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ABSTRACT 

The dimensional ohanges observed i n  aoranQe of  graphi t io  mater ia l s  
following i r r a d i a t i o n  a t  600, 900 and 1200 C a r e  reported. The r e su l t a  a r e  
disauesed i n  the l i g h t  of ourrent models for i r r a d i a t i o n  damage i n  graphi te  
and it is oonoluded t h a t  for oonventional mater ia l s  the  dimensional behaviour 
oan be r e l a t e d  t o  the  mater ia l  propert ies .  

I Further oonfirnat ion of the  extreme dependenoe of the dimemional ohanges 
on the  o r p t r r l l i t e  a i z e  has been obtained. 
dimensional ohange varies with temperature is oompatible with this effeot 
being oaused by vaoanoy loea a t  o r y s t a l l i t e  boundaries. 
s i z e  there  appeare t o  be a breakaway temperature above whioh the  r a t e  of 
dimensional ohange aooelerates rapidly.  

The way i n  whioh the  r a t e  of 

For a given o r y s t a l l i t e  
-*@ - 
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Evidenoe has been found whioh ind ioa tes  t h a t  even f o r  low doses a t  high 
temperatures, the r a t e  of shape ohange i n  the orystals (and henae the bulk 
dimensional ohanges) a r e  a l s o  e ign i f ioan t ly  a f feo ted  by the  meohanioal 
deformation of the o r y s t a l l i t e s  under i r r a d i a t i o n  oonditions ( i r r a d i a t i o n  
oreep), 
with low modulii (i.e., more e a s i l y  deformed) the  o r y s t a l l i t e  shape ahange 
produoed by i r r a d i a t i o n  is opposed by basal plane shear. On the other  hand 
the  dimensional ohanges i n  mater ia l s  of high Young's modulus (i.e., s t i f f e r  
o rys t a l s )  a r e  l a r g e r  than expeated beoause the a r y s t a l l i t e  shape charge i s  
l e s s  e a s i l y  opposed. 

Young's modulus has been used as an index of t h i s  e f f eo t r  i n  mater ia ls  

I 

Beoause of these e f f eo t s  the role of the aoef f io ien t  of expansion a s  a 
parameter i n  ao r re l s t i ng  i r r a d i a t i o n  behaviour i n  d i f f e ren t  mater ia l s  is 
somewhat l imited.  

The report  concludes with a disoussion o f  the proper t ies  required of 
graphi te  for use i n  HTGCROs i n  the oontext of the  environment i n  these 
reaotors  , 
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A DIMENSIONAL CHANGES E? GRAPHITE DURING H I G H  TEDLPERATURE I R R A D I A T I O N  

1. 

2. 

IN THE HIGH FLUX RTACTOR RCN, PSTTEN 

R.  BLACKSTONE 

L. W. GRAHAM 

INTRODUCTION 

I n  1962 work aommenced on the design of a graphi te  i r r a d i a t i o n  aapsule 
for a small programme of t e s t i n g  i n  the EE3 a t  Reaator Centrum Nederland, 
Holland. I n i t i a l l y  the work had the very l imi ted  aim of providing data  on 
the  mater ia ls  being used i n  the  construat ion of the  Dragon Reaator. 
aapsule, whiah has now operated suaaess f i l l y  for a number of years i s  unique 
i n  design having three separa ts ly  aontrol led e l e a t r i c a l l y  heated zones 
operating a t  600, 900 and 1200 C. 

The 

With the sucaessful  development of  coated p a r t i c l e  f u e l s  and the  important 
r o l e  whiah graphi te  i s  required t o  play i n  economically a t t r a c t i v e  power 
r eaa to r s  based on t h e i r  use, the  programme has aontinued and i s  now muah 
wider i n  saope. The aapsule experiments are now operated by RCN j o i n t l y  f o r  
the Dragon Projeot ,  the  THTR Pro jea t  and Euratom. Complete d e t a i l s  of the 
work t o  date  w i l l  be given i n  a separate  repor t  [l]. 
present  work i s  t o  review the e f f e c t s  found i n  studying dimensional ahanges 
produced i n  graphi te  by f a s t  neutron i r r a d i a t i o n  i n  view of the  importanae 
of t h i s  subjea t  i n  the design of High Temperature Gas Cooled Reaators. 

The purpose of the 

The r epor t  i e  i n  severa l  par t s .  Beaause of the  apparent aomplexity of 
the  eubjeat a s impl i f ied  meahanism is  first s e t  out t o  a i d  i n  the  r a t i o n a l  
d i ewas ion  of the work. After  b r i e f l y  summarising the  experimental methods 
the  r e s u l t s  are first presented and then disaussed. Some main aonolusions 
a r e  drawn and f i n a l l y  the repor t  aonoludes with a sec t ion  on the  spea i f ioa t ion  
and behaviour of graphi te  i n  high temperature power reaators .  

MECHANISM OF IRRADIATION INDUCED DIMENSIONAL CHANGES 

The first regu l t s  obtained from the Dragon i r r a d i a t i o n  experiments a t  
600, 900 and 1200 C i n  the HFR Pe t ten  were in t e rp re t ed  a s  ind iaa t ing  t h a t  the  
i r r a d i a t i o n  damage model developed by Simmons, Net t ley and t h e i r  ao-workers 
[2, 31 f o r  lower temperatures aould be extended t o  explain the  e f f e a t s  o f  
i r r a d i a t i n g  a t  higher temperatures. 
results-now given, a model i s  first desaribedr t h i s  model i s  the  authors '  
i n t e rp re t a t ion  of t h a t  develope& i n  the UK. 
wider temperature range than oovered i n  the  experimental work i s  disaussed. 

To a id  i n  the  r a t i o n a l  disaussion of the 

For ease of preeentat ion a muah 

2.1 Damage i n  Individual C r y s t a l l i t e s  

The o o l l i s i o n  of faet 'neutrone with aarbon atoms i n  graphi te  a rya ta l s  
produaes high energy oarbon atoms whioh i n  tu rn  ao l l i de  with o ther  aarbon 
atoms forming i n t e r s t i t i a l s  and vaoanaies. Most of the i n t e r s t i t i a l s  
and vaaanoies quiakly reoombine. A t  low temperatures the vaaanoies 
whiah are not annih i la ted  a r e  i n i t i a l l y  i s o l a t e d  s ing le  s i t e s  whiah a r e  

f A 
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Q 
not mobile: on the  other  hand the i n t s r s t i t i a l s  whioh do not immediately 
reaot  with vaoanoiem, quiokly oombine i n t o  small mobile groups. These 
mobile groups nualeate i n t o  l a r g e r  o lus t e r s  the sise of whioh inoreases 
with inoreasing temperature of i r r ad ia t ion .  
oluetera of a range of s i z e s  between the layer  planes oauses the  planes 
t o  be foroed apa r t  and leads t o  an expansion i n  the o r y s t a l l i t e  
o-direotion, 
a d i r e o t i o n  whioh oan vary i n  magnitude r e l a t i v e  t o  the o-direotion 
eqpamion aooording t o  the oiraunstanaee : 

The presenoe of i n t e r s t i t i a l  
1 

Additionally there is a oontraotion i n  the o r y s t a l l i t e  

a)  At low temperatures where vaoanoiee are immobile, the 
presenoe of single vaoanaies (ooupled with expansive e f feo ts  
i n  the  o d i r e o t i o n  &e t o  i n t e r s t i t i a l s )  may l ead  to  a l igh t  
oollapse i n  the a d i r e o t i o n  due t o  the oontraotion of the 
oarbon skeleton about the vaoanoy due t o  a ohange i n  C-C bond 
order. Alternat ively an a-direot ion shrinkage oould be oaused 
by vieua l i s ing  no suoh oollapse but a puokering of the layer  
planes or even a Poisson's r a t i o  effect, 

With inoreasing dose, l i n e s  of vaoanoies 'may form by 
random juxtaposit ion,  eaoh l i n e  oollapsing when i t a  length 
e x o e e b  a o r i t i o a l  sise [4].  

(b 1 

If the temperature i s  s u f f i o i e n t l y  high, vaoanoies w i l l  
beaome mobile. 
formation and oollapse a t  lower doses. 
fates beoome possible8 the  o lus te r ing  of vaoanoies i n t o  p l a t e s  
r a the r  than l i n e s ,  leading t o  less oomplete oollapse i n  the  
a 4 r e o t i o n g  or the  l o s s  of vaoanoiee a t  o r y a t a l l i t e  edges 
whioh enhanoes the  a d i r e o t i o n  shrinkage, It is  believed that 
a8 the vaoanog mobili ty inoreases,  with the r e s u l t  that the 
s ing le  vaoanoy oonoentration beoomes smaller, the ohanoes f o r  
vaoanoy-inters t i t ia l  annih i la t ion  diminish so that the o-axls 
o r y s t a l l i t e  ercpansion r a t e s  inoream. 

This may lead  t o  the  onset of l i n e  vaoanoy 
( 0 )  

Alternat ively two other  

An attempt t o  summarise the e f feo ts  of these displaoements on the 
o r y s t a l l i t e  dimensions a t  d i f f e ren t  temperaturee i s  made i n  Fig. 1. It 
ehould be s t a t e d  t h a t  a t  t h i s  point  that the  term o r y a t a l l i t e  refers t o  
that volume of the  material whioh behaves a s  a u n i t  during the  i r r ad ia t ion ,  
The o r y a t a l l i t e s  t o  whiah Fig. 1 is  meant t o  apply would be those present 
i n  well-grarphitised oonventional nuolear graphi te  exemplified by P i l e  
Orade A. I n  Fige 1 the ra te  of growth f o r  u n i t  neutron dose has been 
p lo t ted  f o r  the  o-direotion g and the a-direotion ga , the  former 
always exhibi t ing an expansion and the l a t t e r  always 8 shrinkage, 

( 0 )  0 
The o r y s t a l l i t e  volume ohangee produoed by the  i n t e r s t i t i a l  and 

vaoanoy defeots  are important i n  the disoussion of dimensional ohawee 
i n  bulk materiala,  The following ranges are postulated,  

Up t o  about 3OO0C but deoreasing i n  magnitude as t h i s  
temperature is eapproaohed, the high population of mall s i aed  

(i 1 
0 
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2.2 

2.4 

groups of  i n t e r s t i t i a l 8  and s ing le  vaoanoies leads  t o  a l a rge  
volume inorease. 

In  the range 3OO0C t o  about 45OoC l a rge  i n t e r s t i t i a l  
clusters and collapsed vaoanoy l i n e s  produoe c r y s t a l  shape 
change a t  subs t an t i a l ly  oonstant volume. 

The o r y e t a l l i t e  v o l y e  again i n o r e a s p  with i r r a d i a t i o n  i n  
the  temperature range 500 C t o  about 1000 C beoause vaoanoy 
d i f fus ion  and o lus te r ing  now ocours, thus reduoing the  a-direotion 
col lapse . 

Above say 1000°C, when vaoanoy mobil i ty  beoomes inoreasingly 
g rea t e r ,  the  probabi l i ty  of vacanoy l o s s  a t  c r y s t a l l i t e  
boundaries i s  enhanoed and a s t a t e  of c r y s t a l l i t e  shape chawe 
a t  oonstant volume may once again be found. 

Effeot of C r y s t a l l i t e  Si5e 

Variat ions i n  o r y s t a l l i t e  s i z e  would be expected t o  produce 
important differences i n  o r y e t a l l i t e  behaviour. I n  p a r t i o u l a r  a t  high 
temperatures a deorease i n  the  e f feo t ive  c r y s t a l l i t e  diameter reduces 
the d i f fus ion  dis tance required f o r  vacanoy loss a t  the c r y s t a l l i t e  
boundaries. Thus a t  temperatures where vaoancy d i f fus ion  i s  s ign i f i can t  
the  shape-change i n  small c r y s t a l l i t e s  would ocuur a t  a g r e a t e r  r a t e  
than i n  la rge  o r y s t a l l i t e s  sinoe i n  the l a t t e r  ease there  would be a 
g rea t e r  p robab i l i t y  of vaoancy-inters t i t ia l  reac t ion  (and a l so  vacancy 
oluster ing) .  This can a l s o  be visua l i sed  as a higher e f f ec t ive  
i r r a d i a t i o n  temperature f o r  smaller o r y s t a l l i t e  sim. 

Effect  of Dose 

It should be emphasiaed that there  i s  no reason to  suppose tha t  
the  o r y s t a l s ' w i l l  reaoh a s t a t e  of dimensional s t a b i l i t y  a t  a 
s u f f i a i e n t l y  high neutron dose. Thus a t  high temperatures the  growth 
of i n t e r s t i t i a l  o lus t e r s  may be v isua l i sed  as the  progressive enlarge- 
ment of new l aye r  planes in se r t ed  i n t o  the orgs ta l s ,  leading t o  arystal  
growth i n  the  o-direotion and shrinkage i n  the a-direotion. This 
prooeas oould oontinue i n d e f i n i t e l y  i n  an unrestrained a rys t a l ,  the  new 
layer planes themselves beooming damaged by the same prooess. 

