

an irradiation temperature around 1200 K does not show the second increase 
in modulus seen in near-isotropic graphites. Reference to the Dragon 

project data (Ref. 8) shows that, in general, the second increase is not 
present in the curves relating Young's modulus to fluence for needle coke 

graphites. A new set of design curves were prepared for H-327 graphite, 
based on Dragon project data for a needle coke graphite (Dragon Code No. 

120) (Ref. 8). A s  before, it was assumed that the static Young's modulus 

of unirradiated graphite is 0.8 x the sonic modulus, but the two values 
coincide after irradiation. The new design curves are shown in Fig. 7-6. 
The experimental data on H-327 Young's modulus agrees well with the new 

design curves (Fig. 7-3). 

n 
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The present design method for accounting for the irradiation-induced 

st'rength increase assumes that the strength increases in proportion to the 

square root of the fractional change in Young's modulus. Consideration of 

all the data now available (Tables 7-6 through 7-8) leads to the conclusion 

that different graphites behave differently. An alternative method is now 
recommended. The increase in strength (S) is assumed to be related to the 

irradiation-induced increase in Young's modulus (E) thus: 

where the exponent, k, depends on the graphite grade. The 

average values for k were obtained from the data in Tables 

H-451, axial and radial: k = 0.64 
TS-1240, axial and radial: k = 0.48 

H-327, axial: k = 0.67 

H-327, radial: k = 0.40 

f o l  lowing 

7-6 through 7-8: 

The revised k values are reflected in the "design curves" for the 
strength data plotted in Figs. 7-1 through 7-3. 

7.3. BETWEEN-LOG AND WITHIN-LOG VARIATIONS IN STRENGTH INCREASE 

Three groups of tensile specimens of H-451 graphite were made up from 
three different logs from lot 426 of H-451 graphite, and three groups 
contained specimens from both the midlength-center location and the 

midlength-edge location. Five or more replicate specimens were used from 
each log and location. The irradiation-induced percent strength increases 

(referenced to control specimens from the same log and location) were 
analyzed by the analysis-of-variance method. Individual strength values 

appear in Tables 7-2 and 7-3. The results of the comparison are summarized 

in Tables 7-9 and 7-10. Among one group of specimens, those from log 6484-  

34 showed a significantly smaller increase than those from the other two 
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logs ,  bu t  t h i s  w a s  no t  so f o r  t h e  o t h e r  two groups (Table 7-9). There were 

no s i g n i f i c a n t  d i f f e rences  i n  t h e  s t r e n g t h  inc reases  between specimens from 

t h e  cen te r  of the  log and specimens from t h e  edge of t he  l o g  (Table 7-10). 
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TENSILE STRENGTH 

(587-667'C) 

DESIGN I 100 t- 
CURVE 

0 

I 

LOT 
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0 266 

408 
- 408 
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A 426 
V 426 
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AXIAL 
RADIAL 
AXIAL 
AXIAL 
RADIAL 
AXIAL 
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0 2 4 6 8 10 

H-451 YOUNG'S MODULUS 
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I I I I 1 

