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IRRADIATION O F C L A D G R A P H I T E IN H I G H - T E M P E R A T U R E 
H I G H - P R E S S U R E CO2 

J o h n C. S m i t h , W i l l i a m E . M u r r , W a r d S. D i e t h o r n , 
a n d W i l l i a m H. G o l d t h w a i t e 

Graphite specimens fully clad uith Type 310 .stdirtless, Tjpe 146 stain­
less or Inconel were irradiated in a WOO-psi carbon dioxide environment for a 
period of i iveeks at approximately 1300 F followed hy I ueek at 1500 F. The 
fast-neutron-plus-^amma dose rate tvas estimated at S x 10' rads per hr. J he 
^as environment iias sampled and replenished eight times during the experiment. 
After 60 hr at about 1350 F, the carbon monoxide content had increased from a 
negligible value to .3.6 volume per cent. It then decreased steadily to a value of 
0.4 volume per cent at the end of t veehs. ^hen the temperature was raised to 
1500 F, the CO content increased to l.'i volume per cent in 100 hr and then 
decreased to 0.6 volume per cent. 'The oxygen content remained nearly constant 
throughout the experiment. Postirradiation examination and metallography revealed 
very little effect of the exposure on the cladding materials at the gas and 
graphite interfaces. 

I N T R O D U C T I O N 

A s p a r t of t he c o r e - m a t e r i a l s e v a l u a t i o n for the M a r i t i m e G a s - C o o l e d R e a c t o r , 
G e n e r a l A t o m i c i s i n v e s t i g a t i n g h i g h - t e m p e r a t u r e c o r r o s i o n in a c a n d i d a t e m o d e r a t o r -
c o o l a n t s y s t e m c o n s i s t i n g of ful ly c l a d g r a p h i t e a n d h i g h - p r e s s u r e CO^^ In s u p p o r t of 
G e n e r a l A t o m i c ' s p r o g r a m B a t t e l l e h a s c o n d u c t e d a o n e - c a p s u l e i r r a d i a t i o n s tudy of t h i s 
s y s t e m in the B R R . G r a p h i t e s p e c i m e n s ful ly c l a d w i t h Type 310 o r Type 446 s t a i n l e s s 
s t e e l o r w i t h I n c o n e l w e r e i r r a d i a t e d for 5 w e e k s in h i g h - p r e s s u r e h i g h - t e m p e r a t u r e 
C O ^ . S a m p l e s of the g a s w e r e r e m o v e d f r o m the c a p s u l e d u r i n g the e x p e r i m e n t and 
a n a l y z e d for CO and o x y g e n . T h e p o s t i r r a d i a t i o n e x a m i n a t i o n of the s p e c i m e n s i n c l u d e d 
d i m e n s i o n a l , w e i g h t , a n d d e n s i t y m e a s u r e m e n t s , m e t a l l o g r a p h y , a n d m i c r o h a r d n e s s 
d e t e r m i n a t i o n s . 

T h i s r e p o r t s u m m a r i z e s t he d e s i g n a n d r e s u l t s of the e x p e r i m e n t . 

BACKGROUND 

One of t he p r o b l e m s in a g r a p h i t e - m o d e r a t e d and C O ^ - c o o l e d h i g h - t e m p e r a t u r e 
r e a c t o r i s c o r r o s i o n of t he m e t a l l i c c o r e m a t e r i a l s . If c o r r o s i o n of the c l a d d i n g e x ­
p o s e s the g r a p h i t e m o d e r a t o r to the CO^ coolant,^ c a r b o n t r a n s p o r t v ia the C O ^ - C O -
g r a p h i t e e q u i l i b r i u m i s e x p e c t e d to be s e r i o u s . B o t h t h e r m o d y n a m i c c o n s i d e r a t i o n s and 
the c o r r o s i o n l i t e r a t u r e s u g g e s t t h a t c a n d i d a t e m e t a l s a r e a t t a c k e d a t t e m p e r a t u r e s a s 
low a s 1500 F . At l o w e r t e m p e r a t u r e s t he 18:8 s t a i n l e s s s t e e l s show good c o r r o s i o n r e ­
s i s t a n c e , the B r i t i s h r e p o r t i n g ! 1) n e g l i g i b l e a t t a c k a f t e r 5 - m o n t h e x p o s u r e s in s t a t i c 
CO2 a t 8 a t m and 1000 F . 

(1) References at end. 
B A T T E L L E M E M O R I A L I N S T I T U T E 
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Three p r o c e s s e s in the r e a c t o r will contribute smal l amounts of CO and oxygen to 
the CO2 coolant: 

(1) Radiolysis of the CO^, producing CO and oxygen 

(Z) T h e r m a l reac t ion between m e t a l s and CO2, giving me ta l 
oxides and CO 

(3) The chemica l equi l ibr ium ZCO^ ^ ^ 2CO + O^' 

The co r ros ion is influenced by the CO and oxygen, and it i s c l ea r that t e m p e r a t u r e , 
p r e s s u r e , and radia t ion affect the concentra t ions of these coolant components . In the 
absence of radia t ion, the concentra t ions of CO and oxygen in chemica l equi l ibr ium with 
CO2 a r e ex t r eme ly low at 1500 F . Radiat ion m a y poss ibly support higher CO and oxygen 
concentra t ions than those c h a r a c t e r i s t i c of the chemica l equi l ibr ium. In a radiat ion 
field at t e m p e r a t u r e s of 200 F , for example , the CO and oxygen concentrat ions a r e 
higher than the chemica l - equ i l ib r ium values and i n c r e a s e with CO2 p r e s s u r e . (^) The 
concentra t ions a r e sensi t ive to impur i t i e s in the CO^- No i r rad ia t ion data a r e available 
on h i g h - t e m p e r a t u r e and h i g h - p r e s s u r e CO^- However, in -p i le - loop studies of the CO^-
graphi te sys t em in BEPO provided some re levant informat ion . '3 ) A s teady-s ta te con­
centra t ion of 0. 2 to 0. 5 volunae pe r cent CO was reached in the CO2 after a few r eac to r 
cyc les . T e m p e r a t u r e and p r e s s u r e conditions were not specified, but p resumably they 
were about 700 F and 10 a tm, c h a r a c t e r i s t i c of Calder Hall coolant condit ions. 