'phe r a t e s  o f  dimensional ohange Q and g 
0 a i n  the o r y s t a l l i t e  

o d i r e o t i o n  and a-direotion respeot ively may a l s o  vary as a funotion of 
dose. 
vaoanoies, whioh i s  dependent on the  s t a t i e t i o s l  p robab i l i t y  of  produoing 
vaoanoies i n  adjaoent l a t t i o e  points ,  leads t o  an aooelerat ion i n  the 
r a t e s  of dimensional ohange i n  both o r y s t a l l i t e  direotions.  

For example, the onset of the formation and oollapse of l i n e  

Dimensional Changes i n  Polgorgstal l ine Qraphi tes  

I n  a polyorys ta l l ine  graphi te  of t heo re t ioa l  densi ty  and a lao  
oompletely oriented, the bulk dimensional ohanps  of the  mater ia l  on 
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i r r a d i a t i o n  would be i d e n t i o a l  t o  those ooaurring i n  the individual  
orye t a l l i  t ea , 

'1 
However, i n  mater ia ls  of  prao t ioa l  i n t e r e s t  the bulk densi ty  is 

usua l ly  f a r  removed from t h a t  of the o r y s t a l l i t e e  and the prefer red  
or ien ta t ion  oan vary over a wide range, 

Porosi ty  i n  the graphi te  may be loosely o l a s s i f i e d  i n t o  maorosoopio 
and miorosoopio, 
the important mioroporosity may be i d e n t i f i e d  with f i s s u r e s  ex i s t ing  
i n  the o r y e t a l l i t e e  and lying p a r a l l e l  t o  the  a-direotion, 
formed when the mater ia l  is oooled from the  heat-treatment or 
graphi t i s ing  temperature as a r e s u l t  of the  r e l i e f  of s t r e s s e s  brought 
about by the  extreme anisotropy i n  the proper t ies  of the graphi te  c rys t a l ,  

For the purpose of disousrping i r r a d i a t i o n  e f f eo t s  

These a r e  

I n  "real"  mater ia l s  the  observed e f f eo t s  of i r r a d i a t i o n  on the 
bulk dimensional ohangee a r e  profoundly a f feo ted  by the degree of 
preferred o r i en ta t ion  and the average frequenoy and s ioe  of miorooraoks. 
These parameters affeot the degree, by whioh the o r y s t a l l i t e  dimensional 
ohangea a r e  t ransmit ted t o  any given d i reo t ion  i n  the bulk material ,  
In par t iou la r  the  o-direotion e q a n s i o n  oaused by i n t e r s t i t i a l  o lus t e r s  
i e  p a r t i a l l y  absorbed by the  miorooraoks. 
in the irradiation dose, oreok oloeure OOOUES and oauses dramatio 
ohangee i n  the bulk dimenslional ohanges. 

With progressive inoreases 

These e f feo t s  may be analysed quan t i t a t ive ly  i n  r e l a t i o n  t o  the 
o r y s t a l l i t e  dimensional ohanges by using the expression: 

where Bx i s  the  r a t e  of dimensional ohange i n  the  mater ia l  i n  the 
x-direotion, and go and ga a r e  the  previously defined o r y s t a l l i t e  
dimeneional ohangee, 
of aut  are usually e i t h e r  p a r a l l e l  or peqend iou la r  t o  the d i reo t ion  
of forming. 
the o r y s t a l l i t e  dimensional ohange whioh is t r awmi t t ed  t o  the bulk. 
As disaussed above, Ax i 6  i n i t i a l l y  dependent on the degree of preferred 
o r i en ta t ion  and on the degree by whioh the miorooraoks a t tenuate  the 
o d i r e o t i o n  eqanaion.  

dimensional oharyles t o  s imi l a r  e f feo te  ooourring when the o r y s t a l l i t e s  
are e t ra ined  thermally, Thus the thermal expansion i n  the x-direotion 

I n  the  oaee of i r r a d i a t i o n  speoimens the d i reo t ions  

The parametar Ax eesen t i a l ly  desoribes the proportion of 

I n  its simplest  form the model r e l a t ea  the  i r r a d i a t i o n  induoed 

ie!  r e l a t e d  t o  the thermal expaneion i n  the  o r y a t a l l i t i s  i n  the o and 
(.XI 
a-direotione a, and by an expressiont 

( 0  

a x = Axao + (1 - Ax) aa 

9 

. 

. 

T h a t  is, the  o r y e t a l l i t e  thermal and i r r a d i a t i o n  induoed s t r a i n s  are 
transmitted t o  the  bulk through iden t ioa l  oouplings, A, being the same 
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value i n  equations (1 ) and (2) . I n  p r ino ip l e  then, the o r y s t a l l i t e  
dimensional ohanges may be determined by measuring the  bulk dimensional 
ohanges and the  way i n  whioh the  ooef f io ien t  of thermal expansion va r i e s  
as a f ino t ion  of neutron dose. 

I n  the  oase o f  a typ ioa l  an iso t ropic  graphi te  being i r r a d i a t e d  a t  
8 temperature where the o r y s t a l l i t e  volume is  subs t an t i a l ly  oonstant, 
the  type o f  dimensional behaviour expected is  i l l u s t r a t e d  i n  Fig. 2a. 
I n  the d i reo t ion  p a r a l l e l  t o  extrusion a continuous shrinkage ooours, 
sinoe t h i s  d i r ec t ion  i s  mainly governed by the a -d i reo t ion  of the 
o r y s t a l l i t e s .  I n i t i a l l y  a shrinkage i s  observed i n  the perpendioular 
d i reo t ion  a l so ,  even though a major f r a o t i o n  of  the  o r y s t a l l i t e  c -d i r ec t ion  
expansion i s  ooourring i n  t h i s  direotion. This is beoause the  expansion 
i s  aooommodated by the or ien ted  mioroporosity. However, a s  the  
miorooraoks olose, the  r a t e  of shrinkage diminishes and eventual ly  an 
expansion ooours. Clear ly  f o r  madmum s t a b i l i t y  under oonditions where 
the  o r y s t a l  volume remains oonstant, i.e., when go = -2ga9 then it  is 
required t h a t t  

(i) the  parameter A i n  equation ( 1 )  i s  the  same i n  a l l  d i reo t ions  
i n  the mater ia l  

(ii) the value of A should be $ sinoe a t  oonstant volume i n  the 
o r y s t a l l i t e s  g = - 2ga and Rx = 0. 

0 

The oorre la t ion  between the  ooeff ioient  of expansion and i r r a d i a t i o n  
growth ind ioa tes  t h a t  f o r  the above t o  be a t t a ined  the mater ia l  would 
have t o  be oompletely i so t rop io  i n  terms of i ts  thermal expansion 
proper t ies  and the  ooef f io ien t  of thermal expansion approach a value 3 
of t h a t  of the  volume ooef f io ien t  of the o r y s t a l l i t e ,  i.e., about 
9 x l O - 6 p C .  Although t h i s  l e v e l  of expansion ooeff ioient  i s  obtainable 
i n  pr inoiple ,  the most advanoed eoonomioally p rao t ioa l  mater ia l s  exhib i t  
ooef f io ien ts  of expansion of about 5 x 1 O W 6 f C ,  i.e., mioroporosity i s  
present whioh oan aooommodate o-direotion expaneion. I n i t i a l l y ,  a s  
ehown i n  Fig. 2b, a shrinkage i s  observed but t h i s  deoreases i n  r a t e  
with inoreasing dose and a s t a t e  of near s t a b i l i t y ' i a  reaohed when the 
oraok olosure i s  oomplete. As before it i s  assumed t h a t  the  o r y s t a l l i t e s  
ohange shape a t  oonstant volume. 

For oases i n  whioh the  o r y s t a l l i t e  volume inoreases as a r e s u l t  

1 

of i r r ad ia t ion ,  dimensional s t a b i l i t y  i s  never aohieved and behaviour 
i l l u s t r a t e d  i n  Fig. 20 might be expeoted i n  an i so t ropio  graphite.  

2.5 Applioation and Development of the  Model 

The model out l ined i n  the  previous seo t ions  has been developed 
wi thaqual i f ied  suooess i n  a guan t i t a t ive  manner f o r  i r r a d i a t i o n  
temperatures up t o  about 650 C: most of t h i s  work has been oonoentrated 
on one mater ia l  ( P i l e  Grade A graphi te) .  However, the appl ioat ion of 
the pr inoip les  of the model have l ed  to  the formulation o f  a guiding 
speoi f ioa t ion  f o r  graphite8 possessing improved dirndnsional s t a b i l i t y  
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i n  the  temperature range 300-650°C0 
shown that the  appl ioat ion of the  model is suooessful i n  general  a t  
these low temperatures. 

I r r a d i a t i o n  of suoh mater ia l s  has 

However, e f f e o t s  have been found a t  high doses whioh requi re  
modifioation of t he  model. I n  p a r t i a u l a r  i t  has been found that  a t  
s u f f i o i e n t l y  high doses, the ohanges observed i n  the ookff ioient  of 
thermal expansion following i r r a d i a t i o n  are not oompatible with the 
dimensional ohanges observed: ioe.  
and (2 )  is no longer the  same f o r  oonditions of i r r a d i a t i o n  and thermally 
induoed straining [53. 

the parameter A i n  equations ( 1 )  

This i s  not surpr i s ing  s inoe the  equal i ty  is e s s e n t i a l l y  dependent 
on the existenoe of  the miorooraoks whioh l ead  t o  the e f f e o t s  b e i w  
oontrol led by geometrioal fao tors ,  A t  high i r r a d i a t i o n  doses, when 
these oraoks are t i g h t l y  olosed, the  r e s t r a i n t s  on the o rys t a l s  a r e  
modified. Furthermore, these r e s t r a i n t s  are not l i k e l y  t o  be the name 
f o r  thermal exganaion as f o r  i r r a d i a t i o n  growth. Speoif ioal ly ,  irradia- 
t i o n  oreep i n  graphi te  is known t o  ooour and thus the  way i n  whioh the 
o r y s t a l l i t e s  deform by t h i s  prooess under oondi t iom of mutual r e s t r a i n t  
w i l l  not be r e f l e a t e d  i n  the  thermal expansion measurement made outside 
the i r r a d i a t i o n  environment. 

The degree by whioh aooommodation due t o  i r r a d i a t i o n  oreep a f f e o t s  
the  bulk dimensional ohanges seems, on the present  evidenoe, t o  depend 
on the i so t ropy  of the grist pa r t io l e s .  I n  pa r t iou la r ,  g raphi tes  made 
from anisotropio &Est p a r t i o l e s  exhibit voiume inoreases af ter  oraok 
olosure has ooourred. This inorease appears t o  be oaused by the 
generation of a new family of oraokeo After the  olosure of the i n i t i a l l y  
present or iented poros i ty  i t  seems t h a t  o rya ta l  s t r a i n  oan oontinue t o  be 
aooommodated only by the generation of new porosity.  This, presumably, 
i s  beoause the i r r a d i a t i o n  oreep prooess ooours by a meohanism that  does 
not allow mater ia l  movement on suoh a soale as t o  f i l l  t h e  voids produoed 
by the o r y s t s l  deformatign, It  is  found that when i r r a d i a t e d  t o  very high 
neutron doses a t  350450 C* PQA graphi te  exhibits a ohange i n  dimensions 
very l i k e  t h a t  shown i n  fig. 2a [ 5 ] .  Thus the  high dose behaviour does 
not d i f f e r  grossly from that indioated by the  o r i g i n a l  model but there  a r e  
two important quan t i t a t ive  differenoes suggested by the  most reoent ly  
published data: 

. 

(1 )  the  dimensional behaviour during i r r a d i a t i o n  oannot be r e l a t ed  
t o  ohanges ooourring i n  the ooef f io ien t  of thermal expansion 

(2 )  poros i ty  i e  generated a t  high i r r a d i a t i o n  doses, 

On the o ther  hand, data published f o r  the  mme i r re 'd ia t ion  oonditione 
but r e fe r r ing  t o  a graphi te  made from ttmore near ly  iao t ropion  grist 
p a r t i o l e s  than PGA graphi te ,  seem t a  suggest t h a t  t h i s  graphi te  exhib i t s  
negl ig ib le  poros i ty  generation a t  high dorserp, i o e o ,  for these pa r t iou la r  
oonditions Fig. 2b applies. 8 

* -  

*At  t h i s  temperature the o r y s t a l l i t e s  a r e  expeoted t o  ohange shape a t  
oonstant volume. 
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I n  the oontext of the graphi te  o rys t a l ,  i ao t ropio  grist p a r t i o l e s  
oan only mean that these a r e  spherioal ,  with the  graphi te  basa l  planes 
l y i n g  on oonoentrio spheres. f i r t h e r ,  the f a o t  that  poros i ty  generation 
was negl ig ib le  r e l a t i v e  to  the  anisotropio grist mater ia l  af ter  the  
t igh t  olosure of the aooommodation porosi ty ,  suggests t h a t  the  oreep 
prooess i s  probably aseooiated with the s l i d i n g  and oollapse of the layer  
planes under the oonditions of subs t an t i a l ly  hydrostat io  r e s t r a i n t  i n  the 
oase of spher ioa l  grist pa r t io l e s .  It is  diffiuult, however, t o  v i s u a l i s e  
the  behaviour of these spher ioa l  gr is t  p a r t i o l e s  cat high doses under 
oonditions where the o r y s t a l l i t e  volume inoreases ,  i n  other  words, of a 
sphere of whioh the volume inoreases  and the surfaoe a rea  deoreases. 
f a o t  i n  t h a t  oase the  oreep prooess must have a volume e f f e o t  o r  e lse  the 
p a r t i o l e  w i l l  probably break up i n t o  non-apherioal and thus an iso t ropic  
par ts .  

