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ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of dimensional ,  thermal  e x p a n s i v i t y ,  

thermal  c o n d u c t i v i t y ,  Young's modulus, and t e n s i l e  s t r e n g t h  measurements 

on specimens of n u c l e a r  g r a p h i t e s  i r r a d i a t e d  i n  c a p s u l e  OG-2. About h a l f  

t h e  i r r a d i a t i o n  space w a s  a l l o c a t e d  t o  H-451 n e a r - i s o t r o p i c  petroleum-coke- 

based g r a p h i t e  o r  i t s  subs ized  p r o t o t y p e  grade  H-429. Most of t h e s e  

specimens had been p r e v i o u s l y  i r r a d i a t e d .  V i r g i n  specimens of another  near- 

i s o t r o p i c  g r a p h i t e ,  grade TS-1240, w e r e  i r r a d i a t e d ,  Some p r e v i o u s l y  

i r r a d i a t e d  specimens of needle-coke-based H-327 g r a p h i t e  and pitch-coke- 

based P JHAN were a l so  included.  3 

Data were obta ined  i n  t h e  i r r a d i a t i o n  temperature  range 600" t o  1400OC. 

Accumulated neut ron  f l u e n c e s  now exceed 8 x 10 

H-429 g r a p h i t e  and 6 x 1021 n/cm (E > 0.18 MeV) on H-451, P3JHAN, and 

H-327 g r a p h i t e s .  

21 n/cm2 ( E  > 0.18 MeV) on 
2 

The n e a r - i s o t r o p i c  g r a p h i t e s  cont inued t o  show t h e  good dimensional  

s t a b i l i t y  i n d i c a t e d  i n  prev ious  i r r a d i a t i o n  experiments.  Maximum observed 
shrinkages in H-451 /H-429  w e r e  2% i n  the r a d i a l  d i r e c t i o n  a n d  3.5% in the 

a x i a l  d i r e c t i o n ,  and no n e t  expansion w a s  observed a t  t h e  i r r a d i a t i o n  con- 

d i t i o n s  i n v e s t i g a t e d .  The low f l u e n c e  d a t a  on TS-1240 g r a p h i t e  i n d i c a t e d  

dimensional  s t a b i l i t y  as good a s ,  o r  b e t t e r  t h a n ,  t h a t  of  H-451 g r a p h i t e .  

I r rad ia t ion- induced  changes i n  t h e  thermal  p r o p e r t i e s  fol lowed 

p r e v i o u s l y  e s t a b l i s h e d  p a t t e r n s .  The thermal  e x p a n s i v i t y  of t h e  near- 

i s o t r o p i c  g r a p h i t e s  i n c r e a s e d  margina l ly  a t  low i r r a d i a t i o n  temperatures  

and decreased by up t o  30% a t  h igh  i r r a d i a t i o n  temperatures .  I r r a d i a t i o n  

reduced t h e  thermal  c o n d u c t i v i t y ,  w i t h  t h e  l a r g e s t  r e d u c t i o n s  t a k i n g  p l a c e  

a t  t h e  lowest  tempera tures ,  

iii 



Both Young's modulus and t e n s i l e  s t r e n g t h  inc reased  s i g n i f i c a n t l y  a f t e r  

i r r a d i a t i o n  f o r  a l l  t h e  t e s t e d  g r a p h i t e s .  The r e l a t i o n  between i r r a d i a t i o n -  

induced changes i n  Young's modulus, E ,  and s t r e n g t h ,  s,  p r e d i c t e d  by t h e  

cons t an t  s t r a i n  energy f a i l u r e  c r i t e r i o n ,  

".=JF, 
0 0 
S 

w a s  approximately obeyed, bu t  t h e  t e n s i l e  s t r e n g t h  of i r r a d i a t e d  H-451 

specimens and many of t h e  H-327 specimens w a s  somewhat h igher  t han  

p r e d i c t e d .  

i v  
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1. INTRODUCTION 

1.1. SCOPE OF REPORT 

This  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of dimensional ,  thermal  e x p a n s i v i t y ,  

thermal  c o n d u c t i v i t y ,  Young's modulus, and t e n s i l e  s t r e n g t h  measurements on 

specimens of n u c l e a r  g r a p h i t e s  i r r a d i a t e d  i n  capsule  OG-2. Details of  t h e  

f a b r i c a t i o n  and assembly of t h e  c a p s u l e  are given i n  Ref.  1 ,  and t h e  capsule  

o p e r a t i n g  h i s t o r y  i s  d e t a i l e d  i n  Ref. 2 .  A complete l i s t  of t h e  specimens,  

based on t h e i r  l o c a t i o n  i n  t h e  c a p s u l e ,  is  contained i n  Ref. 3 .  

1 .2 .  FAST n U E N C E  UNITS 

A change has  been made i n  t h e  u n i t s  used f o r  r e p o r t i n g  f a s t  neut ron  

f l u e n c e s .  Ear l ier  r e p o r t s  on t h i s  program, i n c l u d i n g  t h e  t o p i c a l  r e p o r t  

on t h e  preceding c a p s u l e  OG-1 (Ref. 4 ) ,  presented  i n t e g r a t e d  f l u e n c e s  of  

neutrons w i t h  e n e r g i e s  g r e a t e r  than  0.18 MeV i n  t h e  water-moderated test 

r e a c t o r s  where t h e  capsules  were i r r a d i a t e d  [n/cm (E > 0.18 MeV)ORR], I n  

the p r e s e n t  r e p o r t ,  t h e  f l u e n c e s  a r e  converted t o  t h e  fo l lowing  u n i t s :  

2 

1.  Fluence of neut rons  w i t h  e n e r g i e s  g r e a t e r  than  0.18 M e V  i n  a 

t y p i c a l  High-Temperature,Gas-Cooled Reactor  (HTGR) spectrum 

[n/cm (E > 0.18 

i n  f u t u r e  HTGR d e s i g n  work. 

This  is t h e  u n i t  t h a t  w i l l  be  used 2 

2 2 .  Equivalent  f i s s i o n  f l u e n c e  f o r  g r a p h i t e  damage (n/cm , EFFGD). 

This  i s  t h e  u n i t  recommended by a n  i n t e r n a t i o n a l  working group 

sponsored by t h e  I n t e r n a t i o n a l  Atomic Energy Author i ty  (Ref. 5) 

and forms t h e  b a s i s  of  t h e  ASTM recommended p r a c t i c e  f o r  r e p o r t i n g  

dosimetry results on g r a p h i t e .  

1-1 



Conversions are based on t h e  number of  carbon atoms d i s p l a c e d ,  calcu- 
2 l a t e d  based on t h e  Thompson and Wright model, acco rd ing  t o  which 1 n/cm 

(EFFGD) r e s u l t s  i n  720 x 10 d i sp laced  carbon atoms p e r  atom. The appro- -24 

p r i a t e  convers ion  f a c t o r s  f o r  t h e  C - 3  p o s i t i o n  of t h e  Oak Ridge Reac tor  

(ORR) are: 

Fluence (E > 0.18 MeV)HTGR = 0.894 x Fluence ( E  > 0.18 MeV)oRR 

Fluence (EFFGD) = 1.118 x Fluence (E > 0.18 MeV)Om 

Fluence (EFFGD) = 1.25 x Fluence (E > 0.18 MeV)HTGR 

2 A t  p o i n t s  i n  t h e  t e x t  where no f l u e n c e  u n i t s  are s p e c i f i e d ,  n/cm 

0.18 MeV) HTGR should b e  understood . 
(E > 

Further d e t a i l s  of the dosimetry are g iven  i n  Sec t ion  4 . 3 .  

4 

n 
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2. TEST DESCRIPTION AND OBJECTIVES 

Capsule OG-2 w a s  t h e  second i n  a series of  g r a p h i t e  i r r a d i a t i o n  

capsu le s  which are be ing  ope ra t ed  t o  o b t a i n  des ign  b a s i s  d a t a  on t h e  

e f f e c t s  of neu t ron  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 cand ida te  

g r a p h i t e s  f o r  HTGR r e p l a c e a b l e  f u e l  and r e f l e c t o r  e lements .  The F o r t  S t .  

Vrain (FSV) HTGR used a need le  coke g r a p h i t e  (grade H-327), wh i l e  c u r r e n t  

des igns  f o r  l a r g e  HTGRs f a v o r  t h e  use  of a n e a r - i s o t r o p i c  g r a p h i t e .  Near- 

i s o t r o p i c  petroleum-coke-based g r a p h i t e s ,  ex t ruded  i n  17- t o  18-in.-diameter 

l o g s ,  are now r e c e i v i n g  h i g h e s t  p r i o r i t y .  

In  t h e  OG capsule  series, t h e  o p e r a t i n g  tempera tures  i n  n ine  o u t  of 

t h e  10 c r u c i b l e s  i n  t h e  capsu le  span  the range  where s i g n i f i c a n t  neu t ron  

exposure occur s  i n  HTGRs (600' t o  12OO0C), and t h e  t e n t h  c r u c i b l e  o p e r a t e s  

a t  1400°C t o  provide  test d a t a  a t  a h ighe r  tempera ture .  

a thermal  des ign  i d e n t i c a l  t o  those  of t h e  preceding  (OG-1) and succeeding 

(OG-3) c a p s u l e s ,  and many specimens were t r a n s f e r r e d  from c a p s u l e  t o  c a p s u l e  

after n o n d e s t r u c t i v e  measurements i n  o r d e r  t o  p rov ide  d a t a  a t  s e v e r a l  i n c r e -  

ments of f l u e n c e .  

Capsule OG-2 had 

P 
4 
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3. MATERIALS INVESTIGATED 

The materials investigated and the numbers of specimens are summarized 

in Table 3-1. 

A major objective of the experiment was to establish the data base for 

the irradiation-induced property changes in H-451 near-isotropic petroleum- 

coke-based graphite made by Great Lakes Carbon Company. 

irradiation space was allocated to specimens of H-451 or its subsized 

prototype grade H-429. Most of  the H-451 specimens had been irradiated in 

capsule OG-1, and all the H-429 specimens had been irradiated in capsules 

GEH-13-422 and OG-1. 

higher-temperature crucibles now exceeds the end-of-life fluence for current 

HTGR designs. 

About half the 

The accumulated fluence on the H-429 specimens in the 

Another objective was to complete the collection of data on H-327 
needle coke graphite, which was used in the construction of the FSV HTGR. 
Two hundred specimens of H-327, most of which had been previously irradiated 

in capsule GEH-13-422 or OG-1, were included in the experiment. 

Also included in capsule OG-2 were 134 virgin specimens of TS-1240 

graphite, a near-isotropic petroleum-coke-based graphite made by Union 

Carbide Corporation. Other materials included a pitch-coke-based graphite 

(Pechiney grade P JHAN) and miscellaneous graphites and carbons of general 
interest to the program. 

3 

Three specimen configurations were used: 0.2-in.-diameter by 0.45-in.- 

long cylinders for nondestructive dimensional and thermal expansivity 
determinations, 0.4-in.-diameter by 0.05-in.-thick disks for nondestructive 

thermal diffusivity measurements, and 0.25-in.-diameter by 0.9-in.-long 

cylinders for dimensional measurements and destructive tensile testing. 

r 
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TABLE 3-1 
GRAPHITES AND OTHER MATERIALS IRRADIATED I N  CAPSULE OG-2 

D e s i g n a t i o n  

G r a p h i t e  
H-45 1 

H-429 

TS-1240 

H-327 

G, P J H A N  
I 
N 

2020 

H-328 

H-430 

IH-45 1 

H-45 1 C 

565161 

No. of 
ipecimens 

428 

6 9 .  

134 

204 

66 

120 

1 

1 

14 

12 

16 

lx t ruded ,  near 
s o t r o p i c  

Sxtruded, n e a r  
isotropic 

Sxtruded,  near 
i s o t r o p i c  

Ix t ruded ,  
m i s o  t r o p i c  

< x t r u d e d ,  n e a r  
i s o t r o p i c  

I s o s t a t i c  
nolded,  f i n e  
g r a i n e d  

Molded, n e a r  
i s o t r o p i c  

Molded, n e a r  
i s o t r o p i c  

Ext ruded ,  n e a r  
is0 t r o p i c  

Ext ruded ,  n e a r  
i s o t r o p i c  

Exper imenta l  

GA Log 
look Number 

j65 1-28 
5651-86 

i974-104-A 

565 1-73 

$974-3 

5651-53 

565 1-56 

-- 

-- 

5948-101 

5948-14 

565 1 -6 1 

Form & Dimensions 
o f  P a r e n t  Sample 

8-in.-diam. x 34-in.-  
.ong Jog  

1-in.-diam. x 8-in.-  
.ong l o g  

8-in.-diam. x 34-in.-  
.ong l o g  

W i n . - d i a m .  x 34-in.-  
.ong l o g  

<-in.  x 8-in.  x 8- in .  
:ube 

18-in.-diam. x 6- in . -  
tong s l a b  

17-in.-diam. x 34-in.-  
Long l o g  

3.6-in.-diam. x 
7,5- in .  - long l o g  

18-in.-diam. x 34-in.-  
long l o g  

18-in.-diam. x 34-in.-  
long l o g  

GLCC 

GLCC 

ucc 

CLCC 

Pechiney 

SCC 

GLCC 

GLCC 

GLCC / GA 

GLCC / GA 

ORNL 

Raw Materials 

F i l l e r  

lear - i so t  r o p i c  
ie t roleum coke 

fear- iso t r o p i c  
)e t ro leum coke 

J c a r - i s o t r o p i c  
)e t ro leum coke 

Jeedle  coke 

aear -is0 t r o p i c  
:oa l  tar  p i t c h  
:oke 

?e t ro leum coke 

Z i l so  coke 

Near- i so t ropic  
petroleum coke 

Near- i so t ropic  
petroleum coke 

N e a r - i s o t r o p i c  
petroleum coke 

~~ 

Binder  

, o a l  t a r  
i i t c h  

: o a l  tar  
i i t c h  

:oa l  tar  
) i t c h  

:oal  t a r  
) i t c h  

(b)  

:oal t a r  
p i t c h  

3oa l  tar  
p i t c h  

2oal t a r  
p i t c h  

Coal t a r  
p i t c h  

(b 1 

Impregnant 

e t  r o 1 eum 
i t c h  

oal tar  
' i t c h  

loa1 t a r  
i i t c h  

loa1 t a r  
) i t c h  

(b 1 

Zeal t a r  
) i t c h  

(b) 

Yddi t iona l  
impregnat i o n  
done a t  GA 

Samples 
taken  from 
cure-in- 
p l a c e  
experiments  

(b 1 



D e s i g n a t i o n  

Other  
Mat e r i a l  s 

B4C-G 

MATRIX 

IMPCBN 

GLSYCN 

PYC 

S i C  

PALAR 

FPA 

No. of 
Specimens 

18 

4 

1 

18 

13 

4 

1 

1 

I 

Extruded  
bo rona ted  
g r a p h i t e  

Binder  
r e s i d u e  

Impregnant 
ca rbon  

Glassy  carbons  

P y r o l y t i c  
ca rbon  

S i c  c o a t i n g s  

I n s u l a t i o n  

I n s u l a t i o n  

TABLE 3- 1 (Continued) 

GA Log 
Book Number 

5646-1 3 

5646-9 1 

-- 

-- 

-- 
-- 

6041-7 
-- 
-- 

Form & Dimensions 
of P a r e n t  Sample 

0.30-in.  0 .d .  x 10-in.-  
l o n g  rods  
0.25-in.  0 .d .  x 0.9- 
i n .  - long r o d s  

(b 1 

D e s c r i p t i o n  , 

FSV lumped burnab le  poison  

O x i d a t i o n - r e s i s t a n t  s h i e l d  compacts 

Coke r e s i d u e  from p i t c h  b i n d e r  i n  
l a r g e  HTGR f u e l  rod m a t r i x  

Carbon r e s i d u e  from impregnant 

Model carbons  

Fue l  p a r t i c l e  c o a t i n g  m a t e r i a l  

Fue l  p a r t i c l e  c o a t i n g  material 

P a l a r i t e  i n s u l a t i o n  

Carbon foam i n s u l a t i o n  

( a )  Great Lakes Carbon Company (GLCC); Union Carb ide  Corpora t ion  (UCC); S tackpo le  Carbon Company (SCC); Pechiney  

(b) Unknown. 

(c) Rods f a b r i c a t e d  by GLCC, GA, Norton Company, Carborundum Company. 

(France); Genera l  Atomic Company (GA) ; Oak Ridge N a t i o n a l  Labora to ry  (OR?.&) . 



Only two ba tches  of H-451 t e n s i l e  specimens were t e s t e d  t o  f a i l u r e ;  t h e  
a 

m a j o r i t y  were reencapsu la t ed  i n  c a p s u l e  OG-3 f o r  a d d i t i o n a l  exposure.  All 
t h e  H-327 t e n s i l e  specimens were t e s t e d ,  w i t h  t h e  excep t ion  of two ba tches  

from a low-fluence c r u c i b l e  which were h e l d  f o r  r e i r r a d i a t i o n  i n  c a p s u l e  

0 6 3 .  Half of t h e  TS-1240 tensi le  specimens w e r e  t e s t e d ,  and t h e  remainder 

were he ld  f o r  r e i r r a d i a t i o n  i n  c a p s u l e  0 6 3 .  

3-4 . 



4 .  CAPSULE OPERATING CONDITIONS 

4.1.  DESCRIPTION OF CAPSULE 

Capsule OG-2 w a s  a f u l l y  ins t rumented ,  con t ro l l ed - t empera tu re  g r a p h i t e  

i r r a d i a t i o n  capsu le  i r r a d i a t e d  i n  t h e  C-3 p o s i t i o n  of t h e  O M .  I r r a d i a t i o n  

s t a r t e d  on J u l y  1 7 ,  1974 and te rmina ted  on January 5,  1975 f o r  a capsu le  

cumulative power of 3886 MWd and a n  accumulated i r r a d i a t i o n  t i m e  a t  power 

of 1 .12  x 10 s e c .  7 

The c a p s u l e  conta ined  two c e l l s ,  each w i t h  i t s  own sweep-gas system. 

Adjustment of t h e  helium-argon r a t i o  i n  t h e  sweep gas  allowed independent 

tempera ture  c o n t r o l  i n  t h e  upper and lower c e l l s .  The ce l l s  conta ined  a 

t o t a l  of 10 g r a p h i t e  c r u c i b l e s  approximately 2 . 2 5  i n .  i n  d iameter  by 2 i n .  

h igh  (except  f o r  c r u c i b l e  No. 3 ,  which w a s  3 i n .  h i g h ) ,  which were d r i l l e d  

w i t h  h o l e s  t o  act  as specimen ho lde r s .  The g r a p h i t e  c r u c i b l e s  were con- 

t a i n e d  i n  Incone l  600 containment cans, which were housed i n  an annu la r  

aluminum thermal bond i n s i d e  two 304 s t a i n l e s s  s t ee l  containment tubes .  

The c e n t e r - l i n e  tempera tures  of c r u c i b l e  3 i n  c e l l  1 and c r u c i b l e  7 i n  c e l l  2 

were mainta ined  a t  1000°C dur ing  r e a c t o r  o p e r a t i o n  by ad jus tment  of t h e  gas 

mix tu res .  

tungsten-rhenium thermocouples. 

l o c a t e d  near t h e  c e n t e r  l i n e ,  and a l l  excep t  two had one o r  more thermo- 

The capsu le  conta ined  24 Chromel-Alumel thermocouples and s i x  

A l l  c r u c i b l e s  had one o r  more thermocouples 

couples  a t  t h e  pe r iphe ry .  

thermocouple l o c a t i o n s  is  shown i n  F i g .  4-1. 

b r a t i o n  d a t a  on t h e  tungsten-rhenium thermocouples were ob ta ined  by l o c a t i n g  

p a i r s  of Chromel-Alumel (K) and tungs ten-rhenium (W) thermocouples in t h e  

same h o l e s  i n  t h e  c r u c i b l e s  of c e l l  1 ,  which ope ra t ed  a t  o r  below 1000°C. 

R e l i a b l e  r ead ings  were ob ta ined  from a l l  thermocouples u n t i l  58% of l i f e ,  

A schematic diagram of  t h e  capsu le  l a y o u t  and 

Three sets of i n  s i t u  d e c a l i -  

. 
r when thermocouples W18 and W19 f a i l e d  a t  t h e  s t a r t  of a cyc le .  

W-8 became i n t e r m i t t e n t  a t  68% of l i f e .  

opera ted  f o r  t h e  f u l l  capsu le  l i f e .  

Thermocouple 

The remaining 27 thermocouples 

4- 1 



I 
E 

11.812811.812 
CONTAINMENTS 

10 9 8 7 6 5 4 3 CRUCIBLES 

CELL 2 

THERMOCOUPLE ID 

1 - K4 6 - W8 11 - K5 16 - K16 21 - K28 26 - K26 
2 - W7 7 - K11 12 - K10 17 - W18 22 - K17 27 - K22 
3 - K12 8 - K9 13 - K13 18 - W19 23 - K30 28 - K23 
4 - K 2  9 - K1 14 - K14 19 - W27 24 - K21 29 - K29 

K =  
W =  

2 1 

CELL 1 

CHROMEUALUMEL THERMOCOUPLE 
W/3% Re - W/2% Re THERMOCOUPLE 

5 - K 6  10- W3 15 - K15 20 - K20 25 - K25 30 - K24 ALL OIMENSIONS IN  INCHES 

Fig. 4-1. Schematic l a y o u t  of capsu le  OG-2 with thermocouple l o c a t i o n s  
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4 . 2 .  OPERATING TEMPERATURES 

Recorded temperature  h i s t o r i e s  and d e t a i l s  of  t h e  procedures  used t o  

ana lyze  t h e  thermocouple o p e r a t i n g  r e c o r d s  are given i n  R e f .  2 .  The neutron-  

induced d e c a l i b r a t i o n  f a c t o r  f o r  t h e  tungsten-rhenium thermocouples used t o  

monitor t h e  temperatures  i n  high-temperature c r u c i b l e s  4 and 5 w a s  t aken  

from t h e  W3/K1 thermocouple p a i r  i n  t h e  c l o s e s t  c r u c i b l e  (No. 3). The 

f a c t o r  r e l a t i n g  t r u e  o p e r a t i n g  tempera ture ,  T t ,  and t h e  i n d i c a t e d  tempera- 

t u r e ,  Ti ,  of t h e  tungsten-rhenium thermocouples i n  c r u c i b l e s  4 and 5 w a s  

taken t o  b e  

Ti T =  -23 1 - 4.9 x 10 
9 

2 
where f i s  t h e  thermal f l u e n c e  (n/cm , E < 0.17 eV). 

Two c r u c i b l e s  ( 4  and 10) had a thermocouple near  t h e  c e n t e r  l i n e  b u t  

n o t  a t  t h e  per iphery .  Estimates of  t h e  r a d i a l  temperature  g r a d i e n t s  i n  

t h e s e  c r u c i b l e s  were made from t h e  observed temperature  g r a d i e n t s  i n  

a d j a c e n t  . c r u c i b l e s ,  t a k i n g  i n t o  account  t h e  gamma h e a t i n g  rates. 

f a i l u r e  of  thermocouples W18 and W19, t h e  temperatures  a t  t h e s e  l o c a t i o n s  

were e s t i m a t e d  from thermocouple W27, us ing  t h e  r a t i o s  e s t a b l i s h e d  up t o  

A f t e r  t h e  

the point of failure. 

The average  on- tes t  temperatures  a t  t h e  c e n t e r  l i n e  and o u t e r  thermo- 

couple  l o c a t i o n s  are l i s t e d  i n  Table 4-1. Long-term d r i f t  i n  t h e  c e n t e r -  

l i n e  temperatures  w a s  n e g l i g i b l e ,  b u t  t h e  i r r a d i a t i o n - i n d u c e d  d e c r e a s e  i n  

g r a p h i t e  thermal  c o n d u c t i v i t y  caused a p r o g r e s s i v e  i n c r e a s e  i n  t h e  r a d i a l  

t empera ture  g r a d i e n t s  i n  t h e  c r u c i b l e s .  T h i s  r e s u l t e d  i n  a downward d r i f t  

i n  t h e  o u t s i d e  temperatures  over  t h e  l i f e  of t h e  c a p s u l e  averaging  3OOC. 

I n  a d d i t i o n  t o  long-term d r i f t  i n  t h e  o u t e r  tempera tures ,  changing gamma 

h e a t i n g  rates r e s u l t i n g  from c o n t r o l  rod  bank t r a v e l  superimposed a sawtooth 

- p a t t e r n  on t h e  o p e r a t i n g  temperatures  (with t h e  except ion  of c o n t r o l l e d  

c r u c i b l e s  3 and 7 ) .  The upper l i m i t  o f  t h e  f l u c t u a t i o n s  (def ined  as t h e  

4- 3 



TABLE 4-1 
MEAN TEMPERATURES AND FXUENCES IN CAPSULE OG-2 

Nominal 
Center 
Line 
Design 

Temperature 
("0 

-2 1 Fast Fluence (x10 ) 
Operating Temperature at Thermocouple 

Location ("C) Mean Operating 
Temperature in Oute: 2 n/cm 

5>0.18 MeV)HTGR 

Cente- 

(a) Tax, 

xiule 

hter 
- 

558 

610 

887 

1024 

1327 

938 

884 

8 36 

753 

597 

OG-1 ( 

Center 
rhermal. Fluence  IO-^') (n/cm 2 ) 2 I/Cm 

EFFGD) 

2.1 

2.8 

3.4 

3.7 

3.6 

' 3.4 

3.1 

2.7 

2.1 

1.5 

- 
Yean 

Crucible 
Number 

(a) Min . Yean - 
602 

664 

90 7 

1090 

1316 

937 

907 

8 35 

752 

580 
- 

(a) Max. (a> Yin . 
~ 

580 

64 1 

884 

-- 
1255 

89 7 

88 1 

808 

713 

-- 

626 

688 

9 30 

-- 

1380 

973 

932 

866 

794 

-- 

1.2 700 

800 

1000 

1200 

1400 

1100 

1000 

900 

800 

600 

687 

778 

998 

1251 

1387 

1080 

997 

934 

830 

640 
- 

71 3 

802 

1014 

1333 

1449 

1110 

1016 

970 

a83 

706 

667 

758 

983 

1158 

1319 

1047 

983 

905 

793 

602 

65.7 

754 

993 

1172 

1395 

1078 

992 

928 

860 

650 

1.7 

2.2 

2.7 

2.9 

2.9 

2.7 

2.5 

2.1 

1.7 

1.2 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1.4 

1.6 

1.8 

1.8 

1.7 

1.5 

1.2 

0.9 

0.6 

(a) Maximum and minimum temperatures denote the range within which the temperatures remained f o r  90% of the time the 
reactor was at power. 



t empera ture  below which t h e  thermocouple ope ra t ed  f o r  95% of the o n - t e s t  

t ime) and t h e  lower l i m i t  ( t h e  tempera ture  above which t h e  thermocouple 

ope ra t ed  f o r  95% of t h e  o n - t e s t  t ime) are l i s t e d  i n  Table  4-1. 