Carbide format ion a t the graphi te -c ladding in terface is a lso a potent ial p rob lem 
at high t e m p e r a t u r e s because of the effect of carb ide on cladding s t rength and integri ty . 
Carbon dioxide miay influence this reac t ion in a local cladding fa i lure , but if the cladding 
does not fail and graphi te is not exposed to the g a s , carbide formation at the interface 
should be independent of the CO^ envi ronment . Carbide format ion is not expected to be 
sens i t ive to rad ia t ion . However, no h i g h - t e m p e r a t u r e i r r ad ia t ion data a r e available to 
support this conclusion. 

An extrapolat ion of these f r agmenta ry data to the capsule exper iment is difficult. 
There is evidence for two gene ra l i za t ions , however . The effects of t e m p e r a t u r e and 
radia t ion on the composit ion of the CO^ coolant, and hence the co r ros ion of m e t a l s , a r e 
not independent. Secondly, of two effects, t e m p e r a t u r e should dominate the cor ros ion 
if the CO2-CO-O2 chemica l equi l ibr ium is r eached rapid ly . 

EXPERIMENTAL PROGRAM 

Plan of Expe r imen t 

The objective of this exper imen t was to obtain information about the effects of i r ­
radia t ion on the co r ros ion of potent ia l cladding m a t e r i a l s for graphi te that a r e exposed 
to a h i g h - t e m p e r a t u r e h i g h - p r e s s u r e CO^ environment . Since ca rbur iza t ion of cladding 
m a t e r i a l s in in t imate contact with the graphi te m o d e r a t o r is a potent ial p rob lem at high 
t e m p e r a t u r e s , the effects of rad ia t ion on this reac t ion were a lso of i n t e re s t . These 
effects were studied by a 6-week i r rad ia t ion of smal l graphi te cy l inders tightly clad 
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with se lected m a t e r i a l s in a capsule containing CO^ at high tem.perature and p r e s s u r e . 
The total g a m m a - a n d - f a s t - n e u t r o n dose r a t e was es t i inated to be 8 x 10*7 r ads per h r . 
To isola te the effects of i r r ad ia t ion from s t r i c t ly t h e r m a l effects, a duplicate t e s t was 
conducted out-of-pi le at G e n e r a l Atomic . 

Specimens 

The spec imens that were studied cons is ted of 1 by 1-cm cyl inders of AGOT g raph­
ite clad with Types 310 or 446 s ta in less s tee l or with Inconel. Two spec imens clad with 
each of the th ree m a t e r i a l s w e r e i r r a d i a t e d . A th i rd spec imen of each type was exam­
ined as a cont ro l . The spec imens w e r e fabr ica ted at Gene ra l Atomic . In the a s sembly 
operat ion, a graphi te cyl inder was p laced into a 30 -mi l -wa l l tube of the cladding m a t e ­
r i a l ; machined end plugs , 60 nnils thick, were welded in a i r to the tube ends, and then 
the tube was swaged. The spec imens a r e p ic tu red in F i g u r e s 1 and 2. 

I r r ad ia t ion Envi ronment 

Although the m a x i m u m CO2 prototype r e a c t o r coolant t e m p e r a t u r e s and p r e s s u r e s 
had not been fixed at the t ime of this exper iment , there was sufficient i n t e r e s t in t e m ­
p e r a t u r e s up to 1500 F and p r e s s u r e s up to 2000 ps i to plan the exper iment around these 
values . It was felt that a 1500 F CO^ envi ronment could be obtained without g r e a t dif­
ficulty. However, since CO2 is supplied in tanks at 870 ps i , special techniques would 
have had to be used to provide a 2000-psi CO2 a t m o s p h e r e . A p r e s s u r e of 1000 ps i a p ­
pea red to be feasible and was obtained by p r e s s u r i z i n g the cold capsule to 750 ps i and 
allowing the t e m p e r a t u r e to r i s e to 1500 F to i n c r e a s e the p r e s s u r e to 1000 ps i . 

Original ly, it was felt that changes in the composi t ion of the gas during the ex ­
posu re would provide information on the r eac t ions that were occur r ing at the cladding 
sur face . As it developed, these r eac t ions were probably overshadowed by reac t ions 
with the extended h i g h - t e m p e r a t u r e sur faces of the capsule itself. Neve r the l e s s , gas 
samples w e r e taken and f r e sh gas was int roduced s eve ra l t imes during the i r r ad ia t ion to 
avoid depletion as much as poss ib le of any of the const i tuents of the gas mix tu re by r e a c ­
tions with the capsule or spec imen s u r f a c e s . 

Methods of Evaluation 

M e a s u r e m e n t s of the spec imen d imens ions , weights , and dens i t ies before and 
after i r r ad ia t ion were made to r evea l any g r o s s damage or co r ro s ion of the spec imens . 
Metal lographic examinat ions and m i c r o h a r d n e s s m e a s u r e m e n t s of control and i r r ad i a t ed 
spec imens were made to study l e s s obvious changes in the cladding m a t e r i a l s as a r e su l t 
of the exposure . 
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FIGURE 1. SIDE VIEW OF CLAD-GRAPHITE SPECIMENS 

Specimen cladding m a t e r i a l s : top row, Inconel; 
middle row, Type 446 s ta in less s teel ; bottom 
row, Type 310 s ta in less s tee l . 
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FIGURE 2. END VIEW OF CLAD-GRAPHITE SPECIMENS 

Specimen cladding m a t e r i a l s : top row, Type 
310 s ta in less s tee l ; middle row, Type 446 
s ta in less s tee l ; bottom row, Inconel. 
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P r e p a r a t i o n of I r r ad ia t ion Capsule and Assoc ia ted Equiplment 

Design and Construct ion of Capsule 

The pr inc ipa l fac tors which governed the design of the i r r ad ia t ion capsule were : 

(1) Specimen size (0 .44 in. in d i amete r by 0 .7 in. long) 

(Z) Envi ronment (CO2 at 1500 F and 1000 psi) 

(3) Dimensions of i r r ad ia t ion facili ty (3 by 3-in. BRR c o r e -
la t t ice position) 

(4) Des i rabi l i ty of sampling and replenishing the gas during the 
i r r ad i a t i on 

(5) C a p s u l e - m a t e r i a l s compatibi l i ty with CO2 

(6) Amenabi l i ty to ho t -ce l l handling and opening techniques 

(7) Rel iabi l i ty 

(8) Safety 

(9) Schedule. 