I n  

However, i t  should be empgasised t h a t  these f indings r e f e r  t o  low 
temperatures only (oa. 350-450 C )  t r e s u l t s  f o r  higher temperatures might 
well  be a f feo ted  by ohanges i n  the i r r a d i a t i o n  oreep behaviour or by a 
tendenoy f o r  vaoanoy diff 'usion t o  a l t e r  the o r y s t a l l i t e  volume changes. 

Full d e t a i l s  about the experiment a r e  given i n  a separate  r epor t  [l]. 
Only the  most e s s e n t i a l  po in ts  a r e  mentioned here. 

The i r r a d i a t i o n s  were oar r ied  out i n  the  oore of the High Flux 
Reaotor, HFR, a t  Pet ten,  The Netherlands. 

( 1 )  

A f u l l y  instrumented oapsule was used with three  temperature regions, 
control led a t  600, 900 and 12OO0C respectively.  
the capsule ranged from 0.9 x jOI4 n cm s t o  0.4 x n cm s 
depending on the posi t ion i n  the  capsule. 

The fast flux densi ty  i n  
( 2 )  

-2 -1 -2 -1 

(3)  The neutron exposures a r e  measured by ao t iva t ion  of niokel and 
oobalt ,  m a k i n g  use of the ao t iva t ion  reaot ions N i - 5 8  (n,p) co-58 and Co-59 
(n,Y) f o r  the  oaloulat ion of the fast  and thermal f l u x  densi ty  respeotively.  
The values of the in tegra ted  fast flux used throughout t h i s  r epor t  a r e  
given i n  terms of an equivalent in tegra ted  f i s s i o n  flux. For oomparison 
of r e s u l t s  with those obtained i n  Og reaotors ,  espeoia l ly  DIDO and PLUTO 
at" Harwell, present  evidenoe suggests that a l l  neutron exposures quoted 
here  have t o  be mult ipl ied by a f ao to r  1.75, i.e., 1.00 x lo2' n om 
Pet ten  = 1.75 x lo2' n omo2 Ug [ 6 ] .  

-2 

For the bulk synthe t io  graphites specimens were out p a r a l l e l  (//) or 
perpendioular (u with respeot t o  the axis of forming (extrusion or 
pressing)  . The speoimens, had the following dimensions: 

(4 )  

(a) Rods 0.25 i n  diameter with lengths  varying between 0.25 i n  and 
3.0 in. 

(b)  Square bars, height and width 0.25 i n  with lengths  varying 
between 0.25 i n  and 3.0 in.  
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The ppooarbon erpeoimens were disos with a diameter of about O,25 in ,  and 
thiokness ranging from 0.025 i n  to  0,003 i n o  

To oharaoteriee the mater ia l s  ana as p a r t  of the pos t - i r rad ia t ion  
work, the following proper t ies  were measured: 

(5) 

(a) 

(b)  

( 0 )  

(a) 

Eleo t r ioe l  reer i s t iv i ty  a t  room temperature ( four  poin t  method) , 

Mean ooef f io ien t  of l i n e a r  thermal expangion 20-400°C (CTE) 
( s i l i o a  dilatometer) e 

Dynamio Young's modulus (resonat ing bar)  e 

Bulk densi ty  (from weight and maorosoopio dimensions), 

For the pyrooarbons i n  addi t ion  t o  (a) and (b)  the following proper t ies  
were measured: 

(e )  Density (sink-float method using methanol-bromoform mixtures) 

( f )  C r y s t a l l i t e  height Lo (by X-ray d i f f r ao t ion  from width of the 
0002 ref leo t ion) .  This measurement waa also made for aome of 
the  graplhites, 

Distanoe between l a t t i o e  planes (by X-ray d i f f r a o t i o n  from 
pos i t i on  of 0002 re f leo t ion) .  

( 8 )  

(h) Baoon Anisotropy Faotor (BAY') (by X-ray d i f f r ao t ion  from the 
va r i a t ion  of i n t e n s i t y  of the  0002 r e f l eo t ion  with d i reo t ion  
i n  the speoimen), 

. 

( 6 )  Dimensional ohangear wera measured with: 

(a) a t r a v e l l i w  miorosoope, measuring between the end faoea of the 
speoimen (bulk eynthet io  graphi tes)  o r  between f i d u o i a l  holea 
(pyrooarbon disos)  

a l i n e a r  displaoement t rmsduaer  u e i w  e t e e l  or s i l i o a  standards, (b) 

Reproduoibility of the length measurements varied from 51 ym t o  25 pm 
depending on the qua l i t y  of the  erpeaimenLs 

3ome proper t ies  of' the bulk synthet io  graphite8 a r e  given i n  Table le 
Xater ia l s  whioh have been of  more apeoial  p rao t ioe l  i n t e r e a t  i n  the Dreg;on 
Reaotor appear f i r a t  i n  the l ist  and a r e  designated GOO, (39, (35, EX30 and 
IQ. 

(7) 

Brief desorigt ions of theae mater ia ls  a r e  given below, 

000 is  Br i t i sh  Pile Grade A graphi te  whioh has, however, reoeived 
two p i toh  impregnations during i t s  mamafaoture, r a the r  %baa the  single 
impregnation normally used f o r  Poll, 
in the Dragon R~aO%ore 

@ It is the graphi%e used as r e f l eo to r  

09 is a fine-grained extruded graphi te ,  a derivative of Horganite 
Carbon $Y 9. Thira material  was purobsed  i n  the  baked form, and was 
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Dragon 
Material 

Deeigmtion 
o r  Number 

GOO 

a9 

05 

HX30 

Io. 

1 

2 

3 

5 

6 

7 

17 

18 

21 

22 

34 

35 

37 

58 (2)  

66 

67 

68 

69 

70 

Denai t y  

8 om 
-3 

1.78 

1.79 

1.74 

1.80 

1.80 

1 e79 

1.66 

1.73 

1.88 

1.67 

1.85 

1 e72 

1 e73 

1 a74 

1.96 

1.80 

1.69 

1 e75 

2.19 

1.69 

1.61 

1.69 

1.81 

I .67 

Table 1 

Properties of Bulk Synthetio Graphites 

20-4OO0C 1 o-% 

1 e3 

f e9 

1 e5 

1.3 

4.0 

5.0 

2.0 

1 .I 

4.5 

5.5 

4.1 

5.3 

3.7 

5.5 

1007 

3.9 

3.0 

3.0 

0.25 

3.1 

6.2 

5.4 

4.6 

3.1 

1 

3.2 

4.6 

3.5 

2.9 

4.5 

4.8 

2.6 

2.0 

4.7 

4.8 

4.6 

5.2 

2.5 

5.8 

0.5 

3.7 

4.5 

2.6 

24.1 

3.8 

5.4 

6.9 

3.9 

3. I 

Bleotrioal Res ie t iv i ty  (1 1 
mR om 

// 

0.57 

I e90 

0.90 

0.73 

0.74 

0.96 

0.60 

0.55 

0.80 

' 1.98 

0.78 

1 e03 

1 e30 

0.88 

1.85 

1 a49 

1.39 

1.13 

-0.1 

0.56 

1.40 

1.15 

I .62 

1 e50 

1 

0.87 

3.70 

1.50 

1.30 

0.87 

0.91 

0.71 

I .01 

0.85 

1 .a9 

0.85 

0.90 

0.97 

0.90 

0.47 

1 e47 

1.11 

0.93 

very large 

0.67 

1 a40 

1.26 

1.11 

1 e40 

LO 
A 

680 

380 

560 

400 

320 

620  

- 
3 60 

240 

310 

240 

51 0 

300 

333 

- 
51 2 

144 

- 
- 
- 
- 
- - 

Young's Modulus (1) 

IO" dyne 

// 

13.3 

16.5 

11.2 

1304 

9.6 

8.6 

8.8 

9.2 

13.1 

7.1 

11.9 

8.7 

6.7 

10.7 

3.1 

11.3 

8.9 

6.6  

- 
9.5 

5.2 

9.1 

8.9 

7.8 

1 

6.0 

8.3 

6.2 

6.4 

8.6 

8.8 

6.6 

3.8 

12.3 

7.1 

11.0 

7.2 

10.3 

10.4 

19.8 

11.5 

5.6 

9.5 
- 

7.2 

5.2 

8.4 

5.6 

8.7 

(I) Direotione indioated a r e  with reepeot to  direotion of forming eroept i n  the oase of the bulk pyrolytio oarbon 
(No. 58) i n  whioh //meane the direotion parallel t o  the eubetrate plene. 

Material 58 i e  bulk pyrolytio oarbon deposited from methane a t  x)OOoc. (2) The Baoon BnisotroPY h o t o r  11.3 
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4. 

pur i f i ed  and gi?aphitissd a t  270OoC by the Dragon Projeot. I n  oont ras t  
t o  G 5  graphite whioh has no t l n o n v a p h i t i s i n g l v  f i l lers ,  G9 is  known t o  
oontain appreoiable quan t i t i e s  of oarbon blaok, 

05 is  a fine-rained graphi te  developed by Compsgnie Peohiney working 
under contraot  t o  the  Dragon Projeot.  The starting mater ia l  f o r  
manufaoture was reground Frenoh nuolear graphi te  of  whioh about 5 was 
micronised, 
materia4 reoeived a double p i toh  impregnation p r i o r  t o  g raph i t i s a t ion  
a t  2700 C. 

For extrusion a oonventional p i toh  binder was used and the 

HX30 graphi te  is very similar i n  its manufaoture t o  G5, The starting 

A oonventional p i toh  binder and impregnant 

3 

material  was reground B r i t i s h  P i l e  Grade A graphi te  but the gri8.t s i z e  
was ra the r  ooarser than i n  (35. 
was used. 
Chemical Engineering Division, BERE, Harwell, 

RX3O was developed by the Dragon Projeot  oollaborating with 

lore information about these mater ia l s  i s  given i n  [7] and [8]. 

IG is an e a r l y  vers ion of an improved type of extruded reaotor  

T h i s  mater ia l  is similar i n  type t o  that disoussed i n  [ 9 ] .  
graphi te  designed f o r  b e t t e r  dimensional s t a b i l i t y  under neutron irrad 
tion. 

B- 

I n  Fig. 3 photomiorographs a r e  given i l l u s t r a t i n g  the microetruoture 
of various types of graphitear 

Fig. 3a : a ooarse-grained anisotropio graphi te ,  e.g., GOO and 
type 3 

Fig. 3b I a fine-grained an i so tmpio  graphi te ,  e.g., G 5  

Fig, 30 0 an i so t rop io  graphi te  oontaining spherioal  grist p a r t i c l e s ,  
8.g. 1G and types l ,  5 and 21 

Fig. 3d t a very fine-grained i so t rop io  graphi te ,  8.g. types 34 and 
35 

The pyrooarbons were prepared by methane pyrolysis  a t  temperatures 
between 1400°C and 230OoC i n  a f l u i d i s e d  bed using tantalum d i scs  as 
substrate .  The disos were s t r ipped  from t h i s  subs t r a t e  p r i o r  t o  evalua- 
t i o n  and i r r ad ia t ion .  These mater ia l s  were prepared as being represent- 
a t i v e  of some of the pyro ly t io  oarbons whioh may be deposited as f i s e i o n  
produot r e t a in ing  barriers o r  epherioel nuolear f u e l  par t io lee .  The 
pyrooarbons were supplied by Dr. C. Vivante of the  Dragon Projeot.  
Deposition temperatures and proper t ies  are given i n  Table 2, 

BesULTS 

From the present  e-eriment two type8 of results have been obtained, For 
a number of graphi tes ,  notablyoCtOO, 05, 09, I O  and the  anisotropio pyro ly t io  
graphite,  as deposited a t  2100 C (mater ia l  58) ,  the  dimensional ohanges as a 
f'unotion of neutron exposure have been measured over a dose range of 



n 

- 
NO 

- 
1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

1 1  

12 

13 
14 
15 
16 

17 
21 

22 

23 
26 
27 
28 

29 
31 - 

Table 2 

Properties of Dragon Pyrocarbon Disos 

Deposition 
Temp era tur e 

OC 

1500 
i 600 

1800 

1 goo 
2000 

1500 

1700 

1600 

I 800 
1700 

1900 
2000 

1400 

1500 
1800 
1900 
2000 

1800 
1800 

1800 

2000 

2000 

2000 ' 

21 00 

2300 

Density 

d o m 3  

1.42 

1.60 
1 e64 
1.79 
1.94 
2.08 

1.61 
1.56 
1.68 
1,80 

1.55 

2.07 
1.46 
1.63 
1.85 
1 .a2 

1 *99 
1.75 
1.85 
1.64 
2.07 
2.08 

2.12 

2.09 
2.15 

BAF 

- 
1.21 

1.25 
1.15 
1.12 

1.18 
1.25 
1.11 

1.36 
1.13 
1.17 
1.10 

1.22 

1.13 
1.25 
1.15 
1.17 
1 * 1 1  

1.15 
1.15 
1.10 

1.21 

1.27 
1.23 
1.28 
.lo13 - 

- 

A 
- 
20 

68 
67 
92 

1 1 1  

128 

48 
75 
62 

74 
a5 
122 

30 
25 
90 

105 
110 

96 
95 
73 
126 
135 
158 
147 
149 - 

C 
2 
- 
H 

3.451 
3.408 
3.407 
3.409 
3.391 
3.389 
3 404 
3.401 
3.401 
3 404 
3.393 
3.386 
3.41 1 

3 . 457 
3,418 
3.420 
3.406 
3.427 
3.422 

3.405 
3. 398 
3.41 1 

3.41 3 
3.409 
3.409 

P 
mR om 

5.61 
2.81 
4.03 
3.42 
1.98 
1 034 
5.17 
2.41 

7.29 
3.36 
3.75 
1.36 
40 93 
3.35 
3.35 
3. 33 
2.24 
3.33 

4.90 
1.53 
1.51 
1 007 
1.27 
1.22 

The X-ray meaeuremente were performed by Euratom, Petten 
Establishment [ 251. 

