
UNCLASSIFIED
HW -290IU

SURFACE STUDIES OF IRRADIATED GRAPHITE

By

C. N. S p a la r is

P ile  M aterial®  Unit 
Technology Sub -Section

July 14, 1953

CIA 'Jf-CAHO*- CAN* H t 5 0
da rt  . - 2 — L’—
M  Hi® A*e*»“4

• , t y  . > •  v ' " r  *
I .  ---------------------- -  — '

|  O f
4 u.M.,11 wm mm,- - * * * * * * * " ^

HANFORD ATOMIC PRODUCTS OPERATION 
RICHLAND, WASHINGTON

O p era ted  fo r the A tom ic E n erg y  C o m m issio n  by the 
G en era l E le c tr ic  Com pany under C o n tra c t #W -31-109-E ng-5*

t
f

UNCLASSIFIED



CONFIDENTIAL
ww i* m i

TA BLE O r  CONTENTS

INTRODUCTION* * - - ................ . . . . . . . . . . . . . . . . . .
SUMMARY - - • * * .  - - . . . .  .  ................... . . . . . . . .
RESULTS * - .................................  .  .  . . . . . . . . . . . . . .

E ffec ts  of O xidation on the S u rface  A rea  of G rap h ite  . . . . . . .
E ffec ts  of R adiation on the S u rface  A rea of G rap h ite  . . . . . .
E ffec ts  of O xidation  on the P o re  S it#  D is trib u tio n  of G rap h ite  - 
E ffec ts  of R adiation  cm the P o re  S ite  DistrttM#tio*i of G rap h ite  - 
T e m p e ra tu re  A nnealing E ffect on the S u rface  A rea of I r ra d ia te d  

G rap h ite  . . . . .  - .  .  .  .  .
DISCUSSION O F RESULTS - ...............................................

V aria tio n  of P o re  S ite  D is trib u tio n  and S u rface  A rea  of G rap h ite  
Du# to O xidation * . . . . .  .  « » » • » * » «  * - » « » . .  »

V aria tio n  of P o re  S i te  D is trib u tio n  and S u rface  A rea  of G rap h ite  
Due to R adiation -

REFEREN CES .  . . . . .  . . . .
A T T R A C T  ................................................... ...  . . .

CHFIKIT1U .
* - M

'$17 # -

:

mIf

♦



HW 2i&«2

CONFIDENTIAL
«-

SURFACE STUDIES OF IRRADIATED GRAPHITE 

INTRODUCTION

Th* nature of the m icrostru ctu re of a so lid  can be determ ined by 
the use erf certain  surface study techi iques. P rop erties assoc ia ted  with 
the m icrostructu re of any porous so lid  are physical surface area and pore 
s is e  distribution as w ell as som e therm odynam ic quantities These are  
properties bavin* a d irect influence on so lid  gas reaction k inetics. A 
com plete study of graphite surface ch a ra c ter is tic s  is  probably n ecessary  
to understand the k inetics of chem ical reaction between oxidizing g a ses  
and graphite. One of the prim ary ob jectives of su rface studies work is  
to provide the type of information which ia e ssen tia l in these k inetics 
studies.

It is  the p u rp o se  of th is  r e p o r t  to  p re se n t the in fo rm atio n  ob tained  
to th is  tim e co n cern in g  the change of g ra p h ite  su rfa c e  c h a ra c te r i s t ic s
caused by various p ro c e sse s  of oxidation and irradiation

SUMMARY

Information is  presented  to aid the basic understanding of the 
kinetics of ra d ia tio n -in d u ce d  g ra p h ite  gas re a c tio n s . The ap p a ra tu s  
used for this program  has been d escrib ed  in detail in a previous report.

R esu lts developed in th is report a re .
1. The su rfa c e  a re a  of a ll g ra p h ite  sa m p le s  in c re a s e s  rap id ly  on

slight oxidation. This in crea se  is  independent of s iz e , type or 
fo rm  of g rap h ite . F o r  a s lig h t am ount of in -p ile  ox idation , the 
s u r fa c e  a re a  of p rev io u s ly  i r r a d ia te d  g ra p h ite  sa m p le s  in c re a s e s  
m ore rapidly than that of equivalent virgin sam ples

l .  The surface area of graphite d ecrea se s  upon exposure to low 
tem perature irradiation; i . e .  , ‘em perature of irradiation  
about 20 C to 50 C. This d ecrea se  is independent of the s u r 
rounding  a tm o sp h e re  in w hich the g rap h ite  is exposed.
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3. Ositfauoci opens up the la rg e r of the closed graphite pores as 

well as the sm aller ones with £0 35 A pore radius This proc - 
ess takes place to various stages during oxidation

4. Low tem perature irrad ia tion  causes a "shrinkage* o r decrease  

in porosity fo r all s ites of rad ii on the surface of graphite
5. The surface area of an irrad ia ted  graphite sample increases  

when therm ally  annealed and approaches asym ptotically the 
surface area value obtained for the same sample before i r r a d i 
ation.