As or iginal ly scheduled, the i r r ad i a t i on was to begin only 6 weeks after the initiation of 
the r e s e a r c h . With so l i t t le t ime avai lable , the design had to be s t ra ight forward and 
such that existing fabr icat ion techniques could be used for const ruct ion and a s sembly . 

As can be seen in F i g u r e s 3, 4, and 5, the capsule was bas ica l ly an outer p r e s ­
sure shel l , 1-3/4 in. in d iameter , cooled to about 100 F by the r eac to r coolant water , 
and an inner furnace tube . The spec imens were posi t ioned within the furnace tube by 
the c r o s s p i e c e s of a baske t made of l / l 6 - i n . - d i a m e t e r Type 310 s ta in less w i r e . 

The furnace tube was fabr ica ted by braz ing Type 304 s ta in less s t ee l - shea thed 
MgO-insula ted Kanthal e l ec t r i c h e a t e r s , 1/16 in. in d i ame te r , to the outside surface of 
a thin-wal led Type 304 s ta in less tube. The h e a t e r s , each nominally ra ted at 1000 w, 
contain a 50-in. length of 0 .018- in . - d i a m e t e r Kanthal h i g h - r e s i s t a n c e wi re with 12-in. 
l o w - r e s i s t a n c e nickel leads of the same d iamete r butt welded to the ends of the Kanthal . 
By having the ent i re hea te r , including the nickel l eads , within the sheath only the low-
r e s i s t a n c e low-power nickel lead region of the hea te r need be in the space between the 
top of the furnace tube and the end cap. In this region, the heat m u s t be d iss ipated from 
the snaall a r e a of the sheath r a t h e r than from the extended a r e a of the furnace tube. The 
hea te r sheath extended through and was b razed to the end cap . Beyond the end cap, the 
sheath was s t r ipped so that the nickel lead could be connected at the Lavite t e rmina l 
block to copper leads from the ex te rna l hea te r power supply. 

The hea te r was furnace b r a z e d to the furnace tube using GE-81 braz ing alloy, 
which has a r e m e l t t e m p e r a t u r e of about 2150 F . The braz ing operat ion r e q u i r e s the 
application of a p r e c i s e amount of b r aze to provide a fillet between the hea te r and 
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FIGURE 3. CAPSULE ASSEMBLY DETAILS 
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FIGURE 4. CAPSULE COMPONENTS READY FOR ASSEMBLY 
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N50992 

FIGURE 5, RADIOGRAPH OF COMPLETED CAPSULE 
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furnace tube without etching through the 10-mil hea te r sheath. Any leak ir the hea te r 
sheath, of cou r se , will p e r m i t the h i g h - p r e s s u r e gas to escape along the length of the 
hea te r through the MgO insulat ion. 

Four Type 304 s ta in less s t ee l - shea thed MgO-insula ted Chromel -Alumel t h e r m o ­
couples were provided to m e a s u r e spec imen t e m p e r a t u r e s . These were located inside 
the furnace tube as follows: 

Thermocouple Reco rde r 

P - 9 1 

Q-6 6 

P -10 

Q-10 

11 

Location 

At the side of the top specimen 

On the center line of the furnace 
tube between the th i rd and fourth 
spec imen from the top 

At the side of the fourth specimen 
from the top 

At the side of the bottom specimen 

The top thermocouple j P - 9 , was coiled and se rved to hold the specimen basket against 
a plug in the bottom of the furnace tube. All the rmocouples p a s s e d between the spec i ­
mens and the furnace wal l . The tip of the Thermocouple Q-6 was bent inward to the 
center line of the furnace tube; the t ips of the other couples were bent slightly inward to 
contact the spec imens r a t h e r than the furnace wal l . The thermocouple sheaths were 
b razed to the top end cap, and then p a s s e d through the Lavite t e r m i n a l block and into 
the lead tube (a 1-in. - d i a m e t e r s t a in less s tee l tube which was welded to the top of the 
capsule and extended to the top of the r e a c t o r pool), where the thermocouples were con­
nected individually to thermocouple lead w i r e s . A 1 /8 - in . -OD 1/16-in. -ID gas line 
from the gas - sampl ing sys t em pene t ra t ed and was b razed to the top end cap. 

The s ize of the furnace tube was dictated by the spec imen size and the need to r e ­
duce end effects. It was made as sma l l in d i ame te r as poss ib le to reduce the heat 
l o s s e s and, hence, power input. It was felt that extending the furnace tube 3 in. beyond 
the end spec imens would reduce the end effects considerably; a longer furnace tube 
would have r equ i r ed specia l casking and ho t -ce l l handling techniques . A capsule outside 
d iamete r of 1-3/4 in. was chosen to provide sufficient space between the inside capsule 
wall and the furnace tube for the n e c e s s a r y heat b a r r i e r s . A l a r g e r capsule d iamete r 
would have r equ i r ed a heavie r p r e s s u r e wall , which would have i nc rea sed the neutron 
at tenuat ion. Also , the i nc rea sed s ize and weight would have made pos t i r r ad ia t ion 
handling m o r e difficult. 

Once the l imi t s of capsule design and d imensions were fixed by the specimen size 
and other cons idera t ions noted, the h e a t - t r a n s f e r c h a r a c t e r i s t i c s were analyzed to d e ­
t e rmine the number of h e a t e r s that would be r equ i r ed to hold the spec imens at 1500 F . 
Because of the geome t ry of the capsule and the probabi l i ty that end l o s se s would be 
smal l compared with the r ad i a l hea t l o s s , only the l a t t e r was cons idered . Neglecting 
the r a i s e d por t ions of the h e a t e r s , a ssuming that conduction from the h e a t e r s to the 
furnace tube would be sufficient to p reven t apprec iab le axial t e m p e r a t u r e gradients b e ­
tween hea te r windings, and neglecting na tu ra l convection the hea t - t r ans f e r analys is 
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becomes one of de termining the heat loss by radia t ion and conduction a c r o s s the gas an-
nulus between the 3 / 4 - i n . - O D , 13-1 /2 in. long furnace tube at 1500 F and the 1-1/Z-in. 
ID capsule wall at about IZO F: 

(1) F o r the rad ia t ion lo s s (no baffle), 

Q R = ^ A i F i ^ ^ i T f - T | ) , 

where 

1 r e f e r s to the furnace OD 
Z r e f e r s to the p r e s s u r e - w a l l ID 

^ 1 , 2 e i ^2 ^2 
fc, 2 is a s sumed to be 0. 85 
£2 is a s sumed to be 0. 73. 

O R = 1200 w. 