'20-8OO0C 
lo-6 o -1 C 

4.14 

4.56 

4.38 

6.6 
6.2 

5.5 
5.9 

3.75 
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I 

n 
- 

-25 x lo2' n om *. These r e s u l t s  a r e  shown i n  Figs. 4, 5, 69 7 and 8. 

For a g r e a t  many new graphi tes  and pyrooarbons up till  now only one data  
-2 poin t  a t  a f a i r l y  low dose, 2-4 x lo2' n am 

bulk s n t h e t i c  graphi te  a r e  given a s  l i n e a r  shrinkage r a t e s  i n  Table 3. 
a t  600 C a t  these doses d i f f e r e n w s  between graphi tes  a r e  r a t h e r  emall, the 
r e s u l t s  a r e  omitted. The r e s u l t s  f o r  the  pyrooarbons a r e  shown i n  Figs. 13 
and 14. 

is avai lable .  Resul ts  f o r  the 
Sinoe 

The main poin ts  a r i s i n g  from these r e s u l t s  are:  

I n  a l l  the synthe t io  graphi tes  i r r ad ia t ed ,  with the exoeption 
of the pyro ly t ic  mater ia l  (58) i n  the c-axis d i r ec t ion ,  a contract ion 
i e  gbserved a t  a l l  t h ree  temperatures. 
600 C t h i s  oontraotion i s  preoeded by a very s l i g h t  expansion. 

( 1  1 
I n  some oases, mainly a t  

A t  any temperature i n  extruded graphi tes  the oontraotion r a t e  
i e  l a r g e r  i n  the  p a r a l l e l  thanoin the perpendiouhar direot ign.  The 
only exoeption is i n  a9 a t  600 C and a l s o  a t  900 C and 1200 C up t o  

(2) 

-2 3 8: n om . 
I n  a l l  graphi tes  i n  any d i reo t iog  the oontraotion r a t e  a t  d l e a s t  a t  low dose, is  l a r g e s t  a t  1200 C and smalleat  a t  600 C. 

i s  i l l u s t r a t e d  i n  Fig. 9,  showing the temperature dependenoe of  the 
shrinkage rate  of severa l  graphites.  

T h i s  
( 3 )  

Different  graphi tes ,  although behaving i n  a similar way 
qua l i t a t ive ly ,  show quan t i t a t ive  differenoes i n  t h e i r  dimensional 
changes. T h i s  i s  a l s o  w e l l  i l lus t ra ted a t  low doses by Fig. 9 .  
A t  eome temperature there  seems t o  be a rapid inorease i n  oon- 
t r a c t i o n  r a t e  but t h i s  temperature l i e s  higher f o r  the graphites 
wi th  the e m a l l p t  oontraotion ra tes .  
l i e s  above 900 C ,  but f o r  the  rap id ly  shrinking mater ia l s  l i ke  
pyrooarbons 17 and 21 i t  may even be below 600 C. For intermediate 
oases l i k e  85 and pyrgoarbon 31 th i s  temperature l i e s  somewhere in- 
between 600 C and 900 C .  A f u r t h e r  str iking demonstration i s  given 
by graphs showing the volume shrinkage as a funotion of neutron 
exposure f o r  severa l  graphi tea  a t  the three  temperatures (Figs, 10, 1 1  
and 12). The order is the  same a t  a l l  tempereturea. 

(4 )  

For GOO and IQ t h i s  point  

The oontraotion rates a r e  not oonstant but they wry with 
neutron dose. The most pronounoed e f f eo te  are:  

( 5 )  

a t  6OO0C t inorease i n  oontraction r a t e  i n  both d i rec t ions  

a t  900°C t inorease i n  oontraotion r a t e  i n  the d i reo t ion  p a r a l l e l  
t o  extrusion, deorease i n  the  perpendioular direotion. 
Eapsoially i n  a5 and G 9  the  perpendioular d i reo t ion  
is beginning t o  eTpanb. I n  (35 the m i n i m u m  oouure 
a t  higher dose than i n  09, 

Q 
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Material 
)esignation 
o r  Number 

>apaule V 

GOO 

05 

09 

I O  

1 

2 

3 

5 
6 

17 

21 

35 
66 

68 

69 

70 

Causules I-IV 

GOO 

05 

IO1 

35 

HX30 

Resis t iv i ty  
Index (1)  

( 2 p l  + p//> 
P 

2.31 

3.90 

9.30 

2.48 

2.83 

2.02 

2.57 

2.50 

5.87 

2.96 

2.70 

3.70 

1 e90 

3.67 

4.42 

4.76 

2.31 

3.90 

2.48 

3.70 

3.33 

Table 3 

Bulk Shrinkage Rates 9 per 10 2o n om-2 a t  9OO0C and 12OO0C 

9ooommodation 
Fao tore 

A// 

- 
0.068 

0.075 

0.089 

0.164 

0.199 

0.094 

0.062 

0.182 

0.218 

0.210 

0.217 

0.129 

Oil32 

0.212 

0,185 

0.132 

0.068 

0.075 

0.164 

0.129 

0.068 - 

Al 
- 

0.135 

0.146 

0,185 

0.182 

0.192 

0.112 

0.093 

0.190 

0.194 

0.207 

0.228 

0.183 

0.157 

0.267 

0.161 

0.130 

0.135 

0.146 

0.182 

0.183 

0.115 

Lnisotropy 

a1 

2.46 

2.33 

2.42 

1.12 

1 e04 

1.25 

1.78 

1 e05 

1.14 

1.02 

1.05 

1 .w 
1.22 

1.28 

1.18 

1.02 

2.46 

2.33 

1.12 

1.50 

2.30 

193 

1 84 

248 

182 

174 

154 

130 

254 

142+ 

159 

21 1 

145 

167 

175 

165 

181 

193 

184 

182 

145 

197 

Shrinkage Rate 
20 per 10 

LO 

0,110 

0.106 

0.194 

0.077 

0.064 

0.062 

0.040 

0.133 

0.106 

0.065 

0.600 

0.032 

0.070 

0.086 

0.068 

0.136 

0.180 

0.280 

0.130 

0.086 

0.188 - 

1 

0.088 

0.072 

0.220 

0.028 

0.066 

0.060 

0.020 

0.130 

0.088 

0.062 

0.014 

0.056 

0.054 

0.075 

0.127 

0.122 

0.200 

0.085 

0.114 

0.230 - 

// 
- 
0.030 

0.045 

0.122 

0.018 

0.019 

0.014 

0.026 

0.034 

0.006 

0.015 

0.020 

- 
* For oategory A these numbers are based on resul ts  Prom one speoimen a f t e r  2-3 s lo2' n om'2 

(1)  see dieoueeion of reeulte 

Shrinkage Rate 
20 per 10 

LO 

a t  9OO0C 
1 

0.01 1 

0.030 

0.030 

0 007 

0.022 

A 
Cubes, Rods 
6-19 mm l o n g  
$ 6.3 mm 

B 
Bars, Rods 
76 mm long 
4 6.3 IUU 
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5. 

a t  1200°C 8 oontraotion r a t e  deoreases i n  both d i r ec t ions  
i n  a l l  mater ia ls ,  
turnaround is  again observed, again i n  G 9  a t  
lower dose than i n  05. 

I n  a5 and G 9  perpendioular a 

Contraction r a t e s  i n  pyrocarbon d isos  oan be oorrelated t o  bulk 
densi ty ,  (Figs. 13a, b and o)  as well as t o  o r y s t a l l i t e  height 
(Figs. 14a, b and o) ,  Lo. 
o r y a t a l l i t e  height and the highest  densi ty  the  smallest  oontraotion 
r a t e  i s  observed. 

( 6 )  

For pyrooarbons with the l a r g e s t  

The e s s e n t i a l  ohareoter of the dimensional ohanges ooourring i n  
the  o r y s t a l l i t e s  of a l l  the mater ia ls  i s  well  i l l u s t r a t e d  by the  
very highly or iented pyro ly t io  oarbon shown i n  Fig, 8, v iz . ,  
a r y a t a l l i t e  expansion i n  the  d i reo t ion  perpendimlar  t o  the basal  
planes and o r y s t a l l i t e  shrinkage i n  the  basa l  plane d i reo t ion ;  the 
in i t ia l  ga tes  of damage inorease with temperature i n  the  range 

( 7 )  

600-1200 c.  

Changes i n  e l e o t r i o a l  and thermalooonduotivity (not  shown here) 
a r e  smBllest a f t e r  i r r a d i a t i o n  a t  1200 C and l a r g e s t  a f t e r  i r r a d i a t i o n  
a t  600 C. 
r a t e  of ohange becomes muoh l e s s ,  
shown here)  show a similar behaviour, 

(8) 

Followin& a rap id  i n i t i a l  decrease i n  oonduotivity the 
Changes i n  Young's modulus (not 

The mean ooef f io ien t  of l i n e a r  thermal e q a n e i o n  20-4OO0C 
ohanges l i t t l e  on i r r ad ia t ion .  
of the  pre- i r rad ia t ion  value. 
a deorease i n  some mater ia ls ,  (Figs. l5a, b, 0 ) .  

The inoreaee r a r e l y  exoeeds 20% 
(9)  

-2 A t  doses around lo2' n om there is 

DISCUSSION 

5.1 Charaoterisation of Materiala 

From the  desoript ion of t he  meohanism given i n  Seotion 2 i t  follows 
that  severa l  s t r u c t u r a l  oharaoter is t ioa of a graphi te  should be important 
i n  determining the  magnitude of the dimensional ohanges and therefore  a l s o  
the  differenoes with other  graphites.  One of  the  aims of t h i s  inves t iga t ion  
i s  t o  give o r i t e r i a  f o r  the se l eo t ion  of the best poasible graphi te  f o r  a 
speoi f io  reaotor  purpose. 
quant i ta t ive  re la t ionship  between s t r u o t u r a l  oharaoter is t ioa and neutron- 
induoed dimensional ohangeso I n  the model desoribed, two separate  points  
of prime importanoe oan be distinguished: 

Therefore i t  is des i rab le  t o  a r r i v e  a t  a 

( a )  the  damage re ta ined  by the o r y s t a l l i t e ,  and the at tendant  
o r y s t a l l i t e  dimensional ohanges 

(b) the  extent  t o  whioh the o r y s t a l l i t e  dimensional ohanges give 
r i s e  t o  bulk dimensional ohangee, i o e o p  the degree of 
aooommodation furnished by oraok-olosure and the a b i l i t y  of 
the o r y s t a l l i t e  t o  deform or oreep under i r r a d i a t i o n  inducted 

- 20 - 



s t r e s ses .  
inoreas ing  o rys t a l  s t r a i n s .  

This may become of overr iding importance with 

F ina l ly  i t  must be remarked t h a t ,  notably i n  the  USA, the  differenoes i n  
behaviaur between graphi tes  have been r e l a t e d  to  differenoes i n  
o r y s t a l l i n i t y  and o r y s t a l l i t e  perfeotion. P a r t i o u l a r l y  a t  high 
temperatures an appreoiable p a r t  of the dimensional ohanges has been 
a t t r i b u t e d  t o  an atomic ordering prooess, or graph i t i s a t ion ,  e spec ia l ly  
i n  the  poorly g raph i t io  regions of the mater ia l  suoh a s  the binder [ lo ] .  
This has been termed the Two Phase Model [ll]. 
t o  r a t i o m l i s e  r e s u l t s  o ther  than q u a l i t a t i v e l y  i n  t h i s  way. 