RESULTS

There is evidence0 * *• 3) to indicate that the study of changes m 
surface characteris tics  of pile graphite occurring during oxidation, i r r a d i 
ation, o r both w ill enable one to explain an important portion of the k in 
etics of graphite-gas reactions. In o rder to study these changes of surface
ch aracteris tics , a systematic series of experim ents has been perform ed  
and the results found are presented to the f irs t portion of this paper.

The experim ental methods and the apparatus used fo r studies of 
the surface characteris tics  of graphite have been described in detail to 
a previous report.

Effects of Oxidation on the Surface A rea of Graphite

Surface studies of graphite samples oxidised to an oven and in a 
Hanford pile reveal that the surface area to reases fo r both samples 
during oxidation. However, to the case of samples oxidised in the p ile , 
the increase to area is considerably g reater than that fo r oven-oxidised  
samples This holds true fo r samples oxidised to approxim ately the 
same extent.

Several virg in  and irrad ia ted  samples of p ile graphite w ere o x i
dised to various degrees and their surface areas determ ined The extent

§ . :m  msj r.
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of m rnrn^m  w as m m m w *  by weight t e a .  f « M i  I i t le a tra te a  the  o ffse t*
of III *ptl« and oven oxidation on the surface area of sev era l typical KC
graphite sam ples

Sam ples # # ‘*-139, #87-257 , and #87-252 w ere cut from  the sam e  
bar The irradiated sam ples have a to ta l exposure of 444 W D /CT All 
sam p les listed  in Table I w ere investigated  as form ed graphite. Surface
a re a  is  c a lcu la te d  fro m  the a n a ly s is  of n itro g en  gas ab so rp tio n  iso th e rm s  
d e te rm in ed  at liquid  n itro g en  te m p e ra tu re  u s in g  th e  B E. T, m ethod

In F ig u re  l, the s u r fa c e  a r e a  in sq u a re  m e te r s  p e r  g ram  is  p lo tted  
ag a in st the p e rc e n ta g e  weight lo s s  due to oxidation  fo r  a il sa m p le s  in 
T ab le  1. It is  of c o n s id e rab le  im p o rta n ce  to note tha t th e re  is  a sh a rp  in 
crea se  of surface area  on slight oxidation for all the sam p les lis ted  in 
Table I. This in crea se , how ever, is  considerably greater  in the ca se  of 
the ir ra d ia te d  sa m p les .

Upon ox idation , the su r fa c e  a r e a s  of o th e r  types of g rap h ite  in c re a s e  
is a m an n er s im ila r  to  that of KC g rap h ite  L  E. 3 Roberts*®* and his 
c o -w o rk e rs  have independently  ob ta ined  iden tica l r e s u l t s  of s u r fa c e  a re a  
in c re a s e  fo r  oven oxidation of g ra p h ite  They have u sed  th in  p la te s  as  
w ell a s  g rap h ite  pow der sa m p le s  fo r  th e ir  e x p e rim e n ts

E ffec ts  of R adiation on the S u rface  A re a  of G rap h ite

The changes of su rfa c e  a r e a  w ith ir ra d ia t io n  have been d e te rm in ed
for various sam ples of graphites. It was found that in general the surface  
area of graphite d ecreascou p on  exposure to radiation at low tem peratures.

F o r  th is  e x p e rim e n t, a la rg e  n u m b er of g ra p h ite  s a m p le s  was
exposed to radiation under different flux and atm osphere conditions but 
a t low tem peratures The s u r fa c e  a r e a s  of th e se  sa m p le s  have been d e t e r 
mined and the resu lts  are tabulated in Table II. The sam ples w ere all 
out gassed  for three hours. The sam ples exposed in various atm ospheres  
w ere enclosed  into quarts containers in a manner describ ed  in detail 
e lsew h ere ***
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TABLE i

SUftFACE AREA OF OXIDIZED GBAFtflTE

r ,
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Type and Sample No
Per Cent 
Oxidation