(2) Fo r the conduction lo s s , 

27rki(Ti -Tz) 
Qc , d l 

In 
d2 

where 

k is a s s u m e d to be 0 .034 Btu/(ft)(hr)(F) at 1000 F . 

Q c = 135 w. 

(3) Fo r the total heat l o s s , 

Q T = Q R + Qc 

Q ^ = 1335 w. 

A total heat loss of 1335 w could have been handled since there was room for th ree 
1000-w h e a t e r s on the furnace tube. However, heat loss by the na tu ra l convection of the 
h i g h - p r e s s u r e CO^ was neglected in this calculat ion and could be expected to i n c r e a s e 
the total value somewhat . Consequently, a radia t ion baffle of thin Type 304 s ta in less 
sheet stock was located in the annulus between the furnace tube and outer capsule wall . 
This could be expected to reduce the heat loss by radia t ion, the major loss by about 50 
per cent and reduce the total radia t ion and conduction loss to l e s s than 1000 w. With 
3000 w avai lable , hea t e r burnout o r unexpectedly l a rge convective l o s se s could be 
to le ra ted . 

The baffle had five r i ngs fitted to i t s outside surface to posi t ion it concent r ica l ly 
with the furnace tube and to help reduce the convective flow of the g a s . Other radiat ion 
baffles were placed between each end of the furnace tube and the end c lo su re s of the cap ­
sule . To reduce convective flow st i l l fur ther a cap was p laced over the bottom of the 
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furnace tube. A 1/8-in. -hole in the cap allowed some c i rcula t ion since it was des i rab le 
to have all of the sma l l quantity of CO^, r a t h e r than jus t that in the furnace tube, ava i l ­
able for r eac t ion with the spec imens . 

Out -of -P i le Tes t s of Capsule 

Before final a s sembly , the outer shell of the capsule was p r e s s u r i z e d repeatedly 
to 3000 ps i . M i c r o m e t e r m e a s u r e m e n t s at the c r i t i ca l a r e a s , the threaded regions at 
the ends of the tube, indicated that the yield s t rength of the m a t e r i a l had not been 
exceeded. 

After final a s sembly , the capsule was opera ted in a tank of water to de te rmine its 
h e a t - t r a n s f e r c h a r a c t e r i s t i c s and to obtain exper ience in changing the gas during o p e r a ­
tion. Argon was used in these t e s t s to p reven t p r e m a t u r e reac t ions with the spec imens . 
These t e s t s were made with the capsule in a ve r t i c a l posi t ion as it would be in a la t t ice 
posit ion in the BRR c o r e . It soon became evident that, despi te a t tempts to min imize 
na tu ra l convection, a l a r g e t e m p e r a t u r e gradient exis ted along the specimen region of 
the furnace tube when the gas p r e s s u r e was r a i s e d to 1000 p s i . The grad ien t was a 
s trong function of the p r e s s u r e , being l e s s than 80 F at 285 ps i and 500 to 600 F at 
1000 p s i . 

I r rad ia t ing under these conditions would have been unsa t i s fac tory for two r e a s o n s . 
It would have been imposs ib le to compare the r e s u l t s from different spec imens because 
of their exposure to different t e m p e r a t u r e s . Also , the t e m p e r a t u r e at the top of the 
furnace tube would probably have had to be cons iderably higher than the 1500 F des i r ed 
for the spec i inens , and this would have endangered the life of the h e a t e r s . Modifications 
to the capsule might have reduced the convective flow somewhat . However, a lmos t any 
change would have involved m o r e s ta in less s tee l in the form of baffles, which would have 
reduced the spec imen a r e a to capsule a r e a s t i l l fur ther , or the introduction of a pow­
dered m a t e r i a l , which might have contaminated or scavenged the gaseous environment . 
Because of these fac tors and the need to s t a r t the i r r ad ia t ion as prompt ly as poss ib le , 
plans were made to opera te the capsule in a hor izonta l posi t ion against one face of the 
BRR co re . 

The capsule was tes ted in a hor izonta l posi t ion by sealing it in a water jacket and 
heating the spec imens to 1500 F with the furnace tube h e a t e r s as before . At 1000 psi 
in a hor izonta l posi t ion, the m a x i m u m t e m p e r a t u r e difference in the specimen region 
was l e s s than 100 F . A saddle was fabr ica ted to hold the capsule a c r o s s the top of the 
beam tubes (about 5 in. above the hor izonta l center line of the core) against the face of 
the c o r e . The total g a m m a - p l u s - f a s t - n e u t r o n dose r a t e in this posi t ion was es t imated 
to be about 8 x 10 ' r a d s per h r . 

Design of Assoc ia ted Equipment 

As ment ioned prev ious ly , the re were two r e a s o n s for providing faci l i t ies for gas 
sampling and r ep len i shmen t during the i r r ad ia t ion . Samples taken at in te rva ls might 
indicate co r ros ion r a t e s and d issocia t ion r a t e s of the CO2 in the radia t ion field. F r e ­
quent changes of the gas loading would provide a m o r e r ep re sen ta t i ve r e a c t o r gas en­
v i ronment since the composi t ion of the ini t ia l and pe rhaps subsequent loadings might be 
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substant ia l ly a l t e red by reac t ions with the l a rge a r e a of capsule surface which was also 
at 1500 F . 

The gas - sampl ing equipment consis ted of a 25-ft length of 1/8-in. -OD 1/ lb- in . -
ID s ta in less s tee l tube running from the capsule to the pool surface where two p r e s s u r e 
gages , an 8- l i te r s amp le r bomb, and a tank of CO^ were connected with s m a l l - b o r e 
copper tubing and b r a s s va lves . One p r e s s u r e gage was equipped with l imi t switches 
which would s c r a m the r e a c t o r if the p r e s s u r e r o s e too high or r ing an a l a r m if the 
p r e s s u r e dropped too low. P r i o r to the f i r s t CO2 loading, the sys t em was evacuated 
and flushed s eve ra l t imes with CO^- On subsequent loadings, the sys tem was not evacu­
ated since at l e a s t 95 per cent of the gas was r e l e a s e d by s imply bleeding the sys tem 
p r e s s u r e to a tmosphe re p r e s s u r e . 