For comparison, Table 4-1 a l s o  shows t h e  nominal c e n t e r - l i n e  d e s i g n  

tempera tures  and t h e  mean tempera tures  recorded  du r ing  t h e  o p e r a t i o n  of  t h e  

preceding  c a p s u l e ,  OG-1,  which had an  i d e n t i c a l  thermal  des ign .  Agreement 

between t h e  two c a p s u l e s ,  and wi th  t h e  des ign  t empera tu res ,  i s  ve ry  good. 

The mean o p e r a t i n g  tempera tures  of i n d i v i d u a l  specimens were c a l c u l a t e d  

from t h e  c e n t e r - l i n e  and o u t e r  tempera tures  of t h e  c r u c i b l e ,  assuming a 

p a r a b o l i c  tempera ture  d i s t r i b u t i o n  a long  t h e  r a d i u s .  

4.3. NEUTRON FLUENCE 

Dosimetry f o r  t h e  capsu le  w a s  ob ta ined  from vanadium - 0.216% c o b a l t ,  

vanadium - 0.52% i r o n  (88.25% enr i ched  i n  Fe54) , and t i t a n i u m  w i r e s  conta ined  

i n  q u a r t z  v i a l s  p laced  i n  grooves i n  t h e  aluminum thermal bond. Wires were 

p laced  a t  seven a x i a l  l o c a t i o n s  and f o u r  c i r c u m f e r e n t i a l  p o s i t i o n s  90' a p a r t .  

A f t e r  i r r a d i a t i o n  w i r e s  from a l l  p o s i t i o n s  except  one were recovered  and 

ana lyzed  by gamma-ray spec t roscopy.  

f l u e n c e s  w e r e  c a l c u l a t e d  assuming a c t i v a t i o n  c r o s s  s e c t i o n s  of 46.56 mb f o r  
54 46 t h e  Fe54(n,p)Mn r e a c t i o n ,  6.61 mb f o r  t h e  Ti46(n ,p)Sc  r e a c t i o n ,  and 

36.8 b f o r  t h e  Co 

f o u r  c i r c u m f e r e n t i a l  p o s i t i o n s  a t  a g iven  axial  l o c a t i o n  were averaged .  

Allowance was made f o r  a 1.3% dec rease  i n  f l u x  between t h e  monitor l o c a t i o n  

and specimen l o c a t i o n s .  The means of t h e  i r o n  and t i t a n i u m  d a t a  f o r  f l u e n c e  

i n  (E > 0.18 MeV)ORR were conver ted  t o  f l u e n c e  i n  (E > 0.18 MeV) 

e q u i v a l e n t  f i s s i o n  f l u e n c e  f o r  g r a p h i t e  damage through convers ion  f a c t o r s  

based on t h e  number of d i s p l a c e d  carbon atoms, u s ing  t h e  Thompson and 

Wright model w i t h  1 n/cm2 (EFFDG) caus ing  720 x 

atom. The fo l lowing  f a c t o r s  were used: 

F a s t  [ (E  > 0.18 MeV)oRR] and thermal 

59 (n,y)Co60 r e a c t i o n .  The f a s t  f l u e n c e s  ob ta ined  from t h e  

HTGR and 

d isp lacements  p e r  

Fluence (E > 0.18 MeV)HTGR = 0.894 x Fluence (E > 0.18 MeV)ORR. 

Fluence (EFFGD) = 1.118 x Fluence (E > 0.18 MeV)om. 
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Fast and thermal fluences at each of the seven axial locations are 

plotted in Fig. 4-2 as a function of height above the bottom of the core. 

The corresponding fluences at the midpoint of each crucible are listed in 
Table 4-1. 

i 

i 

n 
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0 DOSIMETRY 

CRUCIBLES 

L 

16 20 24 4 8 12 0 

DISTANCE FROM BOTTOM OF CORE (IN.) 

F i g .  4-2.  Measured f a s t  (E > 0.18 MeV)ORR and thermal f l u e n c e  v a l u e s  f o r  
t h e  OG-2 experiment 
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5.  EXPERIMENTAL RESULTS - DIMENSIONAL CHANGES 

5.1. IRRADIATION-INDUCED DIMENSIONAL CHANGE I N  NEAR-ISOTROPIC GRAPHITES 

The OG-2 experiment inc luded  specimens from f o u r  grades of near- 

i s o t r o p i c  n u c l e a r  g r a p h i t e .  

and 394 H-451 g r a p h i t e  specimens taken from GLCC p r o t o t y p e  l o g s .  I n  

a d d i t i o n ,  the dimensions of 98 TS-1240 and 66 P JHAN g r a p h i t e  specimens 

were measured. A l l  specimens were c y l i n d e r s ,  e i t h e r  0.20 i n .  i n  diameter  

by 0.45 i n .  long o r  0.25 i n .  i n  diameter  by 0.9 i n .  long.  

Dimensional changes were measured on 69 H-429 

3 

The t o t a l  dimensional change of  each specimen w a s  c a l c u l a t e d  from t h e  

l e n g t h  of t h e  specimen taken  b e f o r e  any i r r a d i a t i o n  ( R  ) and t h e  l e n g t h  

of t h e  c y l i n d e r  fo l lowing  t h e  OG-2 i r r a d i a t i o n  ( R ) .  The dimensional  change 

w a s  c a l c u l a t e d  as (R-R )/R and t h e  i r r a d i a t i o n  s t r a i n  w a s  c a l c u l a t e d  as 

l n ( k / k o ) .  

Where (2-R ) / a  > 0.01, bo th  va lues  are g iven  i n  t h e  d a t a  t a b l e s  presented  

h e r e i n .  Each g r a p h i t e  specimen was ass igned  a n  average i r r a d i a t i o n  tempera- 

t u r e  and a mean f a s t  neut ron  f l u e n c e  based upon t h e  specimen l o c a t i o n  i n  t h e  

OG-2 c a p s u l e  c r u c i b l e s  as d e t a i l e d  ear l ier .  F o r  p r e v i o u s l y  i r r a d i a t e d  s p e c -  

imens, t h e  t o t a l  f a s t  f l u e n c e  w a s  found by adding t h e  OG-2 f l u e n c e  t o  t h e  

previous f a s t  f l u e n c e  va lue .  Average i r r a d i a t i o n  temperature  w a s  c a l c u l a t e d  

us ing  fluence-weighted temperatures  f o r  specimens s u b j e c t e d  t o  m u l t i p l e  

i r r a d i a t i o n s  ( i . e . ,  f o r  specimen 6500, T = [ ( 2 . 0  x 660) + (1 .7 x 690)] /3 .7  

= 675). A l l  f a s t  neut ron  f l u e n c e s  are i n  HTGR u n i t s  ( E  > 0.18 MeV) 

0 

0 0  

For t o t a l  s t r a i n s  of  less than  0.01 i n . / i n . ,  ( R - R o ) / l o  = ln(R/Ro).  

0 0  

avg 
HTGR * 

Data p r e v i o u s l y  r e p o r t e d  i n  ORR f l u e n c e s  have been r e s t a t e d  i n  HTGR 

f l u e n c e s  and are presented ,  a long  w i t h  minor temperature  c o r r e c t i o n s  f o r  

t h e  O G 1  c a p s u l e  d a t a  and earlier H-429 d a t a ,  i n  Tables  5-1 through 5-10. 

The H-451/H-429 d a t a  are p l o t t e d  i n  F i g s .  5-1 and 5-2. 

F igs .  5-1 and 5-2 are  grouped i n  100°C i n t e r v a l s  about  t h e  midpoint tempera- 

t u r e  ( i .e. ,  950°C d a t a  i n c l u d e  a l l  d a t a  from 900" t o  999°C) .  

The d a t a  p l o t t e d  i n  
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Record 
N o .  

3624 
3600 
360 1 
3602 
3603 
3604 
3605 
2444 
2448 
2452 
247 3 
2489 
2492 
2500 
2522 
3700 
3724 
370 1 
3702 
3703 
3704 
3705 
2537 
2594 
2605 
2606 
2612 
2653 
2659 
2667 
2671 
2673 
2680 
2648 
2649 
2642 

TABLE 5-1 
DIMENSIONAL CHANGE DATA, H-429, AXIAL D I R E C T I O N ,  
AFTER I R R A D I A T I O N  I N  CAPSULES GEH-422, 452, 482 

T o t a l  
Fluence 

(1021 n / c m 2 )  
( E > O .  18 MeV)HTGR 

I r rad  
S t r a i n  
In( a /  LO) 
(10-2) 

-0.72 
-0.66 
-0.69 
-0.73 
-0.74 
-0.81 
-0.82 
+O .05 
+o .02 
+O .07 
+O .03 
+O .04 
M.04 
+0.02 
+O .05 
-0.45 
-0.54 
-0.53 
-0.52 
-0.55 
-0.51 
-0.63 . -0.03 
-0.06 
-0.01 
-0.03 
-0.02 
-0.14 
-0.11 
-0.15 
-0.23 
-0.20 
-0.12 
-0.15 
-0.21 
-0.19 

D i m e n s i o n a l  
C h a n g e ,  

A R I L 0  
(%I  
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Record 
No. 

2440 
2689 
2692 
2694 
2706 
2402 
2403 
2419 
2426 
2754 
2761 
2764 
2850 
2853 
2791 
2815 
2816 
282 1 
2866 
2870 
287 1 
2872 
2882 

TABLE 5- 1 (continued) 

~ _ _ _  ~~ 

T o t a l  
Fluence 

(1021 n/cm*) 
(E>0.18 MeV)HTGR 

I r r a d  
Temp 
("0 

Irrad 
Strain 
ln(R/Ro) 

( 1  0-2) 

-0.26 
-0.28 
-0.21 
-0.23 
-0.28 
-1.08 
-0.80 
-0.97 
-1.18 
-1.06 
-1.22 
-1.36 
-1.86 
-1.91 
-1.83 
-2.08 
-1.85 
-1.84 
-1.98 
-2.36 
-2.19 
-2 .oo 
-2.22 

Dimensional 
Change, 

I i, 
(%> 

- 1 . 1 7  
-1.05 
-1.21 
-1.35 
-1.84 
-1.89 
-1.81 
-2.05 
-1.83 
-1.82 
-1.96 
-2.33 
-2 .16  
-1.98 
-2.19 

t 
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TABLE 5-2 
DIMENSIONAL CHANGE DATA, H-429, AXIAL D I R E C T I O N ,  AFTER IRRADIATION I N  CAPSULE OG-1 

Prev ious  
F luence  

(1021 n/cm2) 
(E>O. 18 @VIHTGR 

Fluence 
Th i s  I r r a d  

(1021 n/cm2) 
(E>O.  18 MeV)HTGR 

Temp 
This  
I r r a d  
("0 

T o t a l  
Fluence 

( 1021 n /  cm2) 
(E>0.18 MeV)HTGR 

Dimensional 
Change, 

A R I L 0  
(XI 

P r e v i o u s  
Temp 
("C) 

I r r a d  
Temp 
("C) 

P r e v i o u s  
Record 

No. 
Record 

No. 

5540 
5542 
5563 
5565 
557 1 
5573 
56 14 
5616 
5618 
5620 
5653 
5654 
5655 

I 5665 
5666 
5669 
5670 
5947 
5948 
5949 
5950 
5951 
5952 
5953 
6003 
6004 
6005 
6010 
6011 
6012 
6013 
6269 

I 6271 
6273 
6275 

fc 

5.50 

1135 
1135 
1155 
1155 
1135 
1135 
1430 

1 
1430 

'p 1410 

1 

1400 
1400 

890 

I 
890 
9 25 
9 25 
900 

9 00 
630 

1 
6 30 

-1.86 
-1.50 
-2.14 
-1.45 
-2.10 
-1 .71  
-3.12 
-2.83 
-3.74 
-3.52 
-3.43 
-2.84 
-3.29 
-3.09 
-3.40 
-3.15 
-2.95 
-0.54, 
-0.48 
-0.36 
-0.61 
-0.53 
-0.62 
-0.56 
-0.72 
-0.62 
-0.52 
-0.52 
-0.58 
-0.56 
-0.46 
-0.24 
-0.20 
-0.24 
-0.16 

-1.84 
-1.50 
-2.12 
-1.44 
-2.08 
-1.69 
-3-07 
-2.79 
-3.67 
-3.46 
-3.37 
-2.80 
-3.23 
-3.04 
-3.34 
-3 :10 
-2.95 

2402 
2403 
2764 
276 1 
2426 
2419 
2791 
2816 
2815 
2821 
2882 
2866 
287 1 
2872 
2870 
2853 
2850 
2605 
2612 
2594 
2606 
2537 
2649 
2642 
2671 
2653 
2673 
2659 
2680 
2648 
2667 
2522 
2448 
2500 
2452 

1045 

1 

1 
i 
1 

1045 
1370 

i 
1370 
1335 

1335 
890 

890 
850 

850 
630 

t 
630 

5 5 

5.85 
3 , o o  

3.00 
3.40 
3.40 
3.40 ' I  

1 10 

3.40 
1.67 

1 .10  
0.27 

0.27 1.67 

4 t 

-- -i 1 
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1 

c 

/ 

- TABLE 5-3 
DIMENSIONAL CHANGE DATA, H-429, AXIAL DIRECTION, AFTER IRRADIATION I N  CAPSULE 06-2 

Previous 
Fluence 

(1021 n/cm2) 
(E>0.18 MeVIHTGR 

Fluence 
This  I r r a d  

(1021 n/cm2) 
(E>0.18 MeV)HTGR 

Temp 
This  
I r r a d  
( " C )  

T o t a l  
Fluence 

(1021 n/cm2) 
(E>0.18 MeV)HTGR 

Irrad 
Strain 

l n ( a l a o )  
(10-2) 

Dimensional 
Change, 

A a / a ,  
(%I 

Previous 
Record 

No. 

Previous 
Temp 
( "0  

Irrad 
Temp 
("C) 

Record 
No. 

6924 
6926 
6928 
6930 
6932 
6934 
6990 
6992 
6994 
6996 
6997 
6998 
6999 

cn 7005 
I 7006 

7009 
7010 
7354 
7355 
7356 
7357 
7358 
7359 
7 360 
7391 
7392 
7393 
7394 
7395 
7396 
739 7 
7557 
7559 
7561 
7563 

cn 

1135 
1135 
1155 
1155 
1135 
1135 
1430 

i 
14 30 
14 10 

1 

I ,  
1410 
1400 
1400 

890 

890 
9 25 
9 25 
900 

1 
9 00 
6 30 c 
6 30 

2.95 I 
2.95 

1235 T 8.45 
8.45 
8.45 

1 
8.45 
8.75 

-2.48 
-2.26 
-2.75 
-2.80 
-2.72 
-2.74 
-3.69 
-3.78 
-3 -73 
-3.71 
-3.88 
-3.74 
-3.77 
-3.61 
-3.95 
-3.22 
-3.60 
-1.40 
-1.32 
-1 -25 
-1.60 
-1 -34 
-1.34 
-1.24 
-1 -51 
-1 -30 
-1.42 
-1.36 
-1.39 
-1.29 
-1.28 
-0.48 
-0.34 
-0.51 
-0.30 

-2.45 
-2.19 
-2.72 
-2.76 
-2.69 
-2.71 
-3.62 
-3.63 
-3.67 
-3.64 
-3.81 
-3.67 
-3.70 
-3.55 
-3 -88 
-3.17 
-3.53 
-1 -39 
-1.31 
-1 -24 
-1.59 
-1.33 
-1 -33 
-1.23 
-1.50 
-1.29 
-1 -41 
-1 -35 
-1.38 
-1 -28 
-1 -27 

5540 
5542 
5563 
5565 
5571 
5573 
5614 
5616 
5618 
5620 
5653 
5654 
5655 
5665 
5666 
5669 
5670 
5947 
5948 
5949 
5950 
5951 
5952 
5953 
6003 
6004 
6005 
6010 
6011 
6012 
6013 
6269 
627 1 
6273 
6275 

1170 
1170 
1185 
1185 
1170 
1170 
1415 
1415 
1415 
1415 
1400 
1400 
1400 
1400 
1400 
1395 
1395 
905 
905 
905 
905 
905 
925 
925 
880 
880 
880 
880 
880 
880 
8 80 
6 30 
6 30 
6 30 
6 30 

'0  '0 2 1 

2.90 1380 8.75 
5 925 I 5.15 

1 
2 

5.15 

925 
850 

1 
850 2.15 

1.15 
5.55 
2.82 

1 
2.82 

635 

1 t 
635 1.15 

- 



n 

1 

Record 
No. 

5000 
500 1 
5004 
5008 
5012 
5016 
5020 
5024 
5028 
5032 
5036 
5040 
5044 
5045 
5048 
5049 
5050 
505 1 
5054 
5055 
5058 
5059 
5060 
5061 
5064 
5065 
5068 
5069 
5090 
509 1 
5092 
5093 
5096 
5097 
5 100 
5101 
5102 
5 103 

TABLE 5-4 
DIMENSIONAL CHANGE DATA, H-451, A X I A L  D I R E C T I O N ,  
A F T E R  I R R A D I A T I O N  I N  CAPSULE OG-1 

T o t a l  
Fluence 

(1021 n / c m 2 )  
(E>O. 18 MeV)HTGR 

2.0 
2.0 
2 

Irrad 
T e m p  
("0 

660 
660 
645 

645 
6 

620 

I r rad  
S t r a i n  

l n ( a /  Lo> 
(10-2) 

-0.05 
-0.10 
-0.12 
-0.11 
-0.10 
-0.10 
-0.14 
-0.09 
-0.05 
-0.12 
-0.24 
-0.19 
-0.11 
-0.13 
-0.12 
-0.15 
-0.12 
-0.11 
-0.10 
-0.14 
-0.14 
-0.26 
-0.16 
-0.19 
-0.12 
-0.14 
-0.17 
-0.14 
-0.18 
-0.15 
-0.16 
-0.36 
-0.18 
-0.19 
-0.21 
-0.26 
-0.07 
-0.12 

D i m e n s i o n a l  
C h a n g e ,  

E U R O  
(%) 

n 

5-6 
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, Record 
No. 

f 

5104 
5105 
5108 
5109 
5112 
5113 
5122 
5123 
5132 
5133 
5142 
5143 
5146 
5150 
5154 
5158 
5162 
5166 
5170 
5174 
5178 
6472 
5187 
5188 
5191 
5192 
5197 
5198 
5201 
5202 
5207 
5208 
5211 
5212 
5243 
5244 
5247 
5248 
5253 
5254 

V 

TABLE 

I 
T o t a l  

Fluence 
(1021 n/cm2) 

(E>O. 18 MeV) 
HTGR 

1 

2 

5-4 (continued) 

I r r ad  
Temp 
("C) 

I 
I r r a d  
S t r a i n  

M a l a , >  
( 10-2) 

-0.16 
-0.19 
-0.16 
-0.15 
-0.16 
-0.22 
-0.18 
-0.14 
-0.15 
-0.35 
-0.14 
-0.23 
-0.12 
-0.15 
-0.16 
-0.22 
-0.28 
-0.17 
-0.13 
-0.12 
-0.17 
-0.24 
-0.16 
-0.23 
-0.10 
-0.12 
-0.19 
-0.27 
-0.21 
-0.02 
-0.22 
-0.24 
-0.26 
-0.30 
-0.15 
-0.17 
-0.24 
-0.23 
-0.25 
-0.28 

Dimensional 
Change, 

5- 7 



TABLE 5-4 (continued) 

I 
Record 

No. 

! I r r a d  
Temp 
("C) 

5301 
5303 
5305 
5307 
5309 
5311 
5313 
5315 
5317 
5352 
5353 
5364 
5365 
537 1 
5372 
5373 
5374 
5375 
5377 
5378 
5379 
5380 
5381 
5382 
5383 
5384 
5422 
5423 
5425 
5426 
5427 
5428 
5L29 
5430 
5431 
5432 
5434 
5435 
5436 
5437 
5438 

Tota l  
Fluence 

(1021  n/cm2) 
(E>0.18 MeVIHTGR 

3 995 
995 
995 
9 80 I 
9 80 

0 
I 

0 0 

5- 8 

I r r a d  
S t r a i n  
In( a /  Eo) 

( 1 0 - 2 )  

-0.72 
-0.78 
-1.06 
-0.64 
-0.90 
-0.77 
-0.61 
-0.79 
-0.99 
-0.68 
-0.86 
-0.61 
-0.86 
-0.56 
-0.74 
-0.78 
-0.59 
-0.77 
-0.59 
-0.82 
-0 .51  
-0.60 
-0.80 
-0.83 
-0.67 
-0.85 
-0.50 
-0.63 
-0.50 
-0.57 
-0.57 
-0.48 
-0.60 
-0 .62  
-0.51 
-0.65 
-0.48 
-0.54 
-0.54 
-0.47 
-0.58 

4 

Dimensional 
Change, 

A R / R ,  
(%I 

-1 .05 

. 

. ._ . . . . ..- 



dd 

-. 

I T o t a l  
Fluence 

(1021 n/cm2) Record 
No. 

I 

5439 
5440 
5441 
5443 
5444 
5445 
5446 
5447 
5448 
5449 
5450 
5452 
5453 
5454 
5455 
5456 
5457 
5458 
5459 
546 1 
5462 
5463 
5464 
5465 
5468 
5469 
5471 
5472 
5475 
5476 
5479 
5480 
5483 
5484 
5487 
5488 
549 1 
5492 
5495 
5496 

TABLE 5-4 (cont inued)  

(D0.18 MeV)HTGR 

3 . 0  

I r r a d  
Temp 
( "C)  

900 
1180 
1180 
1160 

11 '0 

I r r a d  
S t r a i n  

ln(R/!&) 
(10-2) 

-0.58 
-0.43 
-0.58 
-0.41 
-0.50 
-0.42 
-0.37 
-0.52 
-0.43 
-0.41 
-0.55 
-0.42 
-0.45 
-0.50 
-0.39 
-0.51 
-0.54 
-0.42 
-0.54 
-0.41 
-0.49 
-0.56 
-0.47 
-0.51 
-0.46 
-0.57 
-0.47 
-0.55 
-0.68 
-0.41 
-1.09 
-1.20 
-1.07 
-1.14 
-1.02 
-1.13 
-1.07 
-1.11 
-1.04 
-0.99 

Dimensional 
Change, 

A R I R o  
(%) 

-1.08 
-1.20 
-1.06 
-1.13 
-1.01 
-1.13 
-1.06 
-1.10 
-1.03 
-0.98 
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TABLE 5-4 (continued) 

T o t a l  
Fluence 

(1021 n/cm2) 

I 
(E>0.18 MeVlHTGR 

Record 
No. 

7 I r r a d  

Temp 
("0 

5498 
5499 
5502 
5503 
55 16 
5574 
5576 
5577 
5578 
5581 
5582 
5585 
5586 
5589 
5590 
5593 
5594 
5597 
5598 
5601 
5602 
5605 
5607 
5609 
5611 
5625 
5626 
5639 
5640 
5649 
5650 
5659 
5660 
566 1 
5662 
567 1 
5672 
5673 
5675 
5680 

3.3 

3.3 I 
3.2 
3.2 
3 

2 

1160 

I 
1160 
1115 
1045 
1045 
1395 
1395 
1: 

1 

5 

35 
1370 

1370 
1335 

1335 

I r r a d  
S t r a i n  

ln(g/go) 
(10-2) 

-1.01 
-1.17 
-0.97 
-1.08 
-1.27 
-1.22 
-1.19 
-3.00 
-2.74 
-2.85 
-2.99 
-3.06 
- 3  - 0 5  
-2.92 
-3.07 
-3.01 
-3.05 
-2.88 
-3.02 
-3.07 
-3.00 
-2.76 
-2.81 
-2.77 
-3.09 
-2.88 
-2.63 
-2.90 
-2.71 
-2.61 
-2.43 
-2.43 
-2.45 
-2.58 
-2.49 
-2.50 
-2.21 
-2.35 
-1.80 
-2.59 

Dimensional 
Change, 

A R / R ,  
(%) 

-1 .oo 
- 1 . 1 7  
-0.97 
-1.07 
-1.26 
-1.21 
-1.19 
-2.96 
-2.70 
-2.8: 
-2.94 
-3.01 
-3 .oo 
-2 .87  
-3.03 
-2.97 
-3.01 
-2.84 
-2.98 
-3.03 
-2.96 
-2.73 
-2.77 
-2.74 
-3.05 
-2.84 
-2.60 
-2.86 
-2.68 
-2.58 
-2.40 
-2.40 
-2.42 
-2.54 
-2.46 
-2.47 
-2.19 
-2.32 
-1.78 
-2.55 
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- 

1 .  
i 
I 

d3 

Record 
No. 