Tem perature*  
of Oxidation

Outgasaing
T em perature

Total
Exposure

MD/CT

Final 
Surface  

A reu

8 7 1 3 9  KC (Virgin) 0 «* « * 4 5 0 0 0  5 1
.« tf 1  « 5 5 0 4 3 0 0 L 0 5
'ft; 'W

9  8 6 0 0 3 5 0 0 L 13
•# It 1 1  0 5 1 5 4 5 0 0 i. 3 8

5 3  KC (Virgin) 0 m - m  m 4 5 0 0 0  3 0
'■» #» 7 . 3 5 5 0 5 5 0 0 0 . 7 7

' *t m 1 1 ,8 6 6 0 3 5 0 0 L  0 4

8 7 - 1 5 1  KC (Virgin) 0 m - * *  a * 4 5 0 0 0 . 5 1

8 7 - 1 5 1  KC ( I r r a d ia te ) 1 . 1 4 1 0 3 0 0  and 5 0 0 4 4 4 L 7 8
•* «» 3 0  3 § 6 0 4 5 0 0 1 ,8 3

8 7  1 5 7  KC (Virgin) 0 — * 4 5 0 0 0  5 1

" (Irradiated) 1 4 4 1 0 4 5 0 4 4 4 1. 3 5
it *t «# 6 , 0 5 1 5 3 3 0 0 1 .5 3
m * m 1 4 . 5 5 1 5 4 5 0 0 1 .8 1
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TABLE U

E F F E C T  P E  RADIATION ON THE SURFACE AREA OF G RA PH ITE
T est Hole I rra d ia tio n  at 50°C __________

B efore I r ra d ia tio n  A fter Irra d ia tio n

Sam ple and Type E x p o su re
Out gassing* 4)
T e m p e ra tu re

Surface
Area

Annealing
T e m p e ra tu re

S u rface
A rea

<#} vM D/CT) <°€) ( m \ g m ) <°C) ( m ^ / g m )

-*87-00 , KC 480 1000 0. 52 350 0 47
(C y lin d rica l F orm . *

450 0- 4ft
exposed  in vacuum ) 550 0. 49
*102  221, WSF 480 1000 3* m 300 3, 50
(P o w d er, exposed 420 3. 87
in vacuum ) 650 3 96

PROCESS TUBE WATER COOLED IRRADIATION AT 2Q°C
B efo re  I rra d ia tio n  A fte r I r ra d ia tio n

Out gassing* 4) S u rface  A nnealing S u rface
Sam ple and Type E x p o su re  T e m p e ra tu re A rea T e m p e ra tu re A rea

<») (MD/ AT)  <°C) ( m  g m ) C°C)
/

( m  / g m )

90  85, CSF 111  1000 6, 20 75 5, 35
(P o w d er, exposed 145 5, 10
in vacuum ) 165 5. 18

300 5. 51
500 6 02
55© 6 06

80 104 (lam pblack , 272 1000 14. 44 70 11 97
P ow der, exposed 100 12, 67
mi v a c u u m ) 300 13 01

520 13. 62
§00 13. §2

75 13 62
87 02, KC (P ow der 272 000 6 01 §5 3 58
exposed  in O ,) 125 1 66

350 4 44
550 4 58
630 4.  «9
650 4, 84
720 4 84

m *«■*- ♦* * a *
*  * *  ♦  » *
4 *  *  ♦ .* m * *
•* *  *'•*•*.
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TABLE U  (canid, )
P ro c e s s  Tub# W ater C ooled  I rra d ia tio n  a t 20°C

B efo re  ir ra d ia tio n A fter ir ra d ia tio n

S am ple and Type E x p o su re
O u tgassing (4 ) S u rface  
T e m p e ra tu re  A rea

A nnealing
T e m p e ra tu re

S u rface
A rea

(#> (M D /A T ) <°C) ( h i  / g m ) (°C ) S -*s
,

m 1

87-88 KC 172 Q«n a  c a mm n  m ?
(C y lin d ric a l F o rm

W W W W 0U 15
150

0 42 
0 43

E xposed in CO) 300 0 43
450 0 44
450 © 44

64 12 WSF, (Cut 106 1000 0 95 40O 0 66
in to  th re e  c y lin d r i- 510 0 67
cal p ie c e s , exposed
in CO^)
64-78 WSF, (Cut into 273 600 0. 95 280 0 82
two cy lin d ric a l p ie c e s , 450 0 85
exposed  in CO i \ 500 0 85
64 13 WSF, (P ow der 106 450 7, 04 250 5 86
exposed  in vacuum ) 400 6 16