I r r ad ia t ion His tory 

The i r r ad ia t ion capsule was located at one face of the BRR, about 5 in. above the 
hor izonta l center line of the core as ment ioned prev ious ly . The capsule and g a s -
sampling equipment were evacuated and flushed s e v e r a l t imes with the CO^ that was to 
be used for the exper iment . This was taken d i rec t ly from a tank of welding-grade CO2 
with a dew point of -50 F , a negligible CO content, and a 0. 024 volume pe r cent oxygen 
content. An ana lys i s of the final purge loading gave an oxygen content of 0 .06 volume 
pe r cent . Since the p rec i s ion of m e a s u r e m e n t of the oxygen content in this range was 
probably no be t te r than ±50 p e r cent, the difference is not significant. 

After the final pu rge , the sys t em was p r e s s u r i z e d to 870 ps i (full tank p r e s s u r e ) , 
the tank was c losed off, and the capsule h e a t e r s w e r e turned on. Because of difficulties 
with the hea te r power-supply regula t ion the capsule opera ted at only 250 F for the f i r s t 
day. On the second day, a t e m p e r a t u r e of 1500 was r eached and mainta ined for about 
10 h r . At that t ime , two of the th ree h e a t e r s burned out and the t e m p e r a t u r e dropped 
to about 1400 F . Rather than r i s k the remain ing hea te r in an a t tempt to bring the t e m ­
p e r a t u r e back to 1500 F (which would have r equ i r ed exceeding the ra t ing of the heater) 
the i r r ad ia t ion was continued at the lower t e m p e r a t u r e . 

Table 1 p r e s e n t s the i r r ad ia t ion h i s to ry of the capsule . The analys is of the second 
gas loading indicated a high CO content. When subsequent ana lyses showed a decreas ing 
CO content, it was decided to continue the i r r ad ia t ion at the lower t e m p e r a t u r e until the 
CO content reached equi l ibr ium. After two BRR cycles (4 weeks) the CO content had 
dropped to about one- tenth of the highest value and it was decided to i n c r e a s e the t e m ­
p e r a t u r e to 1500 F . At the higher t e m p e r a t u r e , the CO content r o s e again and then fell 
off as it had before . After a week ' s opera t ion at the higher t e m p e r a t u r e , the remaining 
hea te r was s t i l l pe r forming sa t i s fac tor i ly at a power level of about 1400 w — 400 w above 
its design ra t ing . 

P o s t i r r a d i a t i o n Examinat ion Techniques 

Following the i r r ad ia t ion , the capsule was opened and the spec imens examined in 
the Bat te l le Hot -Cel l Fac i l i ty . The pos t i r r ad i a t i on study included length, d i ame te r , 
densi ty, and weight de te rmina t ions , meta l lographic examinat ions , and m i c r o h a r d n e s s 
m e a s u r e m e n t s . Uni r rad ia ted spec imens were a lso examined to provide control 
information. 
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TABLE 1. IRRADIATION HISTORY AND RESULTS OF GAS ANALYSES FOR EACH CONSECUTIVE GAS LOADING 

Gas Loading 

B (tank analysis) 

Final purge 

1 

2 

3 

4 

5 

6 

7 

Duration of Irradiation 

of Gas Loading^*), hr 

7 0 ( 1 / 2 

— 

15 sec 

29 -1 /2 

3 1 - 1 / 2 

7 2 - 1 / 2 

149 

216 

at 1 megawatt) 

9 9 - 1 / 2 

Capsule Irradiation 

Temperature(^) , 

F 

. -

--

250 

1500 

1500 

1350 

1400 

1350 
275 

1260 
275 

1250 

1275 

275 

1275 

1260 

<200 

1410 

1500 

1560 
1520 

History 

T ime at 

TemperatureC*^), 
hr 

__ 

— 

27-1 /2 

2 

7 -1 /2 

24 

7 2 - 1 / 2 

55 
13 
25 
4 

64 

144 

1 

71 

67 

51 

1 

2 

21 
93 

Gas 
Pressure, 

psi 

. -

--

900 est. 

900 est. 

900 

900 

870 

930 
700 
900 
700 
900 

850 

700 

850 

900 

700 

930 

980 

1000 

900 

Analysis 
Loading('i), 

per ce 

Carbon 
Monoxide 

Nil 

._ 

. -

3.6 ± 0 .2 

3 . 1 ± 0 .2 

1.1 ± 0 .2 

0 . 4 ± 0 . 1 

0.45 ± 0 .15 

1.9 ± 0 .2 

af Gas 
volume 

nt 

Oxygen 

0.024 

0.06 

0 .04 

0 .05 

0 .04 

0 .4 

0.07 

0 .04 

0.07 

52 1500 52 1000 0.6 ± 0 . 2 0.06 

(a) Irradiation at 1 megawatt unless otherwise noted. 
(b) Temperatures listed are for Thermocouple Q-6 in the center of the furnace. The temperatures of the end specimens were 

60 to 100 F below the temperatures listed. 
(c) Time periods are in order of occurrence and include reactor downtime. 
(d) Approximately two-thirds of gas in sample came from the capsule; the remainder came from the external system. Unless 

complete mixing occurred during irradiation the absolute values for CO and oxygen in the capsule may differ from these 
values. 
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Phys i ca l M e a s u r e m e n t s 

Three length m e a s u r e m e n t s were made on each spec imen . The m e a s u r e d length 
is the dis tance between the end plugs , m e a s u r e d weld- to-weld at 120-deg in te rva l s . As 
shown in F igu re 2, the weld a r e a s a r e rough, and p r e c i s e length m e a s u r e m e n t s a r e dif­
ficult to m a k e . Five d i ame te r m e a s u r e m e n t s were obtained on each specimen. Each 
spec imen was ro ta ted about 90 deg between m e a s u r e m e n t s . Specimen dens i t ies were 
m e a s u r e d by d i sp lacement in carbon t e t r ach lo r ide . The densi ty of a s tandard was m e a s ­
u red before and after each m e a s u r e i n e n t on an i r r a d i a t e d spec imen. 

Metal lography 

Different p r o c e d u r e s w e r e used to p r e p a r e the i r r a d i a t e d and contro l spec imens 
for meta l lographic examinat ion. 

Longitudinal and t r a n s v e r s e sect ions of the control spec imens were p r e p a r e d for 
meta l lographic examinat ion. Sections were mounted in p las t i c , and ground with w a t e r -
lubr ica ted 240- , 400- , and 600-gr i t si l icon carb ide p a p e r s . The ground spec imens were 
polished on 240- rpm wheels using F o r s t m a n n cloth, 1-^ diamond pas te ab ra s ive , and 
ke rosene lubr ica t ion . The Type 310 s t a in less s tee l spec imens w e r e swab etched with 
dilute aqua reg ia , and the Type 446 s t a in l e s s s tee l spec imens were etched with h y d r o ­
chlor ic acid and ethylene glycol. The Inconel spec imens were e l ec t r i ca l ly etched for 
5 to 15 sec in a 10 per cent oxalic acid at a potent ial of 6 v. 