2oo 

100 - 

DESIGN CURVE 

0 

0 2  4 6 8 10 

2 
FAST NEUTRON FLUENCE X (N/M ) (E > 29 tJ)HTGR 

Fig .  7-1. Changes i n  t e n s i l e  s t r e n g t h  and Young's modulus of H-451 
g r a p h i t e  as a f u n c t i o n  of f a s t  n e u t r o n  f l u e n c e s .  E r r o r  
b a r s  denote  t one s t a n d a r d  d e v i a t i o n  
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Fig .  7-2. Changes i n  t e n s i l e  s t r e n g t h  and Young's modulus of TS-1240 
g r a p h i t e  as a f u n c t i o n  of f a s t  n e u t r o n  f l u e n c e .  E r r o r  b a r s  
d e n o t e  2 one s t a n d a r d  d e v i a t i o n  n 
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Fig .  7-3. Changes i n  t ens i l e  s t r e n g t h  and Young's modulus of H-327 
g r a p h i t e  as a f u n c t i o n  of f a s t  n e u t r o n  f l u e n c e .  E r r o r  b a r s  
denote  2 one s t a n d a r d  d e v i a t i o n  
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Fig. 7-4. Coefficient of variation of the tensile strength of H-451 
and TS-1240 graphites as a function of fast neutron fluence. 
Error bars denote 95% confidence interval 
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Fig. 7-5. Coefficient of variation of tensile strength determinations on 
H-327 graphite as a function of fast neutron fluence. Error 
bars denote 95% confidence interval 
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f a s t  n e u t r o n  f l u e n c e  and i r r a d i a t i o n  t empera tu re  
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TABLE 7-6 
SUMHARY OF TENSILE PROPERTY DATA FOR H-451 GRAPHITE IRRADIATED IN CAPSULES OG-1, OG-2, AND OG-3 

Log 
No. 

j651-2, 

r651-81 

484-3: 

484-34 

484-41 

Orien 
tat ioi  

Axial 

Radial 

Axial 

Radial 

Axial 

Radial 

Axial 

Radial 

Axial 

Radial 

Location 
i n  Log 

Midlength- 
center 

Midlength 
center 

Midlength- 
center 

Hidlength- 
edge 

Hidlength- 
center 

Hidlength- 
center 

Hidlength- 
edge 

Midlength- 
center 

Hidlength- 
edge 

Midlength- 
center 

Hidlength- 
edge 

Midlength- 
center 

Hidlength- 
edge 

Hidlength- 
center 

Hidlength- 
edge 

Hidlength- 
center 

Midlength- 
edge 

Irradi 

Hear 
Irrad 
Temp. 

- 

(K) 

-- 
890 
870 
860 
880 
1200 
1200 
1200 
1630 
1600 

_- 
I190 
1200 

__  
940 
1150 
1250 
1630 

-- 
900 
1150 

_- 
1120 
1200 

-- 
1210 

-_ 
1210 

-- 
1210 

__ 
1110 

-- 
1210 

__  
1210 

1210 

1110 

-_ 

__ 
_ _  

1210 
-- 

1210 
-- 

1210 

1110 
_- 

0 
1.4 
2.0 
2.6 
5.5 
3.0 
5.3 
8.5 
3.2 
9.0 

0 
2.8 
8.5 

0 
4.6 
4.1 
5.5 
5.8 
0 
4.6 
4.1 
0 
4.1 
5.5 

0 
2.7 
0 
2.7 
0 
2.8 
0 
2.0 

0 
2.7 
0 
2.7 
0 
2.8 
0 
2.0 

0 
2.7 
0 
2.7 
0 
2.8 
0 
2.0 

U l t i  

Observed 
Value 

f Std. Dev. 
(ma) 

10.8 f 0.9 
16.7 ? 1.8 
17.1 t 1.2 
17.1 t 2.2 
18.2 f 1.4 
16.3 t 1.9 
19.1 f 1.8 
18.9 f 4.0 
15.4 f 0.8 
19.6 f 2.6 

11.5 t 1.7 
18.3 f 1.9 
24.2 f 2.7 

12.9 t 1.7 
17.2 f 2.2 
16.9 2 1.8 
20.6 t 2.2 
20.8 ? 3.1 
17.4 f 1.5 
24.8 f 2.2 
25.0 f 2.2 
12.2 t 1.6 
16.7 f 3.6 
21.7 t 2.9 

16.4 t 1.4 
23.7 f 3.0 

18.6 t 1.9 
25.3 f 5.0 
8.5 t 2.4 

13.3  2 1.0 

16.6 f 1 . 2  
21.2 t 2.7 
12.9 f 2.2 
20.8 f 2.6 
18.5 f 1 .3  
27.8 f 1.9 
13.3 t 0.9 
17.9 f 0.4 
16.5 t 1.7 
21.8 2 4.7 

14.0 t 1.3 
20.1 t 1 . 3  

16.8 f 1 . 3  
25.6 t 1.6 
11.6 f 1 . 7  
18.5 f 0.7 
14.5 t 1.1  
20.1 f 2.2 

te  Tensi le  

Percent 
Increase 

L Std. Dev. 