5681 
5682 
5683 
5688 
5690 
5692 
5693 
5696 
5697 
5700 
5701 
5704 
5705 
5710 
5711 
5714 
57 15 
5718 
5719 
5722 
5723 
5726 
5727 
5 730 
5731 
5 7 6 4  
5773 
5777 
5781 
5782 
5786 
5788 
5 789 
5793 
5 795 
5799 
5801 
5803 
5810 
5814 

I 
T o t a l  

TABLE 5-4 (continued) 

I 

t 

Fluence 
(1021 n/cm2) 

(E>0.18 MeV)HTGR 

3 .0  

Irrad 
Temp 
( " 0  

1335 

1 
1335 
1085 
1085 

1 

10 
1025 
1025 
1025 

io  

995 
980 
980 

I r r a d  
S t r a i n  

In( R /a,> 
(10-2) 

-2.25 
-2.61 
-2.30 
-2.48 
-2.39 
-1.26 
-1.23 
-1.16 
-1.11 
-1.15 
-1.08 
-1.17 
-1.05 
-1.14 
-1.09 
-1.13 
-1.10 
-1.13 
-1.08 
-1.17 
-1.06 
- 1 . 1 2  
-1.03 
-1.10 
-0.97 
-0.63 
-0.57 
-0.54 
-0.50 
-0.68 
-0.61 
-0.50 
-0.67 
-0.62 
-0.70 
-0.72 
-0.66 
-0.81 
-0.69 
-0.73 

Dimensional 
Change, 
AR/Ro 
( X )  

-2.23 
-2.58 
-2.28 
-2.45 
-2.36 
-1.25 
-1.22 
-1.15 
-1.11 
-1.15 
-1.07 
-1.16 
-1.04 
-1.14 
-1.09 
-1 .12  
-1.09 
-1.12 
-1.07 
-1.16 
-1.05 
-1.12 
-1.02 
-1.09 
-0.96 
-0.62 

5-1 1 



Record 
No. 

V 

5818 
5822 
5826 
5827 
5830 
5831 
5834 
5835 
5838 
5839 
5842 
5843 
5846 
5847 
5850 
5852 
5854 
5868 
5879 
5889 
589 1 
5897 . 
5 900 

- 5902 
5904 
5906 
5910 
5914 
5918 
5922 
5926 
5930 
5931 
5934 
5935 
5938 
5939 
6020 
6021 
6040 
6042 

TABLE 5-4 (cont inued)  

' T o t a l  
Fluence 

(1021 n/cm2) 
(E>O. 18 MeV>HTGR 

2.8 

2 

2.3 

I r r a d  
Temp 
( " 0  

- 
I r r a d  
S t r a i n  
In( R / Eo) 
(10-2) 

-0.74 
-0.73 
-0.73 
-0.71 
-0.65 
-0.69 
-0.74 
-0.68 
-0.83 
-0.71 
-0.60 
-0.60 
-0.65 
-0.64 
-0.72 
-0.56 
-0.78 
-0.47 
-0.50 
-0.53 
-0.53 
-0.52 
-0.42 
-0.52 
-0.49 
-0.54 
-0.46 
-0.50 
-0.52 
-0.49 
-0.51 
-0.46 
-0.42 
-0.51 
-0.41 
-0.45 
-0.42 
-0.32 
-0.30 
-0.48 
-0.28 

Dimensional 
Change, 

AR/R',  
(%I 

* 



TABLE 5-4 (continued) 

\/ 

Record 
No. 

II 

6044 
6046 
6048 
6052 
6056 
6060 
6064 
6068 
6072 
6076 
6080 
6084 
6088 
6094 
6098 
6 104 
6108 
6114 
6118 
6 150 
6154 
6160 
6194 
6195 
6200 
6201 
6 204 
6205 
6208 
6212 
6216 
6220 
6224 
6228 
6232 
6236 
6240 
6256 
6257 
6266 

~~ 

T o t a l  
Fluence 

( 1 0 2 1  n/cm2) 
(E>O. 18 MeV)HTGR 

2.3 
2 .3  

9 

1 
1.4 

I r r a d  
Temp 
( " 0  

-0 .32  
-0.25 
-0.21 
-0.18 
-0.18 
-0.18 
-0.17 
-0 .21  
-0.18 
-0.16 
-0 .22  
-0.34 
-0.10 
-0 .22  
-0 .13  
-0.16 
-0.15 
-0 .14  
-0.16 
-0 .15  
-0.13 
-0 .14  
-0.13 
-0.14 
-0.12 
-0 .23 
-0.14 
-0.16 
-0.06 
-0.04 

0.00 
-0.07 
-0.10 
-0.07 
-0.10 
-0.22 
-0.08 
-0.16 
-0.13 
-0.12 
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TABLE 5-4 (continued) 

1 

Record 
No. 

6267 
6276 
6277  
6298 
6299 \ 
6300 
6304 
6305 
6308 
6309 
6310 
6311 
6312 
6313 
6316 
6317 
6320 
6321 
6322 
6323 
6326 
6327 
6330 
6331 
6340 
6341 

T o t a l  
Fluence 

(1021 n/cm2) 
(E>O. 18 MeV>HTGR 

1 . 4  

I 

1.4 

I r r a d  
Temp 
("C) 

6 

630 
6 30 
6 30 

605 

-0.09 
-0.11 
-0.02 
-0.15 
-0.06 
-0.11 
+O .05 
-0.05 
-0.13 
-0.13 
-0.14 
-0.03 
-0 .12  
-0.11 
-0.14 
-0.13 
-0.13 
-0.10 
-0.13 
-0.16 
-0.15 
-0.12 
-0.15 
-0.12 
-0.23 
-0.12 

Dimensional 
Change, 

hR/Ro 
(%) . 

5-14 



Record 
No. 

Irrad 
Temp 
( " 0  
- 

675 
675 
660 
660 6r 
660 
(a) 
(a) 
(4 
(a) 
(a) 
(a) 
(a) 
945 
660 

1 
660 
590 

I 
590 
615 

Y 
615 
770 
7 70 
750 
750 

750 6r 655 

995 
995 
995 

970 

6500 
6501 
6504 
6508 
6512 
6513 
6516 
6517 
652OCa 
6521(a 
6524(a 
6525(a 
6528(a 
6529(a 
653Ja  
653da 
6536 
6537 
6538 
6539 

6541 
6542 
6543 
6544 
6545 
6546 
6547 
6605 
6606 
6607 
6608 
6609 
6610 
6611 
6612 
6613 
6614 
6615 
6616 
6617 
6618 
6619 
6620 
6621 
6622 
6623 
6624  
6625 
6626 
66 29 
6633 
6637 
6641 
6645 
6649 
6653 
6657 
6691 
6692 
6695 
6696 
6699 
6700 
6731 
6733 
6735 
6776 
6777 
6778 

6540 

6779 
6780 

I 

Previous 
Record 

No. 

I 

5000 
5001 
5004 
5008 
5012 
5016 
5020 
5024 
5696 
569 7 
5700 
5 701 
5 704 
5705 
5710 
5711 _ _  
-- 
-_ 
_- 
_- 
_- 
_ _  
-- _ _  
_- 
-- 
_- 

5102 
5103 
5112 
5113 
5122 
5123 
5132 
5133 

_ _  
-- 
_- 
-_ 
-_ 
_ _  
-_ 
-- 
-- _ _  
-- 

5142 
5143 
5146 
5150 
5154 
5158 
5162 
5166 
5170 
5174 
5243 
5244 
5247 
5248 
5253 
5254 
5301 
5303 
5305 -- 
-_ 
-- 
-_ 
-- 
_ _  
-_ I 

TABLE 5-5 
DIMENSIONAL CHANGE DATA, H-451, AXIAL DIRECTION. AFTER IRRADIATION IN CAPSULE OG-2 

Previous 
Temp 
("C) 

Fluence 
This Irrad 

( 1 0 2 1  n/cm2) 
(E 0.18 MeV)HTGR 

1 . 7  

- 
Temp 
This 

Total 
Fluence 

(1021 n/cm2) 
(E-.O. 18 MeV)HTGR 

660 

1. 7 
2 . 2  
2 . 2  
2 . 2  

615 
780 
780 
765 

2.2 
2.7 

2 . 7  

765 
6 80 

680 
1000 
1000 
1000 

9 70 

970 

1.7 
4.8 

5.7 
5.7 
2.7 

1 
2.7 

Irrad 
S t r a i n  

l n ( 8 j L  ' 
(10-27' 

-0.26 
-0.33 
-0.28 
-0.30 
-0.28 
-0.32 
-0.28 
-0.30 
-1.68 
-1.67 
-1.68 
-1.64 
-1.64 
-1.60 
-1.61 
-1.65 
-0.11 
-0.13 
-0.09 
-0.14 
-0.12 
-0.15 
-0.08 
-0.16 
-0.08 
-0.03 
-0.11 
-0.14 
-0.42 
-0.55 
-0.41 
-0.58 
-0.43 
-0.55 
-0.42 
-0.65 
-0.12 
-0.15 
-0.16 
-0.23 
-0.11 
-0.16 
-0 .21  
-0.23 
-0.13 
-0.16 
- 0 . 1 3  
-0.15 
-0.49 
-0.62 
-0.47 
-0.53 
-0.53 
-0.52 
-0.62 
-0.54 
-0.50 
-0.49 
-0.59 
-0.65 
-0.64 
-0 .62  
-0.63 
-0.67 
-2. 10 
-2.09 
-2.54 
-0.41 
-0.52 
-0.56 
-0.42 
-0.58 
-0.67 
-0 .47  

Dimensional 
Change, 

a s / e o  
( X )  

-1.67 
-1.66 
-1.66 
-1.63 
-1.63 
-1.58 
-1.60 
-1.63 

-2.08 
-2.06 
-2.51 
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Previous 
Previous 

Temp 
( 0 0  

6783 
6784 
6785 
6786 
6787 
6800 
6801 
6802 
6803 
6804 
6805 
6806 
6807 
6808 

'6815 
6816 
6818 
6819 
6821 
6822 
6824 
6825 
6839 
6840 
6841 

6843 
6844 
6845 
6846 
6847 
6848 
6849 
6850 
6899 
6900 
6903 
6904 

6911 
6912 

6986 
7011 
7021 
7022 
7023 
7024 
7025 
7026 
7027 
7028 
7029 
70 30 
7072 
7074 
7075 
7076 
7077 
7078 
7079 
7080 
7081 
7082 
7083 
7084 
7085 
7086 
7087 
7088 
7089 
7090 
7091 
709 2 
709 7 

6842 

69 85 

970 -0.51 
960 -1.95 

-2.29 
-2.33 
-1.95 
-2.34 
-2.39 
-1.93 

1 -2.34 
960 -2.38 
910 -1.60 

-1.85 
-1.58 
-1.85 
-1.55 
-1.88 
-1.64 
-1.89 
-1.81 
-2.02 
-2.09 
-1.69 
-2.04 
-2.10 
-1.59 
-1.82 
-1.85 
-1.52 
-1.82 

-- 
-- 
-- 
-- 
-- 

5371 
5372 
5373 
5377 
5378 
5379 
5 380 
5 381 
5382 
5440 
5441 
5449 
5450 
5458 
5459 
5468 
5469 
5425 
5426 
5427 
5 4 2 8  
5429 
5430 
5434 
5435 
5436 
5437 
5438 
5439 
5479 
5480 
5483 
5484 

5491 
5492 
5577 
5578 
5581 -- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

5673 
5675 
5661 
5662 
5671 
5672 
5680 
5681 
5682 
5683 -- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

5761 - 

t 
9 10 

1215 
1215 
1195 
1195 

119 5 
1195 
1395 
L395 
1385 
1365 

t 
1365 
1330 

1 
1330 
1325 

t 
1325 
1055 

3.0 

5.7 

1 

TABLE 5-5 (continued) 
Total  

' Fluen ce Fluence 

1 

2.7 

1 
z . 7  
2.95 

I 
2.95 

1 
' 

1 

1325 
1085 

2 . 1  
I -0.71 

-1.97 
-2.29 , 

-2.34 
-2.29 
-2.37 

-2.35 
-2.36 
-3.89 
-3.80 
-3.60 
-1.94 
-1.88 
-2.06 
-1.98 
-2.22 
-2.11 
-2.27 
-1.09 
-2.07 
-1.86 
-3.53 
-3.18 
-3.71 
-3.64 
-3.72 
-3.52 
-3.84 
-3.61 
-3.73 
-3.49 
-2.04 
-2.03 
-2.00 
-1.94 
-1.88 
-1.83 
-1.82 
-1.81 
-1.73 
-1.66 
-2.64 

-1.93 
-2.26 
-2.30 
-1.94 
-2.32 
-2.36 
-1.91 
-2.31 
-2.35 
-1.58 
-1.84 
-1.56 
-1.83 
-1.53 
-1.86 
-1.63 
-1.88 
-1.79 
-2.00 
-2.07 
-1.68 
-2.02 
-2.07 
-1.58 
-1.80 
-1.83 
-1.51 
-1.80 
-1.95 
-2.26 
-2.31 
-2.26 
-2.34 

-2.32 
-2.33 
-3.82 
-3.73 
-3.53 
-1.93 
-1.87 
-2.04 
-1.96 
-2.19 
-2.09 
-2.24 
-1.09 
-2.05 
-1.85 
-3.47 
-3.13 
-3.65 
-3.57 
-3.65 
-3.46 
-3.77 
-3.54 
-3.66 
-3.43 
-2.02 
-2.01 
-1.98 
-1.92 
-1.86 
-1.82 
-1.80 
-1.79 
-1.72 
-1.64 
-2.61 
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.- 

T o t a l  
Fluence 

(1021 n/crn2) 
(E,0.18 MeV)HTGr: 

TABLE 5-5 (continued) 

I r r a  
Tern 
( O C  

__ 

1010 l r  

(a) 
(a) 
(a) 
(a) 
(a) 
(a) 
(a )  
835 
995 
995 

1000 
985 

1 
9 a5 
960 

1: 9 10 

9 30 
9 30 

To 
9 20 
905 

1 

a50 
905 

1 
a50 
845 

835 i' 
ir' 820 

h 50 
__ 

- 

Recor 
N o .  
- 

7099 
7101 
7103 
7104 
7106 
7108 
7110 
7127 
7128 
7131 
7132 
7135 
7136' 
71391 
7140 
7144 
7146 
7215 
7219 
7223 
7227 
7231 
7235 
7236 
7239 
7240 
7243 
7244 
7249 
7307 

7309 
7 310 
7311 
7312 
7325 
7326 
7329 
7330 
7333 
7334 
7361 
7362 
7363 
7364 
7365 
7366 
7367 
7368 
7369 
7370 
7371 
7372 
7410 
7412 
7413 
7414 
7415 

7308 

1 

7416 
7417 
7422 
7424 

t 

7426 
7428 
7430 
7432 
7434 
7436 
7438 
7440 
7442 
7444 
7446 

7528 
7448 

Previou  
Record 

N o .  
~ 

5773 
5777 
5781 
5782 
5789 
5793 
5795 
509 2 
509 3 
5096 
509 7 
5104 
5105 
5108 
5 109 
5799 
5801 
5803 
5810 

5818 
5822 
5826 
5827 
5830 
5831 
5834 
5835 

5879 
5889 
5891 
5897 
5902 
5904 
59 30 
59 31 
5934 
5935 
5938 
59 39 

5814 

5868 

_ _  
-- 
_- 
-_ 
_ _  
-_ 
-_ 
-- _ _  
_ _  
_ _  
-_ 
__ 
-- 
-- 
_ _  
_ _  
_- 
-- 

6048 
6052 
6056 
6060 
6064 

6072 
6076 
6080 
6084 
6088 
6094 
6098 
6104 
6208 

6068 

Previous  
Fluence 

(1021 n /  cm2) 

HTG (E>O.  18  MeV) 

3.0 

2/ 2.0 

1 .9  
1 .4  

Previo i  
Temp 
(OC) 

1 . 7  

1.7 
1.15 

5.7 
4.7 

1 
4.7 
5.7 
5.7 
5 .3  

1 
5.3  
4.45 

1 
4.45 
2.15 

15 
1 

3.6 
2.55 

I r r a d  
S t r a i r  

ln(f,/t  
( io-2i 

-2.36 
-2.23 
-2.29 
-2.55 
-1.16 
-2.44 
-2.42 
-0.19 
-1.47 
-1.34 

-1.36 
-1.37 
-1.44 
-1.33 
-2.45 
-2.34 
-2.18 
-2.06 
-2.12 
-2.17. 
-2.16 
-1 .93  
-2.07 
-1.91 
-2.13 
-2.12 
-2.05 
-2.13 
-1.84 
-1.76 

- 1 . 2 8  

-1. a5 
-1.70 
-1.78 
-1.70 
-1.57 
-1.41 
-1.44 
-1.27 
-1.42 
-1.36 
-0.30 
-0.26 
-0.30 
-0.22 
-0.30 
-0.22 
-0 .32  
-0.28 
-0.34 
-0.23 
-0.29 
-0.23 
-0.24 
-0.26 
-0.18 
-0.26 
-0.19 
-0.23 
-0.23 
-0.67 
-0.54 
-0.57 
-0.52 
-0.60 
-0.51 
-0.60 
-0.49 
-0!h2 
-0.49 
-0.52 
-0.40 
-0.52 
-0.35 
-0.24 

Dimensional 
Change, 

(%) 
/I 9, / e o  

- 
-2.33 
-2.20 
-2.27 
-2.51 
-1.15 
-2 .41  
-2.39 

-1.46 
-1.33 

-1.35 
-1.36 
-1.43 
-1.32 
-2.42 
-2.31 
-2.16 
-2.04 
-2.10 
-2.15 
-2.14 
-1.92 
-2.05 
-1.89 
- 2 . 1 1  
-2.10 
-2.03 
-2.10 
-1.82 
-1.74 

-1.68 
-1.76 
-1.68 
-1.55 
-1.40 
-1.43 
-1.26 
-1.41 
-1.35 

-1.28 

-1.83 
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TABLE 5 - 5  (continued) 

This Irrad 

Irrad 
Strain 

ln(e leo)  
(10-2) 

-0.27 
-0.27 
-0.23 
-0.22 

0.01 
-0.24 
-0.32 
-0 .28  
-0 .35  
-0.24 
-0.25 
-0.18 
-0.33 
-0.24 
-0.42 
-0.25 

Record 
No. 

7532 
7536 
7540 
7544 
7589 
7590 
7593 
7594 
7605 
7606 
7607 
7608 
7609 
7610 

- 

Dilnensional 
Change, 

e) 
Previous 
Fluence 

6212 
6216 
6220 
6224 
6304 
6 305 
6312 
6313 
6310 
6311 
6320 
6321 
6330 
6331 
6340 , 

6341 
7611 
7612 - 

(a)Temperature change samples. 

1.4 

645 
605 

v 
605 

Total 
Fluence Irrad 

2.55 600 
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TABLE 5-6 
DIMENSIONAL CHANGE DATA, H-429, RADIAL DIRECTION, 
AFTER IRRADIATION IN CAPSULES GEH-422, 452, 482 

1 

Record 
No. 

/ 

3609 
36 10 
'3611 
3625 
3606 
3607 
3608 
246 1 
2467 
2488 
249 7 
25 18 
252 1 
2524 
2532 

' 3725 
3706 
3707 
3708 
3709 
3710 
3711 
2564 
2580 
2598 
260 1 
2608 
2645 
2652 
2655 
2662 
266 3 
2665 
2672 
268 1 
2687 
2688 
2690 , 

269 1 

2712 
2702 . 

T o t a l  
Fluence 

(1021 n/cm2) 
(E>O. 18 MeV) HTGi 

I r r a d  
Temp 
("0 

I r r a d  
S t r a i n  

l n ( U t , >  
(10-2) 

-0.60 
-0.59 
-0.60 
-0.59 
-0.62 
-0.65 
-0.61 

0.00 
-0.01 
+o. 02 
+0.01 
+0.02 
+o. 00 
+o. 02 
+o . 00 
-0.34 
-0.43 
-0.47 
-0.52 
-0.50 
-0.45 
-0.53 
+o. 12 
+0.01 

' +O .  0 3  
+0.01 
+0.03 
-0.20 
-0.10 
-0.10 
-0.10 
-0.06 
-0.05 
-0.14 
-0.08 
-0.03 
-0.06 
-0.08 
-0.14 
-0.14 
-0.12 



TABLE 5-6 (continued) 

I r r a d  
Temp 
("C) 

1275 
1325 
1475 
1475 
1500 

it5 

1 
1500 

- 

Record 
No. 

I r r a d  
S t r a i n  

W R I R O )  
(10-2) 

-0.64 
-0.86 
-0.81 
-0.98 
-1.11 
-1.61 
-1.60 
-1.55 
-1.46 
-1.59 
-1.48 
-1.54 
-1.62 
-1.68 
-1.66 
-1.64 

2428  
2430 
24 36 
2442 
2748 
2855 
286 1 
2800 
2804 
2807 
2823 
2849 
2858 
2864 
2875 
2877 

1 

T o t a l  
Fluence 

(1021 n/cm2) 
(E>O. 18 MeV) HTGR 

2r 2.20 

2.65 

* !  

i 
I 
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" 

V 

Record 
No. 

t 

5539 
5541 
5562 
55 70 
55 72' 
5613 
5615 
5617 
5619 
5656 
5657 
5658 

cn 566 3 
N 5664 

5667 
5668 
5942 
5943 
5944 
5945 
5946 . 
5998 
5999 
6000 
6001 
6002 
6014 
6015 
6016 
6017 
6268 
6270 
6272 

I 
-L 

/ 

Prev ious  
Record 

No. 

1 

2436 
2428 
2748 
2442 
2430 
2823 
2804 
2807 
2800 
2858 
2849 
2875 
2864 
2877 
2861 
2855 
2598 
25 80 
2601 
2564 
2608 
2665 
2663 
2672 
2655 
2681 
266 2 
2652 
2645 
2687 
249 7 
2524 
2488 

TABLE 5-7 
DIMENSIONAL CHANGE DATA, H-429, RADIAL DIRECTION, AFTER IRRADIATION I N  CAPSULE O G 1  

Prev ious  
F luence  

( 1021 n /  cm2) 
(E>O. 18 MeV)HTGR 

~~ 

2.2 

1 
2.2 

0.73 

I 
0.73 

1.1 
0.27 
0.27 
0.27 

Fluence  
Th i s  I r r a d  

(1021 n /  cm2) 
(E>O. 18 MeV)HTGR 

Temp 

("C) 

This 
I r r a d  

T o t a l  
F luence  

(1021 n/cm2) 
(E>O. 1 8  MeV)HTGR 

5r 5.5 

5 .85  
3.0 

1 
3.0 

1 .67  
1.67 
1 .67  

I r r a d  
S t r a i n  

I n  ( II 1 II o )  
(10-2) 

-1.16 
-1.01 
-1.47 
-1.40 
-1.25 
-2.19 
-2.12 
-2.33 
-2.14 
-2.38 
-2.23 
-2.23 
-2.25 
-2.28 
-2.15 
-2,37 
-0.31 
-0.30 
-0.22 
-0.28 
-0.33 
-0.37 
-0.38 
-0.48 
-0.33 
-0.37 
-0.37 
-0.40 
-0.41 
-0.26 
-0.24 
-0.15 
-0.23 

Dimensional 
Change, 

A l l / R ,  
(73 

-1.15 
-1.00 
-1.46 
-1.39 
-1.24 
-2.17 
-2.10 
-2.30 
-2.12 
-2.35 
-2.21 
-2.21 
-2.23 
-2.26 
-2.13 
-2.34 



TABLE 5-8 
DIMENSIONAL CHANGE DATA, H-429, RADIAL D I R E C T I O N ,  AFTER IRRADIATION I N  CAPSULE 0 6 2  

I 

~~ ~ 

P r e v i o u s  
Record 

No. 

1 

Fluence  
This  I r r a d  

(1021 n/cm2) 
(E>O. 18 MeV)HTGR 

Temp 
This 

I r rad 
("C) 

T o t a l  
F l u e n  ce  

(1021 njcrn2) 
(E>O. 18 MeVIHTGR 

I r r a d  
S t r a i n  

I n  ( P. /Eo)  
(10-2) 

Dimensional  
Change, 

P r e v i o u s  
F luen  ce  

( 1021 n /  cm2) 
(E>0.18 MeVIHTGR 

I r r a d  
Temp 
( " 0  

P r e v i o u s  
Temp 
("0 

Record 
No. 

1135 
1135 
1155 
1135 
1135 
1430 

I 
14 30 
1410 I 
I 

1410 
1400 
1400 

89 0 

890 

900 
6 30 
6 30 
6 30 

-1 .27  
-1.20 
-1.62 
-1.43 
-1.35 
-2.17 
-1.87 
-1.79 
-1.06 
-2.30 
-2.18 
-2.36 
-2.04 
-2.07 
-1.42 
-1.68 
-0.78 
-0.73 
-0.61 
-0.74 
-0.76 
-0 .91  
-0.86 
-0.95 
-0.91 
-0.80 
-0.97 
-0.92 
-0.88 
-0.48 
-0.46 
-0.33 
-0.45 

-1.26 
-1.19 
-1.61 
-1.42 
-1.34 
-2.14 
-1.85 
-1.78 
-1.06 
-2.28 
-2.16 
-2.34 
-2.02 
-2.05 
-1.41 
-1.67 

69 23 
69 25 
6927 
69 31 
6333 
69 89 
6991 
699 3 
6995 
7000 
7001 

I 7002 
700 3 
7004 
7007 
7008 
7 349 
7 350 
7351 
7352 
7353 
7 386 
7387 
7388 
7389 
7390 
7398 
7399 
7400 
7401 
7556 
7558 
7560 

VI 

N 
N 

8.45 I 
8.45 
8.75 

8.75 
5.15 

1 
5.15 

5.5 

1 
5.5  
5 .8  

55 39 
5541 
5562 
55 70 
5572 
5613 
5615 
5617 
5619 
5656 
5657 
5658 
5663 
5664 
566 7 
,5668 
5942 
5943 

59 45 
5946 
5998 
5999 
6000 
6001 
6002 
6014 
6015 
6016 
6017 
6268 
6270 
6272 

5944 

* 5:85 
3.0 

1 
3.0 

.5 2 

3 0 0 

3.4 
1.67 
1.67 
1 .67  

2.15 
1 .15  
1 .15  
1.15 

2.82 
2.82 
2.82 



i 

R e c o r d  
N c  . 