A longitudinal sect ion of each i r r a d i a t e d specimen, covering about one- th i rd the 
spec imen length and including the end plug, was p r e p a r e d for meta l lography . Specimens 
were mounted in Bakel i te , ground on 240- , 400- , and 600-gr i t s i l icon carbon p a p e r s 
lubr ica ted with k e r o s e n e , and pol ished on a Syntron v ibra tor using F o r s t m a n n cloth, 
AI2O3 a b r a s i v e , and wate r lubr ican t . All spec imens were e lec t r i ca l ly etched by a p r o ­
cedure s imi l a r to that de sc r ibed above for the control specimiens of Inconel. 

Mic roha rdnes s m e a s u r e m e n t s w e r e made on meta l lographica l ly p r e p a r e d sect ions 
of the control and i r r a d i a t e d spec imens . A Tukon t e s t e r with a Knoop-type indenter op ­
era t ing with a load of 200 g was used in these de t e rmina t ions . 

Resu l t s of P o s t i r r a d i a t i o n Examinat ion 

Visual Examinat ion 

P h o t o m a c r o g r a p h s of the side and end of th ree of the six i r r a d i a t e d spec imens of 
Inconel and Types 310 and 446 s ta in less s tee l a r e shown in F i g u r e s 6 through 8. Pho to -
m a c r o g r a p h s of the other th ree duplicate spec imens exhibit the same gene ra l appearance 
as those shown and a r e not included in the r e p o r t . F o r compar i son with the un i r r ad ia t ed 
control spec imens , F i g u r e s 1 and 2 should be examined. None of the spec imens showed 
visible evidence of swelling, c racking , or bowing, and the end plugs were al l intact . All 
of the spec imens were d iscolored , exhibiting a r edd i sh -b rown color c h a r a c t e r i s t i c of 
slight surface oxidation. The oxide on the welded end plugs appeared to be heavier than 
on the r e s t of the spec imen . Surface i r r e g u l a r i t i e s observed in the control spec imens 
were also obse rved in the a s - i r r a d i a t e d spec imens . 
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6X HC1725 

a. End View 

^> . 
%\ 

6X HC1726 

b . Side View 

FIGURE 6, INCONEL SPECIMEN L -2 AFTER IRRADIATION 
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6X HC1718 

a. End View 

f 

6X HC1720 

b . Side View 

FIGURE 7. TYPE 310 STAINLESS STEEL SPECIMEN A-2 
AFTER IRRADIATION 
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6X HC1731 

End View 

HC1732 

Side View 

FIGURE 8, TYPE 446 STAINLESS STEEL SPECIMEN F - 3 
A F T E R IRRADIATION 
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Phys ica l M e a s u r e m e n t s 

M e a s u r e m e n t s made before and after i r r ad ia t ion on al l six spec imens a r e s u m ­
m a r i z e d in Table 2. The l a r g e s t weight gains were obse rved in the Inconel-c lad spec i ­
m e n s . Only smal l changes in spec imen d imens ions were observed . The p rec i s ion of 
the length m e a s u r e m e n t s was poor because the welded end plugs were rough and not 
machined (see F igu re 2). Repeated length m e a s u r e m e n t s showed var ia t ions as l a rge as 
20 m i l s . 

The length, d i a m e t e r , and densi ty values r epo r t ed in Table 2 a r e average values 
based on t h r ee , five, and two m e a s u r e m e n t s , r e spec t ive ly . Length m e a s u r e m e n t s on a 
single spec imen var ied th ree to five uni ts in the th i rd dec ima l p lace while the d iamete r 
i n e a s u r e m e n t s var ied five uni ts in the fourth dec ima l p l ace . In the densi ty d e t e r m i n a ­
t ions the var ia t ion was about two uni ts in the th i rd dec imal p lace . These p rec i s ion 
indices should be kept in mind when the m e a s u r e m e n t s in Table 2 a r e compared . A c ­
cordingly, the p r ec i s i on impl ied in Table 2 i s cons iderab ly l e s s than the actual 
p rec i s ion . 

The changes in length r epo r t ed in Table 2 a r e both posi t ive and negative and p r o b ­
ably mean ve ry l i t t le because of the i r r e g u l a r sur faces at the welded ends of the spec i ­
m e n s . The changes in d i ame te r , on the other hand, a r e cons is ten t and probably r e a l . 
They might be a t t r ibu ted to a buildup of an oxide film; however, ne i ther the ve ry smal l 
weight gains nor the meta l lograph ic examinat ions d i scussed l a t e r suppor t this t h e s i s . 

Metal lographic Examinat ion 

Mic roha rdnes s m e a s u r e m e n t s obtained on the cladding of the control and i r r a d i ­
ated spec imens a r e r e p o r t e d in Table 3. The h a r d n e s s e s r e p r e s e n t read ings f rom the 
outer edge (gas-c ladding interface) to the inner edge (c ladding-graphi te in te r face) . 
F r o m the meta l lograph ic r e s u l t s there is some evidence that dec reas ing amounts of c a r ­
bides were p r e s e n t in the contro l spec imens of Type 310 s t a in l e s s . Type 446 s t a in l e s s , 
and Inconel, in that o r d e r . These ca rb ides make a cons iderable contr ibution to the 
h a r d n e s s . The good control poss ib le in the meta l lographic p r e p a r a t i o n of the u n i r r a d i a ­
ted control spec imens p r o m o t e s carb ide re tent ion in the m i c r o s t r u c t u r e . On the other 
hand, r emo te meta l lographic techniques a r e not as eas i ly control led, and the loss of 
ca rb ides from the m i c r o s t r u c t u r e of the i r r ad i a t ed spec imens is m o r e p robab le . An 
additional factor m u s t a lso be cons idered when the p r e i r r a d i a t i o n and pos t i r r ad ia t ion 
m i c r o h a r d n e s s m e a s u r e m e n t s a r e compared . At the i r r ad ia t ion t e m p e r a t u r e of 1500 F , 
fabricat ion s t r e s s e s from the swaging opera t ion will pa r t i a l ly anneal out and reduce the 
h a r d n e s s . F o r these r e a s o n s the m i c r o h a r d n e s s m e a s u r e m e n t s in Table 3 a r e not 
eas i ly i n t e rp re t ed . L o s s of carbide inclusions appea r s to explain the r e s u l t s given for 
Type 310 s t a in l e s s . The h a r d n e s s of the control spec imen r anges from 250 to 550 DPH 
n u m b e r s , the higher read ings occur r ing in the a r e a of g r e a t e s t carb ide concentra t ion. 
In the i r r ad i a t ed spec imens , where ca rb ides have been lost , the h a r d n e s s is lower and 
much m o r e uniform throughout the cladding. 