It seems r a t h e r  d i f f i c u l t  

About the oharaoter isat ion of a graphi te  i n  r e l a t i o n  t o  poin ts  
( a )  and (b), the  following may be said:  

(4 I n  the  temperature region i n  whioh vaoanoies become mobile 
two new prooesses determining the f a t e  of a vacanoy beoome 
competitive with the prooesses of vaoanoy-inters t i t ia l  
ann ih i l a t ion  and formation of vaoanoy l i n e s  a l ready e x i s t i n g  
a t  low temperatures. One i s  vaoanoy o lus te r ing ,  thought not 
t o  oause a la rge  oontraotion i n  the a-ax5.s d i r ec t ion  but 
instead,  by oollapse of large c lus t e r s ,  oausing some o-axls 
oontraotion. The o ther  i s  trapping o f  the vacanoies a t  g ra in  
boundaries and tilt boundaries, a prooess t h a t  is supposed 
t o  oontr ibute  oonsiderably t o  a-axis oontraction. The r e l a t i v e  
importanoe of the l a t t e r  prooess should be very dependent on 
the  time a wandering vaoanoy needs before i t  is  trapped. This 
i s  determined by its mobil i ty  and the path length t o  be oovered, 
and is therefore  dependent on the  temperature and o r y s t a l l i t e  
diameter. This seemed t o  follow from ea r ly  results [12) where 
a oor re la t ion  of  ( o r y s t a l l i t e )  dimensional ohanges with 
e l e o t r i o a l  r e s i s t i h t y  was observed. 
oontr ibut ion t o  the e l e o t r i o a l  r e s i s t i v i t y  i n  polyorys ta l l ine  
graphi tes  has been demonstrated t o  be g ra in  boundary soa t te r ing ,  
the e l e o t r i o a l  r e s i e t i v i t y  oan be taken as a measure f o r  the 
o r y s t a l l i t e  diameter, a t  least f o r  not  too d i f f e r e n t  s t ruo tu res  

Sinoe the predominant 

c i  31 . 
I n  the  present work a l so ,  t he  e l e o t r i o a l  r e s i s t i v i t y  has 

been measured t o  obtain an easy oomparison of o r y s t a l l i t e  
diameters i n  synthe t ia  graphites.  The e l e o t r i o a l  r e s i s t i v i t y  
index treats the e l e o t r i o a l  proper t ies  i n  a volumetrio manner 
( 2 p l  + p/ /  t o  forming i n  an attempt t o  allow f o r  anisotropy. 
Differenoes i n  denaity, uaual ly  r a t h e r  small, were not corrected 
for .  

) 

A second method i s  the  measurement by X-ray d i f f r a o t i o n  
of the  o r y s t a l l i t e  s ize .  
diameter ie unmeasurable and therefore  the o r y s t a l l i t e  
height L 
Thia is not e n t i r e l y  without doubt sinoe probably the temperature 
regions for o-axis and a-axis o rys t a l  growth a r e  not i den t ioa l  [14]. 

I n  praot ioe the e f feo t ive  o r y s t a l l i t e  

i s  used, assuming t h a t  L i s  a good measure f o r  La. 
0 0 

- 21 - 



A oorre la t ion  between Lo and the e l e o t r i o a l  r e s i s t i v i t y  index 
of severa l  bulk synthe t io  graphites i s  shown i n  Fig, 16, For 
t he  pyrooarbons alone the  oor re la t ion  is ehown i n  Fig. 17. 
Although there  is a good oorre la t ion  between these propert iee ,  
for a epeoial  group of graphi tes ,  notably graphi tes  made of 
spherioal  grist p a r t i o l e s ,  there  i s  a deviation. It is  not 
immediately o lear  what the  reason is. 

Also, a l thowh  i n  the  oonventional synthet io  graphites 
the  oor re la t ion  between L and r e s i s t i v i t y  is reasonably olose, 
as a group the pyrooarbon disos behave d i f f e r e n t l y  from the 
bulk eynthetio graphites.  Here the differenoes i n  densi ty  are 

3 much l a rge r ,  1.50-2.10 g om , so t h a t  a oorreotion f o r  densi ty  
should be applied, 

a 

The diaos with densi ty  about equal t o  that  of the  bulk 
graphi tes  do f a l l  on o r  near the l i n e ,  but t h i s  i e  perhaps 
fo r tu i tous  beoause the  e f f e a t  of 8 lower densi ty  on the 
r e s i s t i v i t y  w i l l  be s t rongly  dependent on or ien ta t ion ,  shape 
and d i s t r i b u t i o n  of the pores. 
L may be a bet ter  o r i t e r i o n  although l i t t l e  is known with 
d r t a i n t y  about the  shape of the par t io les .  
hae the f ee l ing  t h a t  i n  the oarboner with the highest density,  
where during manufaoture a marked polymerisation i n  the gas- 
phase has taken plaoe, one may be underestimating L . For 
the  present  i t  oan be s a i d  that the  good oor re la t ion  between 
L and r e s i s t i v i t y  index f o r  a number of polyorystal l ine 
graphi tes  gives some oonfidenoe i n  t h e i r  use a s  a measure o f  
o r y s t a l l i t e  diameter and thus a8 a first measure of the  l i k e l y  
o r y s t a l l i f e  dimensional ohanges of new graphites,  
the deviation of other  groups, notably the spherical  
grist and gilsoooke graphi tes  shows t h a t  one has t o  be extremely 
oautious i n  using these o r i t e r i e ,  

On the  whole f o r  the  pyrooarbons, 

I n  p a r t i a u l a r  one 

a 

0 

However 

For very anisotropio materials the  r e s i s t i v i t y  index is 
meaningleas, Here L must be r e l i e d  upone 

0 

I n  the  model o r ig ina l ly  developed by Simmons C15J the  
parameter Ax determines the extent  t o  whioh o r y s t a l l i t e  
dimensional ohanges are transmitted as bulk ohanges. 
e s s e n t i a l l y  is a measure of the d i s t r i b u t i o n  of an appl ied 
load i n  the d i reo t ion  x between the o-axis and a-axis o r p t a l  
direofion i n  the aggregate. 
t o  be the  8ame f o r  thermal a t r a i n s  and rad ia t ion  induoed s t r a i n s  
and so the magnitude of A 
l i n e a r  thermal e q a n a i o n  ooeff ioient ,  (CTE) . 

(b)  

Ax 

I n  the  o r ig ina l  form A was shown x 

oould be found from measurement of 
X 

- 22 - 
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It beoame apparent however, t h a t  the r e l a t i o n  between 
dimensional ohanges and CTE breaks down a t  high doses [ 5 ]  
and i t  was even suggested [3]  t h a t  i t  may only apply t o  
oe r t a in  s t ruo tu res  suoh a s  PGA-like mater ia l s  a t  small 
o r y s t a l  s t r a i n s .  

For well graphi t i sed  graphi tes  A-factors a s  a funotion 
of c r y s t a l  s t r a i n  have been measured by bromination but a l s o  
here the r e s u l t s  beoome questionable a t  high o rys t a l  s t r a i n s  
WI. 

As a quan t i t a t ive  guide f o r  PGA-like s t m o t u r e a  a t  low 
neutron doses, f o r  se leo t ion  purposes f o r  instanoe, the  CTE 
is  regarded as a good guide f o r  estimating bulk dimensional 
ohanges f o r  graphi tes  with similar o r y s t a l  s ize .  

I n  t h i s  repor t  i t  i s  assumed i n  the  first instanoe t h a t  
a l s o  f o r  graphi tes  with d i f f e ren t  s t ruc tu res ,  suoh a s  the  
i eo t rop ia  graphi tes  and the  pyrooarbons, the  CTE does give a 
good indioa t ion  of the presenoe and r e l a t i v e  importance of 
Mrozowski oraoks i n  which the c-ards expansion i s  aooommodated, 
so t h a t  i n i t i a l  oontraotion r a t e s  f o r  a given c r y s t a l l i t e  s i z e  
(see ( a ) )  may be estimated from the magnitude of the  CTE, and 
a lso  perhaps the  turnaround dose, where the oontract ion i n  
the perpendioular d i r ec t ion  ohanges t o  an expansion. S t r i o t l y  
speaking the thermal expaneion ooef f ic ien t  T;E must be measured 
a t  the i r r a d i a t i o n  temperature. A-faotors may be temperature 
dependent and thus d i f f e r e n t  A-faotors apply to  1200°C and 6OO0C. 
Mainly f o r  p r a c t i o a l  reasons the mean value over a not too 
large temperature region has been taken here and A-faotors 
obtained so a r e  accurate  enough t o  serve a s  a rough guide. 

The poasible  influenoe of oreep i s  as ye t  a l e s s  tangible  
faotor. It seema safe t o  assume that,  when stressed under and 
par t iou la r ly  a s  a r e s u l t  of i r r a d i a t i o n ,  c r y s t a l l i t e s  w i l l  tend 
t o  deform i n  e s s e n t i a l l y  the same way a s  when s t r e s sed  out of 
p i l e ,  t h a t  is by C 4 4  shear,  and poss ib ly  by twinning. Thus 
one should expeot t h a t  the Young's modulus of a mater ia l  
gives a first indioa t ion  of whether a mater ia l  i s  l i k e l y  t o  
be ab le  t o  acoommodate l a rge  o rys t a l  s t r a i n s  by p l a s t i c  
deformation. Indeed i t  has been ehown t h a t  the oreep oonstant 
i s  dependent on the  i n i t i a l  modulus. High e l a s t i o  s t r a i n  
p o t e n t i a l  measured p r i o r  t o  i r r a d i a t i o n  ind ioa tes  t h a t  p l a s t i o  
deformation under i r r a d i a t i o n  w i l l  be f a o i l i t a t e d  117). 
t a t i v e  i l l u s t r a t i o n  of t h i s  e f f e o t  has been observed i n  subsidiary 
eweriments,  
py ro ly t i c  graphi te ,  expanding i n  the o-axis d i reo t ion  during 
i r r a d i a t i o n ,  f raotured i t s  thiok walled graphi te  oontainer and 
thus apparently showed l i t t l e  tendency f o r  creep. Judging 
by the d i f f i c u l t y  t o  shear  ( t ea r?? )  of f  l aye r s  f o r  eleotron- 
mioroscopio preparations the mater ia l  had a high C44. On 
the o ther  hand graphi te  22, an anisotropio well  o r y s t a l l i s e d  

A qual i -  

Thus a piece of a f i n e  grained an iso t ropic  
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graphi te  formed by hot  pressing a t  g raph i t i s ing  temperatures 
and possessing an anomalously low Young's modulus, showed 
behaviour whioh suggested a very large rad ia t ion  oreep. 

I 5.2,l Bulk Synthetio Graphites 

Evidenoe from the  present  work t h a t  i r r a d i a t i o n  oreep i s  
important i n  suppressing o r y a t a l l i t e  dimensional ohanges even 
a t  low doses i s  disoussed l a t e r .  

Summarising th i s  disoussion, i t  appears t h a t  f o r  optimum dimensional 
s t a b i l i t y  under i r r a d i a t i o n  the  neoessary oharaoter i s t ios  ares 

1. A large o r y s t a l l i t e  diameter. I n  terms of measurable 
proper t ies  t h i s  means a la rge  L 
r e s i s t i v i t y .  For oe r t a in  groupa these o r i t e r i a  may not be 
exaot but  they probably serve aa a general  guide. 

o r  a low e l e o t r i o a l  
0 

2. For any given o r y s t a l l i t e  dimensional ohange rate the 
graphi te  (and the  d i reo t ion  i n  the graphi te)  having the  CTE 

nearest  t o  
dimensional ohanges. 
very anisotropio graphite8 suoh a s  the ho t  pressed graphi te  (22) 
and the  bulk pyro ly t io  oarbon (58)) the  CTE is  muoh lower than 
9 x 10 
remains oonstant, a shrinkage w i l l  always be observed, being 
smallest  f o r  the highest  CTE. 
inoreases then even with CTE below 9 x 10 
oould i n  pr inoip le  be found.) 

-6 o -1 a + 2a 
3 tl 9 x 10 C s u f f e r s  the smallest bulk 

I n  most oases (with the  exoeption of 

0 

-6 o -1 C whioh implies t h a t  i f  the  o r y s t a l l i t e  volume 

(If the o r y s t a l l i t e  volume 
-6 oG-l an  expansion 

On the  o ther  hand f o r  a high CTE the  dose a t  whioh 
oontraotion oeases and expansion begins i s  probably reaohed 
a t  lower dose. 
rmisanoe i n  the  use of graphite a t  high i r r a d i a t i o n  doses. 
This again s t r eas ses  the importanoe of small o rys t a l l i t e  
dimensional ohanges. 

This expansion may well  prove t o  be the  prime 

30 If the  o rys t a l  deforms e a s i l y  by shear,  o r y s t a l l i t e  
dimensional ohanges may be ef feo t ive ly  diminished. 
volume ohange would remain unohanged however, as shear oar r ies  
no volume ef feo t ,  

A c r y s t a l  

40 I n  a l l  oases i so t ropy  is  a neoessary prerequis i te  f o r  
good s t a b i l i t y .  

5.2 Analysis of I r r a d i a t i o n  Results 

To examine these poin ts  using the  experimental evidenoe, the 
apparent o r y s t a l l i t e  dimensional ohanges have been first oaloulated 
i n  0 0 ,  G 5 9  G9, IO and the  bulk pyroly t io  oarbon (58), These 
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have been oaloulated from the bulk dimensional ohange a t  small 
inorements of dose and the measured CTE's using formulae 1 and 2, 
Seotion 2.4. Resul ts  a r e  shown i n  Figs, 18, 19 and 20. It must 
be remarked t h a t  t h i s  ana lys i s  beoomes inoreasingly prone t o  
very l a r g e  e r r o r s  as i so t ropy  is approaohed: indeed the  orys ta l -  
l i t e  dimensional ohanges f o r  f i l l y  i so t rop io  mater ia l s  oannot 
of oourse be determined from equations (1 )  and ( 2 )  . 
i so t rop io  graphi tes  and pyrooarbon and f o r  mater ia l s  on whioh 
data i s  inoomplete, t h i s  problem is  overoome by assuming no ohange 
i s  ooourring i n  the o r y s t a l l i t e  volume, i.e., A- = 0 . 3 3  gives 

For a l l  

A 1 d L  -- = 0. A oonsideration of Fig. 1 suggests t h a t  f o r  temperatures L d N  - 
above 6OO0C t h i s  i s  a reasonable first approximation. 