-- 
55 t 17  
59 f 1 1  
59 f 21 
68 t 13 
52 f 17 
78 f 17 
75 f 37 ! 

81 f 24 
4 3 f 7  ! 

-_ 
58 f 16 

110 2 24 

-- 
33 f 17 
31 f 14 
59 f 17 
61 t 24 

-_ 
43 t 13 
44 f 13 

-- 
37 2 30 
77 5 24 

-- 
45 t 18 

-- 
36 f 27 

-- 
56 f 12 

-_ 
28 t 16 

-_ 
61 f 20 

-- 
50 t IO 

35 t 3 

32 f 28 

-_ 

-_ 
-_ , 

4 4 2 9  ; 
-- 

52 f 10 

-_ 
59 ? 6 

-- 
39 f 15 I 

rength 

Coeff ic ient  
of Variatio 

( X  ) 

8 
11 
7 

1 3  
8 
12 
9 
21 
5 

1 3  

15 
10 
1 1  

13 
13 
1 1  
11 
15 
9 
9 
9 

13 
22 
13 

8 
13 
10 
20 
28 
8 

7 
13 

17 
13 

7 
7 
6 
2 

IO 
22 

9 
6 

8 
6 

14 
4 
8 

11 

Observed 
Value 

t S t d .  Dev. 
(GPa) 

7.9 t 0.6 
18.1 2 1.4 
15.3 t 0.8 
17.5 f 1.4 
16.8 t 2.7 
14.2 f 1.7 
17.6 t 1.0 
21.2 f 2.8 
13.0 t 0.9 
17.3 f 4.1 
7.0 f 0.3 

13.0 f 0.9 
23.2 t 2.7 

7.4 f 0.7 
12.5 t 1.6 
12.6 f 2.5 
17.1 t 3 . 1  
14.3 t 3.3 
8.3 f 0.7 
17.6 t 3.7 
15.3 f 3.7 
7.2 f 0.8 
12.3 t 1 .3  
15.4 t 2.5 

7.8 t 0.8 
14.3 t 1.5 

9.3 1 1.4 
15.0 t 3.9 
6 . 3  t 0.5 
11.7 t 1.3 
7.6 f 0.7 
15.6 f 4.2 

7.5 t 0.7 
12.1 f 1.5 
8.7 2 0.9 
14.1 2 2.3 
7.0 f 0.5 
11.6 t 0.9 
7.3 t 0.5 
13.0 f 3.0 

7.7 f 0.6 
13.8 t 2.2 

8.1 t 0.7 
13.9 f 2.8 
6.4 f 0.6 
11.9 t 1.7 

7.0 t 0.6 
2.1 t 3.9 

'oung's Modulus 

Percent 
Increase 

t Std. Dev. 

_ _  
131 f 18 
95 f IO 
123 t 18 
114 f 34 

81 f 21 
124 t 13 
170 f 36 
65 t 1 1  
119 t 52 

-_ 
88 t 13 
236 f 39 

_ _  
69 f 21 
70 f 34 

131 f 42 
93 t 45 

1 1 1  f 45 
84 f 45 

_ _  

-- 
71 t 18 
115 f 35 

_ _  
83 t 19 

_ _  
61 f 42 

_- 
86 f 21 

-- 
105 f 55 

_ _  
61 f 20 

_ _  
62 f 26 

_ _  
66 t 1 3  

-_ 
70  f 41 

_ _  
79 t 29 

-. 