5002 
50 14 
50 10 
5006 
5003 
5111 
5110 
5 107 
5 106 
5099 
509 8 
5095 
5094 
506 7 
5066 
5063 
5062 
505 7 
5056 
5053 
5052 
5047 
5046 
5042 
5038 
5034 
50 30 
5026 
5022 
5018 
5 144 
5 148 
5 145 
5 164 
5 160 
5 156 
5 152 
5256 
5255 
5250 

TABLE 5-9 
DIMENSIONAL CHANGE DATA, H-451, RADIAL D I R E C T I O N ,  

AFTER I R R A D I A T I O N  I N  CAPSULE O G l  

T o t a l  
Fluence 

(1021 n/cm2) 

HTGR 
(E>O. 18 MeV) 

2.0 

6 

I r rad  
T e m p  
("0 

645 

J 
645 
760 
740 
760 
740 

.I 
740 
6 30 
5 30 
6 30 

I r r a d  
S t r a i n  
In ( R h o  ) 
(10-2) 

-0.04 
-0.10 
-0.11 
-0.07 
-0.06 
-0.19 
-0.14 
-0.19 
-0.15 
-0.22 
-0.15 
-0.02 
-0.18 
-0.12 
-0.15 
-0.08 
-0.15 
-0.03 
-0.14 
-0.11 
-0.12 
-0.18 
-0.13 
-0.16 
-0.19 
-0.09 
-0.09 
-0.10 
-0.05 
-0.04 
-0.19 
-0.08 
-0.13 
-0.16 
-0.13 
-0.10 
-0.10 
-0.23 
-0.14 
-0.15 

D i m e n s i o n a l  
C h a n g e ,  

A R /a ,  
(23 
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Record 
No. 

5249 
5246 
5245 
5214 
5213 
5210 
5209 
5204 
5203 
5 200 
5 199 
5 194 
5193 
5190 
5 189 
5183 
5180 
5176 
5 172 
5168 
5302 
5318 
5316 
5314 
5312 
5310 
5308 
5 306 
5304 
5433 
5424 
5 385 
5376 
5368 
5367 
5 366 
536 1 
5 369 
5355 
5 355 
5354 
5351 
5 350 

TABLE 5- 9 (cont inued)  

T o t a l  
F1 uence 

(1021 n/cm2) 
(E>O. 18 MeVIHTGR 

2 

2.6 
3.0 

3 

I r r a d  
Temp 
("C) 

6 30 
6 30 
6 30 

740 
7 40 
740 
995 
9 80 

9 80 
99 5 
995 
900 
900 

5-24 

I r r a d  
S t r a i n  

1 n ( & / L o )  
(10-2) 

-0.15 
-0.16 
-0.06 
-0.16 
-0.19 
-0.16 
-0.20 
-0.18 
-0.16 
-0.16 
-0.10 
-0.13 
-0.12 
-0.19 
-0.15 
-c. 11 
-0.05 
-0.06 
-0.13 
-0.14 
-0.43 
-0.59 
-0.54 
-0.39 
-0.31 
-0.46 
-0.43 
-0.48 
-0.55 
-0.30 
-0.37 
-0.44 
-0.38 
-0.41 
-0.29 
-0.33 
-0.36 
-0.33 
-0.52 
-0.31 
-0.40 
-0.42 
-0.38 

Dimensional 
Change, 

(%> 
A m ,  



Record 
N o .  

I 

5 349 
5348 
5347 
5346 
5 345 
5344 
5343 
5 342 
5341 
5 340 
5 339 
5338 
5 337 
5442 
5470 
5460 
545 1 
548 1 
5489 
5486 
5485 
5482 
55 75 
55 18' 
55 12  
5505 
5504  
550 1 
5500 
549 7 
5494 
5493 
5490 
6471 
55 79 
5587 
5584 
5583 
5580 
5588 
5592 
559 1 
5600 

i 

I TABLE 5-9 (cont inued)  
~ ~~~ 

T o t a l  
Fluence 

( 1021 n/cm2) 

.HTGR (E>O. 18 MeV) 

I r r a d  
Temp 
("C) 

I r r a d  
S t r a i n  

1 n ( Wo> 
( 10-2) 

-0.34 
-0.55 
-0.41 
-0.31 
-0.44 
-0.54 
-0.45 
-0.67 
-0.55 
-0.46 
-0.55 
-0.50 
-0.32 
-0.30 
-0.30 
-0.31 
-0.33 
-0.81 
-0.82 
-0.68 
-0.94 
-0.63 
-0.65 
-0.59 
-0.65 
-0.83 
-0.81 
-0.58 
-0.87 
-0.54 
-0.60 
-0.71 
-0.67 
-0.91 
-2.08 
-2.06 
- 1 . 7 7  
-2.09 
-1.89 
-1.90 
-1.60 
-2.10 
-1.78 

~ 

Dimensional 
Change, 

( X I  
A R h ,  

-2.06 
-2.04 
-1.75 
-2.07 
-1.87 
-1.88 
-1.58 
-2.08 
-1.76 



TABLE 5-9 (continued) 
~ 

Record 
No. 

5599 
5596 
5595 
5603 
5606 
5604 
56 74 
56 12 
56 10 
5608 
569 1 
5689 
5695 
5694 
5703 
5702 
5699 
569 8 
5721 
5 720 
5717 
5716 
5713 
5712 
5 709 
5708 
5724 
5778 
5774 
5765 
5733 
5732 
5 729 
5728 
5725 
5802 
5 800 
5796 
5794 
5 790 
5787 
5783 
5 820 

- 

T o t a l  
Fluence 

(1021 n/cm2) 
(E>O. 18 MeV) HTGR 

3.2 

3.2 
3.0 

0 
2 .8  

I r r a d  
S t r a i n  

In(RIRo) 
(10-2) 

-2.00 
-1.94 
-2.04 
-2.10 
-1.97 
-2.03 
-1.60 
-1.87 
-2.02 
-1.64 
-1.47 
-1 .74  
-0.53 
-0.60 
-0.50 
-0.61 
-0.49 
-0.64 
-0.49 
-0.55 
-0.50 
-0.56 
-0.51 
-0.57 
-0.52 
-0.60 
-0.63 
-0.28 
-0.31 
-0.50 
-0.49 
-0.47 
-0.71 
-0.58 
-0.52 
-0.34 
-0.41 
-0.33 
-0.27 
-0.33 
-0.30 
-0.33 
-0.33 

Dimensional " 
Change, 

A R I R o  
(XI 

-1.98 
-1.92 
-2.02 
-2.08 
-1.95 
-2.01 
-1.58 
-1.85 
-2.00 
-1.62 
-1.46 
-1.74 

. 
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Record 
No. (E>O. 18 MeV)HTGR 

5816 
58 12 
5808 

1 5855 
5853 
585 1 
5 849 
5848 
5845 
5844 
584 1 
5840 
5837 
5836 
5833 
5832 
5829 
5828 
5824 
5869 
5905 
5903 
590 1 
5899 
5898 
5880 
5892 
5890 
6045 
6047 
6043 
604 1 
6023 
6022 
5941 
5908 
59 16 
59 12  
5940 
5937 
5936 
5933 
59 32 

7 
I r r a d  
S t r a i n  

1 n(Ua0> 
(10-2) 

TABLE 5-9 (continued) 

T o t a l  
Fluence 

(1021 n/cm2) 

2 . 8  

2 .8  

2 

I r r a d  
Temp 

' ("0 

-0 41 
-0.38 
-0.41 
-0.35 
-0.20 
-0.50 
-0.23 
-0.36 
-0.14 
-0.30 
-0.26 
-0.34 
-0.32 
-0.40 
-0.42 
-0.37 
-0.16 
-0.51 
-0.40 
-0.31 
-0.23 
-0.24 
-0.25 
-0.32 
-0.27 
-0.22 
-0.24 
-0.27 
-0.18 
-0.13 
-0.10 
-0.11 
-0.15 
-0.09 
-0.04 
-0.18. 
-0.22 
-0.21 
-0.18. 
-0.20 
-0.25 
-0.17 
-0.19 

D i m e  ns i on a 1 
Change, 

A W ,  
(%> 



TABLE 5-9 (continued) 

Record 
No. 

T o t a l  
F 1 uen ce 

( 1021 n/cm2) 
(E>O. 18 MeV)HTGR 

5928 
59 24 
59 20 
6050 
6066 
6062 
6058 
6054 
60 70 
6078 
6074 
6096 
6090 
6086 
6082 
6207 
6206 
6203 
6202 
6197 
6 196 
6162 
6 156 
6 152 
6120 
6116 
6110 
6 106 
6 100 
6214 
6210 
6218 
6 306 
6302 
6242 
6238 
6234 
6230 
6226 
6222 
6 329 

6315 
' 6328 

2.3 
2.3 
2.3 
1.9 

9 
1.4 

4 

I r r a d  
S t r a i n  

I n ( a l a o >  
(10-2) 

-0.28 
-0.22 
-0.23 
-0.12 
-0.08 
-0.10 
-0.04 
-0.09 
-0.07 
-0.05 
-0.06 
-0.09 
-0.03 
-0.12 
-0.08 
-0.08 
-0.14 
-0.06 
-0.09 
-0.12 
-0.08 
-0.12 
-0.03 
-0.07 
-0.12 
-0.07 
-0.03 
-0.04 
-0.10 
-0.03 
-0.03 
-0.07 
-0.15 
-0.13 
-0.02 
-0.11 
-0.12 
-0.04 
-0.06 
-0.05 
-0.06 
-0.15 
-0.03 

Dimensional 
Change, 

A E l L o  
(%) 



Record 
No. 

Total 

(1021 n/cm2) 
Fluence ~ 

(E>0.18 MeV)HTGR 

6314 
6307 
6325 
6 324 
6319 
6318 

I r r a d  
Temp 
("C) 

TABLE 5-9 (continued) 

l r r a d  
S t r a i n  

In(  ala,> 
(10-2) 

Dimensional 
Change, 
A W ,  
(XI 

1.4 

1 
1.4 

605 

1 
605 

-0.11 
-0.10 
-0.04 
-0.06 
-0.14 
-0.05 

c 
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TABLE 5-10 
DLMENSIONAL CHANGE DATA, H-451, RADIAL DIRECTION, 
AFTER IRRADIATION IN CAPSULE OG-2 ~imensional 

Change, 
A U L o  

( P )  

~ 

Record 
No. 

emp 
his  
rrad 
( " C )  

690 
690 
680 

- 

1 
680 
780 
765 

i 
765 

580 
300 
000 
000 
990 

I 
990 
970 

v 
970 

6502 

6506 
6510 

6515 
6518 
6519 
6 5 22(a) 
6523(') 
6526") 
6527(a) 
6530") 
6534') 
6534(a' 
6534') 
6627 
6628 
6631 

6639 
6643 
6647 
6651 
6655 
6693 
6694 
6697 
6698 
6701 
6702 
6732 
673h 
6736 
6755 
6756 
6757 
6758 
6759 
6760 

6503 

6514 

6635 

6761 
6762 
6763 
6788 
6789 
6790 
6791 
6792 
,6793 
6794 
6795 
6796 
6797 
6798 
6799 
6809 
6810 

6813 

6817 

6811 
6812 

6814 

6020 
6823 
6826 

6828 
6829 
6830 
6831 

6833 
6834 
6835 

6827 

6832 

Previous 
Record 

No. 

5002 
5003 
5006 
5010 
5014 
5018 
5022 
5026 
5698 
5699 
5702 
5703 
5708 
5709 
5712 
5713 
5144 
5145 
5148 
5152 
5156 
5160 
5164 
5160 
5172 
52b5 

5249 
5250 
5255 
5256 
5302 
5304 
5306 
5337 
5338 
5339 
5340 
5341 
5342 

5246 

5343 
5344 
5345 
5346 
5347 
5348 
5349 
5350 
5351 
5355 
5356 
5360 
5361 
5367 
5368 
5354 
5366 
5376 
5385 
5424 
5433 
5442 
5451 
5460 
5470 -- -- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

\ 

Previous 1 
Fluence 

(1021 n/cm2) 
+0.18 MeV)HTGR 

2.0 

1 

2.0 

3.0 

evious 
Temp 
("C) 

Fluence 
This Irrad 

(1021 n/cm2) 
E>0 .18  MeV)HTGR 

2 

7 9 29 

Total 

4 
5 

7 
7 

2.7 

2.7 

-0.27 
-0.28 
-0.29 
-0.29 
-0.31 
-0.30 
-0.29 
-0 .28 
-1.07 
-0.98 
-1.00 
-0.96 
-0.97 
-0.88 
-0.91 
-0.93 
-0.39 
-0.46 
-0.38 
-0.36 
-0.41 
-0.44 
-0.41 
-0.40 
-0.39 
-0.49 
-0.50 
-0.52 
-0.46 
-0.48 
-0.49 
-0.89 
-0.87 
-0.87 
-0.98 
-1.08 
-1.11 
-1.15 
-1.08 
-1.18 
-1.05 
-1.07 
-0.98 
-0.98 
-1.03 
-1.19 
-1.01 
-0.97 
-1.00 
-1.01 
-1.17 
-1.01 
-0.92 
-1.01 
-1.04 
-1.05 
-1.02 
-1.03 
-1.03 
-1.05 
-1.00 
-0.94 
-0.97 
-0.93 
-0.92 

-0.30 
-0.37 
-0.23 
-0.32 
-0.37 
-0.29 
-0.33 
-0.38 

-0.26 

-1.06 

-0.99 

-1.08 
-1.10 
-1.14 
-1.07 
-1.17 
-1.05 
-1.06 

-1.02 
-1.18 
-1.00 

-1.00 
-1.01 

-1.01 

-1.00 
-1.03 
-1.04 
-1.01 
-1.02 

-1.05 
-1.00 

-1.16 

-1.02 , 

n 

5- 30 



Record 
No. 

Fluence Total I r rad  Dimensional Temp 
Previous 

Irrad St ra in  Change, 

Previous Fluence Previous This I r rad  This Fluence Record (1021 n/cm2) T~~~ (10" n/cm2) I r rad .  (1021 n/cm2) T~~~ l n ( e / e o )  
nQ./e, 

NO. (E .O .18  MeV) HTGR ( " C )  ( E x J . 1 8  M e V )  
HTGR ( I )  

( "e )  (E>0.18 MeV) HTGR ( " C )  (10-2) 

-0.2' ' 

1215 -1.OL 
1215 -1.2( 

1255 
1255 
1235 1195 -1.1: 
1235 1195 -1.0: 
1320 1395 -1.6: 

1395 -1.76 1390 
1385 -1.5e 1380 
1360 -1.72 1325 

-1.55 

6836 
6837 
6838 
6901 
6902 
6905 
6913 
6987 
6988 
7012 
7073 
7093 
7094 
709 5 

7098 
7100 
7102 
7105 
7107 
7109 
7129(') 
7130(a) 
7133(a) 
7134"' 
7137(a) 
7 13  8" ) 
7141"' 
7142") 
71'43 
7145 
7147 
7217 
7221 
7225 
7229 
7233 
7237 
7238 
7241 
7242 
7245 
7246 
7327 
73211 

7096 

-- 
-- 
-- 

1180 
1180 
1160 
1160 
1395 
1395 
1385 
1385 -- 

-- -- 
-- 

1025 

960 T" 
570 

t 
570 
960 I 
960 
960 
995 
980 

I 
980 

915 i:i 

820 r 

-- 
-- 
-- 
-- 
-_ 
865 
850 

i 
850 

650 

T5 
645 

1 

1 

V ! 

7335 
7411 
7418 
7419 
7420 

5940 
-_ 
-- 
-- 
-- 

7421 
7423 
7425 
7427 

7431 
7433 
7435 

7429 

-- 
6050 
6054 
6058 

6066 
6070 
6074 

6062 

7437 
7439 
7441 
7443 

7447 
7449 
7530 
7534 

7445 

6078 
6082 
6086 
6090 

6100 
6106 
6210 
6214 

6096 

820 
650 
640 

1 
640 

-0.17 
-0.12 
-0.15 
-0.lL 
-0.10 
-0.10 

! 

-- 
_ _  
-_ 

5481 
5462 
5485 
5493 
5579 
5580 
5583 
5674 -- 
-- 
-- 
-- 

5765 
5774 
5778 
5783 
5790 
5794 
5094 
5095 
5098 
TO99 
5106 

-1.08 
-1.19 
-1.14 
-1.04 
-1.63 
-1.74 
-1.57 
-1.71 
-1.54 
-1.31 
-1.50 
-1.44 
-1.23 
-1.18 
-1.05 
-1.17 
-2.38 
-1.09 

-1.15 
-1.18 
-1.13 

-1.00 

-1.00 

-1.03 

3.2 -- 
-- 
-- 
-- 

3.0 3 i0  

2.0 '1 
3.0 
3.0 
3 .0  
2.8 

-1.24 
-1.19 
-1.06 

-1. 09 
-0.8% 
-0.81 
-0.83 
-0.82 
-0.85 
-0.85 
-0. a9 
-0.86 
-1.15 

5107 
5110 
5111 
5796 
5800 
5802 
5808 
5812 
5816 
5820 
5824 
5828 
5829 
5832 
5833 
5836 
5837 

-0.98 
I I I -1.01 

-0.89 
-1.01 
-0.94 
-0.78 
-0.99 
-1.03 
-0.93 
-0.82 
-0.59 
-0.56 
-0.65 
-0.59 
-0.51 
-0.17 
-0.16 

930 
930 
920 
920 
920 
850 
I 
I I -  -0.12 

845 -0.21 
-0.21 
-0.22 
-0.22 
-0.18 

645 
635 

635 
1 

7538 6218 

7546 62% 
7542 1 6222 

j 605 T5 
I 1 -  

I I 

(a)Temperature change samples. 
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Fig. 5-l(a). Dimensional change of H-451/H-429 graphite, axial orientation, as a function of fast 
neutron fluence at irradiation temperatures of 550" and 750°C 
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1 

0 

-1 

-2 

-3 

-4 

0 H-451, 105OoC 

H-429, 1O5O0C 
A H-429, 125OoC 

c A H-451, 125OOC 0 H-451, 135OOC 
0 H-429, 135OoC 

125OoC -2 
0 e 

0 

I 
135OoC/ 

I I I I I I 

7 a 9 4 5 6 1 2 3 0 

Fig .  5 - l ( d ) .  Dimensional change of H-451/H-429 g r a p h i t e ,  a x i a l  o r i e n t a t i o n ,  as a f u n c t i o n  of f a s t  
neu t ron  f luence  a t  i r r a d i a t i o n  tempera tures  of 1050”, 1250°, and 1350°C 



ul 
I 

W m 

0 

750°C 

-1 -2f -3 * 

0 . H-451, 55OoC 
H-429, 55OoC 

0 H-451, 75OoC 
0 H-429, 75OoC 

I I I 
6 7 8 3 4 5 

-4 
1 2 0 

F i g .  5-2(a).  Dimensional change of H-451/H-429 g r a p h i t e ,  rad ia l  o r i e n t a t i o n ,  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  a t  i r r a d i a t i o n  tempera tures  of 550" and 7500C 

9 

, 



1 

0 

-3 

-4 

. c 

1 I I I 1 I I I 

. 0 H-451, 65OoC 
H-429, 65OoC 

0 H-451, 85OoC 
0 H-429, 85OoC 

0 1 2 3 4 5 6 7 8 9 

Fig .  5-2(b). Dimensional change of H-451/H-429 g r a p h i t e ,  r a d i a l  o r i e n t a t i o n ,  as a f u n c t i o n  of f a s t  
neut ron  f l u e n c e  a t  i r r a d i a t i o n  tempera tures  of 650" and 850°C 



0 

-1 

-2 

0 H-451, 950°C 
H-429, 950°C 

-3 0 H-451, 115OoC 

H-429, 115OoC 

Fig.  

I I 1 I I I I I 
7 8 9 4 5 6 3 

-4 
0 1 2 

FLUENCE ( lo2 '  N/cM2) (E >0.18 MeV)HTGR 

5-2(c) .  Dimensional change of  H-451/H-429 g r a p h i t e ,  r a d i a l  o r i e n t a t i o n ,  as a f u n c t i o n  of f a s t  
neu t ron  f l u e n c e  a t  i r r a d i a t i o n  temperatures  of 950" and 1150°C 



c. 

-3 

0 I3 H-451, 1050OC 

H H-429, 105OoC - A H-451, 125OoC 
A H-429, 125OoC 
0 H-451, 1350°C 

0 H-429, 1350OC 

FLUENCE (10" N/CM2) (E >0.18 MeVIHTGR 

Fig .  5-2(d). Dimensional change of H-451/H-429 g r a p h i t e ,  r a d i a l  o r i e n t a t i o n ,  as a f u n c t i o n  of f a s t  
neut ron  f l u e n c e  a t  i r r a d i a t i o n  tempera tures  of 1050", 1250",' and 1350°C 



Design curves  of  t h e  dimensional  change i n  n e a r - i s o t r o p i c  g r a p h i t e  

(H-451/H-429) were de r ived  from t h e  d a t a  i n  the fo l lowing  manner: \ 

1. 

2.  

3.  

4 .  

The d a t a  of Tables  5-1 through 5-10 (shown i n  F igs .  5-1 and 5-2) 

w e r e  t a b u l a t e d ,  reviewed, and i n p u t  t o  a compute r - f i t t i ng  code. 

Supplementary low-temperature (30O0-6OO0C), high-f luence d a t a  

from Gilsocoke g r a p h i t e s  from Ref. 6 were added t o  t h e  d a t a  

base  f o r  t h e  300" t o  600°C range.  

The computer code f i t  a s u r f a c e  through t h e  three-dimensional  

d a t a  space  ( f luence ,  t empera ture ,  dimensional  change) by a least- 

squa res ,  Grahm-Schmitt o r t h o g o n a l i z a t i o n  p rocess .  One s u r f a c e  

w a s  generated for each orientation of g r a p h i t e  specimens.  

Isotherms were taken from t h e  computer-f i t  s u r f a c e ,  compared w i t h  

t h e  a c t u a l  d a t a ,  and then  p l o t t e d  i n  F i g s ,  5-3 and 5-4 t o  repre-  

s e n t  t h e  des ign  curves .  A polynomial genera ted  by t h e  computer 

f i t  d e s c r r u i n g  t h e  s u r f a c e  i s  a c t u a l l y  used f o r  des ign  work. 

The r e s u l t i n g  s u r f a c e  and i t s  i so therms p l o t t e d  i n  F igs .  5-3 and 5-4 d i f f e r  

somewhat from earlier des ign  curves  because of  t h e  change i n  f a s t  f l uence  

u n i t s .  

t o  b e  l a r g e r  than  t h e  s h i f t  i n  t h e  curve r e s u l t i n g  from t h e  a d d i t i o n  of 

O G 2  da ta .  The des ign  curves  p l o t t e d  i n  ORR f l u e n c e  u n i t s  (Ref. 4) s h i f t e d  

approximately 5% wi th  t h e  a d d i t i o n  of OG-2 d a t a  i n  t h e  same URR u n i t s .  

The s h i f t  of approximately 11% a long  t h e  f l u e n c e  a x i s  w a s  observed 

The d a t a  i n  F igs .  5-1 through 5-4 i l l u s t r a t e  t h e  dimensional  s t a b i l i t y  

of H-451 under neut ron  i r r a d i a t i o n .  

f i c i e n t l y  h igh  f luences  t o  demonstrate  t h a t  t h e  c o n t r a c t i o n  of H-451 w i l l  

be <2.0% r a d i a l l y  and <3,0% a x i a l l y  dur ing  the  g r a p h i t e  r e s idence  t i m e  i n  

a l a r g e  HTGR core.  

These d a t a  have been ob ta ined  a t  suf -  

5-40 
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F i g .  5-3. Design curves f o r  irradiation-induced axial dimensional change 
in H-451/H-429 graphite 
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Fig. 5-4. Design curves for irradiation-induced radial dimensional change 
in H-451/H-429 graphite 
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d3 Specimens of H-451 w e r e  i r r a d i a t e d  i n  OG-I a t  T I  and subsequent ly  

i r r a d i a t e d  i n  0 6 2  a t  

a long  w i t h  i s o t h e r m a l  

1 .  T I  = 570"C, 

T2. 
curves  : 

The fo l lowing  d a t a  sets are p l o t t e d  i n  F ig .  5-5 

T2 = 1035"C, i so therm a t  650°C. 

2. T ,  = 1065"C, T2 = 680°C, i so therm a t  1050°C. 

When t h e  specimens were i r r a d i a t e d  f i r s t  a t  57OOC and then  a t  1035"C, 

t h e  c o n t r a c t i o n  ra te  i n c r e a s e d  dur ing  t h e  1035°C increment  and equaled t h e  

i s o t h e r m a l  ra te  a t  1050°C. 

1065°C and then  a t  680°C, t h e  c o n t r a c t i o n  ra te  decreased f o r  t h e  a x i a l  

specimens b u t  remained unchanged f o r  t h e  r a d i a l  specimens. 

s u f f i c i e n t  q u a n t i t y  of d a t a  t o  permit  f u r t h e r  conclus ions  a t  t h i s  t i m e .  

These specimens w i l l  be  i r r a d i a t e d  t o  h i g h e r  f l u e n c e s  a t  T 

When t h e  specimens were i r r a d i a t e d  f i r s t  a t  

There i s  n o t  a 

2 '  

Axial H-451 specimens i r r a d i a t e d  s i d e  by s i d e  i n  OG-2 showed midlength 

edge (MLE) specimens t o  c o n t r a c t  by 10% t o  20% less than  midlength c e n t e r  

(MLC) specimens. 

No s i z e  e f f e c t  h a s  been d i s c e r n e d  f o r  t h e  two s i z e s  of specimens i r r a d i a t e d .  

These d a t a  are shown i n  Table  5-11 f o r  H-451 g r a p h i t e .  

The TS-1240 g r a p h i t e  specimens i r r a d i a t e d  f o r  t h e  f i r s t  t i m e  i n  OG-2 

e x h i b i t e d  e x c e l l e n t  dimensional  s t a b i l i t y .  None of t h e  specimens c o n t r a c t e d  
m o r e  than 1% up t o  f a s t  f l u e n c e s  of 2.95 x I O 2 '  n / c m  2 (E > 0.18 MeV)HTGR and 

temperatures  of 1105°C. These d a t a  are g iven  i n  Tables  5-12 and 5-13. 