Figs, 18, 19 and 20 show t h a t  the  r e l a t i v e  magnitude of the  
o r y s t a l l i t e  ohanges f o r  graphi tes  with d i f f e ren t  c r y s t a l l i t e  
s i z e s  i s  general ly  oonsiatent with t h e  proposed meohanism. 

Thus f o r  a given mater ia l  the  o r y s t a l l i t e  dimensional chtnge 
inoreases  wgen the  i rgad ia t ion  temperature i s  r a i sed  from 600 C 
through 900 C t o  1200 C. This i s  i d e n t i f i e d  with the inoreasing 
vaoanoy mobil i ty  leading t o  enhanoed vaoanoy l o s s  a t  boundaries 
a s  previously disoussed. The degree of enhanoement of o r y s t a l l i t e  
dimensional i n s t a b i l i t y  does not ohange i n  the same way with 
temperature f o r  a l l  the  mater ia ls ,  A "breakaway" temperature 
above 900°C seems t o  be indioated f o r  the GOO graphi te  whils t  
for the  pyrolytioooarbon thg break i s  not so sharp and appears 
t o  be between 600 C and 900 C. 
influenoe whioh the o r y s t a l l i t e  s i z e  would be expected t o  have 
on the  r a t e  of l o s s  of vaoanoies, i.e., the  loss-rate  increases  
sharply a t  a lower temperature for t he  material with the  smaller 
o r y s t a l l i t e s  (pyro ly t io  oarbon 150& than f o r  the graphi te  with 
the  l a r g e r  o r y s t a l l i t e s  (GOO 700A). 
desoribing "two phase" e f f e o t s  found i n  G9 graphi te  w i l l  be 
disausaed l a t e r .  

This i s  consis tent  with the 

Features of these graphs 

I n  Fig. 21, t he  temperature and dose dependenoe of the 
o r y s t a l l i t e  dimensional ohanges oalculated for the  GOO graphi te  
a r e  shown, 

A word of oaution must be introduoed here as t o  what weight 

Consideration of formula (1)  shows t h a t  the  very 

But when we work round the other  way as we do 

we a t taoh  t o  the  ao tua l  value of these ohanges, t he  o-axis ohanges 
i n  par t iou lar .  
small A-faotors of most graphi tes  a o t  as an a t tenuator  f o r  o-sxis  
o r y s t a l  s t r a ins .  

AL 
L from - t he  same A-faotor beoomes a very when we o s l a t l a t e  x 

AL l a rge  lever.  Small unoer ta in t ies  i n  the A-faotors and i n  - L' 
bxO 

0 

whioh a r e  unavoidable beoause f o r  the two d i reo t ions  two d i f f e ren t  

speoimens a r e  used, oause very la rge  unce r t a in t i e s  i n  -. It AxO 

xo 
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would be wrong, f o r  instanoe, t o  oaloulate  from these graphs what 
the o r y s t a l l i t e  volume ohanges are. 
is that no volume oontraotion i s  observed p d  t h a t  volume inoreases  
are probably very small, espeoia l ly  a t  600 C. Aotual o r y s t a l l i t e  
volume ohanges are most important s inoe they determine the  high 
dose behaviour and probably the  behaviour of i so t rop io  high CTE 
g raph i t e  . 

Probably a l l  t h a t  oan be s a i d  

Conoerning the  dose dependenoe shown i n  these graphs, i t  
should be remarked that  i t  has been shown t h a t  the aooommodation 
f a o t o r  e f feo t ive  during i r r a d i a t i o n  oannot be determined by CTE 
measurements a f t e r  l a rge  o r y s t a l l i t e  strains, say  i n  exoess of 
15s even for PGA graphi te ,  

a and - a r e  almost than the  CTE indioa tes  so that i n  our graphs x 
oer t a in ly  overestimated a t  gigh doseoo The q u a l i t a t i v e  aspeota are 
presumably correct .  
change r a t e s  increase w i t h  dose whereas f o r  GOO graphi te  
a t  1200°C they deorea8ee 
with thg formation and oollapse of vaoanoy l ines :  i n  GOO graphi te  
a t  1200 C vaoanoy l i n e  formation may be suppressed r e l a t i v e  t o  
olustering. These oluaters would oollapse i n  the o-axis d i reo t ion  
giving a diminished o-exis emansion ooupled with a lower a-axis 
shrinkage 

I n  f a o t  A probably inoreases  muoh more 
Ax Ax 

0 
x 

8 

A t  600 C and 900 C the c r y s t a l l i t e  dimensional 

The aooelerat ion i n  r a t e  may be oonneoted 

The unoe r t a in t i e s  and d i f f i o u l t i e s  ooourring a t  high temperatures 
of i r r a d i a t i o n  a s  a result  of the e f f e o t s  of o r y s t a l l i t e  siee 
oonsiderably inoreaae the  problems of quan t i t a t ive  oor re la t ion  and 
predio t ion  of behaviour, Furthermore there  are now indioat ions 
that  i n t e r n a l  meohanioal effeots  i n  the  mater ia l  oan play a 
s ign i f ioan t  role i n  the dimensional ohangee at muoh lower doses 
than t h o w h t  previously. 

The first indioa t ions  of t h i s  were obtained from attempts t8 
r e l a t e  the o r y s t a l l i t e  dimensional ohange r a t e s  observed a t  1200 C 
t o  mater ia l  propert ies .  By assuming a oonstant volume s t a t e  i n  
the  o r y s t a l l i t e s  t he  basa l  plane shrinkage rates were determined 
f o r  several materials i r r a d i a t e d  i n  the  form of rods i n  oapsule 
experiments I - IV (see Takle 3). 
i n  Figs. 22a and 22b. The l a t t e r  f i gu re  ooulld be in t e rp re t ed  as 
ind ioa t ing  that an eetimate of t he  in i t ia l  rate of dimensional 
ohenge i n  a new graphi te  might be poss ib le  from a knowledge of 
the  e l e o t r i o a l  r e s i s t i v i t y  ( t o  yield the  o r y a t a l l i t e  dimensional 
ohangee) and the  ooef f io ien t  of thermal expansions ( t o  t r a n s l a t e  
t o  the  bulk). 
exhibits muoh smaller dimensional ohanges than expeoted on these 
grounds. It i s  noteworthy that Young(s modulus of th i s  material 
is r a t h e r  below t h a t  of t he  o ther  graphi te8 i n  t h i s  group, This 
may be a oase therefore  where the  dimensional ohanges a r e  modified 
by i r r a d i a t i o n  Qreep, 

These results are shown graphioal ly  

However, it should be noted tha t  mater ia l  35 

I n  the f i f t h  oapsule a number of new grcsphites were i r r a d i a t e d  
These speoimens i n  the form of oubee or shor t  rods, (see Table 3 ) 0  
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-2 reoeived a dose ranging between 2 and 4 x lo2' n om 
the reaotor  power was 50% higher than f o r  previous i r r a d i a t i o n  and 
the  geometry of the  oapsule environment was somewhat a l te red .  
Un t i l  t he  e f f e o t s  of these ohanges on the neutron speotrum have 
been allowed for it  i s  not possible  t o  r e l a t e  these r e s u l t s  
quan t i t a t ive ly  with those obtained previously, However, specimens 
of the  o lder  graphi te8 were a l s o  inoluded and the  r e s u l t s  shown 
i n  Table 3 suggest t h a t  t he  new spectrum is r a t h e r  l e s s  damaging. 

. I n  addi t ion  

However, it is  s t i l l  worthwhile t o  take these r e s u l t s  as a 
group i n  themselves and examine whether the co r re l a t ion  indioated 
i n  Fig. 22b holds t rue.  The oomputed c r y s t a l l i t e  shrinkage i n  the 
a-direot ion i s  p l o t t e d  as a funotion of the e l e o t r i o a l  proper t ies  
i n  F5g. 23. This o l ea r ly  shows t h a t  taken as a whole, there  i s  no 
oor re la t ion  between these two parameters. A reasonable oor re la t ion  
is found if one r e s t r i o t s  a t t e n t i o n  t o  the ma e r i a l s  with 

t h a t  mater ia l s  3 and 35 both having a r e l a t i v e l y  low Young's modulus 
exhib i t  much lower dimensional changes than one would predic t  
from t h e i r  e l e c t r i c a l  r e s i s t i v i t y  and thermal expansion. On the 
other  hand mater ia l s  5 and 21 show l a rge  shrinkages, unexpected 
from t h e i r  r e l a t i v e l y  low e l e c t r i c a l  r e s i s t i v i t y  and high thermal 
expansion. Both these mater ia l s  possess an unusually high Young's 
modulus. 

between 150 and 190 x lo9 dyne om-'. It i s  notable 

These r e s u l t s  s t rongly  ind ioa te  t h a t  the dimensional changes 
suf fered  during i r r a d i a t i o n  even a t  low doses oan be very 
s ign i f ioan t ly  modified by i n t e r n a l  mechanioal e f feo ts .  I n  
pa r t iou la r  the g rea t e r  the  e l a s t i o i t y  of the uni r rad ia ted  graphi te  
( t h e  lower Young's modulus) the more the  o r y s t a l l i t e  dimensional 
ohanges a r e  diminished by i r r a d i a t i o n  creep. 

5.2.2 Pyrooarbons 

For the pyrooarbons the data are still less oomplete s h o e  
In addi t ion  shrinkage i n  one d i reo t ion  only has been measured. 

f o r  most'of thc specimens CTE oould not be measured due t o  
teohnical  d i f f i c u l t i e s  oonneoted with the small specimen s ize .  

Sinoe the  pyrooarbona inves t iga ted  here are a l l  r a the r  
i so t rop io  i t  seems reasonable t o  assume, u n t i l  fur the2  data on 
the  densi ty  ohange are ava i lab le ,  t h a t  a l s o  i n  the d i r ec t ion  
perpendioular t o  the  plane of the d i s c  a shrinkage takes plaoe, 
up t o  25$ les s  than i n  the plane, depending on the  Bacon Anisotropy 
Faotor . 

This appears t o  be i n  oontradiotion with the  results of 
Bokros and P r i ce  [18], who, f o r  specimens of oomparable anisotropy, 
repor t  expansions perpendicular t o  the  d iso  plane, a t  least  a t  
gOO°C and 1 200OC. data 
r e f e r  t o  one point  a t  a f a i r l y  high dose, about 2.3 x 10'' n ~ r n ' ~ .  
A t  these doses, espec ia l ly  for these small o r y s t a l l i t e  sizes, one 

The differenoe is ,  however, t h a t  t h e i  
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would expect t h a t  perpendicular contract ion has turned i n t o  an 
expansion, a s  has been observed f o r  many bulk syn the t i c  graphites.  
I n  t h e i r  ana lys i s  Bokros and P r i ce  do not consider an e f f e c t  
l i k e  th i s .  Furthermore they assume t h a t  no cracks su i t ab le  
f o r  accommodation of c-axis s t r a i n s  a r e  present,  This leads them 
t o  the  conclusion t h a t  one of the main mechanisms responsible for 
dimensional ohangea i n  the  pyrocarbons i s ’an  atomic densif ioat ion,  
[ l 9 ]  the  f a c t  t h a t  t he  dens i f ica t ion  i s  proport ional  t o  the i n i t i a l  
densi ty  defect  being quoted t o  support t h i s  [20]. 

However, the present  measurements of CTE on severa l  of the 
d i sc s  ind ica t e  the presenoe of Mroeowski craaks t o  approximately 
the same extent  as i n  bulk synthe t ic  graphi te ,  and furthermore i t  
i s  shown t h a t  no obvious r e l a t i o n  e x i s t s  between CTE and density. 
I n  f a c t  the  lowest CTE i s  found i n  the specimen with the highest  
density.  This i s  not a l toge ther  unexpected s ince  t h i s  d i sc  was 
deposited a t  t he  highest  temperature, 23OO0C, - so t h a t  oooling 
s t r e s s e s  have been most severe here. 

There seems t o  be no sound a p r i o r i  reasons t o  regard the 
pyrocarbons a s  a group of mater ia l s  d i f f e r i n g  fundamentally from 
bulk synthe t ic  graphi tes .  Indeed on an atomic sca l e  there  i s  
l i t t l e  differenoe i n  the  environment o f  the carbon atoms. I n  both 
cases the  oarbon atoms f i n d  themselves arranged i n  l aye r s  i n  quite 
the  same way, forming graphi te  c r y s t a l l i t e s .  Seen a t  t h i s  ].eve1 
the main poin ts  of difference between d i f f e r e n t  carbons and 
graphi tes  l i e  i n  the  r e g u l a r i t y  of the  s tacking of the layer  planes 
forming the c r y s t a l l i t e ,  the  dis tance between the l aye r  planes and 
t h e i r  perfeotion, and the  s i z e  of the o r y s t a l l i t e s .  Large 
differenoes between d i f f e ren t  graphi tes  and carbons e x i s t  i n  the 
way these c r y s t a l l i t e s  a r e  packed t o  form so l id ,  po lycrys ta l l ine  
bodies, 
manufacturing process,  including hea t  treatments,  and they manifest 
themselves i n  the s t r u c t u r e  as differences i n  porosi ty ,  o r i en ta t ion  
of the  c r y s t a l l i t e s ,  presence and extent  of  Mrozowoki cracks, e ta .  
Pyrooarbons 8s a group d is t inguish  themselves from other  graphi tes  
by t h e i r  small c r y s t a l l i t e  s i z e  and the absence of l a rge  pores. 
A l a rge  va r i a t ion  is possible  i n  degree of prefer red  o r i en ta t ion  
of the a r y s t a l l i t e s ,  densi ty  and c r y s t a l l i t e  s i z e .  