12 ? 3 >  ' 
I 

73 f 56 

Coef f i c i ent  
of Variation 

( 4 )  

8 
8 
5 
8 
16 
12 
6 

13 
7 
24 

4 
7 

12 

9 
1 3  
20 
18 
23 

8 
21 
24 
1 1  
1 1  
16 

IO 
IO 
15 
26 

8 
1 1  

9 
27 

9 
12 

10 
1' 

b 
P 

I 3  

8 
16 

8 
20 
9 
14 
9 
32 

I 

. 
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I 

Ul t ima te  T e n s i l e  S t r e n g t h  

Lot 

Young's Modulus 

i 1 
N cn 

Observed 
Value 

f Std .  Dev. 
(ma) 

1 0 . 8  f 1.7 
1 2 . 7  f 3.1 
1 4 . 3  ?: 2.7 
1 4 . 6  2 1.8 
13 .1  2 3 . 7  

9 . 5  f 2.1 
13.5 2 . 2 . 3  
15 .2  f 1 . 5  

TABLE 7-7 
SUMMARY OF TENSILE PROPERTY DATA FOR TS-1240 GRAPHITE IRRADIATED I N  CAPSULES OG-1,  OG-2, AND OG-3 

Observed 
Pe rcen t  C o e f f i c i e n t  Value 

I n c r e a s e  of V a r i a t i o n  f Std .  Dev. 
t Std .  Dev. ( Z )  (GPa) 

6 . 2  t 0 . 7  
17 2 29 24 1 1 . 9  f 2.2  
32 2 25 19 11 .9  ? 1 . 2  

11 .4  ?: 0 . 9  35 f 16 1 2  
21 2 34 28  11 .7  t 1 . 4  

6 . 2  f 0 . 8  2 2. 
41 t 24 17 1 0 . 3  f 1 . 8  

1 4 . 5  t 2 . 9  6 0  2 1 6  1 0  

16 -- 

__  

I I 1 I r r a d i a t i o n  Cond i t ions  

5651-73 Axial Midlength- -- 
c e n t e r  890 

-1 0 4 0  
1190 
1380 

Rad ia l  Midlength- -- 
c e n t e r  

0 
1 . 2  
1.7 
2.5 
2.9 

0 
1 . 7  
5 . 9  

1 0 8 0  
1515 

Pe rcen t  
I n c r e a s e  

f Std .  Dev. 

-- 
91 f 36 
91 2 1 9  
84 f 1 4  
88 f 2 3  

-- 
67 t 29 

134 t 47 

C o e f f i c i e n t  
of V a r i a t i o n  

(XI 

11 
18 
1 0  
8 

12 

1 3  
1 7  
20 



Lot 

FSV-4 2 

Log 
No. 

4974-03 

Orien- 
tation 

Axial 

Radial 

TABLE 7-8 
SUMMARY OF TENSILE PROPERTY DATA FOR H-327 GRAPHITE IRRADIATED IN CAPSULES OG-1, OG-2, AND OG-3 

Percent 
Increase 

t Std. Dev. 
Location 
in Log 

Coefficient 
of Variation 

( X )  
~ 

Midlength- 
center 

Midlength- 
edge 

Midlength- 
center 

Irradi 

Mean 
Irrad. 
Temp. 

(K) 

_ _  
1010 
1000 
950 
1060 
1110 
1150 
1270 
1260 
1390 
-- 
940 
1060 
1340 

_ _  
960 
1260 
1240 

ion Conditions 

0 
2.2 
4.6 
7.2 
3.6 
4.5 
2.3 
2.7 
5.7 
6.3 
0 
2.6 
1.9 
3.3 
0 
4.6 
3 .O 
5.4 

L l  t imat e 'Tensile 

Observed 
Value 

f Std. Dev. 
( m a )  

9.1 t 1.1 
13.4 ? 2.6 
15.6 f 2.1 
15.1 f 2.3 
16.7 ? 2.4 
16.8 f 2.5 
14.7 t 1.9 
13.4 t 2.3 
15.3 f 3.2 
13.8 f 4.0 

15.1 ? 2.0 
21.7 t 1.9 
19.2 t 1.7 
19.5 t 1.8 
5.7 f 2.0 
7.4 f 2.8 
6.6 ? 1.4 
8.2 t 2.3 

Percent 
Increase 

2 Std. Dev. 

_ _  
47 t 29 
71 t 23 
66 t 25 
83 f 26 
84 t 27 
61 t 21 
47 f 25 
68 f 35 
52 t 44 