P JHAN g r a p h i t e  specimens c a r r i e d  o v e r  from t h e  OG-1 experiment con- 3 
t i n u e d  t o  show high  c o n t r a c t i o n  i n  t h e  ax ia l  o r i e n t a t i o n .  

d i r e c t i o n ,  specimens a t  several sets of i r r a d i a t i o n  c o n d i t i o n s  went through 

turnaround t o  n e t  expansion. Tables  5-14 through 5-17 g i v e  d a t a  f o r  P3JHAN 

i r r a d i a t e d  i n  c a p s u l e s  OG-1 and OG-2. 

I n  t h e  r a d i a l  

5.2. DIMENSIONAL CHANGE I N  NEEDLE COKE GRAPHITES 

Samples of H-327 g r a p h i t e  were c a r r i e d  over  from t h e  OG-I experiment 

f o r  f u r t h e r  neut ron  exposure.  A s  r e p o r t e d  ea r l i e r  (Ref. 4 1 ,  t h e  H-327 
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Fig .  5-5. Dimensional change i n  H-451 g r a p h i t e  for non-isothermal i r r a d i a t i o n  
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1 c 

Axial 

Axial 

Rad ia 1 
Radial 

Axial 
Axial 

Axial 
Axial 

Record 
Numbers 

-2.08 
-2. 17(a) 

-0.94 

-1.06 (a) 

-0.24 

-0.31 

-0.20 

-0.25 

Ln 

c- I 72 15-7246 

Ln 7099-71 10 

7217-7246 

7 14 3-7 147 

736 1-7372 

736 1-7372 

74 10-7421 

7410-7421 

2.15 

2.15 

2.15 

2.15 

Irradiation Cond i t ions 

905 

905 

850 

850 

5.2 

5.2(a)  

5.2 

5.2(a) 

990 

1010 

990 

995 

TABLE 5-1 1 
COMPARISON OF DIMENSIONAL CHANGES IN MIDLENGTH CENTER (MLC) 

AND MIDLENGTH EDGE (MLE) H-451. SPECIMENS 

No. 
Samples 

11 

6 

11 

3 

6 

6 

3 

4 

Location 

~E 

MLC 

MLE 

MLC 

MLE 

MLC 

MLE 

MLC 

(a)Actual measurements made at a fluence of 5.7 x 10’ 
by linear interpolation between 0 and 5.7 x 1021 n/cmz. 

I I Dimensional Change.ln(ll I!?. ) n o  
;Mean Std. Dev. 

(IO-’ in.fin.1 

0.09 

0.11 

0.08 

0.03 

0.02 

0.02 

0.03 

0.02 

Difference in 
Dimensional Change - 3etween MLC and MLE Samples 

(%I 

-4.3 

-11.3 

-22.6 

-20.0 

2 n/cm . Dimensional change values at 5.2 x loz1  n/cm2 were calculated 



TABLE 5-12 
DIMENSIONAL CHANGE DATA, TS-1240, AXIAL D I R E C T I O N ,  

AFTER I R R A D I A T I O N  I N  CAPSULE 0 6 2  

/ 

Record 
No. 

6967 
6968 
6969 
6970 
6971 
6972 
6973 
6974 
697 5 
6976 
6977 
6978 
6979 
6980 
6981 
6982 
6983 
6984 
7251 
7252 
7253 
7254 
7255 
7256 
7257 
7258 
7313 
7314 
7315 
7316 
7317 
7318 
7 319 
7320 
7510 
7511 
7 512 
7513 
7514 

T o t a l  
Fluence 

(1021 n/cm2) 
(E>0.18 MeV)HTGR 

5-46 

I r r a d  

E? 
I r r a d  
S t r a i n  

I n (  ala,)  
(10-2) 

-0.78 

-0.67 
-0.74 
-0.65 

-0.66 
-0.72 
-0.69 

-0.76 
-0.64 

-0.68 

-0.76 

-0.82 

-0.72 

-0 -75 
-0.72 

-0.74 

-0.73 

-0.83 
-0.31 
-0.24 
-0.26 
-0.21 
-0 -27 
-0.24 
-0.26 
-0.20 
-0.23 
-0.25 
-0.25 
-0.20 
-0.23 

-0.22 
-0.20 
-0.13 
-0.02 
-0.02 
-0.06 
-0.01 

-0.19 



Record 
No. 

\ 

7515 

7517 
7518 
7 519 
7520 
7521 
7522 
7523 
7524 
7525 
7526 
7527 
7564 
7565 

7516 

7566 
7567 
7568 
7569 
7570 
7571 
7572 
7573 
7574 
7575 
7613 
7614 
7615 
7616 
7617 
7618 
7619 
7620 

! 

TABLE 5-12 (continued) 

T o t a l  
Fluence 

(1021 n/cm2) 
(~>0.18 MeV)HTGR 

1 .7  

1.7 
1.15 

1. 5 

Irrad 
S t r a i n  

In( ala, )  
(10-2) 

-0.02 
-0.03 
-0.03 

-0.02 
-0.03 
-0.01 
+o. 01 
-0.04 
-0.04 

-0.05 

-0.04 
-0.06 

-0.07 
-0.06 
-0.06 
-0.02 
-0.04 
-0.02 
-0.05 
-0.02 
-0.06 
-0.07 
-0.11 
-0.08 
-0.07 
-0.09 

-0.09 
-0.07 
-0.08 

-0.03 

-0.10 
-0.08 

-0.08 
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TABLE 5-13 

9 

DIMENSIONAL CHANGE DATA, T S - 1 2 4 0 ,  RADIAL DIRECTION, 
~ 

AFTER IRRADIATION I N  CAPSULE 0 6 2  

Record 
N o .  

6935 
69 36 
6937 
6938 
6939 
6940 
69 41 
6942 
7321 
7322 
7323 
7324 
7462 , 

7463 
7464 
7465 
7466 

' 7467 
7468 
7469 
7470 
7471 
7621 
7622 
7623 
7624 

T o t a l  
Fluence 

(1021 n/cm*) 
(~>0.18 MeVIHTGR 

2.5 

1 
2-5 
1.7 

1.7 
1.15 

1 
1.15 

I r r a d  
Temp 
( " C )  

I r r a d  
S t r a i n  
In( g / ~ o )  
(10-2) 

-0.48 
-0.45 
-0.45 
-0.45 
-0.47 
-0.49 
-0.53 
-0.46 
-0.05 
-0.04 
-0.05 
-0.04 
+o .02 
+o. 02 
-0.05 
0.00 
-0.02 
-0.02 
+o. 01 
-0.02 
0.00 
-0.01 
-0.13 
-0.07 
-0.11 
-0.07 

n 
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TABLE 5-14 
DIMENSIONAL CHANGE DATA, P 3 J H A N ,  AXIAL D I R E C T I O N ,  

AFTER I R R A D I A T I O N  I N  CAPSULE OG-1 

! 

Record 
No. 

5319 
5321 
5323 
5325 
5327 
5329 
5331 
5333 
5335 
5676 
5678 
5684 
5686 
5734 
5736 
5740 
5742 
5744 
5746 
5750 
5752 
5754 
5756 
5760 
5762 

6165 
6170 
6171 
6174 
6175 
6180 
6181 

6185 
6190 
6191 

6164 

6184 

1 

T o t a l  
Fluence 

(1021 n/cm2) 
( E>O.  18 MeV)HTGR 

i 1 

I r rad 
Temp 
( " C )  

Irrad 
Strain 

l n ( a l a , )  
(10-2) 

-1.53 
-2.04 
-2.02 
-1.48 
-1.99 
-2.00 
-1.44 
-1.82 
-2.11 
-3.96 
-4.00 
-4.19 
-4.06 
-2.42 
-1.97 
-2.31 
-1.83 
-2.17 
-1.87 
-2.13 
-1.83 
-2.03 
-1.77 
-2.21 
-1.82 
-0.26 
-0.23 
-0.37 
-0.24 
-0.35 
-0.23 
-0.28 
-0.28 
-0.28 
-0.28 
-0.30 
-0.28 
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Record 
No. 

\ 

6332 

6336 

6344 

6334 

6338 
6342 

6347 
6349 

\ 

TABLE 5-1 4 (continued) 

I r r a d  
Temp 
( " C )  

I r r a d  
S t r a i n  

In( L / L ~ )  
(10-2) 

-0.23 

-0.20 
-0.19 
-0.20 
-0.22 
-0.17 
-0.21 

-0.16 

n 
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Record 
No. 

V 

6737 
6739 
6741 
6743 
6745 
6747 
7013 
7015 
7017 
7019 
7170 
7172 
7174 

Ln I 7176 
Ln 
--L 7178 

7180 
7 182 
7184 
7450 
7451 
7454 
7455 
7488 
7489 
7492 
7493 
7496 
7497 
7500 
7501 
7597 
7599 
7601 
7603 

1 

Previous 
Record 

NO. 

I 

5319 
5321 
5323 
5325 
5327 
5329 
5676 
5678 
5684 
5686 
5734 
5736 
5740 
5742 
5744 
5746 
5750 
5752 
6164 
6165 
6170 
617 1 

6185 
6190 
6191 

6175 

6332 

6336 
6338 

6184 

6174 

6180 
6181 

6334 

V 

TABLE 5-15 
DIMENSIONAL CHANGE DATA, P3JHAN, AXIAL DIRECTION, 

AFTER IRRADIATION IN CAPSULE OG-2 

Previous 
Fluence 

(1021 n/crn2) 
( E>O. 18 MeV) HTGR 

Previous 
Temp 
("C) 

Fluence 
This Irrad 
(1021 n/cm2) 

(E>0.18 MeV)HTGR 

1 T 
1.15 

i 
1.15 

Total 
' Fluence 
(1021 n/cm2) 

(~>0.18 MeV)HTGR 

Irrad 
Temp 
("C) 

985 

1 
985 
1355 

1 
1355 
995 

995 
795 

1 
79 5 
770 

770 1 
600 

600 
1 

-3.36 
-3.59 
-3.54 
-3.52 
-3.74 
-3.44 
-3.67 
-3.60 
-4.12 
-3 .'68 
-3.88 
-3.68 
-3.69 
-3.39 
-3.46 
-3.64 
-3.46 

-0.88 

-0.88 
-0.80 

-0.89 

-3.72 
-0.98 

-1.07 
-0.90 

-0.97 

-0.95 
-0.77 
-0.90 
-0.78 
-0.50 
-0.40 
-0.49 
-0.38 



n 

I 

TABLE 5-16 

AFTER IRRADIATION I N  CAPSULE OG-1 
DIMENSIONAL CHANGE DATA, P3JHAN, RADIAL DIRECTION, 

I 

Record 
No. 

5320 I 
5322 
5324 I 
5326 
5328 

5334 
5336 
5677 
5679 
5685 
5687 
5735 

5330 
5332 

5737 
5741 
5743 
5745 
5747 
5751 
5753 
5757 
5761 
5763 
6166 
6167 
6172 
6173 
6176 
6177 
6182 
6183 
6186 

6192 
6193 
6333 

6187 

6335 
6337 
6339 

I r r a d  
Temp 
( " C )  

1335 

I 
1335 

1025 

770 
605 

605 

I r r a d  
S t r a i n  

h-4 a l a o )  
( 10-2) 

-0.69 
-0.76 

-0.87 

-0.66 
-0.78 
-0.73 
-1.66 
-1.44 
-1.65 
-1.68 
-0.81 
-0.90 

-0.84 
-0.81 
-0.86 
-0.71 
-0.67 
-0.70 

-0.58 
-0.73 

-0.83 

-0.87 

-0.81 
-0.83 
-0.11 
-0.08 
-0.17 
-0.13 
-0.18 
-0.01 
-0.22 
-0.11 
-0.10 
-0.09 
-0.16 
-0.11 
-0.15 
-0 ..lo 
-0.17 
-0.06 

f 
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T o t a l  
Fluence I r r a d  

Record (102' n/cm2) Temp 
No. ( E>O .18 MeV)HTGR ( " C )  

6343 1.4 605 

605 
4 4 6345 

63 48 
6350 1.4 

5-5 3 

I r r a d  
S t r a i n  

1 4  u p  
(10- ) 

-0.18 
-0.06 
-0.15 
-0.13 



Record 
No. 

I/ 

6738 
6740 
6742 
6744 
6746 
7014 
7016 
7018 
7020 
7171 

cn 7173 

* 7177 
7179 
7181 
7183 
7452 
7453 
7456 
7'457 
7490 
7491 
7494 
7495 
7498 
7 499 
7502 
7503 
7598 
7600 
7602 

I cn 7175 

7604 

1 

Previous 
Record 

No.. 

5320 
5322 
5324 
5326 
5328 
5677 
5679 
5685 
5687 
5735 
5737 
5741 
5743 
5745 
5747 
5751 
6166 
6167 
6172 
6173 
6186 
6187 

6193 
6176 
6177 
6182 
6183 
6333 
6335 
6337 
6339 

6192 

TABLE 5-17 
DIMENSIONAL CHANGE DATA, P3JHAN, RADIAL DIRECTION, 

AFTER IRRADIATION IN CAPSULE OG-2 

Previous 
Fluence 

( 1021 n /  em2 ) 
(E>0.18 MeV)HTGR 

Previous 
Temp 
( " C )  

980 

J 
980 
1335 

4 
1335 
1025 

0 
1025 
1 

770 

605 

Fluence 
This Irrad 
(1021 n/cm2) 

( E > O .  18 MeV)HTGR 

T 

1.15 

1 
1.15 

Temp 
This 
Irrad 

( " C )  

Total 
Fluence 

(1021 n/cm*) 
(E>0.18 MeV)HTGR 

5.7 

1 
5.7 
6.1 

6.1 
I 

5 
3 

3.6 
2.55 

1 
2.55 

Irrad 
Temp 
( " c )  

Irrad 
Strain 
In( a l a o )  
( 10-2) 

+O. 19 
+o. 82 
+l. 64 
+o .06 

+3.43 
2.66 
3.46 
2.02 

+O.. 32 
-0.91 
+o. 10 
-0.60 
+O. 72 
-0.67 
+o. 55 
-0.43 
-0.36 
-0.43 
-0.35 
-0.41 
-0.35 
-0.46 
-0.36 
-0.37 
-0.32 

+0.71 

-0.41 
-0.32 
-0.37 
-0.33 
-0.08 
-0.27 

.. 



demonstrated more moderate dimensional  changes than observed i n  earlier 
. i r r a d i a t i o n s .  Tables  5-18 and 5-19 l ist  t h e  OG-1 and 0 6 2  d a t a  i n  terms 

of  HTGR f l u e n c e  (E > 0.18 MeV)HTGR f o r  434 H-327 specimens. 

5.3. MISCELLANEOUS GRAPHITES 

Impregnated H-451 g r a p h i t e s  were i r r a d i a t e d  i n  capsu le  OG-2. The d a t a  

obta ined  are presented  i n  Table 5-20. The H-451C material, which w a s  used 

as web material  dur ing  cure- in-place s t u d i e s ,  e x h i b i t e d  t h e  s a m e  dimensional  

change as: s t anda rd  H-451 i r r a d i a t e d  under t h e  same c o n d i t i o n s .  

Other misce l laneous  g r a p h i t e s  were a l s o  i r r a d i a t e d  i n  capsu le  OG-2. 

These dat:a are p resen ted  i n  Tables  5-21, 5-22, and 5-23. 
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. 

Record 
No. 

5005 
5009 
501 3 
501 7 
5021 
5025 
5029 
5033 
5037 
5041 
51 14 
51 15 
5118 
5119 
5124 
5125 
5128 
5129 
5134 
5135 
5147 
5151 
5155 
5159 
5163 
5167 
5171 
51 75 
5179 
5182 
5185 
5186 
5195 
5196 
5205 
5206 
5215 
5216 
5241 
5242 
5251 
5252 
5257 
5258 
5261 
5262 
5263 
5264 
5267 
5268 

TABLE 5-18 
DIMENSIONAL CHANGE DATA, H-327, AXIAL DIRECTION, AFTER IRRADIATION IN CAPSULES OG-1 AND OG-2 
-~ 

'revious 
Record 

No. 

'revious 
Temp. 
("C) 

Fluence 
This Irrad. 
( I 02' nt cn? ) 

E>0.18 MeV)HTGR 

emp . 
This 
rrad. 
( " 0  
- 

rrad. 
emp . 
("0 

Irrad. 
Strain, 
Ln (f-th) 
(10-2) 

-0.15 
-0.16 
-0.17 
-0.14 
-0.11 
-0.13 
-0.11 
-0.15 
-0.20 
-0.18 
-0.14 
-0.16 
-0.16 
-0.20 
-0.15 
-0.21 
-0.14 
-0.18 
-0.14 
-0.20 
-0.25 
-0.24 
-0.17 
-0.24 
-0.26. 
-0.20 
-0.23 
-0.17 
-0.24 
-0.28 
-0.24 
-0.17 
-0.21 
-0.10 
-0.25 
-0.21 
-0.22 
-0.23 
-0.28 
-0.33 
-0.28 
-0.31 
-0.24 
-0.34 
-0.32 
-0.27 
-0.34 
-0.33 
-0.25 
-0.21 
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TABLE 5-18 (Continued) 

1 

Record 
No. 

5271 
5272 
5273 
5274 
5217 
5278 
5281 
5282 
5291 
5292 
5466 
5467 
5473 
5474 
5477 
5478 
551 3 
5514 
5523 
5524 
5533 
5534 
5543 
5544 
5546 
5547 
5556 
5557 
5566 
5567 
5568 
5569 
5738 
5748 

5766 
5771 
5775 
5779 

5791 
5797 
5804 
581 1 
5815 
5819 
5823 
5856 
5857 
5860 
5861 
5864 
5865 

5758 

5784 

'revious 
Record 

No. 

Previous 
Fluence 

(1021 n/cm2) 
18 Mev)HTGR 

Previous 
Temp. 

("C) 

Fluence 
This Irrad. 
(1 021 n/c&) 

(E>O. 18 MeV),,, 

Temp. 
This 

IPrad. 
("0 

3.0 

J 
3.0 

2 .a 
2.8 

Irrad. 
Strain, 
In ( E l % )  
(1 0-2) 

-0.29 
-0.27 
-0.21 
-0.33 
-0.31 
-0.28 
-0.20 
-0.28 
-0.33 
-0.28 
-0.62 
-0.50 
-0.65 
-0.54 
-0.69 
-0.58 
-1.70 
-1.83 
-1.79 
-1.96 
-1.19 
-1.48 
-1.75 
-1.03 
-1.40 
-1.57 
-1.19 
-1.37 
-1.22 
-1.32 
-1.29 
-1.47 
-1.31 
-1.18 
-1.11 
-1.30 
-0.83 
-0.88 
-0.83 
-0.77 
-0.71 
-0.71 
-1.09 
-0.91 
-1.07 
-1 .oo 
-1 .oo 
-0.79 
-0.78 
-0.72 
-0.72 
-0.75 
-0.70 

Dimen. 
Change, 
hl l l l l  

(%) 

-1.69 
-1.82 
-1.78 
-1.94 

-1.47 
-1.74 
-1.02 
-1.39 
-1.56 
-1.18 
-1.36 
-1.21 
-1.31 
-1.28 
-1.46 
-1.30 
-1.17 
-1 . l l  
-1.29 

-1 .la 
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TABLE 5-18 (continued) 

1 

Record 
No. 

1 

5907 
591 1 
5915 
5919 
5923 
5927 
5954 
5955 
5964 
5965 
5974 
5975 
5996 
5997 
6006 
6007 
6008 
6009 
6018 
601 9 
6024 
6025 
6028 
6029 
6030 
6031 
6034 
6035 
6038 
6039 
6092 
6093 
6102 
6103, 
6112 
6113 
6122 
6123 
6148 
6149 
61 58 
6159 
6168 
6169 
6178 
61 79 
6188 
6189 
6198 
6199 

1 

revious 
Record 
No. 

'revious 
Temp. 
('0 

'emp . 
This 
r w d  . 
("0 - 

-0.60 
-0.49 
-0.52 
-0.56 
-0.52 
-0.51 
-0.42 
-0.34 
-0.39 
-0.30 
-0.43 
-0.31 
-0.33 
-0.25 
-0.29 
-0.20 
-0.31 
-0.20 
-0.27 
-0.16 
-0.32 
-0.27 
-0.29 
-0.20 
-0.26 
-0.28 
-0.27 
-0.30 
-0.64 
-0.20 
-0.17 
-0.11 
-0.15 
-0.11 
-0.15 
-0.12 
-0.05 
-0.11 
-0.15 
-0.18 
-0.11 
-0.07 
-0.18 
-0.09 
-0.12 
-0.15 
-0.13 
- 0 . 1 3  
-0.15 
-0.08 

Dimen. 
Change, 
LWa. 

(%) 

n 
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TABLE 5-18 (continued) 

Record 
No. 

6209 
6213 
621 7 
6221 
6225 
6229 
6233 
6237 
6241 
6301 
6505 
6509 
6589 
6590 
6593 
6594 
6597 
6598 
6601 
6602 
6630 
6634 
6638 
6642 
6646 
6650 
6654 
6658 
6661 
6662 
6663 
6664 
6665 
6666 
6667 
6668 
6669 
6670 
6671 
6672 
6673 
6674 
6703 
6704 
6707 
6708 
6709 
6710 
671 1 
6712 
671 3 
6714 
6715 
6716 

Previous 
Record 

No. 

5005 
5009 
51 14 
5115 
5118 
5119 
5124 
5125 
5128 
5129 
5147 
5151 
5155 

S 1 5 9  
5163 
5167 
5171 
51 75 

5257 
5258 
5185 
5195 
5205 
5215 
5241 
5251 
5261 
5271 
5281 
5291 

Previous 
Temp. 
("C) 

1.4 605 
2.0 645 1 .7  680 3.7 660 
2.0 645 1 .7  680 3.7 660 
2.0 570 1 .7  . 615 3.7 590 

2.6 740 2.2 765 4.8 750 

2.6 
2.6 
2.6 

630 
630 
700 

2.2 
2.2 
2.2 

680 
680 
680 

2.2 

4 .8  
4.8 
4.8 

740 

655 
655 
690 

2.6 630 2.2 680 4.8 655 
r 

Irrad. 
Strain, 

( a / % >  
(10-2) 

-0.06 
-0.09 
-0.12 
-0.11 
-0.24 
-0.10 
-0.16 
-0.15 
-0.10 
-0.15 
-0.42 
-0.43 
-0.42 
-0.50 
-0.40 
-0.48 
-0.40 
-0.50 
-0.39 
-0.54 
-0.61 
-0.68 
-0.65 
-0.64 
-0.65 
-0.65 
-0.59 
-0.62 
-0.17 
-0.18 
-0.16 
-0.18 
-0.16 
-0.18 
-0.17 
w . 1 0  
-0.18 
-0.21 
-0.16 
-0.18 
-0.17 
-0.20 
-0.67 
-0.73 
-0.74 
-0.75 
-0.76 ' 
-0.72 
-0.71 
-0.75 
-0.73 
-0.76 
-0.67 
-0.73 

Dimen. 
Change, 

AL/L 
( X )  
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Record 
No. 

6717 
6718 
6719 
6720 
6767 
6768 
6769 
6773 
6774 
6775 
6943 
6944 
6961 
6962 
6963 
6964 
6965 
6966 
7119 
7120 
7121 
7122 
7123 
71 24 
7125 
71 26 
7150 
7151 
7152 
7153 
7154 
7155 
7156 
7157 
7158 
7159 
7160 
7161 
7216 
7220 
7224 
7228 
7232 
7304 
7402 
7403 
7404 
7405 
7406 
7407 
7408 
7409 

- 
P r e v i o u s  

Temp. 
( 0 ~ )  

Prev ious  
Record 

No. 

F l u e n c e  
T h i s  I r r a d .  

( lo2 '  n/Cm2) I r r a d .  

Temp* T o t a l  F luence  
( lo2 '  n/cm2) 

T h i s  

(E>0.18 Ml2V)HT.R ("C)  MeV)HTGR 

5466 
5467 
5473 
5474 
5477 
5478 
5513 
5523 
5533 
5543 
5546 
5556 
5566 
5568 
5738 
5748 
5758 
5766 

5771 
5775 
5779 
5784 
5791 
5797 

5804 
581 1 
5815 
581 9 
5823 
5857 
6008 
6009 
601 8 
601 9 
6028 
6029 
6038 
6039 

3.0 

TABLE 5-18 ( con t inued)  

2 .2  

1 
900 2.7 . . 990 5.7 

I r r a d .  
Temp. 
("0 

6[0 
940 

3 . 3  1115 2.95 1200 6.25 1155 
3.3 1115 2.95 1200 6.25 1155 
3 . 3  1045 2.95 1105 6.25 1075 
\ J 

t 

1 
:.O 1025 2 7  1035 5.7 1030, 

2.7 1035 

960 3.0 960 2.7 960 5 .7  
\ J 

I 
I 

2 .8  995 2 . 5  1000 5 .3  995 
2 .8  995 2.5 9 80 5 .3  985 
\ J 

2 .8  950 2.5 920 5 . 3  9 35 
:.3 850 2,5 850 4.45 85: 

-0.20 
-0.22 
-0.22 
-0.23 
-2.18 
-2.39 
-2.51 
-2.37 
-2.48 
-2.33 
-3.98 
-4.33 
-3.18 
-4.33 
-3.25 
-3.38 
-2.61 
-3.49 
-3.87 
-3.43 

-3.85 
-1.48 
-1.13' 
-1.28 
-0.99 
-2.67 
-2.42 
-2.71 
-2.16 
-2.39 
-2.04 
-1.02 
-0.71 
-0.98 
-0.81 
-1.06 
-0.78 
-3.20 
-2.79 
-3.06 
-2.93 
-3.10 
-2.18 
-0.98 
-0.75 
-0.93 
-0.71 
-0.97 
-0.71 
-1.37 
-0.75 

-3.78 

Dimen. 
?hange, 

A l l l l l  
( X )  

-2.15 
-2.36 
-2.48 
-2.34 
-2.45 
-2.30 
-3.90 
-4.24 
-3.13 
-4.24 
-3.19 
-3.32 
-2.57 
-3.43 
-3.80 
-3.37 
-3.71 
-3.78 
-1.47 
-1.13 
-1.27 

-2.63 
-2.39 
-2.67 
-2.14 
-2.36 
-2.01 

-3.15 
-2.75 
-3.01 
-2.89 
-3.05 
-2.15 

-1.36 
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Record 
No. 