50 8. 17

It is  o b se rv ed  fro m  the d a ta  in T ab le  U that the su rfa c e  a re a  of all 
sa m p le s  has d e c re a s e d  du rin g  ir ra d ia t io n . One a lso  o b se rv e s  tha t the 
a re a  of the i r ra d ia te d  sa m p le s  in c re a s e s  with in c re a s in g  o u tg ass in g  te m 
p e ra tu re ,  but it n ev e r re a c h e s  the su rfa c e  a re a  va lue of the sam p le  r e 
co rd ed  b e fo re  ir ra d ia tio n . F u r th e rm o re , the sa m p le s  which in itia lly  have 
la rg e  su rfa c e  a r e a  have shown the g re a te s t  d e c re a s e  a s  co m p ared  to th e ir  
c o rre sp o n d in g  v irg in  v a lu es.

fn a p rev io u s  r e p o r t14  ̂ it w as m entioned that th e re  w as an in d ic a 
tion tha t the su r fa c e  a r e a  of p ile  g ra p h ite  in c re a s e s  with ex p o su -e  * o  i r r a d i  - 
aUon. H ow ever, w hether th is  in c re a s e  w as due to  neu tron  flux o r  w hether 
it w as p a r tia lly  o r  wholly due to the rea* tio n s with the su rro u n d in g  a t m o s 
p h e re  had not been co m p le te ly  d e te rm in ed . T h is u n ce rta in ty  h as  been
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c la r if ie d  in 111# light ©I the in fo rm al ion p re s e n te d  to  T t o i t  II afMi d isc u sse d
above, w here both the p rev io u s  h is to ry  and the cond itions of  ir ra d ia tio n  
a r e  known

of  O xidation on the P o re  S iae  D istrib u tio n  of G rap h ite

P o re  s is#  d is tr ib u tio n  s tu d ie s  on o x id ised  g ra p h ite  sa m p le s  in d i
ca te  that oxidation opens up the la rg e r  of the c lo sed  p o re s  a s  well a s  the 
s m a l le r  ones with £0-3$ A p o re  rad iu s . T h is p ro c e s s  tak es  p lace  in • 
d e fin ite  seq u en ce  of ev en ts  du rin g  oxidation.

G rap h ite  sa m p le s  have been  su b jec ted  to v a rio u s  d e g re e s  of o x id a 
tion and ir ra d ia tio n , The re a u its  a r e  shown in F ig u re s  £ and 3. The
seq u en ces  of ex p o su re s  p o r tra y e d  in F ig u re  £ a re :

l O xidation of a sam p le  in the p ile  to  0. 3 p e r  cent.
1. I r ra d ia tio n  of tha t sam p le  in a cold te s t  hole

On the o th e r  hand, the seq u en ces  of ex p o su re  in F ig u re  3 a re ;
1. O xidation of a sa m p le , l .  4 p e r  cent in p ile .

M. O xidation of that sam p le  about •  p e r  cen t in o v e r ,
3, O xidation of the sam e  sam p le  about 30 p e r  cent in an oven.

F ro m  re fe re n c e  to  th e se  f ig u re s , it is  ap p aren t th a t the p r in c ip a l peak  of 
£0*35 X p o re  ra d iu s  p re  sen* in a ll ty p es of g rap h ite  in v es tig a ted  so  fa r  has 
changed in in te n s ity  with in c re a s in g  d e g re e s  of ox idation . At f i r s t ,  with 
only  s  sm a ll p e rcen tag e  of oxidation  th is  peak has in c re a s e d  in in ten sity . 
T h is is  in te rp re te d  jo  m ean tha t, with a sm a ll amount 0f ox idation , m o re  
p o re s  of the £0-35 A s iz e  ra d iu s  have em erg ed  ' 4 * ^  As the oxidation  
p ro c e e d s , how ever, the n u m b er of sm a ll p o re s  d e c re a s e s  a s  can be seen  
in F ig u re  3. w here the oxidation  is  six  p e r  cent B etw een six  and th ir ty  
p e r  cent oxidation  th is  p r in c ip a l peak changes v ery  li t t le . On the o th e r 
hand, the peak at 90-150 A in c re a s e s  in in ten s ity  up to about s ix  p e r  cent 
oxidation'*** and then d e c re a s e s  fo r  th ir ty  p e r  cent oxidation.