These d i f fe rences  a r i s e  mainly from differences i n  the  

Idea l ly  i t  should be poss ib le  t o  i n t e r p r e t  the i r r a d i a t i o n  
e f f ec t s  i n  pyrocarbons i n  the same way as f o r  bulk synthe t ic  
graphite6 and t o  explain differenoes i n  behaviour i n  terms of 
differences i n  s t ruoture ,  

If we do t h i s  i t  beoomes r a t h e r  hard t o  understand why 
shrinkage r a t e s  a r e  cor re la ted  with densi ty  as shown i n  Fig. 13 
sinoe the  dens i ty  defeot does not appear t o  be a measure f o r  the 
importance of the  Mrozowski oraoka. It is therefore  postulated 
that the  shrinkage r a t e  is i n  actual f a c t  oorrelated with 
o r y e t a l l i t e  s ize:  the cor re la t ion  with densi ty  i s  only apparent 
and is a r e s u l t  of the  d o s e  co r re l a t ion  of dens i ty  and 
o r y s t a l l i t e  s i z e  i n  t h i s  group of pyrooarbons. 

- 28 - 



For the  diaos f o r  whioh CTE has  been measured, and thus 
A-faotora a r e  known, o r y s t a l l i t e  dimensional changes have been 
derived, assuming again no c r y s t a l l i t e  volume changes. The 
resul t  is given i n  Table 4 and shown i n  Fig. 24 versus e l e c t r i o a l  
r e s i s t i v i t y .  
be a fao to r  of importanoe f o r  the  c r y s t a l l i t e  dimensional ohange 
rat es . 

Even below 1001 t he  c r y s t a l l i t e  s i z e  is  seen to  

5.2.3 Two-phase Effec ts  i n  Gg Graphite 

Up t o  t h i s  po in t  r e s u l t s  have been t r ea t ed  f o r  a l l  mater ia l s  
a l i k e  under the assumption tha t  the  main meohanism responsible 
f o r  the observed bulk dimensional changes i s  i n  the  c r y s t a l l i t e  
dimensional ohanges. It i s  poss ib le  t h a t  o ther  meohanisma may 
oontr ibute ,  e spec ia l ly  i n  o ther  than the  c l a s s i o a l ,  well  
g raphi t i sed  graphites.  
some extent  the  quan t i t a t ive  r e l a t ionsh ip  i n  the Simmons-Reynolds 
theory. It i s  oonceivable t h a t  e f f e o t s  due t o  unrel ieved oooling 
s t r e s s e s  or the  presence of very disordered graphi te  a r e  
responsible f o r  p a r t  of the deviat ions o f  aotual  behaviour from 
that  expeoted. 

These meohanisms i f  present  may mask t o  

I n  one case i n  the present work s t rong evidence exists for 
t he  presence of a second mechanism, t h a t  i s  i n  09. 

Although the general  behaviour of G 9  i s  oonsis tent  wi th  the 
model out l ined i f  one takes i n t o  aooount the f a o t  that  i t  contains 
extremely f ine-orys ta l l ine  mater ia l  (oarbon blaok) i t  nevertheless 
shows some anomalous behaviour when looked a t  i n  detai l ,  (Fig. 5). 

A t  6OO0C t he  oontaotion is anomalously l a r g e  from the outse t ,  
and i t  does not show any s ign  of i n i t i a l  expansion. 
shrinks more rap id ly  i n  the tranavere d i reo t ion  than i n  the 
para l le lodi reo t ion  a t  60o0C, whioh is unprecedented. 
and 1200 C i t  behaves as an i s o t r o p i o  graphite i n  the ear ly stages 
of i r r ad ia t ion ,  though i ts  physioal proper t ies  o l ea r ly  ind ioa te  that 
i t  is not a t  a l l  an i so t rop io  material. A t  higher doses the  
aontraotion r a t e  i n  the  transverse d i reo t ion  begins t o  deorease. 
It  was suggested i n  [12] that  the numerioal re la t ionships  of  
the  Simmons-Reynolds theory was masked i n  G9 by the e r i s tenoe  
of a seoond proaess t e n t a t i v e l y  i d e n t i f i e d  with radiation-induoed 
r e l i e f  of frozen-in miorostressee. These miorostresses,  generated 
on cooling down from graphi t i s ing  temperature as a r e s u l t  of the  
l a rge  differenoe i n  thermal expansion i n  the a- and o d i r e o t i o n ,  
are i n  09 probably not re l ieved  by opening up of Mrozowski oraoks 
o r  p l a s t i o  deformation t o  the  same exten t  as i n  well-graphitised 
materials. This i s  due to  the small o r p t a l l i t e  s i z e  and heavy 
oroea-linking. 
d i r eo t ion  and f o r  extruded graphi tes  they w i l l  therefore  be 
l a r g e r  i n  the  tranaverse than i n  the  p a r a l l e l  direct ion.  
radiation-induoed r e l i e f  of these s t r e s s e s  oan be seen as a y ie ld ing  
of the  s t ruo tu re  under these s t r e s s e s ,  and should therefore  give 
a length ohange l a r g e r  i n  the t ransverse than i n  the  p a r a l l e l  

Moreover, i t  

A t  900°C 

These s t r e s s e s  act,as a oompression i n  the o-axis 

The 
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direot ion.  

An a l t e r n a t i v e  hypothesis i s  t h a t  the  i s o t r o p i o  oontraotion 
i s  oaused by the rap id  shrinkage of the  oarbon blaok. This w i l l  
a l s o  lead  t o  the s t r e s s i n g  of the  matrix graphi te  and a 
oorresponding r e l i e f  of the s t r e s s e s  by i r r a d i a t i o n  oreep a s  
desoribed above. 

A t  6OO0C applying the Simmons-Reynolds theory, one would 
expeot a behaviour similar t o  t h a t  of G5,, 
oontraotion i s  observed f o r  both direotions.  The ex t r a  contract ion 
observed may be a t t r i b u t e d  to  a seoond prooess, i n  [12] t en t a t ive ly  
a t t r i b u t e d  t o  a s t r e s s  relaxation. 

I n  f a o t  a r a t h e r  l a rge  

Values of t h i s  s t r e s s  re laxa t ion  oan now be obtained a t  
6OO0C a s  the differenoe between the  shrinkage observed a t  6OO0C 
f o r  G9 and t h a t  expeoted f o r  G9 on the bas i s  of G5 o r y s t a l l i t e  
dimensional ohanges and A-faotors fo r  G9* 
i t  is assumed t h a t  t h i s  s t r e s s  re laxa t ion  shrinkage i s  the same a t  
a l l  temperatures. 

To a first approximation 

If a method oould be found for estimating the  shrinkage 
ooourring i n  G9 a t  other  temperatures i n  the absenoe of s t r e s s  
r e l i e f  i t  would be possible  t o  pred io t  the i n i t i a l  shrinkage 
behaviour by adding the  s t r e s s  r e l i e f  components given by the 
above. 
f o r  temperatures above 600 C using the Simmons-Reynolds equations 
and the  o r y s t a l l i t e  damage r a t e s  f o r  PGA beoause of the interferenoe 
from o r y s t a l l i t e  s i z e  e f feo ts  i n  09. It oan be shown, however, 
t h a t  t o  a first approximation the  behaviour of G5 graphi te  does 
ind ioa te  the  s t ress-free behaviour of (39. The basis f o r  t h i s  
statement i s  the oomparison of the  apparent o r y s t a l l i t e  
dimensional ohanges f o r  these mater ia ls .  Thus i n  Fig. 25 the  
o r y s t a i l i t e  dimensional ohanges a r e  p l o t t e d  as a funotion of dose 
a t  900 C. 
expansion and the  bulk dimensional ohanges using the  Simmons- 
Reynolde relat ionship.  Inspeotion of Fig. 25 shows t h a t  for G5 
the  behaviour is normal: o r y s t a l l i t e  expansion i n  the  o-d i reo t ion  
and oontraotion i n  the  a-direotion. On the o ther  hand, a i r e o t i o n  
e f feo te  i n  (39 a r e  anomalous. Up t o  a dose of about 3 x 13' nvt an 
apparent o-axie shrinkage o c m r s  but t h i s  i s  followed by the normal 
expansion a t  higher doses. 
the normal o r y s t a l l i t e  behaviour i s  masked a t  low doses by another 
proaess involving s t r e s s  r e l i e f .  
i n i t i a l  s t r e s s  r e l i e f  period the r a t e s  of o r y s t a l l i t e  dimensional 
ohangee f o r  05 and 09 a r e  almost i den t ioa l ,  may be in t e rp re t ed  a s  
showing t h a t  the dimensional behaviour of (35 approximates olosely 
t o  t h a t  of % t r e s s  f ree"  G9. 
the  i n t e r v a l  i n  whioh the a t r e s s  r e l i e f  e f f eo t  is ooourring i n  (39, 
only the  o-direotion orgstal ohangee a r e  anomalous. This suggests 
t h a t  the, s t r e s s  r e l i e f  meohanism is assooiated with oollapse i n  
the  o-direot ion o r  shear i n  the  basal planes whioh would explain 
why the  oontraotion assooiated with the  re laxa t ion  i s  grea te r  i n  
the  d i reo t ion  t ransverse t o  extrusion. 

It is  not possibleoto estimate the s t ress - f ree  behaviour 

These were oomputed from the ooef f io ien ts  of l i n e a r  

This is now taken a s  ind ioa t ing  t h a t  

The f a o t  t h a t  following the  

It may a l so  be noted t h a t  during 
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6. 

Having es tab l i shed  t h a t  t he  behaviour of Q5 should 
approximate t o  t h a t  of G9 when the  l a t te r  mater ia l  i s  s t ress-free,  
i t  is now poss ib le  t o  examine whether t he  shrinkage of G9 ao tua l ly  
observed may be estimated by adding the stress re laxa t ion  
oomponent of s h r i q a g e  t o  thai  a t t r i b u t a b l e  t o  the  normal meohanism. 
The r e s u l t  f o r  900 C and 1200 C i s  shown i n  Figs. 26 and 27 a s  
f i l l y  drawn l inee ,  together with the experimental points,  
Compounding the  shrinkage i n  t h i s  way given a good measure of 
agreement with the oontraotions experimentally observed i n  G9. 
Espeoially the  peoul ia r  behaviour a t  low dose i s  reasonably well  
emlained.  

A t  higher dose thereois  a deviation. There may be several  
reasons f o r  t h i s .  
seoond meohanism is  exhausted, whioh probably should be the oase 
i f  i t  ;ere a s t r e s s  r e l i e f  meohanism. It may have been the case 
a t  900 C and 1200°C so that  the  deviat ion starts where the seoond 
meohanism s tops  operating. A seoond p o s s i b i l i t y  is that the 
ao tua l  behaviour of the hypothetioal s t ress - f ree  Qg would be 
d i f f e r e n t  from that  expeoted on the b a s i s  of G5 data ,  f o r  instanoe 
on aoaount of the  s t i l l  smaller o r y e t a l l i t e  s i z e e  If we follow 
t h i s  l a t t e r  approaoh w e  oan t r y  t o  find out the behaviour of  
a t ress-free a9 by oaloulat ing theodifferenoe between the a t r e s s  
re laxa t ion  shri%age found 
behaviour a t  900 C and 1200 U. The r e s u l t  i s  shown i n  Fig. 28. 

A t  600 C there  a r e  s t i l l  no s igns  t h a t  the 

t 600 C and tho a a t u a l l y  observed 8- 

The behaviour shown resembles very muoh t h a t  of G 5 ,  the  main 
differenoe being s l i g h t l y  higher oontraotion r a t e s  and a 
turnaround a t  a lower dose. Both fea tures  a r e  i n  agreement with 
the expeotations f o r  a graphi te  with a smaller o r y s t a l l i t e  s i a e  
and a higher CTX. 

It oould a l s o  be argued that the  reason f o r  t he  deviat ion a t  
high temperatures i s  that the assumption of a oonstant r a t e  of 
stress re laxa t ion  f o r  a l l  temperatures i s  not correct.  Creep experi- 
menta on t h i s  mater ia l  have i n  f a o t  shown a s t rong  temperature 
dependenoe of i r r a d i a t i o n  oreep i n  the  temperature range gOO-12OO S 
[1 I. 

The oase of (39, j u s t  desoribed, i s  probably r a r e  insofar  as 
the oontribution of t h i s  seoond meohanism is  so l a rge  t h a t  the 
ove ra l l  behaviour beoomes o l ea r ly  anomalous. The general  oonolusion 
i s  t h a t  i n  unorthodox mater ia ls ,  espeoial ly  those oontaining 
appreoiable amounts of less well graphi t i sab le  oomponents, one 
should ercpeot l a r g e r  oontraotion r a t e  than oan be expeoted on the 
bas ie  of the  Simmons-Reynolds theory. 