-_ 
44 t 13 
27 f 1 1  
29 f 12 

_ _  
30 f 50 
17 f 24 
44 f 40 

reneth 

Coefficient 
of Variation 

(a 
12 
19 
13 
15 
14 
15 
13 
17 
21 
29 
13 
9 
9 
9 
35 
38 
21 
28 

Observed 
Value 

f Std. Dev. 
(Cpa) 

9.0 ? 0.8 
15.5 f 2.8 
17.8 t 1.9 
17.8 ? 3.2 
19.1 t 3.4 
17.6 ? 2.2 
20.8 5 1.9 
17.1 f 2.8 
16.0 t 2.1 
16.0 ? 2.1 
13.3 ? 1.7 
26.5 ? 2.3 
21 .4 ? 1 .8 
22.3 f 1.3 
4.4 t 0.6 
8.4 f 1.9 
8.5 f 1.4 
8.3 2 0.8 

Young's Xodulus 

1 

-- 
73 f 31 
98 t 21 
98 t 36 
113 ? 38 
96 t 25 
132 2 21 
91 ? 31 
78 f 24 
78 f 23 

_ _  
99 ? 17 
61 ? 13 
67 ? 10 

-- 
91 f 42 
92 f 31 
89 t 18 

9 
18 
1 1  
18 
18 
13 
9 

16 
13 
13 
13 
9 
8 
6 
14 
23 
16 
10 



. 

Irrad. 
Temp 

TABLE 7-9 
BETWEEN-LOG VARIATIONS IN IRRADIATION-INDUCED STRENGTH INCREASE OF H-451 GRAPHITE, LOT 426 

Is Variation Increase ( X )  , Significant at 95% 
Fluence x 
(n/m2, E>29fJ, 

Orientation 

Radial 

Radial 

Axial 

(K) - 

1110 

1200 

1210 

Crucible HTGR) Log 6484-33 

2.01 28 

2.83 57 
2.68 41 

Log 6484-41 

39 
60 

48 

Confidence Level? 

No 

Yes 

No 

Log 6484-34 

32 

35 

56 

4 
1 
N 
U 



TABLE 7-10 
WITHIN-LOG VARIATIONS IN IRRADIATION-INDUCED STRENGTH INCREASE OF H-451 GRAPHITE, AXIAI, ORIENTATION 

Irrad. Neutron Fluence 
Temp x (n/m2, 

Crucible (K) E>29fJ, HTGR) 

1 940 4.6 
8 1150 4.1 
6 1210 2.7 

- 

Lot 

Mean Strength Increase (%> 

Center of Logs Edge of Logs 

33 43 
31 44 
50 46 

408 

408 

426 

Is Variation 
Significant at 95% 
Confidence Level? 

No 

No 

No 



8. IMPACT OF TEST DATA ON CURRENT DESIGN METHODS 

8.1. DIMENSIONAL CHANGE 

The a v a i l a b l e  H-451 dimensional change d a t a  now extend through f u e l  

element l i f e t i m e  f luence  l i m i t s  a t  h igher  temperatures.  I n  add i t ion ,  t h e  

new H-451 high f luence  d a t a  from OG-3 d i f f e r  from t h e  h igh  f luence  H-429 

g r a p h i t e  da ta .  Therefore ,  a l l  H-429 g r a p h i t e  dimensional change d a t a  w e r e  

de l e t ed  from t h e  d a t a  base,  OG-3 H-451 d a t a  were added, and t h e  d a t a  base  

f i t  t o  a polynomial expression i n  f luence  and temperature by t h e  computer 

code FUNFIT. The r e s u l t a n t  dimensional change s u r f a c e  was a b e t t e r  f i t  t o  

t h e  H-451 d a t a  as evidenced by a decrease of 20% i n  t h e  s tandard  dev ia t ion  

of t h e  d a t a  p o i n t s  from t h e  curve i n  t h e  a x i a l  d i r e c t i o n .  

c o e f f i c i e n t s  f o r  the  new design curves are l i s t e d  i n  Table 8-la f o r  H-451 

g r a p h i t e  and i n  Table 8-lb f o r  H-327 graphi te .  