• * *  -* * fe
•  *  *i * *:# I :

• V  -im
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PORE S1ZC DISTRIBUTION CURVES ro f t  
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Th® sa m p le s  used  fo r  the study of p o re  s is e  d is tr ib u tio n  v e r s u s  
ox idation  w ere  in v estig a ted  both a s  fo rm ed  a s  w«U as  pow dered  g rap h ite . 
A to ta l of seven  sa m p le s  of KC and CSF type of a r t i f ic ia l  p ile  g ra p h ite s  
w ere  in v e s tig a ted , and the r e s u l ts  a g re e  w ell w ith one an o th e r w ithin the 
e j^ e r im e n ta l  e r r o r .  The to ta l a re a  in s q u a re  m e te r s  p e r  g rsm  found by 
su m m in g  th e  s r e a s  in the p o re s  and the  a r e a  com puted  using  the B E. T, 
m ethod a g re e  v e ry  w ell fo r a ll ru n s  The co n s tru c tio n  of the  p o re  s is e  
d is tr ib u tio n  c u rv e s  is  d e r iv e d  fro m  the n itro g en  d eso rp tio n  is o th e rm s  on 
g ra p h ite  at liquid  n itro g en  te m p e ra tu re s , u sing  the  B J . H. m ethod 
The a s su m p tio n s , va lid ity  and ap p licab ility  of th is  m ethod have been dim- 
c u s se d  p rev io u s ly  e lse w h e re . ^

E ffec ts  of R adiation  on the P o re  S ise  D is trib u tio n  of G rap h ite

S ev e ra l e x p e rim e n ta l ru n s with v a rio u s  v irg in  and ir ra d ia te d  
g ra p h ite  sa m p le s  re v e a l som e im portan t ch an g es of th e ir  p o re  s is e  d i s 
tr ib u tio n  due to rad ia tio n . In g e n e ra l, sa m p le s  hav ing  a la rg e  su rfa c e  
a re a  w e re  a ffec ted  re la tiv e ly  m o re  by p ile  i r ra d ia t io n  than w ere  th o se  
having sm a ll s u r fa c e  a re a .

T ypical n itro g en  gas d eso rp tio n  is o th e rm s  of g rap h ite  b e fo re  and 
a f te r  i r ra d ia t io n  a r e  p re se n te d  in F ig u re s  4 and I  fo r convenient co m p a rt -

The p o re  s is e  d is trib u tio n  c u rv e s  d e r iv e d  fro m  th e se  iso th e rm s  
ami i l lu s tr a te d  in F ig u re s  •  and 1 c le a r ly  in d ica te  the effec t of rad ia tio n  
dam age on the p o re  s is e  of a given g rap h ite  sam p le  la  Figure* 6 and 7 , 

a g e n e ra l sh rin k ag e  ' o r  d e c re a s e  in p o ro s ity  is  o b se rv e d  fo r mil s ix e s  
of p o re  ra d ii  T h is  phenom enon is  ty p ica l of a ll s a m p le s  s tu d ied  so  f a r .  
The ir ra d ia t io n  fo r the sa m p le s  in v es tig a ted  took p lace  in a w a te r-c o o le d  
p ro c e s s  tube (annu lus tube) in s  H anford p ile  with an a v e ra g e  te m p e ra tu re  
of about 20 C . The s a m p le s , both in fo rm pd  a s  well a s  pow dered  s ta te ,  
w ere  e n c lo se d  in q u art*  tu b es , outgasaedA© 600 C and ev acu a ted  to 10 f 
mm Hg fo r  s e v e ra l  h o u rs  b e fo re  sea lin g  S e v e ra l of the q u a r ts  co n ta in e rs
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u» tfthhtion to  g ra p h ite  sam ple*  w ore filled  with v a rio u s  g a se s  a f te r  avactas-
(10)n o n . Up to the p re s e n t,  how ever, only the sa m p le s  exposed  in oxygen 

and vacuum  have been s tu d ied  As it is  o b se rv e d  fro m  th e  c u rv e s  in 
F ig u re s  8 and 7, th e re  is  no g re a t d iffe re n ce  of dam age betw een the two 
sa m p le s  exposed  in oxygen and vacuum  re sp e c tiv e ly , The q u art*  c o n 
ta in e rs  of m oat of the sa m p le s  w ere  found in ex ce llen t condition  a f te r  
ex p o su re  to rad ia tio n . All of th e se  c o n ta in e rs  w ere  le a k - te s te d  with a 
m an o m ete r b e fo re  and a f te r  the* b reak  - of? se a l w as opened.