All six i r r a d i a t e d spec imens and the th ree control spec imens were examined in the 
p r o g r a m . Duplicate i r r a d i a t e d spec imens having the s a m e cladding exhibited, in gen­
e ra l , the same m i c r o s t r u c t u r e , and so a photomicrograph of only one specimen of each 
type is p r e sen t ed (F igures 9 through 11). 
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TABLE 2. PHYSICAL MEASUREMENTS OF SPECIMENS BEFORE AND AFTER IRRADIATION 

Weight, g 

Before 

After 

Change 

Weight Change, pet 

Density, g per cm"' 
Before 
After 

Change 

Density Change, 

Length, in. 
Before 

After 

Change 
Length Change, 

Diameter , in. 

Before 
After 

Change 
Diameter Chang 

per 

per 

cent 

cent 

cent 

e, per cent 

Specim 

L-2 

8.2106 

8.2194 

+0.0088 

+0.107 

5.09 

5.10 

+0 .01 

+ 0 . 2 

0.709 

0.700 

-0 .009 

- 1 . 2 

0.4401 
0.4448 

+0.0047 
+1.0 

ens Clad With 
Inconel 

L-7 

8.1302 

8.1463 

+0.0161 

+0.198 

4 . 8 8 

4 .87 

- 0 . 0 1 

- 0 . 2 

0 .732 

0.729 

-0 .003 

- 0 . 5 

0.4400 
0.4423 

+0.0023 

+0 .5 

Speclm 
Type 

A - 1 

7. 2664 

7. 2699 

+0.0035 

+0.048 

4 .39 

4.40 

+0.01 
+0 .2 

0.716 

0.706 

-0 .010 

- 1 . 3 

0.4481 
0.4501 

+0.0020 

+0 .5 

ens Clad With 
310 Stainless 

A-2 

7.1685 

7.1708 

+0.0023 
+0.032 

4 .39 

4 . 4 1 

+0.02 

+0 .5 

0.706 

0,700 

-0 .006 

- 0 . 8 

0.4475 

0.4493 

+0.0018 

+0 .4 

Specimens Clad With 

Type 446 Stainless 

F-1 

7.1975 

7. 2032 

+0.0057 
+0.079 

4 .72 

4.66 

-0 .06 

- 0 . 3 

0.703 

0.712 

+0.009 

+1.3 

0.4409 
0.4482 

0.0073 

+1.7 

F-3 

6.9226 
6.9238 

+0.0012 

+0.017 

4 .56 

4 .56 

— 
--

0.704 

0.713 

+0.009 

+1 .2 

0.4412 
0.4508 

•0 ,0006 

-•2,2 
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TABLE 3. MICROHARDNESS MEASUREMENTS OF 
SPECIMEN CLADDINGS 

Specimen Knoop Hardnes s F r o m Gas-Cladding to Cladding-Graphi te Interfaces 

Inconel Cladding 

252 338 327 327 325 327 327 322 

177 191 197 207 220 203 217 231 

142 171 179 186 174 174 154 174 

Type 310 Sta inless Steel Cladding 

252 338 327 327 325 327 327 322 

177 191 197 207 220 203 217 231 

142 171 179 186 174 174 154 174 

Type 310 Sta inless Steel Cladding 

327 

207 

186 

325 

220 

174 

327 

203 

174 

327 

217 

154 

322 

231 

174 

325 327 

220 203 

174 174 

Sta inless Steel 

270 355 

256 217 

207 207 

Sta inless Steel 

L-3 (control) 

L-2 

L-7 

A-3 (control) 

A-1 

A-2 

F-2 (control) 

F-1 

F-3 

266 257 

188 222 

185 213 

202 230 

215 240 

162 192 

302 274 

231 233 

211 208 

Type 446 

261 284 

224 229 

183 208 

276 302 

240 228 

186 181 

380 492 

240 263 

201 185 

Cladding 

261 280 

224 231 

161 191 

335 

224 

176 

549 

254 

236 220 

194 181 

317 

183 

169 
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--SC 

250X RM11041 250X HC1900 

a. Outer or Gas-Meta l Interface 
of Control Specxmen L - 3 

b . Reaction at Gas-Metal Interface 
of Specimen L-2 After I r radia t ion 

, I 

250X RM11040 250X HC1903 

c. Inner or Graphi te-Meta l Interface of 
Control Specimen L-3 

d„ Inner or Graphi te-Meta l Interface 
of Specimen L-2 After I r radia t ion 

FIGURE 9, INCONEL MICROSTRUCTURES AT THE GAS-CLADDING AND 
CLADDING-GRAPHITE INTERFACES OF CONTROL 
SPECIMEN L - 3 AND IRRADIATED SPECIMEN L-2 
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I- • 
250X RM11023 250X HC1896 

a. Outer or Gas -Meta l Interface 
of Control Specimen A-3 

b . Gas -Meta l React ion at Interface 
of Specimen A-2 After I r radia t ion 

y^: 

250X RM11031 250X HC1895 

c. Inner or Graphi te-Meta l Interface 
of Control Specimen A-3 

d. Inner or Graphite Metal Interface 
of Specimen A-2 After I r rad ia t ion 

FIGURE 10. TYPE 310 STAINLESS STEEL MICROSTRUCTURES AT 
GAS-CLADDING AND CLADDING-GRAPHITE 
INTERFACES OF CONTROL SPECIMEN A-3 AND 
IRRADIATED SPECIMEN A-2 
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250X RM11044 250X 

a. Outer or Gas-Meta l Interface of 
Control Specimen F - 2 

HC1898 

b . React ion at Gas-Meta l Interface of 
Specimen F - 3 After I r radia t ion 
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IRRADIATED SPECIMEN F - 3 
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The fields of view in the pho tomicrographs d i scussed below include 8 to 10 mi l s of 
the cladding. The min imum a r e a that can eas i ly be dis t inguished in the pho tomic ro ­
graphs is pe rhaps 1/16 in. wide, and equivalent to about 0. 25 m i l . 