Previous Fluence Temp. 
This Irrad. This Total Fluence Irrad. Previous Flueme Previous 

Record (lo2' n/cm2) Temp. n/Cm2) Irrad. n/Cm2) Temp. 
N ~ .  ' (E>0.18 MeV)HTGR ("c) (E'0*18 M~V)HTGR ("c) (E'o*18 MeV)HTGR ("c) 

7458 
7459 
7460 
7461 
7504 
7505 
7506 
7507 
7508 
7509 
7529 
7533 
7537 
7541 
7545 

6092 
6102 
6112 
6122 
6148 
6158 
6168 
61 78 
6188 
6198 
6209 
6213 
621 7 
6221 
6225 

1.9 820 1.7 805 3.6 815 

T 
;9 770 Ii7 765 3.6 770, 

1.4 650 1.15 645 2.55 650 
1.4 645 1.15 635 2.55 640 

+ 

Irrad. 
Strain, 

In (LiLo: 
(10- ) 

-0.49 
-0.44 
-0.54 
-0.49 
-0.43 
-0.35 
-0.41 
-0.42 
-0.41 
-0.38 
-0.24 
-0.28 
-0.27 
-0.23 
-0.28 

Dimen. 
Change, 
MIL 

( X )  
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Record 
No. 

5007 
501 1 
5015 
501 9 
5023 
5027 
5031 
5035 
5039 
5043 
5116 
5117 
51 20 
5121 
5126 
5127 
5130 
5131 
5136 
5137 
5149 
5153 
5157 
5161 
5165 
5169 
5173 
5177 
5181 
5184 
5259 
5260 
5265 
5266 
5269 
5270 
5275 
5276 
5279 
5280 
5353 
5358 
5362 
5363 
5369 
5370 
5739 
5749 
5759 
5767 

DIMENSIONAL CHANGE DATi 

Previous  
Record 
No. 

TABLE 5-19 
H-327. RADIAL DIRFXTION,AFTER IRRADIATION I N  CAPSUL 

' r e v i o u s  
Temp. 
("0 

F l u e n c e  
This I r r a d .  

( 1021 n/cm2 ) 
(E>0.18 MeV)HTGR 

'emp . 
T h i s  
: r r ad  . 
("0 

0g-1 - 
: r r a d .  
:emp . 
('0 

3 0 6 2  

I r r a d .  
S t r a i n ,  

Ln (Elk) 
(10- ) 

-0.12 
-0.12 
-0.11 
-0.10 
-0.06 
-0.08 
-0.08 
-0.16 
-0.14 
-0.16 
-0.16 
-0.08 
-0.14 
-0.35 
-0.19 
-0.19 
-0.19 
-0.14 
-0.26 
-0.17 
-0.13 
-0.16 
-0.17 
-0.14 
-0.10 
-0.11 
-0.16 
-0.04 
-0.24 
-0.19 
-0.26 
-0.28 
-0.16 
-0.19 
-0.22 
-0.23 
-0.20 
-0.21 
-0.26 
-0.26 
-0.43 
-0.36 
-0.48 
-0.42 
-0.65 
-0.40 
-0.32 
-0.51 
-0.50 
-0.52 

Dimen. 
"ange, 
LW11 
(73 

5-62 
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TABLE 5-19 (continued) 

Record 
No. 

5772 
5776 
5780 
5785 
5792 
5798 
5809 
581 3 
581 7 
5821 
5825 
5858 
5859 
5862 
,5863 
5866 

5909 
591 3 
5917 
5921 
5925 
5929 
6026 
6027 
6032 
6033 
6036 
6037 
621 1 
6215 
6219 
6223 
6227 
6231 
6235 
6239 
6243 
,6303 
6507 
651 1 
6591 
6592 
6595 
6596 
6599 
6600 
6603 

5867 

Previous 
Record 

N o .  

5007 
501 1 
5116 
5117 
5120 
5121 
5126 
5127 
5130 

Previous 
Fluence 

(1021 n/cm2) 
W O .  1 8  MeVIHTGR 

2.0 
2.0 
2 . 0  

Previous 
Temp. 
("0 

645 
645 
570 

Fluence 
This  Irrad. 
(1 021 n/cm2) 

(E>O. 18 MeV)HTGR 

Xemp. 
This 

Irrad . 
("C) 

1.7 
1.7 
1 .7  

680 
680 
615 

Total Fluence 
( lo2 '  n/cm2) 

(E>0.18 MeV)HTGR 

3 .0  

1 
2 .8  
2 .8  

I 
1 

2 .8  

2 .8  
2.8 
2 . 3  
2 .3  

1 
1 

2 .3  

1 . 4  
1.4 

v 
1 .4  
3.7 
3 . 7  
3.7 

I r r a d  . 
kmp . 
("0 

Irrad. 
Strain, 

In (9-/to) 
(10-2) 

-0.36 
-0.40 
-0.42 
-0.41 
-0.32 
-0.40 
-0.30 
-0.16 
-0.26 
-0.35 
-0.37 
-0.43 
-0.12 
-0.39 
-0.37 
-0.37 
-0.35 
-0.25 
-0.12 
-0.08 
-0.02 
-0.24 
-0.22 
-0.19 
-0.12 
-0.23 
-0.02 
-0.14 
-0.08 
-0.06 
-0.12 
-0.07 
-0.04 
-0.06 
-0.04 
-0.09 
-0.05 
-0.06 
-0.06 
-0.38 
-0.39 
-0.41 
-0.41 
-0.38 
-0.60 
-0.44 
-0.46 
-0.46 

Dimen. 
Change, 
AL/L 
(a 
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Record 
No. 

6632 
6636 
6640 
6644 
6648 
6652 
6656 
6705 
6706 
6721 
6722 
6723 
6724 
6725 
6726 
6727 
6728 
6729 

. 6730 
6764 
6765 
6766 
6770 
6771 
6772 
7162 
7163 
7164 
7165 
7166 
7167 
7168 
7169 
7218 
7222 
7226 
7230 
7234 
7305 
7306 
7531 
7535 
7539 
7543 

Previous 
Record 

No. 

5149 
5153 
5157 
5161 
5165 
5169 
51 73 
5259 
5260 

5357 
5358 
5362 
5363 
5369 
5370 

5809 
581 3 
581 7 
5821 
5825 
5858 
5859 
621 1 
6215 
6219 
6223 

TABLE 5-19 (continued) 

2.6 740 2.2 765 4 . 8  750 
L / 

2.6 630 2.2 680 4 .8  655 
2.6 630 2.2 680 4 . 8  655 

2.2 680 

3.0 950 2 . 7  990 5 . 1  970 

2.7 9 60 
t 

2.8 995 2.5 1000 5 . 3  995 
:.E 980 Zi5 980 5 . 3  985 , 

2.8 950 2.5 920 5 . 3  935 
2 .8  950 2.5 920 5 . 3  935 
1.4 650 1 .15  645 2.55 650 
1.4 645 1 .15  635 2.55 6 40 

Irrad. 
Strain, 

In ( a / $ )  
(1 0-21 

-0.44 
-0.44 
-0.44 
-0.44 
-0.40 
-0.44 
-0.46 
-0.58 
-0.58 
-0.15 
-0.17 
-0.15 
-0.15 
-0.16 
-0.18 
-0.17 
-0.17 
-0.15 
-0.17, 
-0.68 
-0.62 
-0.68 
-0.81 
-0.93 
-0.67 
-0.58 
-0.48 
-0.59 
-0.51 

-0.47 
-0.58 
-0.43 
-0.52 
-0.64 
-0.72 
-0.69 
-0.57 
-0.72 
-0.71 
-0.09 
-1.38 
-0.15 
-0.08 

- 0 . 6 0  

Dimen. 
Change, 
aa/ a 

( X )  
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Record 
No. 

IH-451 

6749 
6750 
6751 
6752 

' 6753 
6754 
7111 
7112 
7113 
71 14 
7115 
7116 
7117 
7118 

H-45 1 C 

7195 
7196 
7197 
7198 
7199 
7200 
7201 
7202 
7203 
7204 
7205 
7206 

TABLE 5-20 
DIMENSIONAL CHANGE DATA, TREATED H-451 GRAF'HITES, AXIAL DIRECTION, AFTER IRRADIATION IN CAPSULE OG-2 

Previous 
Record 
No. 

6462 
6467 
6468 
6463 
6469 
6464 
6465 
6470 

5768 
5769 
5770 
6480 
6481 
6482 
6483 
6484 

6486 
6487 
6488 

6485 

Previous I 

7 
3.0 960 

Fluence 
This Irrad. 
( I 021 n /  cm2 ) 

(E>0.18 MeV)HTGR 

2.7 

- 
lemp . 
This  
Lrrad. 
("0 - 

1065 

2.7 I 990 

5 .7  1010 

:.O 995 2.7 960 5 .7  980, 

Irrad. 
Strain, 
In @/Lo) 

(10-2) 

-0.58 
-0.74 
-0.90 
-0.71 
-0.74 
-0.95 
-1.77 
-2 e 42 
-1.76 
-2.25 
-2.28 
-1.76 
-1.98 
-2.35 

-2.31 
-2.20 
-2.01 
-1.72 
-2.40 
-1.50 
-2.59 
-1.76 
-2.33 
-1.53 
-2.44 
-1.69 
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1 

7- ~~ Grade 2020 

Record 
No. 

Previous 
Fluence 

(1021 n/cm2) 
(E>0.18 MeV)HTGR 

6548 
6549 
6552 
6553 
6556 
655 7 
6675 
6677 
66 79 
6681 
6683 

. 6685 
668 7 
6689 
685 1 
6853 
6857 
6859 
6863 
6865 
6869 
6871 
68 75 
6877 
6881 
6883 
6887 
6889 
689 1 
6893 
6895 
689 7 
6951 
6953 
6955 
6957 
7207 
7209 
721 1 
7213 
7373 
7375 
7377 
7379 
7381 
7383 

Fluence c Temp. Irrad. 
previous This  Irrad. This  Total Fluence Irrad. Strain, 
Temp. (10" n/cm2) Irrad. (1021 n/cm2) Temp. In (9.4!Z0) 
("C) (E'0.18 Mev)HTGR ("c) (E'0.18 Mev)HTGR ('c) (10- ) 

Previous 
Record 

No. 

I 

5070 
5072 
5074 
5076 
5078 
5080 
521 7 
5219 
5221 
5223 
5225 
5227 
5229 
5231 
5386 
5388 
5392 
5394 
5398 
5400 
5404 
5406 
5410 
5412 
5416 
5418 

I 
5525 
5527 
5529 
5531 

5976 
5978 
5980 
5982 
5984 
5986 

TABLE 5-21 
DIMENSIONAL CHANGE DATA FOR B4C-GRAPHITE, 2020, AND 565161 GRAPHITES, 

AXIAL DIRECTION, AFTER IRRADIATION IN CAPSULE OG-2 

3.0 9 30 2.7 920 5.7 925 
t 

2.7 920 

3.3 1085 2.95 1175 6.25 1125 

-0.59 
-0.63 
-0.58 
-0.67 
-0.57 
-0.62 
-0.56 
-0.47 
-0.48 
-0.50 
-0.66 
-0.38 
-0.50 
-0.52 
#.53 
#.80 
t0.50 
#.66 
#.43 
M.52 
M.55 
M.63 
#.46 
M.56 
#.41 
M.47 
-0.18 
-0.17 
-0.10 
-0.16 
-0.12 
-0.14 
#.41 
#.50 
M.57 
#.71 
-0.22 
-0.25 
-0.18 
-0.22 
M.29 
H.23 
M.31 
# . 2 3  
#.28 
#.18 

Dimen. 
Change, 

A!L/n. 
(a 
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Record 
No. 

P r e v i o u s  F luence  Temp. 
F l u e n c e  P r e v i o u s  T h i s  I r r a d .  Th i s  T o t a l  F luence  

(1021 n/cm2) Temp. . (IO2' n/cm2) I r r a d .  ( lo2 '  n/cm2) 
(E>0.18 MeV)HTGR ("C) ( D 0 . 1 8  MeV)HTGR ("C) (E'O.18 MeV)HTGR 

7472 
7474 
7476 
7478 
7480 
7482 
7484 
7486 
7576 
7578 
7580 
7582 
7584 
7586 

I r r ad .  
Temp. 

("C) 

6855 
686 1 
6867 
6873 
6879 
6885 
7037 
7039 

V 

6915 
6916 
691 7 
6918 
6919 
6920 
6921 
6922 
7295 
7296 
7297 
7298 
7299 
7300 
7301 
7302 

? r e v i o u s  
Record 

No. 

6124 
6126 
6128 
6130 
6132 
6134 
6136 
6138 
6278 
6280 
6282 
6284 
6286 
6288 

5390 
5396 
5402 
5408 
5414 
5420 
5645 
5647 

6438 
6439 
6440 
6 4 4  1 
6442 
6443 
6444 
6445 
6446 
6447 
6448 
6449 
6450 
6451 
6452 
6453 

:*9 795 1.7 , 795 3.6 795, 

:.4 620 1.15 'r 610 2.55 615, 

Grade 565161 

,'.O 930 2 . 7  I 920 5 .7  92: 

3.2 1355 2 .9  1355 6.1 1355 
3.2 1355 2 . 9  1355 6.1 1355 

B ,  C-Graphite 

I r r a d .  
S t r a i n ,  

Ln (k /ko)  
(10-2) 

-0.03 
-0.13 
-0.05 
-0.14 
-0.07 
-0.19 
-0.10 
-0.19 
-0.56 
-0.48 
-0b52 
-0.34 
-0.54 
-0.49 

+1.86 
+2 .oo 
+1.64 
+1 .56 
+2.11 
+1.95 
+0.51 
t0.65 

-3.16 
-3.34 
-3.34 
-3.31 
-3.06 
-3.33 
-3.42 
-3.39 
-2.81 
-2.85 
-2.76 
-2.70 
-2.90 
-2.87 
-2 .77  
-2.16 

Dimen. 
Change, 

8111 k 
(73 
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I TABLE 5-22 
DIMENSIONAL CHANGE DATA FOR 2020 AND 565161 GRAPHITES, 
RADIAL DIRECTION, AFTER IRRADIATION IN CAPSULE OG-2 

Previous 
Fluence 

n/cm2) 
(E>0.18 MeV)HTGR 

Record 
No. 

Fluence Temp. 
 hi^ Total Fluence Irrad. previous This Irrad. 

Temp. (10" ./cui2) Irrad. (10" n/cm2) Temp. 
("C) (E>O.18 MeV)HTGR ( " c )  (E'0.18 MeV)HTGR ("C) 

6550 
6551 
6554 
6555 
6558 
6559 
6676 
6678 
6680 
6682 
6684 
6686 
6688 
6690 
6852 
6854 
6858 
6860 
6864 
6866 
6870 
6872 
6876 
6878 
6882 
6884 
6888 
6890 
6892 
6894 
6896 
6952 
6954 
6956 
6958 
7208 
7210 
7212 
7214 
7374 
7376 
7378 
7380 
7382 
7384 

v 

Previous 
Record 

No. 

5071 
5073 
5075 
5077 
5079 
5081 
5218 
5220 
5222 
5224 
5226 
5228 
5230 
5232 
5387 
5389 
5393 
5395 
5399 
5401 
5405 
5407 
541 1 
5413 
541 7 
5419 

5526 
5528 
5530 
5532 

5977 
5979 
5981 
5983 
5985 
5987 

Grade 2020 

1 1  
:.3 1085 2.95 1175 6.25 1125, 

2 . 7  960 

1 1  
2 . 3  8 70 2.15 885 4.45 875 

1 

~~ 

-0.77 
-0.99 
-0.77 
-0.88 
-0.72 
-0.89 
-0.82 
-0.82 
-0.81 
-0.78 
-1.20 
-0.42 
-1.22 
-0.62 
-0.84 
-0.92 
-0.94 
-0.91 
-0.78 
-0.93 
-1.34 
-0.68 
-1.01 
-0.82 
-1.22 
-0.89 
-0.46 
-0.47 
-0.52 
-0.48 
-0.67 
-1.18 
-1.16 
-1.14 
-1.20 
-0.65 . 
-0.57 
-0.62 
-0.60 
-0.68 
-0.58 
-0.54 
-0.64 
-0.67 
-0.64 

limen. 
:hange, 
Ak/k 

(%) 

-1.18 

-1.20 

-1.32 

-1 .oo 

-1.20 

- 1 . 1 7  
-1.15 
-1.12 
-1.18 
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TABLE 5-22 ( c o n t i n u e d )  

P r e v i o u s  
F l u e n c e  

(10" n/Cm2) 
(E>0.18 MeV)HTGR 

, 

Fluence  Temp. This  T o t a l  F l u e n c e  I r r a d .  Previous T h i s  I r r a d .  
Temp. ( loz1  n/cm2) 1rr-d. (10" n/Cm2) Temp. 

("c) ( E > O . l 8  MeV)HTGR ( " C )  MeV)HTGR ( " C )  
Record 

No. 

7473 
7475 
7477 
1479 
7481 
7483 
7485 
7487 
7577 
7579 
7581 
7583 
7585 
7581 

6856 
6862 
6868 
6874 
6880 
6886 
7038 
7040 

P r e v i o u s  
Record 

No. 

6125 
6127 
6129 
6131 
61 3 3  
6135 
6137 
61 39 
6279 
6281 
6283 
6285 
6287 
6289 

5391 
5397 
5403 
5409 
5415 
5421 
5646 
5648 

t 
Grade 565161 

' 3.0 930 2.7 920 5 . 7  925 
L J v 

3.2 1355 2.9 1355 6 .1  1355 
3.2 1355 2 . 9  1355 6.1 1355 

~ 

I r r a d .  
S t r a i n ,  

I n  (air?,) 
(10-2) 

-0.52 
-0.49 
-0.50 
-0 .43  
-0.58 
-0.46 
-0.50 
-0.39 
-0.87 
-0.47 
-0.62 
-0.47 
-0.65 
-0.82 

+1.01 
M . 7 9  
+1.28 
+1.23 
M . 9 2  
+0.86 
-0.42 
-0.26 

Dimen. 
Change, 

A L / L  
(%) 
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TABLE 5-23 
DIMENSIONAL CHANGES IN CARBON INSULATING MATERIALS IRRADIATED IN CAPSULES OG-1 AND OG-2 

Material 

FPA-20 
carbon foam 

Gra f o il wl 
I 

w 
0 

Palarite C 

Specimen 
No. 

I 

I1 

I 

(1 0 specimens) 

I 
I1 

Crucible 

Irradiation 
Temperature 

("C) 

900 

900 

900-990 

1350 
1350 

900 
900 
900 

900-990 
900-990 

Fast 
Neutron 
Fluence 

2.8 

2.8 

5.3 

3.2 
6.1 

2.8 
2.8 
2.8 

5.3 
5.3 

Direction of 
Measurement 

Axial 
Radial 
Axial 
Radial 
Axial 
Radial 

In-plane 
In-plane 

Parallel to layers 
Parallel to layers 
Perpendicular t o  
layers 
Parallel to layers 
Perpendicular t o  
layers 

Dimensional 
Change 

(2) 

-6 
-8 
-9 
-1 1 
-7 
-1 1 

0 to -5 
+3 to -6 

-1 1 
-1 1 
+15 

-1 4 
+20 



6.  EXPERIMENTAL RESULTS - T H E W  PROPERTIES 

6.1 . THERMAL EXPANSIVITY 

Thermal e x p a n s i v i t y  measurements were made on 98 specimens of i r r a d i -  

a t e d  g r a p h i t e  measuring e i t h e r  0.2 i n .  i n  d iameter  by 0.45 i n .  long  o r  0.25 

i n .  i n  d iameter  by 0.9 i n .  long .  Measurements were made i n  a s i l i c a  

d i l a t o m e t e r  between room tempera ture  and 100°C less than  t h e  i r r a d i a t i o n  

tempera ture  (maximum 1000°C). The g r a p h i t e s  t e s t e d  were n e a r - i s o t r o p i c  

grades  H-451, H-429 ( s u b s i z e  p r o t o t y p e  of H-451), and TS-1240 and need le  

coke grade  H-327. The H-451, H-429, and H-327 g r a p h i t e  specimens had been 

i r r a d i a t e d  i n  p rev ious  c a p s u l e s ,  and lower-fluence thermal e x p a n s i v i t y  

d a t a  are g iven  i n  Ref. 4 .  

The thermal  e x p a n s i v i t i e s  between room tempera ture  and 500°C are 

l i s t e d  i n  Tables  6-1 through 6-3, t o g e t h e r  w i t h  mean va lues  f o r  u n i r r a d i a t e d  

material. The f r a c t i o n a l  changes i n  thermal e x p a n s i v i t y  are p l o t t e d  as 

f u n c t i o n s  of f l u e n c e  f o r  t h e  n e a r - i s o t r o p i c  g r a p h i t e s  i n  F ig .  6-1 and f o r  

H-327 (need le  coke) g r a p h i t e  i n  F ig .  6-2. F igu res  6-1 and 6-2 a l s o  i n c l u d e  

data obtained during postirradiation tests on specimens from capsule OG-1 

(Ref. 4 ) .  The n e a r - i s o t r o p i c  g r a p h i t e s  (F ig .  6-1) show a small increase 
i n  thermal  e x p a n s i v i t y  ( g e n e r a l l y  less  than  10%) i n  both  t h e  a x i a l  and 

r a d i a l  d i r e c t i o n s  when i r r a d i a t e d  a t  590" t o  680°C and no s i g n i f i c a n t  

changes when i r r a d i a t e d  a t  765" t o  925OC. 

t u r e s ,  t h e r e  is  a pronounced dec rease  i n  thermal  e x p a n s i v i t y ,  w i t h  t h e  

v a l u e s  f a l l i n g  30% a f t e r  i r r a d i a t i o n  t o  about  7 x 10 n/cm2 above 1100°C. 

These i r r a d i a t i o n - i n d u c e d  changes are similar i n  n a t u r e  t o ,  b u t  smaller i n  
magnitude than, t h o s e  r e p o r t e d  f o r  Gilsocarbon-based i s o t r o p i c  n u c l e a r  

g r a p h i t e s .  H-327 g r a p h i t e  showed a small d e c r e a s e  i n  thermal  e x p a n s i v i t y  

on i r r a d i a t i o n ,  w i t h  some i n d i c a t i o n  of recovery  a t  h igh  f l u e n c e s  f o r  t h e  

h i g h e s t  i r r a d i a t i o n  tempera tures  (Fig.  6-2). 

A t  h i g h e r  i r r a d i a t i o n  tempera- 

21 
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TABLE 6-1 
THERMAL EXPANSIVITY OF H-429 AND H-451 GRAPHITE SPECIMENS IRRADIATED I N  CAPSULE OG-2 

G r a p h i t e  
Grade 

H-45 1 

H-451 

H-451 

H-429 

H-429 

H-45 1 

H-45 1 

H-429 

H-45 1 

H-429 

H-451 

H-429 

) e c  imen 
No. 

,305.  
,306 .  
.307.  
.430.  
.431. 
.432.  

.616.  

.617. 

.618. 

.716. 

.717.  

.718. 

.371.  

.372.  

.373. 

.496.  

.497.  

.498.  

389 
390 
39 1 

424 
425 
426 

.602.  

.603.  

.604. 

.702.  

.703.  

.704.  

.582.  

.583.  

.584.  

.683.  

.684. 

408 
409 
438 
439 

.331.  

.332. 

.333.  

.456. 

.457.  

.458. 

.141 

.142 

.143  

.161 

.162 

.163 

(Mean) 
(Mean) 
(Mean) 
(Mean) 

(Mean) 
(Mean) 

.6a2.  

L o g  
i c a t i o n  

n c  

n c  
n c  

MLC 
MLC 

MLC 

MLE 
MLE 
MLE 
MLE 
MLE 
MLE 

n c  
MLC 
MLC 
MLC 
MLC 
n c  
-- 
-- 
-- 
-- 
-- 
-- 

MLE 
MLE 
MLE 
MLE 
MLE 
MLE 

MLE 
MLE 
MLE 
MLE 
MLE 
MLE 

-- 
-- 
-- 
-- 

n c  
MLC 
MLC 
MLC 
MLC 
MLC 

-- 
-- 
-- 
-- 
-- 
-- 
MLC 
MLE 
MLC 
MLE 

-- 
-- 

- 

- ien-  
i t i o n  - 
cia1 
Kial 
Kial  
a d i a l  
a d i a l  
a d i a l  

x i a l  
x i a l  
x i a l  
a d i a l  
a d i a l  
a d i a l  

x i a l  
x i a l  
x i a l  
a d i a l  
a d i a l  
a d i a l  

x i a l  
xial 
x i a l  

a d i a l  
Ladial 
Ladial 

i x i a l  
M i a 1  
Lxial 
L d i a l  
L d i a l  
L d i a l  

lxial 
l x i a l  
L i a l  
Zadial  
t a d i a l  
Radial  

4 x i a l  
k i a l  
Radial  
Radial  

Ax ia l  
Ax ia l  
Ax ia l  
Radial  
Radial  
Radial 

A x i a l  
A x i a l  
A x i a l  
Radia: 
Radia. 
Radia. 

A x i a l  
A x i a l  
Radia  
Radia  

Axial 
Radia  

w c i b l e  
No.  

i 
i 
i 

I 
1 

I 
i 

I 
i 

4 

i 

-- 

I 
-- 
-- 

- 

o l e  
No. - 
4 
4 
5 
4 
4 
5 

3 
3 
4 
3 
3 
4 

1 
1 
2 
1 
1 
2 

8 
8 
8 

20 
20 
20 

7 
7 
8 
7 
7 
8 

1 
2 
2 
1 
2 
2 

9 
9 
9 
9 

1 
1 
7 
1 
1 
7 

2 
2 
3 
2 
2 
3 

-. 
-. 
-. 
-. 