T e m p e ra tu re  A aw aU ag  E ffec t on th e  S u rface  Area, of I r r a d ia te #  G rap h ite

The su r fa c e  a re a  of p ile  g rap h ite  d e c re a s e s  with low te m p e ra tu re  
ir ra d ia t io n  It ia , how ev er, of im p o rta n ce  to  note in T able 11 tha t the s u r 
face a re a  having been reduced  by ir ra d ia t io n  w ill in c re a s e  on th e rm a l 
an n ea lin g  tre a tm e n t. In addition,, one o b s e rv e s  th a t, although 'the a re a  
in c re a s e s  with in c re a s in g  annealing  te m p e ra tu re , it ap p ro ac h es  a s y m p 
to tica lly  the value m e a su re d  fo r that sam p le  b e fo re  ir ra d ia tio n . It was 
f i r s t  thought that th is  a re a  v a ria tio n  was past a norm al in c re a s e  with in c r e a s 
ing out g ass in g  te m p e ra tu re  a s  in the c a se  of v irg in  sa m p le s  (U* T his has 
been p roven  not t© be the ea se , A sa m p le , #8G~S0* was f i r s t  o u tg assed  to 

t and its  su r fa c e  a re a  d e te rm in ed  T hen , a * was allow ed to  e n te r  the 
sam ple  c o n ta in e r  and re m a in  in it fo r about an hou r o r  two. The sam ple  
w as then out g a s se d  at 75 C fo r th re e  h o u rs  and the su rfa c e  a re a  d e te rm in ed  
T h e re  was no d iffe re n ce  in sam p le  a r e a  values betw een the  two runs.
Thi# p ro c e d u re  w as re p e a te d  with many o th e r  sa m p le s , with s im ila r  
r e s u lts ,  ft w as th e re fo re  proven  co n c lu siv e ly  that the su r fa c e  a r e a  in c re a se  
of  the ir ra d ia te d  g rap h ite  sa m p le s  w as due to  te m p e ra tu re  annealing  The 
te m p e ra tu re  an n ea lin g  effec t is  i l lu s tr a te d  in F ig u re  8

DISCUSSION or RESULTS

The e x p e rim en ta l r e s u l t s  ob ta ined  fro m  s tu d ie s  of the su rfa c e  
c h a ra c te r i s t ic s  of i r ra d ia te d  g rap h ite  w ere d e s c r ib e d  in the p reced in g  
sec tio n s  In th e  follow ing se c tio n , the m ean ing  of ♦hear e x p e rim e n ta l re su tix  

- will be d isc u sse d  in m o re  d e ta il
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V « r i» tio n  of P o r t  S u e  D m r tb u lio n  ,n d  S u rface  A r e ,  o f G ,« p h n «  Due to
O xidation

W&r a i l  types of a r t i f ic ia l  g ra p h ite  in ves tig a ted , tit# su rface  a re a  

in c re as es  wittli in c re a s in g  d eg ree  of oxidation . The s u rfa c e  »p#» in c re as e#  

ra p id ly  on s lig h t ox idation , the am ount of the incraast* b e in g  imtimpmtfkmt of 

th# s i t e  of the specim en or of w h eth er it is  fo rm e d  or' f^wdSMPCd grap h ite .

The oxidation  e ffo r t  on the s u rfa c e  a re a  is illu s tra te d  is  F ig u re  1. W ith  

the sam e d eg ree  of ox idation  co n cu rren t w ith  ir ra d ia t io n  the ir ra d ia te d  

g ra p h ite  sam p les  show a fa r  g re a te r  m ere***?  im s u rfa c e  a re a  than the 

n o n -ir ra d ia te d  sam ples . Th e  m ean ing  of s u rf a re  a re a  i t e n a i f  with 

in c re as in g  d e g re e  o f  ox idation  has been d iscussed p re v io u s ly  ' * s<

P o re  s is #  distribw tiO B stud ies  iin tteat#  that mtsHitiim- open# up the 

la rg e r  of the c lo sed  po res  as w e ll as the s m a iie r  ones  at H »~*§  I  rad iu s . 