Polynomial 

Compared wi th  t h e  design curves c u r r e n t l y  i n  use ,  t h e  new iso thermal  

c u t s  through t h e  dimensional change s u r f a c e s  r e f l e c t  0.1% t o  0.3% more 

i n  t h e  a x i a l  d i r e c t i o n .  A t  a con t r ac t ion  a t  6 x n/m (E > 29 fJ)HTGR 

t h e  curves show 0.1 t o  0.4% more f luence  of 8 x n/m (E > 29 fJ)HTGR, 

2 

2 

contraction at temperatures of 1225 K to 1425 K. Dimensional change in the 

r a d i a l  d i r e c t i o n  is cha rac t e r i zed  by t h e  earliest crossover  t o  n e t  

expansion a t  an i r r a d i a t i o n  temperature  of 1275 K and neutron f luence  of 

A t  h igher  temperatures ,  t h e  c rossover  2 about 9 x n/m (E > 29 fJ)HTGR. 

is  delayed t o  h igher  f luences .  

There are i n s u f f i c i e n t  d a t a  on TS-1240 g r a p h i t e  t o  make a polynomial 

Measurements so f a r  show dimensional changes smaller by 30% t o  50% f i t .  

than  H-451 graphi te .  

8- 1 



8.2. THERMAL EXPANSIVITY 

All current data on-the fractional change in thermal expansivity 
(Aala) of H-451, TS-1240, and SO-818 graphites were used in a least-squares 
procedure to fit the following polynomial: 

-7 2 Aa/a = (0.27830 - 4.2734 x T + 1.7815 x 10 T ) @ 

-3 @3 - 2.0664 x @-2 + 1.3601 x 10 , 

where T is the irradiation temperature ("C) and @ is the fast neutron 
2 fluence n/m (E > 29 fJIHTGR]. 

This expression may be used to estimate the irradiation-induced change 

in thermal expansivity for both axial and radial orientations at 
temperatures between 800 K and 1600 K and fluences up to 8 x n/m . The 

changes predicted from the equation are very close to the emprical curves 

2 

currently being used. 

8.3. THERMAL CONDUCTIVITY 

The thermal conductivity values obtained in the OG-3 experiment are in 

good agreement with the design values presently in use (Ref. 5), and no 

changes are required. The tests in which specimens were successively 
irradiated at two different temperatures verified the model presently being 

used to account for changes in irradiation temperature. 

8 . 4 .  MECHANICAL PROPERTIES 

Young's modulus values measured on H-451 and TS-1240 specimens 

irradiated in the OG-3 capsule agree well with the design curves presently 

in use (Ref, 5), and no changes are needed in the design curves for near- 

isotropic graphites. Revised design curves for H-327 graphite are shown in 

Fig. 7-6. 
1 

n 
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Present  design p r a c t i c e  assumes t h a t  t h e  f r a c t i o n a l  i nc rease  i n  

t e n s i l e  s t r e n g t h ,  S ,  is  p ropor t iona l  t o  the  square r o o t  of t h e  f r a c t i o n a l  

i nc rease  i n  Young's modulus, E. 

r e l a t i o n s h i p  is  not  exac t  f o r  a l l  g raph i t e s  (see Sect ion 7.2) .  

a n a l y s i s  g ives  t h e  fol lowing r e l a t i o n s h i p s :  

The new d a t a  i n d i c a t e  t h a t  t h i s  

Revised 

0.64 H-451, a x i a l  and r a d i a l :  S/So  = (E/Eo) 

0.48 TS-1240, a x i a l  and r a d i a l :  S / S o  = (E/Eo) 

0.67 
H-327, a x i a l :  S / S o  = (E/Eo) 

0.40 
H-327, r a d i a l :  S/So = @/Eo) 

Thus, t h e  s t r e n g t h  inc rease  f o r  H-451 g r a p h i t e  i s  s l i g h t l y  h igher  than  

c u r r e n t l y  assumed, bu t  t h a t  of TS-1240 g r a p h i t e  i s  e s s e n t i a l l y  unchanged. 