Inconel. The po s t i r radia t ion m i c r o s t r u c t u r e of the g a s - m e t a l in terface Specimen 
L-2 is shown in F igu re 9b. Compar i son of F i g u r e s 9a and 9b shows a m a r k e d d e c r e a s e , 
in gra in s ize (and a lso in m i c r o h a r d n e s s , see Table 3) of the i r r a d i a t e d specimen, in ­
dicating that the Inconel cladding has undergone r ec rys t a l l i za t i on during the in-pi le ex­
p e r i m e n t . T r a c e s of p r e i r r a d i a t i o n g ra in boundar ies a r e also evident . 

In addition to r ec rys t a l l i z a t i on and softening, it is apparen t that some co r ros ion 
by CO^ has o c c u r r e d at the g a s - m e t a l in te r face . Small pa tches of oxide can be ob­
se rved in a r e a s along the mietal sur face , and the surface is roughened and i r r e g u l a r , in 
con t ras t to the control spec imen, L - 3 . There is some evidence of in t e rg ranu la r 
co r ros ion . 

M i c r o s t r u c t u r e s of the m e t a l - g r a p h i t e in te r faces a r e compared in F i g u r e s 9c and 
9d. There is no evidence of graphi te - Inconel incompatibi l i ty nor surface roughening or 
ca rbur iza t ion of the Inconel cladding. 

Type 310 Sta in less Steel . M i c r o s t r u c t u r e s of the g a s - m e t a l in ter faces of control 
and i r r a d i a t e d spec imens a r e shown in F i g u r e s 10a and 10b, r e spec t ive ly . The surface 
of the control spec imen is smooth, while the i r r a d i a t e d spec imen is rough and shows 
evidence of co r ro s ion by the coolant g a s . A na r row band with l i t t le s t ruc tu re may be 
observed along the sur face (F igure 10b). This band can a lso be observed in the i n e t a l -
graphi te surface (F igure 10a). The bands w e r e f i r s t noticed during examinat ion of the 
control spec imens and appeared to be a s soc ia t ed with deca rbu r i zed zones occur r ing in 
the g a s - m e t a l and m e t a l - g r a p h i t e su r f aces . F i g u r e s 10a and 10c show voids produced 
by etching of carb ide p r e c i p i t a t e s . The voids a r e s p a r s e at the g a s - m e t a l sur face , b e ­
coming th icker toward the m e t a l - g r a p h i t e in terface until they approach the n a r r o w band 
ment ioned above. The p r e s e n c e of a carb ide grad ien t in the control spec imens is also 
suggested by the h a r d n e s s data for the Type 310 s t a in l e s s control spec imen r epo r t ed in 
Table 3. 

Gra in s ize r e m a i n e d unchanged in the i r r ad i a t ed specimen, although twinning o c ­
c u r r e d in excess of that obse rved in the cont ro l . The cladding appea r s to be compatible 
with graphi te under the conditions of the i r r ad ia t ion exper iment . 

Type 446 Sta in less Steel . G a s - m e t a l in te r faces of the control and i r r ad i a t ed 
spec imens a r e shown in F i g u r e s 11a and l i b . As obse rved for both the Inconel and the 
Type 310 s t a in less spec imens , the cladding surface of the i r r ad i a t ed spec imen was 
rough, indicating some co r ros ion by the CO2. The spec imen in F igu re l i b was etched 
heavily to br ing out g ra in boundar ies , and the etchant a t tacked the p rec ip i t a t e s and p r o ­
duced voids . 

M i c r o s t r u c t u r e s of the g r a p h i t e - m e t a l in ter faces of control and i r r ad i a t ed spec i ­
mens a r e shown in F i g u r e s l i e and l i d , r e spec t ive ly . The absence of p rec ip i t a t e s at 
the g r a p h i t e - m e t a l in te r face of the i r r a d i a t e d spec imen m a y indicate some reac t ion of 
the m e t a l with graphi te , although the amount of reac t ion was cer ta in ly sma l l . 
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I r rad ia t ion has no apparen t effect on the g ra in s ize of the Type 446 s t a in les s , although 
the lower h a r d n e s s of the i r r a d i a t e d spec imens (see Table 3) may indicate some an ­
nealing of work s t r e s s e s in the cladding. 

CONCLUSIONS 

Specimens of AGOT graphi te fully clad with Type 310 s t a in l e s s , Type 446 s ta in­
l e s s , or Inconel were i r r a d i a t e d for 5 weeks in the BRR in 1000-psi CO2 at t e m p e r a ­
tu r e s of 1200 to 1500 F . The purpose of this s ing le -capsu le exper iment was to study 
the effect of the r a d i a t i o n - t e m p e r a t u r e - C O 2 envi ronment on the cladding, and the 
graphi te -c ladding reac t ion . 

Small changes in densi ty , d imens ions , and weight were observed, but only the 
la t te r may be significants During the in-pi le per iod samples of the capsule gas were 
analyzed for CO and oxygen. Compared with the ini t ial gas charged to the capsule , no 
significant change in oxygen concentra t ion was observed , but the CO inc rea sed from 
zero concentra t ion to values as high as 3, 6 volume pe r cent . The CO concentra t ion 
depended on capsule t e m p e r a t u r e . 

All the cladding m a t e r i a l s had undergone some oxidation, as evidenced by spec i ­
men discolora t ion , and the surface roughening and sma l l depth of a t tack observed in 
photomicrographs at 250X. The depths of a t tack were l e s s than 1 m i l , if oxide spalling 
is neglected. None of the spec imens showed evidence of ca rbur iza t ion at the g raph i t e -
m e t a l in te r face . Changes in the m i c r o s t r u c t u r e and the m i c r o h a r d n e s s of the cladding 
m a t e r i a l s were obse rved . Recrys ta l l i za t ion and annealing of cold-worked s t r uc tu r e s 
p r e s e n t in the a s - r e c e i v e d spec imens were respons ib le for some of these changes . 

Until out -of-pi le data on duplicate spec imens can be compared with the r e su l t s of 
the i r r ad ia t ion expe r imen t t he re is no evidence that radia t ion enhances the CO^-meta l 
or g r a p h i t e - m e t a l r e a c t i o n s . 
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