T h is  t» in te rp re te d  to m ean that som e po res  a re  not ac ce s s ib le  to the n i t r o 

gen used to m eas u re  s u rfa c e  a re a . B e fo re  o x id a tio n , c ry s titf iin e  o r  sem i~  

c ry s ta ll in e  ag gregates block the la r g e r  p o re  en tran c es  S m e p o re  b lo ck -  

ages a re  then rem oved  by ox ida tion . These b lockage# m ay be p o o rly  

c ry s ta H ire d  m a te r ia l lying betw een w e ll fo rm e d  c r y s ta ll i te s , binding  

m a te ria l used in the m anu fac tu re  of g ra p h ite  o r  both. In the case of i r r a d i  

ated g ra p h ite , the p o s s ib ility  e x is ts  that a c tiv a te d  reg io n#  o r  c ry s ta ll ite  

d is to rtio n #  can be produced by neutron flu x , w hich w ill m ake oxidation  

c o m p a ra tiv e ly  e a s ie r  than the undam aged bulk o f the g ra p h ite .

Th e  in te rp re ta tio n s  out lined  above a re  fu r th e r  substantia ted  by the 

re s u lt#  obtained fro m  the study of p o re  s is #  d is tr ib u tio n  of ox id ised  g rap h ite , 

fh * study of ‘ hang* ir» po re  a i* e  d is tr ib u *io n  w ith  v a ry in g  d eg ree#  of o x i

dation has y ie lded  in fo rm a tio n  which m ay be* in te rp re te d  ut te rm s  of *  

of ox idation  even*#.

In g ra p h ite , two of the p r in c ip a l d is tr ib u tio n  Beads* in th# m irro p o r#  

s tru c tu re  occur at about 2 0 -» 5  I  rad ius and ^ 0 -ISO A rad iu s  W ith  in c r e a s 

ing o x id a tu m , the peak in ten s ity  at A r is e s  rap id ly  betw een s e re  and
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about two p**r cen t o n d a n o n  it d e c r e a s e s  in in te n sity  b etw een  tw o and s ix  

p er  ren t ox id a tion  and ch a n g es  e e r y  l it t le  b etw een  s ix  and th ir ty  p e r  cen t.
On th e  o th e r  hand, the peak at i d -15® A in c r e a s e s  in in te n s ity  up to about 
s ix  p er  cent ox id ation

T h e se  c h a n g e s  can be in te rp re ted  to m ean that the fo llo w in g  se q u en ce  
of e v e n ts  ta k es p la c e ;

L B etw een  * e r o  and tw o p e r  cent ox id ation  so m e  type of m a te r ia l  
iS r em o v ed  w hich  had p r e v io u s ly  b lock ed  a c c e s s  to some 2®-S5 
A p o r e s ,  This o c c u r s  in the reg ion  of the rapid  in c r e a s e  of s u r 
fa c e  a r ea  with s lig h t ox id ation . It can be ter m ed  '’e a s i ly  oxi * 
d is a b le  m a tter  “

i. B e tw een  tw o and s ix  p e r  cen t o x id a tio n , the s m a l le r  p o r e s  a r e  

opened  to produc e la r g e r  p o r e s  until the bloc king m a te r ia l is  

rem o v ed  At th is  point the rat# o f in c r e a s e  o f su r fa c e  a r e a  with  
in c r e a s in g  d e g r e e  erf ox id ation  d im in ish e s  a s  is  show n in F ig u re
i

3. B eg in n in g  at an ox id a tion  som ew h at g r e a te r  than s ix  p er  cen t, 
a p p a ren tly  so m e  p r o c e s s  is  o c c u r r in g  w hich d o e s  not g r e a t ly  
e ffe c t  the p o re  s ix e  d is tr ib u tio n  T h is  cou ld  be g e n e r a lis e d  
o x id a tio n  of g rap h ite  c r y s ta ls .

T hese su r fa c e  c h a n g e s  can be co m p a red  with the c h e m ic a l rea c tio n  

r a te s . S tu d ie s  o f ra te  r e a c tio n s  of grap h ite  o x id ise d  in a tube w ith carbon  

d io x id e  g a s  at I90& C in d ica te  a rap id  in itia l r is e  in r ea c tio n  rat#  to a va lue  
o f §. i t  gm gm  sa m p le  p e r  day at tw o p e r  cent ox id a tio n  At th is  p o in t, 
fh* rea c t torn ra te  r e m a in s  conat an i un.til about s e v e n  p e r  cen t o f the t  a m p le

| | % j  *
has b een  ox igb red . F ro m  about s e v e r  to s ix te e n  p er  cem  n x id itiim  the  

rat.# in c r e a se s  ii*ieari-y but at a much slow er rate than before,
One o b s e r v e s  that the sh a rp  in c r e a s e  of burnout ra te  c o r r e sp o n d s  to a 

sh arp  in c r e a s e  of su r fa c e  area  on sh gh s ox id a tion  F u r th e r m o r e , the t in -
mm  ox id ation  r a te  in c r e a s e  above s e v e n  p er  cen t c o r r e sp o n d s  to s lo w