- 
- 
- 

6-2 

Mean 
r a d i a t i o n  
mpera tu re  
("0 

640-680 

4 
I 
I 

I 
I 

I 
1 

820-850 

920-940 

8901925 
850i890 
980-990 

1155-1255 

1140-1235 

I 
1380-1 395 

1380-1425 

-- 

I 
-- 
I 

:oef f i c i e n t  
of Thermal 
lxpans i v i  t 7 x 106 OC- 
!2" - 5 0 0 O C )  

3.84 
3.87 
4.00 
4.87 
5.21 
4.94 

3.83 
4.06 
3.95 
4.85 
4 .93  
4.92 

3.08 
3.24 
3.35 
4 . 4 3  
3.55 
4.78 

4.01 
4.10 
4.20 

5.22 
5.21 
4.75 

3.33 
2.96 
2.99 
3.99 
3 .88  
4.04 

2.75 
2 .93  
2.46 
3 .30  
3.64 
3.62 

2.94 
3.18 
3.68 
3.45 

2.17 
2.64 
2.64 
2 .80  
3.32 
3.22 

3.33 
2.90 
2.67 
4.38 
3.43 
2.70 

3.78 
3.86 
4.68 
4.81 

4 .25  
5.00 

n 



L 

TABLE 6-2 
THERMAL EXPANSIVITY OF TS-1240 GRAPHITE S P E C I M E N S  IRRADIATED I N  CAPSULE OG-2 

Specimen 
No. 

T40105 
T40107 
T40 109 
T40149 
T40151 
T40153 

T40069 
T40071 
T40073 
T40 1 29 

~ T40131 
T40133 

T40053 
T40055 
T4005 7 
T40121 
T40 1 23 
T40125 

T40017 
T40019 
T4002 1 
T40157 
T40159 
T40161 

(Mean) 
(Mean) 

Log 
Lqcat  i o n  

MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

MLC 
MLC 

Orien- 
t a t i o n  

~ 

Axial 
Ax ia l  
Axial 
Radia l  
Rad ia l  
Rad ia l  

Axia l  
Axial 
Ax ia l  
R a d i a l  
Rad ia l  
Rad ia l  

Axial 
Axial 
Ax ia l  
Rad ia l  
Rad ia l  
Rad ia l  

Axial 
Axial 
Ax ia l  
Rad ia l  
Rad ia l  
Rad ia l  

Ax ia l  
Rad ia l  

Cruciblc 
No. 

- 

Iole  
N o .  

10 
10 
1 1  
32 
32 
33 

28 
28 
29 
12 
12 
13  

25 
25 
26 
29 
29 
30 

28 
28 
29 
10 
10 
11 

-- 
-- 
- 

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

("C) 

620 

I. 
I 

I 
I 

590 

765 0 

805 

9 20 

1 
1105 

I 
1 

1200 

-- 
-- 

1.2 I 
1 
.I 
I 

1.7 

2.5 

2.9 

0 
0 

C o e f f i c i e n t  
o f  Thermal 

Expans iv i ty  
x 106 OC-1 

(22" - 500'C) 

4.18 
4.26 
5.25 
4.89 
4.86 
4.66 

4.14 
4.53 
4.30 
4.66 
4.47 
4.86 

4.69 
4.06 
3.90 
4.67 
4.73 
4.55 

3.98 
4.40 
4.49 
4.15 
4.67 
4.12 

4.26 
4.84 
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TABLE 6-3 
THERMAL EXPANSIVITY OF H-327 GRAPHITE SPECIMENS IRRADIATED IN CAPSULE 0 6 2  

Specimen 
No. 

.203. 

.204. 

.205. 

.253. 

.254. 

.255. 

140 
141 
138 
139 

.225. 
.28. 

.275. 

.127. 

.128. 

T-263 
T-264 
T-265 

216 
21 7 
214 
215 

(Mean) 
(Mean) 

MLE 
MLE 
M E  
MLE 
%E 
MLE 

M C  
MLE 
MLC 
MLE 

MLE 
MLC 
MLE 
MLC 
MLC 

MLC 
MLC 
MLC 
MLC 
M-LE 
MLC 
MLE 

-- 
-- 

Orien- 
tation 

Axial 
Axial 
Axial 
Radial 
R a d i a l  
Radial 

Axial 
Axial 
Radial 
Radial 

Axial 
Axial 
Radial 
Radial 
Radial 

Axial 
Axial 
Axial 
Axial 
Axial 
Radial 
Radial 

Axial 
Radial 

Crucible 
No. 

Hole 
No. - 
21 
21 
22 
21 
21 
22 

6 
6 
6 
6 

5 
21 
5 

21 
21 

21 
21 
22 

3 
3 
3 
3 

-- 
-- 
- 

Mean 
Irradiation 
Temperature 

("C) 

560-6 15 I 
890-1225 

1 
980-990 
920-945 
980-990 
920-945 
920-945 

1040-1105 

4 
11 15-1500 

I 
-- 
-- 

3.7 

i 8r 
1 

5.3  

6 . 3  

I 
12.0 

1 
0 
0 

Coefficient 
of Thermal 
Expansivit T x 106 OC- 

(22" - 500°C) 

1.58 
1.34 
4 .58 
3.94 
3 . 4 9  
3.63 

2.28 
1.60 
3.36 
3.87 

1.70 
1.55 
2.98 
3.53 
3.50 

1.21 
1.27 
1.20 
2.29 
2.06 
3.62 
4.33 

1.96 
3.70 
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FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD)  

0 1 2 3 4 5 6 7 ' 8  9 

I I I I I I I I 

I I I I 1 7- --1 A I 
0 H-451, A X I A L  
O H-451, R A D I A L  

+10 +201 0 

H-429, A X I A L  
0 H-429, RADIAL 
A TS-1240, A X I A L  
ATS-1240,  RADIAL 

A I 
-10 t T ~ R R  = 59Oo-68O0C 

L I I 1 1 I I I - .. 
g - - - 
," +20 
0 0 LD 

I I I I I I I I 

0 N 

N 

c 

a 

+10 
> 
m 
2 

Lz 
X 
W 

- 

- l o  
a 
2 
a 
W 
I 
I- 

z -10 

a 

w 
0 
z 
- 

T ~ R R  = 765O-925"C 

I 1 1 I I 

0 
8 
0 

I I I I O  1 
7 

0 

0 1 2 3 4 5 6 

FAST NEUTRON FLUENCE X (N/CM2) (E > 0.18 Ml?V)HTGR 

Fig.  6 - l ( a ) .  Pe rcen t  change in thermal expans iv i ty  (22°-5000C) f o r  H-451 
and TS-1240 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  
neut ron  f l u e n c e  a t  i r r a d i a t i o n  temperatures  of 590" t o  106OOC 
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FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD) 

2 4 6 8 10 12 14 0 
1 1 1 1 I 1 I 

e H-451, AXIAL 
0 H-451, RADIAL 

H-429, AXIAL 

A 
A 

0 H-429, RADIAL 
A TS-1240, AXIAL 
A TS-1240, RADIAL 

- 

- 

e 
- TIRR = 1105°-12750C 

0 

-10 

-20 

- 
S -30 - - 
V 
0 
0 
0 Lo 

0 5 -40 

t 
2 

,Q -50 

> 

v) z 

X 
UJ 

I I I I I 

37O0-15OO0C 

0 

-50 L I I 1 I I 
0 2 4 6 8 10 12 

FAST NEUTRON FLUENCE X (N/CM2) (E  > 0.18 MeV)HTGR 

Fig .  6 - l (b ) .  Pe rcen t  change i n  thermal  expans iv i ty  (22"-500°C) f o r  H-451 
and TS-1240 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  
neut ron  f l u e n c e  a t  i r r a d i a t i o n  temperatures  of 1105" t o  1500°C 
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FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD) 

0 2 4 6 8 10 12 
I 1 I I I I 1 1 I I 1 I I 

I I I 1 I 1 1 I I 1 I 1 -  
0 

- T ~ R R  - 84Oo-99O0C 

+ lot  

-40 

0 

0 

- e 

0 H-327, AXIAL 
O H-327. RADIAL 

0 

I I I 1 I I I 1 I -40 

2 
a 

-20 
w 
I 
F 
5 -30 

l - = k  0 
0 

0 

W 

-40 z 
2 1 I I I 1 I I I I 
0 

I I I I I I I I I 1 I I + t o  I 

Fig.  6-2. Percent  change i n  thermal e x p a n s i v i t y  (22°-5000C) f o r  H-327 
needle-coke g r a p h i t e  as a f u n c t i o n  of f a s t  neut ron  f l u e n c e  
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6.2. THERMAL CONDUCTIVITY 

J 

Thermal d i f f u s i v i t y  measurements were made on 87  d i s k s  (0.45 i n .  i n  

d iameter  by 0.05 i n .  t h i c k )  of g r a p h i t e  i r r a d i a t e d  i n  t h r e e  c r u c i b l e s  i n  

t h e  06-2 capsu le .  The g r a p h i t e  grades  were n e a r - i s o t r o p i c  H-451 and 

TS-1240 and need le  coke H-327; both  a x i a l  and r a d i a l  specimens were t e s t e d .  

The H-451 and H-327 specimens had been i r r a d i a t e d  p rev ious ly  i n  t h e  OG-1 

capsu le ,  and lower-fluence d a t a  are r e p o r t e d  i n  Ref. 4 .  
s i v i t y  measurements were made by t h e  hea t -pulse  method (ASTM Method of  

T e s t  C-741), and thermal c o n d u c t i v i t y  v a l u e s  were c a l c u l a t e d  by mul t ip ly ing  

t h e  thermal d i f f u s i v i t y  by t h e  d e n s i t y  of t h e  i r r a d i a t e d  specimen and 

v a l u e s  f o r  t h e  h e a t  c a p a c i t y  taken from t h e  l i t e r a tu re .  Readings were 

taken  a t  100°C i n t e r v a l s  between room tempera ture  and 100°C below t h e  

i r r a d i a t i o n  tempera ture  (maximum 800°C). 

Thermal d i f f u -  

The measured v a l u e s  are g iven  i n  Tables  6-4 through 6-6, t o g e t h e r  

w i t h  e x t r a p o l a t e d  v a l u e s  a t  t h e  i r r a d i a t i o n  tempera ture .  The thermal 

c o n d u c t i v i t y  a t  t h e  i r r a d i a t i o n  tempera ture  i s  p l o t t e d  as a f u n c t i o n  of  

fast  f l u e n c e  i n  F ig .  6-3 f o r  H-327 (need le  coke) g r a p h i t e .  F igu res  6-3 

and 6-4 a l s o  i n c l u d e  d a t a  from p rev ious  c a p s u l e s  GEH-13-422 and OG-I 

(Ref. 4). I r r a d i a t i o n  reduces  t h e  thermal  c o n d u c t i v i t y  t o  a s a t u r a t i o n  

l e v e l  which i n c r e a s e s  w i t h  i n c r e a s i n g  i r r a d i a t i o n  tempera ture .  For f l u e n c e s  

above about  7 x lo2' n/cm2 a t  1225" t o  135OoC, H-327 g r a p h i t e  undergoes a 

second d e c l i n e  i n  thermal c o n d u c t i v i t y  as t h e  d e n s i t y  of t h e  material i s  

reduced. The e f f e c t  of g r a i n  o r i e n t a t i o n  on t h e  c o n d u c t i v i t y  of  t h e  

o r i e n t e d  need le  coke H-327 i s  e v i d e n t  i n  F ig .  6-4. 

d i f f e r e n c e  between t h e  thermal c o n d u c t i v i t i e s  of i r r a d i a t e d  H-451 g r a p h i t e  

and i r r a d i a t e d  TS-1240 g r a p h i t e .  

There is  no s i g n i f i c a n t  

For des ign  purposes ,  i t  i s  convenient  t o  expres s  t h e  thermal  conduc- 

t i v i t y  of  i r r a d i a t e d  g r a p h i t e ,  Ki, as a n  approach t o  s a t u r a t i o n  (Ref. 7) : 

9 
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. 

? 

c 

Specimen 
N o .  

~~ 

20 1 
202 
20 3 
204 
221 
222 
223 
2 24 
225 
226 
227 
228 

205 
206 
207 
208 
231 
2 32 
233 
2 34 
2 35 
2 36 
237 
2 38 

m 
I 
W 

Orien- 
t a t i o n  

Axia l  
A x i a l  
Axia l  
Axia l  
R a d i a l  
R a d i a l  
Radia l  
Radia l  

. R a d i a l  
Radia l  
Radia l  
R a d i a l  

Axial 
Axia l  
Axial 
Axia l  
Radia l  
R a d i a l  
Radia l  
Radia l  
Radia l  
Radia l  
Radia l  
Radia l  

TABLE 6-4 
THERMAL CONDUCTIVITY OF H-451 GRAPHITE SPECIMENS IRRADIATED I N  CAPSULE OG-2 

( A l l  Specimens a t  Midlength-Center Locat ion)  

h-uc ib le  
No. 

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

("C) 

3.7 

5 I 

22OC 

0.069 
0.072 
0.073 
0.074 
0.067 
0.055 
0.068 
0.068 
0.060 
0.067 
0.065 
0.081 

0.069 
0.104 
0.109 
0.113 
0.076 
0.077 
0.069 
0.100 
0.087 
0.091 
0.080 
0.073 

Thermal Conduct ivi ty  (cal/cm-sec-'C) 

20OOC 

0.077 
0.080 
0.095 
0.089 -- 
-- 
-- 
-- 
0.101 
0.074 
0.081 
0.071 

0.085 
0.132 
0.132 
0.137 
-- 
-- 
-- 
-- 

o .ow 
0.1oc 
0.09E 
0.081 

6 O O 0 C  

0.064 
0.079 
0.095 
0.086 
-- 
-- 
-- 
-- 
0.083 
0.076 
0.082 
0.067 

0 .OB3 
0.127 
0.129 
0.122 -- 
-- 
-- 
-- 
0.085 
0.086 
0.085 
0.078 

6OO0C 800°C 

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

(Ext rapola t ion)  

0.064 
0.077 
0.088 
0.082 
-- 
-- 
-- 
-- 
0.080 
0.067 
0.073 
0.062 

0.085 
0.100 
0.100 
0.095 
-- 
-- 
-- 
-- 
0.076 
0.071 
0.071 
0.064 



TABLE 6-4 (Continued) 

0.198 
0.204 
0.188 
0.183 
0.140 
0.136 
0,150 
0.135 
0.187 
0.170 
0.173 
0.166 

0.347 
0.294 

Specimen 
No. 

0.213 
0.183 
0.208 
0.196 -- 
-- 
-- 
-- 

0.177 
0.169 
0.185 
G.183 

0.302 
0.262 

210 
21 1 
21 2 
21 3 
242 
243 
244 
245 
246 
24 7 
248 
249 I 

(Mean of 12) 
(Mean of 12) 

Orien- 
tation 

Axial 
Axial 
Axial 
Axial 
Radial 
Radial 
Radial 
Radial 
Radial 
Radial 
Radial 
Radial 

Axial 
Radial 

I 
Zrucible 

No. 

Mean 
Irradiation 
Temperature 

("C) 

I 
5 I 1350 

-- 
-- -- I -- 

Thermal Conductivity (cal/cm-sec-"C) 

I 

400°C 

0.183 
0.176 
0.183 
0.184 
-- 
-- 
-- 
-- 

0.161 
0.145 
0.170 
0.147 

C.  247 
0.222 

600°C 

0.161 
0.169 
0.158 
0.165 
-- 
-- 
-- 
-- 

0.142 
0.130 
0.145 
0.136 

0.206 
0.185 

800°C 

0.137 
0.149 
0.154 
0.152 
-- 
-- 
-- 
-- 

0.133 
0.128 
0.143 
0.121 

0.174 
0.158 

Irradiation 
Temperature 
(Extrapolated) 

0.095 
0.098 
0.098 
0.098 
-- 
-- 
-- 
-- 

0.090 
0.084 
0.092 
0.082 

-- 
-- 

i . 4 



C'  

v 

Specimen 
N o .  

m 
I 

-A 

74D-63 
74D-64 
74D-65 
74D-66 
74D-93 
74D-94 
74D-95 
74D-96 
74D-9 7 
74D-98 
74D-99 
74D-100 

74D-71 
74D-72 
74D-73 
74D-74 
74D-109 
74D-110 
74D-111 
74D-112 - 
74D-113 
74D-114 
74D-115 
74D-116 

O r  ien- 
t a t i o n  

Axia l  
Axial 
Axial 
Axia l  
Rad ia l  
Rad ia l  
Rad ia l  
Rad ia l  
Rad ia l  
Rad ia l  
Rad ia l  
Radia l  

Axia l  
Axia l  
Axia l  
Ax ia l  
R a d i a l  
Rad ia l  
Radia l  
Rad ia l  
Rad ia l  
Rad ia l  
Radia l  
Rad ia l  

TABLE 6-5 
THERMAL CONDUCTIVITY OF TS-1240 GRAPHITE SPECIMENS IRRADIATED I N  CAPSULE OG-2 

(All  Specimens a t  Midlength-Center Loca t ion)  

Zr uc i b  l e  
No. 

1 . 7  

22OC 

0.077 
0.071 
3.071 
0 .073  
0 .065  
0.068 
0.067 
0 .067  
0.056 
0 .075  
0 .069  
0 .078  

0 .097  
0.116 
0 .115  
0 .107  
0 .091  
0 .088  
0 .088  
0.086 
0 .085  
0 .082  
0 .087  
0.100 

Thermal Conduct iv i ty  (cal/cm-sec-"C) 

200'c 

0 .092  
0.097 
0.100 
0 .093  -- 
-- 
-- 
-- 

0.084 
0.084 
0.092 
0 .088  

0 .108  
0 .125  
0 .123  
0 .117  -- 
-- 
-- 
-- 

0.094 
0 . 0 8 8  
0.102 
0.101 

ioooc 

3.087 
3.087 
3.094 
3.091 
-- 
-- 
-- 
-- 

0.084 
0 .083  
0 .082  
0.084 

0.104 
0 .120  
0.114 
0.110 -- 
-- 
-- 
-- 

0.085 
0 .079  
0 ,100  
0 .090  

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

(Ext rapola ted)  

0.077 
0 .079  
0 .085  
0 .085  -- 

L- 

-- 
-- 

0.078 
0 .079  
0 .077  
0.078 

0 -085  
0.094 
0 .098  
0.088 -- 
-- 
-- 
-- 

0.068 
0 .068  
0 .076  

. 0.074 



TABLE 6-5 (Continued) 

rn 
I 
A 

N 

Specimen 
No. 

74D-67 
74D-68 
74D-69 
74D-70 
74D-101 
74D-102 
74D- 103  
74D-104 
74D-105 
74D-106 
74D-107 
74D-108 

(Mean of 8 )  
(Mean of 8 )  

O r  ien-  
t a t i o n  

Axia l  
Axial  
Axial  
Axia l  
Radia l  
Radia l  
Rad ia l  
Radia l  
Radia l  
Radia l  
Radia l  
Radia l  

Axial  
Radial  

2 ruc ib l e  
No. 

Mean 
Crradiat ion 
Cemperature 

("C)  

2 .9  

'I 

0 
0 

Thermal Conductivity (cal/cm-sec-°C) 

22OC 20OOC 

0.178 
0.162 
0.170 
0.154 
0.139 
0.139 
0.146 
0.156 
0.167 
0.148 
0.167 
0.172 

0.162 
0.191 
0.176 
0 .167  
-- 
-- 
-- 
-- 

0.170 
0.162 
0 .173  
0 .147  

400 C 

0 .162  
0.154 
0 .158  
0 . 1 5 3  
-- 
-- 
-- 
-- 

0 .133  
0 .112  
0.142 
0.129 

6000c 

0.144 
0 .138  
0 .138  
0 .138  
-- 
-- 
-- 
-- 

0.111 
0.110 
0.120 
0 .108  

0 .165  
0.167 

8000c 

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

(Extrapolated)  

1 
0.126 
0.127 
0 .127  
0 .118  
-- 
-- 
-- 
-- 

0.112 
0.107 
0 .112  
0 .105  

0 .092  
0.092 
0 .092  
0 .085  
-- 

-- 
-- 

0.082 
0 .078  
0 .083  
0.077 

-- 
0.148 0 - 1 4 5  I -- 
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0 H-451, PERPENDICULAR TO EXTRUSION e H-451, PARALLEL TO EXTRUSION 
A TS-1240, PERPENDICULAR TO EXTRUSION A TS-1240, PARALLEL TO EXTRUSION 

H-328, PERPENDICULAR TO MOLDING 

I I I 1 I I 

0 2  - TI R R = 600°-6350C 

J 

- 5 
LLI 
a 

I I I 1 I z o  

0 2  

0 1  

0 

Fig. 6-3. Observed thermal conductivity of H-451 and TS-1240 near- 
isotropic graphites at irradiation temperature as a function 
of fast neutron fluence 
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0 H-327 GRAPHITE 0 H-327 GRAPHITE 
PERPENDICULAR TO EXTRUSION PARALLEL TO EXTRUSION 

FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD) 

E 

0 1  

I fl 
0.2 1 T ~ R R  = 60Oo-65O0C 

f o  
i = o  2 '  4 6 8 10 

0 1 2 3 4 5  6 7 
0.21, 1 I 1 1 1 I I 

0.1 I\ 
0 2 4 6 8 10 12 

G O  2 4 6 8 10 12 1 4 0  2 4 6 8 10 12 14 

I 
5 0.2 1 I 1 1 I 1 I I 1 1 1 I 1 
W 
I 
I- T ~ R R  = 1225'-135OoC TI R R = 1225°-13500C 

C 

0.1( 

0 -  I I I I I 1 I I 
0 

I I I 
2 4 6 8 10 12 0 2 4 6 8 10 12 0 

FAST NEUTRON FLUENCE X (N/CM2) ( E  > 0.18 MeV)HTGR 

Fig. 6 - 4 .  Observed thermal conductivity of H-327 needle coke graphite at 
irradiation temperature as a function of fast neutron fluence 
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where Ksat(T) is the saturation thermal conductivity for irradiation 
temperature T, K is the unirradiated thermal conductivity, $t is the fast 

neutron fluence, and T(T) is the time constant for irradiation temperature 

T. 
the second decline in conductivity begins. 
empirically in terms of the irradiation temperature, T: 

0 

Equation 6-1 may be assumed to hold until volume expansion starts and 
T(T) and Ksat(T) can be stated 

T(T) = A + BT , (6-2) 

Ksat(T) = exp(C + DT) . (6-3) 

The experimental data for the room-temperature thermal conductivity 

*of irradiated H-451, TS-1240, and H-327 graphites contained in Tables 6-4 
through 6-6 and in Ref. 4 were fitted to E q s .  6-1 through 6-3 by graphical 

and least-squares methods to obtain best-fit values for the parameters A ,  

B y  C, and D. The new values are listed in Table 6-7. These values can be 
used to calculate the room-temperature thermal conductivity (cal/cm-sec-"C) 

in terms of fluence (10 

perature ("C). 
tures is described in Ref. 7. The calculated values for conductivity at 

the irradiation temperature are plotted as functions of fast neutron fluence 

and irradiation temperature in Figs. 6-5 and 6-6 for grades H-451 and 
TS-1240 and grade H-327, respectively. 

and irradiation tem- p/cm ) (E > 0.18 &VIHTGR 21 2 

A model for calculating the conductivity at other tempera- 

n 

6-16 



3 
F 

Grade 

H-451 TS-1240 

TS-1240 
m 
I 

4 
A 

H-327 

H-32 7 

TABLE 6-7 
THERMAL CONDUCTIVITY PARAMETERS FOR IRRADIATED GRAPHITES 

(Eqs. 6-1, 6-2, 6-3)(a) , 

Value O f  Parameter 

Orientation 

Axial 

Radial 

Axial 

Radial 

-0.3059 

-0.3059 

-0.3059 

-0.3059 

B 
n/cm 2 / O C >  

9.58 

9.58 

9.58 

9.58 

C 
(Unitless) 

-3.317 

-3.430 

-3.429 

-4.21 5 

1.207 

1.305 x 

1.821 x lov3 

t 

in cal/cm-sec-oC. 



0.25 
H-451 AND TS-1240, AXIAL 

0.20 

0.15 

0.10 

I I I I I I I 
0.05 

0.20 

0.15 

0.10 

H-451 AND TS-1240, RADIAL 

I I I I 
600 700 800 900 

I I 
1000 1100 1200 0.05 

I 500 

I R RAD I AT1 0 N TEMPE RAT U R E  (O c) 

F i g .  6-5. Calculated thermal conductivity of H-451 and TS-1240 near- 
isotropic graphites at irradiation temperature as a function 
of irradiation temperature 

a 

is 
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0.25 

0.20 

0.15 

0.10 

H-327, AXIAL 

FLUENCE (1021 NICM~) 

10.0 

0.05 1 1 I I I I 1 

0.20 I 

0.15 

0.10 

0.05 

0 I I I I I I 

500 600 700 800 900 1000 1100 1200 

IRRADIATION TEMPERATURE (OC) 

Fig.  6-6. Calcu la ted  thermal  conduc t iv i ty  of H-327 need le  coke g r a p h i t e  
a t  i r r a d i a t i o n  temperature  as a f u n c t i o n  of i r r a d i a t i o n  
temp era t u r  e 
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7. EXPERIMENTAL RESULTS: TENSILE PROPERTIES 

F 

n 

Tensile tests were conducted in air at room temperature on 0.25-in.- 

diameter by 0.9-in.-long cylinders of H-451, TS-1240, and H-327 graphite 
from capsule OG-2. 

the parent log. The specimens of H-451 and some of the H-327 specimens 

had been irradiated previously in capsule OG-1. 
machine with a crosshead speed of 0.005 in./min was used, and strains were 

measured with a 0.5-in. gauge length extensometer. The specimens were 

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 1000 psi, unloaded to 100 psi, and reloaded to 

failure. 

part of the curve. 

All specimens were from the midlength-center region of 

An Instron tensile testing 

Young's modulus was measured from the 100 to 1000 psi reloading 

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

moduli (tensile strength divided by failure strain) are given in Tables 7-1 

through 7-3, together with test data for unirradiated companion specimens. 

The changes in strength and Young's modulus are plotted as functions of 
f a s t  neutron fluence in Figs. 7-1, 7-2, and 7-3 f o r  H-451, TS-1240, and 

H-327 graphites, respectively. Figures 7-1 through 7-3 also include data 
from specimens irradiated in capsule OG-1 (Ref. 4). A summary of tensile 

data from both capsules appears in Table 7-4. 