a- 3 



TABLE 8-1 (a) 
POLYNOMIAL COEFFICIENT FOR DIMENSIONAL CHANGE DESIGN EQUATIONS: 

H-451 GRAPHITE 

E’= ( C 1 + C T  + C T 2 + C T 3 + C T 4 ] Q  
2 @  3 4  4 @  5 4  

7 $  8 @  9 4  10 @ 
+ ( C 6 + C T  + C T 2 + C T 3 + C  T 4 2  ) @  + C , 6 @ 2 T 5  

+ C  T + C  T 2 + C  T 3 + C  T 4 + C 1 7 T  5 + C 1 8 T ) @  6 3  
+ (‘11 12 @ 13 $ 14 4 15 4 

0 where E = irradiation strain (dimensional change) A R / R  (W) 
n/m2) HTGR 

T = average irradiation temperature ( “C )  

‘i 

@ = fast neutron fluence (E > 29 fJ) 

= coefficients determined for each orientation of 
4 

graphite. Coefficients listed in tables 

c1 

c2 

c3 
c4 

c5 

c7 

c9 

c1 0 

c1 1 

c1 2 

‘6 

‘8 

‘1 3 

‘1 4 

‘1 5 

‘1 6 

‘1 7 

‘1 8 

Axial 

H-45 1 
~~ - 

Radial 

1.0981 72 

-0.9131061 x 
+0.2032687 x 

-0.1637322 x 

+0.4062104 x 10-1 

+O. 6525928 

-0.5715322 x 

+0.1903633 x 
-0.2936923 x 
+0.2049909 x 10-l’ 

-0.5931751 x 
-0,6867503 x 

+0.3302258 x 
-0,1353233 x 

+0.2236601 x 
-0.5213917 x 

o - ~  
0-6 

0-8 
o-l 1 

o-l 4 

-0,1612017 x 

+0.4196564 x 

1.158111 

-0.8374059 x 

+0.1728673 x 

-0.1288228 x 

+0.2846460 x 

+0.3958980 

-0.3689394 x 

o - ~  

o-l 1 

-7 0 

0- 

+0.1287180 x loe4 

-0.2043258 x 

+0.1438031 x 10-l’ 

+O. 1306940 .x lo-’ 

-0.1877240 x 1 0-3 

+o. 1022022 

-0.2709323 x 

+0.3665231 x 

-0.3621619 x 10- 

-0.2369797 x 

+0.5766467 x 

14 

Q 
. 
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TABLE 8-1 (b) 
POLYNOMIAL COEFFICIENT FOR DIMENSIONAL CHANGE DESIGN EQUATIONS: 

H-327 GRAPHITE 

E’=  ( C 1 + C T  + C T 2 + C T 3 + C T 4 )  
2 4  3 4  4 4  5 4  

7 4  8 4  9 4  10 4 
+ ( C 6 + C T  + C T 2 + C T 3 + C  T 4 ) 0 2  

+ (‘11 1 2  4 13 @ + C T + C T + C14Tm3 + C15Tb 4 3  ) @ 

c2 

c3 

c4 

c5 

c7 

c9 

c1 1 

c1 2 

c1 4 

‘6 

‘8 

0 

‘1 3 

‘1 5 

H-327 

Axia l  

-6.901 536 

+0.214790 x 10-1 

-0.209455 x 

+0.615816 x 

0.00 

+O. 71 8380 

-0.209419 x 

+0.179240 x 

-0.485434 x lo-’ 

0.00 
-0.356955 x 10- 2 

+0.605363 x 

0.00 

0.00 

0.00 

Radia l  

0.122708 

+0.225189 x 

-0.842109 x 

+0.941604 x 

-0.360083 x 

-0.265774 

-0.531424 x 

+0.344720 x 

-0.427347 x 10- 8 

o-l 1 

o - ~  
0- 

+O. 162954 x 

+0.725128 x 

-0.16481 2 x 

0.00 

+0.204765 x lo-’ 
12 -0.108765 x 10- 
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