I •$*»
j r i :» *• *" 

e  a
# - . - 3 f e * e
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in c re a se  in s u r fa c e  a re a  and v e ry  li t t le  change in the p o re  s is*  d is trib u tio n
T h is la t te r  po rtion  of the burnou t ra te  m ay be due to oxidation  of p e rfec t 
g rap h ite  p a r t ic le s .  A dditional e x p e rim en ta l w ork is  now being c a r r ie d  out 
in an a ttem p t to c o r r e la te  the ra te  of ox idation  with the su r fa c e  c h a r a c te r 
i s t ic s  of g rap h ite .

V aria tion  of P o re  S ise  D is tr ib u tio n  and S u rface  A rea  of G rap h ite  Due to 
Radiation

F o r  all types of p ile  g ra p h ite  in v e s tig a ted , the su rfa c e  a r e a  d e c re a s e s  
w ith low te m p e ra tu re  ir ra d ia t io n . T h is  is  tru e  fo r sa m p le s  ir ra d ia te d  in 
vacuum  a s  w ell a s  fo r  th o se  ir ra d ia te d  in v a rio u s  a tm o sp h e re s .

In v estig a tio n  of p o re  s ix e  d is tr ib u tio n  c u rv e s  fo r low te m p e ra tu re  
ir ra d ia te d  sa m p le s  show s a g en e ra l " sh r in k a g e ’ o r  d e c re a s e  in p o ro s ity
fo r a ll s ix e s  of p o re  rad ii.

If sa m p le s  ir ra d ia te d  at low te m p e ra tu re s  a r e  hea ted  a t re la tiv e ly  
high te m p e ra tu re s  the su r fa c e  a r e a  in c re a s e s  v ery  g rad u a lly  and slowly 
ap p ro ac h es  the a r e a  value found b e fo re  ir ra d ia t io n  fo r each  re sp e c tiv e  
sam p le . T h is  annealing  effec t is  shown in F ig u re  8.

T he d e c re a s e  in su rfa c e  a r e a  and g en e ra l low ering  of in ten sity  fo r 
p o re  s is e  d is tr ib u tio n  peaks of i r ra d ia te d  g rap h ite  can be a ttr ib u te d  to 
physica l expansion  of the individual c ry s ta l l i te s .  T h ese  indiv idual c r y s ta l 
lite s  expand due to  rad ia tio n  flux and in doing so  occupy the m ic ro sco p ic  
void sp a ces  tha t a r e  av a ilab le  in th e ir  im m ed ia te  v ic in ity . T h is  c a u ses  a 
C r e a s e  in p o ro s ity . Many p o re s ,  how ever, a r e  known to be v e ry  sm a ll 
m s is e ,  o r  they  m ay be la rg e  but have sm a ll ’ b o ttle  neck  -lik e  o p e n i n g s .^ 14  ̂
These sm all p o re s  a r e  p a r tia l ly  o r  co m p le te ly  b locked  due to g rap h ite  
c ry s ta l l in e  expansion , thus cau sin g  a d e c re a s e  in a v a ila b le  su r fa c e  a re a .

Subsequent th e rm a l annealing  r e s u l t s  in a d e c re a s e  of p h y sica l 
expansion  fo rc in g  the c r y s ta l l i te s  back to  th e ir  o rig in a l p o s itio n s  and thus 
m aking the o rig in a l su r fa c e  av a ilab le .
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found Oil su rface ch a ra c ter is tic s  due to low tem perature irradiation  
resu lts  r .4 m  of i 
k in et.cs as weli a s  the radiation
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ABSTRACT

Til# e ffe c ts  of o x i^ t io n  ami ir ra d ia t io n  on the m ic ro s u rfa c e  
s t r u c tu r e  of p ile  g rap h ite  have been  in v e s tig a ted  by m e a su r in g  the 
s u r fa c e  a re a  and p o re  s ic e  d is tr ib u tio n  of s e v e ra l  s a m p le s . The
r e s u l t s  ob ta ined  fo r both o x id ised  and i r r a d ia te d  g ra p h ite  sa m p le s  
in d ic a te  that changes in s u r fa c e  c h a r a c te r i s t ic s  which o c c u r  a r e  
d e te rm in e d  by the flux, te m p e ra tu re  of ir ra d ia t io n , and 
a tm o sp h e re  in which the rad ia tio n  tak es  p lace .
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