\ 
The increases in Young's modulus follow the pattern established by 

Dragon project measurements of the dynamic modulus of irradiated graphites 

(Ref. 8). 
decreases with increasing irradiation temperature. 

of a second increase at higher fluences in the data for H-451 graphite 
irradiated at 890" to 9 7 O o C  t o  5 x lo2' n/cm2 (Fig. 7-1). The fractional 

increases in Young's modulus are greater than the increases in dynamic 

During irradiation the modulus rises to a plateau whose level 
There is an indication 

7- 1 



C r u c i b l e  
No. 

I 

- 

Hole  
No. 

f 

24 
24 
25 
25 
26 
26 
27 
27 

10 
10 
22 
22 
2 3  
2 3  
24 
24 

-- 

-- 

! 

TABLE 7-1 
TENSILE PROPERTIES OF H-451 GRAPHITE SPECIMENS IRRADIATED I N  CAPSULE OG-2 

( A l l  Specimens a t  Midlength-Center  L o c a t i o n )  

Or ien-  
t a t i o n  

A: 31 

Axia l  

A x i a l  

R a d i a l  

Specimen 
No. 

T-173 
T-174 
T-175 
T-176 
T-177 
T-178 
T-179 
T-180 

Mean 

S t d  Dev 

T-155 
T-156 
T-157 
T-158 
T-159 
T-160 
T-161 
T-162 

Mean 

S t d  Dev 

T-181 
T-182 
T-183 
T-184 
T-185 
T-186 
T-187 
T-188 
T-190 - 
Mean 

S t d  Dev 

T-2 19 
T-220 
T-221 
T-222 
T-223 
T-224 
T-225 
T-226 
T-227 
T-228 

1 
2 
3 
5 
6 - 

Mean 

S t d  Dev 

U 1  t ima te  
T e n s i l e  
S t r e n g t h  

( p s i )  

2532 
2589 
2326 
1775 
2624 
2861 
2641 
2496 

2481 

2322 

2240 
2822 
3027 
2877 
2857 
3004 
2550 
2835 

- 

2777 

2261 

1446 
1630 
1650 
1589 
1548 
1731 
1243 
1609 
1630 

1564 

2135 

1589 
1751 
1874 
1731 
1650 
2037 
1283 
1609 
1853 
1344 
1446 
1508 
2220 
1609 
1562 

- 

1671 

2242 

S t r a i n  a t  
F a i l u r e  

(%) 

0.110 
0.138 
0.090 
0.097 
0 .121  
0 .123  
0.134 
0.117 

0.116 

20.017 

0 .105  
0.130 
0.136 
0.127 
0.125 
0 .150  
0.122 
0.145 

0.130 

20.014 

0 .130  
0 .230  
0.212 
0.169 
0.152 
0.211 

0.187 

- 

- 

0.182 

0 2  

0.184 

20.029 

0.210 
0.215 
0 .252  
0 . 2 2 3  
0 .210  
0.267 
0.172 
0.181 
0.241 
0.147 
0.227 
0.242 
0.342 
0.219 
0.214 

0.224 

20.043 

- 

Young's 
Modulus 

(106 p s i )  

2.61 
2.35 
2.73 
2.21 
2.58 
2.84 
2.51 
2.50 

2.54 

20.20 

2.50 
2.70 
2.59 
2.74 
2.61 
2 .28  
2.52 
2.43 

2.55 

20.15 

1 .22  
1.02 
1 . 1 5  
1 . 1 7  
1.20 
1 .23  
0.95 
1 .  17  

- 

- 

1.17 

1.14 

20.09 

0 .97  
0 . 9 8  
1.02 
1.02 
0.94 
1.02 
0 .97  
1.12 
1.06 
1.02 
0 .92  
0.91 
1.03 
0.99 
1 .08  

1 .oo 

20. 05 

S e c a n t  
Modulus 

(106 p s i )  

2.30 
1 .88  

1 . 8 3  
2.17 
2.33 
1 .97  
2 . 1 3  

2 .15  

9 . 2 5  

2 . 1 3  
2.17 
2 . 2 3  
2.27 
2.29 
2.00 
2.09 
1 .96  

2.14 

t 0 . 1 2  

1 . 1 1  
0 .71  
0 . 7 8  
0 . 9 4  
1 .02  
0 .82  
0 . 6 8  

2.58 

- 

- 

0.86  
0.89 

0.87  

20.13 

0.76 

0.74 
0.77 
0.79 
0.76 
0.75 
0.89 
0.77 
0.91 
0.64 
0 .62  
0.65 
0 . 7 3  
0 . 7 3  

0.81 

0.75 

20 .08  

\ 
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c 

I 

1.2 

r! 

c 

2246 

1844 

i452  

1204 
1981 
2270 
1964 
2354 
1822 
2 309 
2516 
2385 
1895 

2070 

2385 

2163 
1940 
1816 
1899 
2180 
1181 
2302 
2100 
1979 

- 

- 

1084Ca) - 
1951 

2327 

2330 
1696 

2467 
1918 
2042 
2122 
2023 

2123 

t259 

2485 
1438 
1729 
2798 
2205 
2328 
1235 
1706 
1214 
1855 

1899 

2540 

2 3 8 5  

- 

- 

'TABLE 7-2 
TENSILE PROPERTIES OF TS-1240 GRAPHITE SPECIMENS IRRADIATED I N  CAPSULE OG-2 

( A l l  Specimens a t  Midlength-Center Location) 

0.167 

0.126 

t0.026 

0.089 
0.140 
0.182 
0.127 
0.150 
0.122 
0.144 
0.163 
0.153 
0.143 

0.141 

t0.025 

0.140 
0.113 
0.131 
0.168 
0.166 
0.138 
0,174 
0.144 
0.160 

- 

- 

0.194(a) - 
0.148 

+0.020 

0.162 
0.136 

0.166 
0.138 
0.144 
0.151 
0.172 

0.156 

tO.016 

0.197 
0.114 
0.125 
0.220 
0.144 
0.153 
0.098 
0.154 

0.106 

0.146 

20.041 

0.178 

- 

-- 
- 

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

( " C )  

620 

805 

920 

I 

Fluence x 

(E>0.18 MeV)HTCR 
(n/cm2) 

1.7 

2.5 

I 

2.9 

Orien- 
Lation 

Axia l  

Axia l  

1 

Radia l  

v 

Axia l  

Axia l  

Specimen 

T40105 
T40107 
T40109 
T40111 
T40113 
T40115 
T40117 
T40118 
T40119 
T40120 

Std Dev 

T40069 
T40071 
T40073 
T40075 
T40077 
T40079 
T40081 
T40083 
T40085 
T40087 

Mean 

Std Dev 

T40129 
T40131 
T40133 
T40135 
T40137 
T40139 
T40141 
T40143 
T40145 

- 

~ 4 0 1 4 7 W  - 
Mean 

Std Dev 

T40053 
T40055 
T40057 
T40059 
T40061 
T40063 
T40065 
T40067 

Mean 

Std  Dev 

T40017 
T40019 
T40021 
T40023 
T40025 
T4002 7 
T40029 
T40031 
T40033 
T40035 

Mean 

Std  Dev 

- 

- 

U 1  t ima t e  

( p s i )  

Young's 
Modulus 

(106 p s i )  

2.16 
1.34 
1.22 
1.99 
1.64 
1.93 
2.09 
i .54 
1.70 
1.57 

1.72 

2 0 .  32 

1.56 
1.62 
1.47 
1.78 
2.0s 
1.67 
1 .84 
1 .El 

- 

1.58 1.8s I - 
1.72 

20.17 

1.74 
1.88 
1.56 
1.33 
1.48 
0.99 
1.54 
1.62 
1.38 
0 . 6 6 b )  - 
1.50 

20.26 

1.72 
1.63 
1.55 
1 . 8 3  
1.50 
1.81 
1.74 
1.52 

1.66 

t0 .13  

- 

1.64 
1.56 
1.70 
1.56 
1.92 
1.91 
1.48 
1.40 
1.70 
2.06 

1.69 

- 

i t0.21 

Secant 
Modulus 

(lo6 p s i )  

1.87 
1.23 
1.10 
1.55 
1.42 
1 . 7 1  
1.66 

1.43 
1.34 

-_ 

1.48 

20 .  24 

1.35 
1.42 
1.25 
1.55 
1.57 
1.49 
1.60 
1.54 
1.56 
1.32 

1.47 

20.12 

1.55 
1.72 
1.39 
1 . 1 3  
1.31 
0.86 
1.32 
1.46 
1.24 
0.56ca) 

1.33 

to. 25 

1.44 
1.25 
1 . 3 4  
1 .49  
1.39 
1.42 
1.41 
1.18 

1.37 

20.10 

1.26 
1.26 
1.38 
1.27 
1.53 
1.52 
1.26 
1 . 1 1  

1.75 

1.37 

20.20 

-- 
__ 

(a)Specirnen flawed; excluded from averages .  
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TABLE 7-2 (Continued) - 

Hole 
No. 

~~ 

Mean 
Irradiation 
Temperature 

("C) 

Ultimate 
Tensile 
Strength 

(psi) 

Strain At 
Failure 

( X )  

Young's 
Modulus 

(106 psi) 

Secant 
Modulus 

(106 psi) 
Specimen 

No. 
Crucible 

No. 
Orien- 
tation 

~~ 

1427 
1 7 1 1  
2015 
1896 
1469 
1406 
1796 
1691 
1449 
1672 
1976 
1670 
1438 
1141 
1080 
1283 
1437 
1569 
1507 
1731 

11 

.a1 

3A-6B 
7 B  

12B 
13B 
1 8 B  
19B 
24B 
25B 
2 7B 
28B 

3B-6B 
7B 

12B 
13B 
1 8 B  
19B 
24B 
25B 
27B 
28B 

0.210 
0.270 
0.310 
0.320 
0.200 
0 .285  
0.275 
0.250 
0.245 
0.265 
0 .323  
0 .245  
0.185 
0 .145  
0.240 
0.190 
0.215 
0 . 2 9 5  
0 .275  
0.335 

0.254 

t0 .051  

0 .140  
0 .220  
0 .205  
0.300 
0.245 
0 .130  
0 .210  
0 .250  
0 .350  
0 .175  
0 .330  
0.165 
0 .210  
0.195 
0.252 
0.255 
0.205 
0 .233  
0 .295  
0 .255  

- 

0.90 
0.95 
1 .oo 
0.90 
0.86 
0.69 
0 . 9 5  
1 .oo 
0 .86  
0.90 
1 .oo 
1 .oo 
1 .oo 
0 . 9 5  
0 . 6 0  
0.86 
0 . 8 8  
0.90 
0 . 8 6  
0 . 8 6  

0 . 9 0  

-20.10 

- 

_ _  
0 . 9 5  
1 .oo 
0 .78  
0.72 
1 .oo 
0 . 9 0  
0 . 9 5  
1 .06  
0 . 9 0  
0 .75  

0.95 
0 .88  
0.90 
0 . 9 5  
1 .oo 
0 . 8 3  
0 .68  

0.90 

T O . 1 1  

-- 

0.91 ,  

- 

0.68  
0 .63  
0 .65  
0 .59  
0 . 7 3  
0.49 
0 .65  
0.68 
0 :59 
0 .63  
0.61 
0.68 
0 . 7 8  
0.79 
0.45 
0.68 
0 .69  
0 . 5 3  
0 . 5 5  
0.52 

Ax 

Ua 

Mean 

Std Dev 

3A-36B 
37B 
428 
4 38 
488 
498 
548 
55B 
60A 
60B 

3B-36B 
37B 
42B 
43B 
48B 
49B 
54B 
55B 
6 OA 
60B - 

Mean 

Std Dev 

1571 

t 2 5 2  

957 
1428 
1367 
1266 
1388 
1120 
1450 
1531 
2400 
1170 
1448 
958 

1428 
1287 
1594 
1491 
1384 
1428 
1428 
1144 

0 .63  

t o .  09 

0 .68  
0.65 
0.67 
0 .42  
0 .57  
0.86 
0.69 
0.61 
0.69 
0.67 
0.44 
0.58 
0.68 
0.66 
0 . 6 3  
0 . 5 8  
0 . 6 8  
0.61 
0 . 4 8  
0 .45  

0 

1383 

2298 

0.231 

20.058 

0 .62  

t o . l l  

7-4 



t 

TABLE 7-3 
TENSILE PROPERTIES OF H-327 GRAPHITE SPECIMENS IRRADIATED IN CAPSULE OG-2 

(All Specimens at Midlength-Center Location) 

Crucible 
No. 

Mean 
Irradiation 
Temperature 

("C) 

U1 t imate 
Tensile 
Strength 
(psi) 

1682 
1962 
2267 
1945 
1722 
1500 
2551 
2324 
2105 
1378 

Strain At 
Failure 

(2 )  

Young ' s 
Modulus 
(106 psi) 

1.90 
2.03 
2.41 
2.15 
1.81 
3.14 
1.90 
2.59 
2.27 
2.29 

Secant 
Modulus 
(106 psi) 

1.65 
1.44 
1.95 
1 .58 
1.29 

1.74 
2.08 

1.81 

-_ 

i .85 

Hole 
No. 

Specimen 
No. 

T-307 
T-308 
T-309 
T-310 
T-311 
T-312 
T-313 
T-314 
T-315 
T-316 

10 
10 
1 1  
1 1  
12 
12 
13 
13 
14 
14 

10 
10 
1 1  
1 1  
25 
25 
26 
26 
27 
27 

24 
24 
25 
25 
26 
26 
27 
27 

12 
12 
13 
13 
24 
24 
25 
25 
26 
26 

0.102 
0.136 
0.116 
0.123 
0.133 

0.147 
0.112 
0.114 
0.076 

-- 

2.2 

1 

Mean 

Std Dev 

T-297 
T-298 
T-299 
T-300 
T-301 
T-302 
T-303 
T-304 
T-305 
T-306 - 
Mean 

Std Dev 

T-289 
T-290 
T-291 
T-292 
T-293 
T-294 
T-295 
"2-296 - 
Mean 

Std Dev 

T-325 
T-326 
T-327 
T-328 
T-329 
T-330 
T-331 
T-332 
T-333 
T-334 

1944 

2377 

2015 
2606 
2421 
1892 
2319 
2518 
2341 
31 33 
2603 
2382 

0.118 

20.021 

0.098 
~ 0.132 

0.104 
0.093 
0.113 
0.102 
0.124 
0.102 
0.138 
0.096 

0.110 

20.016 

0.111 

0.144 
0.108 
0.101 
0.105 
0.087 

- 

-_ 

0.136 

2.25 

20.40 

2.20 
2.56 
2.96 
2.56 
2.44 
3.05 
2.36 
3.91 
2.64 
2.97 

1.71 

t o .  25 

2.06 
1.97 
2.33 
2.03 
2.05 
2.47 
1.89 
3.07 
1.89 
2.48 - 
2.22 

20.37 

2.22 

2.22 
2.13 
2.49 
2.31 
2.32 

-- 

1 . 5 3  

2423 

2341 

2467 
2482 
31 99 
2297 
2510 
2425 
2020 
2077 

2.77 

io. 49 

2.71 
2.82 
2.65 
2.44 
2.98 
2.53 
2.39 
1 . 9 1  

#50 8 35 1 Ax 

2435 

236 1 

2120 
2385 
2085 
1328 
1899 
2336 
1714 
1590 
1862 ~ 

2078 

0.113 

t0.020 

0.107 
0.149 
0.123 
0.053 
0.106 
0.118 
0.061 

0.087 
0.096 

-- 

2.55 

i0.32 

2.33 
2.53 
2.00 
3.02 
2.14 
2.46 
3.24 
2.08 
2.39 
2.59 

2.48 

20.40 

- 

2.17 

10.31 

1.98 
1.60 
1.70 
2.51 
1.79 
1.98 
2.81 

2.14 
2.16 

-- 

6 

l o r  

Mean 

Std Dev 

1940 

'331 

0.100 

i0.030 

2.07 

10.39 
1 
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Crucible 
No. 

Ultimate 
Tensile 
Strength 

(psi) 

, 

Strain At 
Failure 

(X) 
Hole 
No. - 
10 
10 
11 
1 1  
21 
21 
22 
22 
23 
23 

14 
14 
21 
21 
22 
22 
23 
23 

-- 

-- 

2206 
2829 
2161 
1904 
1907 
2289 
1412 
2095 
3058 
2 360 

2222 

t468 

2185 
1148 
1711 
3046 
2489 
1695 
1658 
2094 
- 1  

2003 

?585 

1141 
1508 
1182 
1324 

- 

Mean 
Irradiation 
Temperature 

("0 

t 

1020-1035 I 
940-960 I 

1 
1 1  10-1 200 
1 1 10-1 200 
1040-1105 

-- 

-- 

- 
1321 

2158 

815 
896 . 

1161 
896 
95 7 
713 
244 

468 
957 
1120 
754 
1201 

820 

2286 

488 

- 

n 

' 

TABLE 7-3 (Continued) 

Orien- 
tation 

7-6 

Specimen 
No. 

T-269 
T-270 
T-27 1 
T-272 
T-273 
T-274 
T-275 
T-276 
T-277 
T-278 - 
Mean 

Std Dev 

T-261 
T-262 
T-263 
T - 2 6 4  
T-265 
T-266 
T-267 
T-268 - 
Mean 

Std Dev 

1 1  
12 
13 
15 
16 
17 
18 
19 

Mean 

Std Dev 

- 

21 
22 
24 
25 
26 
28 
29 
30 
31 
32 
33 
34 
35 

Mean 

Std Dev 

- 

0.116 
0.150 
0.099 
0.135 
0.104 
0.140 
0.071 
0.090 
0.134 
0.122 

0.116 

20.025 

0.110 
0.055 
0.082 
0 . 1 4 2  
0.104 
0.110 
0.090 
0.105 

0.100 

20. 025 

0.112 
0.147 
0.124 
0.160 
0.176 
0.105 
0.134 

- 

- 

-- 

0.137 

20.026 

0.144 
0.216 
0.256 
0.160 
0.230 
0.249 -- 
-- 
-- 
0.262 
0.240 
0.196 
0.336 

0.229 

20.055 

Young ' s 
Modulus 
(106 psi) 

2.07 
2.05 
2.58 
2.01 
2.30 
1.81 
2.54 
2.71 
2.65 
2.44 

2.32 

t0.31 

2.19 
2.48 
2.52 
2.50 
2.69 
1.72 
2.17 
2.32 

- 

2.32 

20.30 

1.15 
1.43 
1 .32 
1.12 
1.22 
1.43 
1.41 
1.33 

1.30 

t0.12 

0.73 
0.67 
0.63 
0.77 
0.70 
0.51 -- 
-- 
-- 
0.58 
0.56 
0.62 
0.64 

0.64 

20.08 

Secant 
Modulus 
(106 psi) 

1.90 
1.89 
2.18 
1.41 
1.83 
1.64 
1.99 
2.33 
2.28 
1.93 

1.94 
- 

20.28 

1.99 
2.09 
2.09 
2.15 
2.39 
1 . 5 4  
1.84 
1.99 

f 

x 
2.01 

?O. 25 

1.02 
1.03 
0.95 
0.83 
0.89 
1.16 
1.05 -- 

0.99 

to.ll 

0.57 
0.42 
0.45 
0.56 
0.42 
0.29 -- 
-- 
-- 
0.37 
0.47 
0.38 
0.36 

& 0.43 

20.09 



FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD)  
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H-451 near- Fig. 7-1. Observed t e n s i l e  s t r e n g t h  and Young's modulus of 
i s o t r o p i c  g r a p h i t e  as f u n c t i o n s  of f a s t  neut ron  f l u e n c e  

7- 7 



FAST NEUTRON FLUENCE x 10-21 (NICM~) (EFFGD) 
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FAST NEUTRON FLUENCE X (N/CM2) (E > 0.18 MeV)HTGR 

Fig. 7-2. Observed t e n s i l e  strength and Young's modulus of TS-1240 near- 
isotropic graphite as functions of f a s t  neutron fluence 
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F i g .  7-3(a). Observed t e n s i l e  s t r e n g t h  and Young's modulus of H-327 
need le  coke g r a p h i t e  as f u n c t i o n s  o f  fas t  neut ron  f l u e n c e  
a t  i r r a d i a t i o n  temperatures  of 640" t o  900°C 
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FAST NEUTRON FLUENCE x 10-21 ( N / c M ~ )  (EFFGD) 
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Fig .  7-3(b). Observed t e n s i l e  s t r e n g t h  and Young's modulus of H-327 
needle  coke g r a p h i t e  as f u n c t i o n s  of f a s t  neut ron  f luence  
a t  i r r a d i a t i o n  temperatures  of 940" t o  120OOC 
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Young's modulus found during the Dragon project work (Ref. 8). 
ference probably occurs because a static determination of Young's modulus on 
unirradiated graphite is usually lower than a dynamic determination, but the 

two methods give similar results on irradiated graphite. 

become consistent with Dragon project data on similar graphites if it is 
assumed that the static Young's modulus of unirradiated graphite is 80% of 

the dynamic modulus, while the two values are the same for irradiated 

graphite (see Section 8.4). 

The dif- 

4 

The present results 

Increases in tensile strength followed a pattern similar to the 

increases in Young's modulus; but for given irradiation conditions, the 

fractional increase in strength was always less than the fractional increase 

in Young's modulus. 
would require that the irradiated and unirradiated strengths, S .  and So, be 

related to the irradiated and unirradiated Young's moduli, Ei and Eo, as 
follows : 

The condition of constant strain energy to failure 

1 

The strengths of all groups of irradiated H-451 specimens and most groups 

of H-327 specimens were higher than expected from this relationship, but 
the strengths of the TS-1240 specimen groups and some H-327 specimen groups 

were about as predicted. 

Irradiation-induced changes in the coefficient of variation of the 

strength (standard deviation divided by the mean) were not statistically 
significant, with the exception of the specimens of TS-1240 irradiated at 

1105°C to 2.9 x 10 n/cm2 and the H-327 specimens irradiated at 940" to 21 

21 2 1035°C to 5.7 x lo2' n/cm2 and at 1040" to 1200°C to 6 . 3  x 10 

these specimens there was a significant increase in the coefficient of 
variation at the 95% confidence level. 

n/cm . For 

7-1 2 



. . . . . . . .  

8. IMPACT OF TEST DATA ON CURRENT DESIGN PROCEDURES 

8.1.  DIMENSIONAL CHANGES 

The additional data generated by the OG-2 experiment agree very well 

with design curves fit and extrapolated from earlier data. The only signif- 
icant change in H-451 design curves is caused by the shift to HTGR fluence. 

This will result in slightly larger (10% to 20%) dimensional changes at 

8 x 1021 n/cm (E > 0.18 MeV)HTGR. 2 

8 . 2 .  THERMAL EXPANSIVITY 

Figures 6-l(a) and 6-l(b) show the irradiation-induced fractional 

changes in thermal expansivity at various irradiation temperatures. Compared 

with the design curves currently in use, the new data show a somewhat 
smaller increase at low irradiation temperatures and a greater decrease at 

high irradiation temperatures. Compared with the current curves, the new 
data indicate thermal expansivities for near-isotropic graphite that are 

lower by about 0.5 x . lo  

above 900°C. 

2 at fluences of 5 to 7 x n/cm at or -6 oc-l 

8.3.  THERMAL CONDUCTIVITY 

New parameters to be used in the thermal conductivity model currently 
employed (Ref. 7) are listed in Table 6-7. For near-isotropic graphites, 

the new values correspond to thermal conductivities of irradiated graphite 

about 5% lower than the current values. For H-327 graphite, the new values 
are 15% to 25% lower than current design values. 
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8.4. MECHANICAL PROPERTIES 

Curren t  des ign  b a s i s  curves  f o r  t h e  f r a c t i o n a l  i n c r e a s e  i n  Young's 

modulus and s t r e n g t h  as a f u n c t i o n  of f l u e n c e  and tempera ture  were de r ived  

from Dragon p r o j e c t  s o n i c  modulus d a t a  on comparable n e a r - i s o t r o p i c  

g r a p h i t e s  (Ref. 8),  based on t h e  fo l lowing  assumptions: 

1. 

2 .  

3 .  

4. 

Neutron f l u e n c e  i n  u n i t s  of n/cm2 (NDE) = 0.6 x f l u e n c e  i n  u n i t s  

of n/cm 

(E > 0.18 MeV)HTGR]. 

2 2 
(E > 0.18 MeV)Om L0.67 x f l u e n c e  i n  u n i t s  of n/cm 

S ta t i c  Young's modulus of u n i r r a d i a t e d  g r a p h i t e  = 0.8 x dynamic 

Young's modulus. 

S t a t i c  Young's modulus of i r r a d i a t e d  g r a p h i t e  = dynamic Young's 

modulus. 

S t r e n g t h  (S) and Young's modulus (E) o f  u n i r r a d i a t e d  and i r r a d i a t e d  

specimens a r e  r e l a t e d  as fo l lows :  

The c u r r e n t  cu rves  are reproduced i n  F i g s .  8-1 and 8-2. Modulus and 

s t r e n g t h  v a l u e s  p r e d i c t e d  from F igs .  8-1 and 8-2 are inc luded  i n  Table 7 - 4  

f o r  comparison w i t h  the measurements. The modulus v a l u e s  are i n  f a i r l y  

good agreement w i t h  the des ign  cu rve  p r e d i c t i o n s .  

H-451 g r a p h i t e  and most of  t h e  H-327 specimen groups are h ighe r  than  

p r e d i c t e d .  However, there are n o t  y e t  s u f f i c i e n t  exper imenta l  measurements 

t o  j u s t i f y  the use  of a less c o n s e r v a t i v e  p r e d i c t i o n .  No changes are 

proposed i n  t h e  s t r e n g t h  and Young's modulus des ign  cu rves  (F igs .  8-1 and 

Observed s t r e n g t h s  f o r  

8-2). 

t 
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Fig. 8-1. Calculated curves for the percent increase in Young’s modulus 
of near-isotropic graphites as a function of fast neutron 
fluence and irradiation temperature 
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Fig. 8-2. Calculated curves for the percent increase in tensile strength 
of near-isotropic graphites as a function of fast neutron 
fluence and irradiation temperature 
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