SuMMdRY AND corJcLmIoNs 

A wide range of g raph i t io  mater ia l s  have been examined i n  t h i s  work. 
The dimensional behaviour during i r r a d i a t i o n  i n  the temperature range 
60O-120O0C i s r  oomplex but i t  is  possible  t o  draw some general  oonolueions. 
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(5) 

Although there  i s  evidenoe t h a t  the  number of po in t  defec ts  a f f eo t ing  
proper t ies  suoh a s  thermal oonduotivity diminish with inoreasing 
temperature of i r r a d i a t i o n ,  there  i s  s t i l l  a oonsiderable shape ohange 
i n  the  c r y s t a l l i t e s  a s  a r e s u l t  of the agglomeration of  the i n t e r s t i t i a l 8  
and vaoanoies produoed. 

The r a t e  a t  whioh the  o r y s t a l l i t e s  change shape (and henoe the bulk 
dimensional i n s t a b i l i t y )  inoreases with i r r a d i a t i o n  temperature. 
for any given mater ia l  there  is a "breakawaytt temperature above whioh the 
r a t e  of dimensional change undergoes a muoh more rap id  inorease. 

However, 

For the  most s t a b l e  mater ia l s  the breakaway temperature is above 
900°C. 
temperature below 600 C. 

On the o ther  band the l e a s t  s t a b l e  mater ia ls  have a "breakaway" 

The most important property d io t a t ing  the "breakaway" temperature 
i s  the  o r y s t a l l i t e  s ize .  
inorease i n  r a t e  of dimensional change i s  due t o  the inoreased loss of 
vaoancies a t  o r y s t a l l i t e  boundaries. 

This is in t e rp re t ed  as showing t h a t  the  rap id  

I n  addi t ion  t o  the o r y s t a l l i t e  s i z e  two o ther  f ao to r s  a r e  of 
importanoe when the dimensional ohawes i n  d i f f e ren t  mater ia l s  a r e  
quan t i t a t ive ly  examined: these a r e  the ooef f io ien t  of thermal expansion 
and the i n i t i a l  value of Young's modulus. 

The oor re la t ion  with the ooeff ioient  of thermal expansion i s  a 
natural extension of the  ex i s t ing  theory f o r  low temperature i r r a d i a t i o n  
damage. 
muoh l a r g e r  than expeoted when the i n t i t i a l  Young's modulus i s  high 
and muoh lower than expeoted when Young's modulus i s  low. This i s  taken 
as o l e s r  evidenoe t h a t  o r y a t a l l i t e  shape ohange produoed by i r r a d i a t i o n  
i s  modified by deformation oaused by s t r e s s e s  developed as a r e s u l t  of 
the  mutual r e s t r a i n s  between o rys t a l l i t ea .  Indeed there  is some evidenoe 
t h a t  the  Young's modulus i s  muoh more important i n  d io t a t ing  the 
dimensional behaviour than i s  the ooef f io ien t  of expansion. 

However, dimensional ohangea even a t  low doses appear t o  be 

The mode of acoommodation of o r y s t a l l i t e  (and bulk) dimensional 
ohawe is  t en ta t ive ly  i d e n t i f i e d  with basa l  plane shear  i n  the graphi te  
o r y a t a l l i t e  aot ivated by i r r a d i a t i o n  ( i r r a d i a t i o n  oreep) . Materials  of 
low modulus are oapable o f  a g rea t e r  shear  result ina;  i n  a re laxa t ion  
prooess whioh reduoea both the  c-axis growth and the a - a n s  shrinkage 
i n  the  o r y e t a l l i  t ea  . 

Materials  should be e s s e n t i a l l y  "homogeneous". The m i x i n g  of grossly 
d i f f e ren t  grists or poss ib ly  the  addi t ion  through impregnation of l a rge  
f r ao t ions  of n o n w a p h i t i s i n g  oomponents i s  l i k e l y  t o  lead  t o  dimensional 
behaviour whioh i s  not prediotable  from the material propert ies .  

7. SPECIFICATION AmD BEHBVIOUR OF GRAPHITE I N  HIGH THPERATURE REACTORS 

7.1 Environment 

To plaoe the disoussion of the graphi te  requirements and behaviour 
i n  the oorreot oontext i t  is first worthwhile t o  mention b r i e f l y  the 
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operat ing oonditions of HTR's. The graphite environment i n  terms of 
the temperature of operat ion and t o t a l  dose i s  oonveniently divided i n t o  
two par t s .  

( a )  The s t r u o t u r a l  g raphi te  of the f u e l  elements i n  a reaotor  
u t i l i s i n g  a low enriohed fue l  oyole would be expeoted t o  be required 
t o  operate a t  r e l a t i v e l y  high temperatures, say 900°C t o  1200°C, 
oarrying a r e l a t i v e l y  high heat  f l u x  aoross the fuel oontainer 
wallso 
p i toh  s imi l a r  t o  tha t  used n AGR, estimates ind ioa te  t ha t  i n  a 

approximately 1.5 x lo2' n om 
aoaumulated i n  one year (75% load fao tor ) .  
residenoe times of between 1.5 and 2.5 years are oontemplated. 
These f igures  would be a rough guide t o  a feed element i n  a feed 
breed reaotor  though further de t a i l ed  oaloulat ion i s  required f o r  
t h i s  oase. 

Assuming an enriabment of 3% i n  the fuel and a f i e l ' e l emen t  

-2 
power reaotor  with a 6 MW/m f (average) power densi ty  a peak dose of 

(DIDO equivalent)  would be 
A t  the  present,  

There i s  oonsiderable freedom of ohoioe for the  temperature of 
operat ion of the moderator por t ion  of the  oore of a low-enriohed 
reaotor  oore design. The peak dose would ooour a t  the wall of the  
fuel element ohannel and would a l s o  be about 1.5 x lo2' n omo2 
(DIDO equivalent)  i n  one year. 
a fuel element p i toh  of about 44 om (Fuel ohannel radius  oa. 13 om), 
ohanges i n  the flux and speotrum lead t o  the in t eg ra t ed  dose fall ing 
by a f ao to r  of approximately two f o r  a pos i t i on  midway between fuel 
elements . 

(b 1 

I n  the  oase oonsidered above w i t h  

For reduotione i n  power densi ty  with no major a l t e r a t i o n  i n  
design these f igu res  would be reduoed pro-ratae 

7.2 Speoif ioat ion and Behaviarr 

The minimisation of the rate a t  whioh the dimenaiona o f  a graphi te  
ohange and the  t o t a l  amount of dimensional ohawe a r e  important f o r  a 
number of  reasons. Due t o  unavoidable temperature and f l u x  gradients  
d i f f e r e n t i a l  effeots  oan o o m r  whioh oaum the  generation of s t r e s s e s  as 
d i f f e r e n t  p a r t s  of the same member attempt t o  deform a t  d i f f e r e n t  ra tes .  
Thermal grad ien ts  oan be minimjaed t o  some extent  by ohoosing mater ia l s  
with good thermal oonduotivity. 
i n  HTFi f u e l  elements sinoe the  s t ruo tu re  must not only maintain its 
i n t e g r i t y  i n  the  faoe of  d i f f e r e n t i a l  e t r e s s i n g  oaused by i r r a d i a t i o n  
induoed dimensional ohanges, but it must a l s o  withstand thermal s t r e s s e s  
a r i s i n g  from the  r e l a t i v e l y  high heat f luxes  i n  the fuel element wall, 
Thus proper t ies  a f f eo t ing  thermal stress should not be ignored i n  
speoifying the  mater ia l ,  On the o ther  hand it  would be very oos t ly  t o  
produoe and t e s t  d i f f e r e n t  mater ia l s  f o r  the fuel element and the r e s t  
of the oore and if possible  the  same mater ia l  should be used f o r  both 
purposes . 

Themal grad ien ts  a r e  of speoia l  oonoern 

A oonsideration of  the  results of the present work ind ioa te  t h a t  
the following proper t ies  a r e  important. 

(i) Isotropy ( a s  measured by CTE and YoungOs modulue) 
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(ii) Degree of o r y s t a l l i n i t y  ( e l e o t r i o a l  r e s i s t i v i t y )  

(iii) Coeffioient of thermal expansion (CTE) 

( i v )  Youw's modulus 

(v) Ultimate t e n s i l e  s t rength.  

To a o t  as a guide t o  the l e v e l  of these various proper t ies ,  Table 5 
is given. 

Isotropy is defined i n  terms of the r a t i o  both of the  ooef f ic ien ts  
of expansion and Youngcs modulii when speoimens a r e  out p a r a l l e l  and 
perpendiaular t o  the d i reo t ion  of forming. 
i n  both these proper t ies  the  dimensional behaviour w i l l  beoome gross ly  
an iso t ropia  espeoia l ly  a t  high doses. 
the mater ia l  be i so t rop io  i n  the  oase of the  long-life moderator or breed 
blook s t ruo tu re  than for low-enriohed or feed f u e l  elements a s  the doses 
i n  the  former oase w i l l  be very high. 

If the mater ia l  i s  not i s o t r o p i c  

It i s  of g rea t e r  importance t h a t  

The low e l e o t r i o a l  res i s t iv i ty , speoi f ied  w i l l  r e s u l t  i n  a breakaway 
temperature whioh w i l l  be Ejbove 900 C. 
of the shrinkage above 900 C w i l l  be lower than i n  the oase of mater ia ls  
with a higher e l e o t r i o a l  r e s i s t i v i t y .  
moderator temperature a t  a high level but i t  must be kept below 900 C f o r  
prolonged l i fe .  A t  the  same iime the minimisation of the  temperature 
dependent shrinkage above 900 C reduoes d i f f e r e n t i a l  shrinkage s t r e s s e s  
i n  the &el  element s t ruotures .  A low e l e o t r i o a l  r e s i s t i v i t y  a l s o  
ind ica tes  a high thermal oonduotivity leading t o  lower thermal s t r e s ses .  

Also the temperature dependenoe 

This  gives  freedom t o  f i x  th8 

The coef f ic ien t  of expansion m i g h t  still  play a p a r t  i n  d i c t a t i n g  
the i n i t i a l  rate of dimensional change and the  ultimate shrinkage. 
However the  present work has shown that  t h i s  property should not be 
viewed i n  ieo la t ionr  the initial rate of shrinkage can a l s o  be a f fec ted  
by Young's modulus and it is not un l ike ly  t h a t  the shrinkage limit w i l l  
also tend t o  be dependent on this'property. There may be some incentive 
t o  move t o  mater ia ls  with lower CTE's because of the  adverse e f f e c t  on 
thermal stresses of a high CTE. Low CTE materials may a l s o  be favoured 
for high dose intermediate temperature conditions t o  delay expansion 
e f f e c t s  . 

The in i t ia l  value of Young's modulus may be much more important i n  
d i c t a t i n g  graphi te  dimensional behaviour under i r r a d i a t i o n  than previously 
thought. 
under i r r a d i a t i o n  whioh minimisee the bulk dimensional change. 
the i r r a d i a t i o n  induced oreep proper t ies  in  the  bulk material are improved 
when the  i n i t i a l  value of Young's modulus is low and henoe d i f f e r e n t i a l  
s t r e s s e s  are more r ead i ly  relaxed. Final ly ,  thermally induoed s t r e s s e s  
are min-hised when the  Young's modulus is low. 

Low values of t h i s  property ind ica te  easy shear of the o r y s t a l l i t e s  
Similar ly  

@ 7.3 Dimensional Chanms at High Doses 

The doses t o  which fuel elements w i l l  be e q o s e d  in reac to r s  using 
a low enriched fue l  cyole w i l l  be r e l a t i v e l y  low; general ly  less than 
4 X lo2'  n DIDO equivalent. Doses of t h i s  order would a l s o  apply 
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Table 5 

Guide t o  Proper t ies  of a Graphite of Good S t a b i l i t y  a t  High Temperatures of I r r a d i a t i o n  

I sotropy ( 1  1 

Coefficient of Thermal ( 2) 

Electrical r e s i s t i v i t y  (milliohm c m )  

expansion ( 20-4OO0C) 

Young s modulus ( P s i  

(dyne cm’*) 

Ultimate t e n s i l e  s t rength  ( p s i )  

(dyne m-*) 

preferably ~0.8 but ce r t a in ly  l e s s  than 1.0 

5 x ,ow6 per  c 0 

1.0 - 1.2 x 10 6 

6.9 - 8.3 x 10 10 

>3 9 000 

7 >20.7 x 10 

( 1 )  Isotropy is required from two viewpoints: 

( a )  t he  r a t i o  of the CTE’s i n  various direot ions with respec t  t o  the  forming 
d i r e  c t i on 

(b) the  r a t i o  of Young’s modulii i n  the same di rec t ions .  

Lower values may be aoceptable, see text .  (2 )  



t o  feed f u e l  elements. There is l i t t l e  d i f f i c u l t y  i n  achieving these 
doses a t  high temperatures t o  provide design data. 
however, i n  the  t e s t i n g  and provision of data f o r  moderator blocks and 
breed elements i n  power reactors .  
dose is such t h a t  f o r  a 30 year l i f e  the material  would have t o  withstand 

22 -2 a t o t a l  dose of about 4.5 31: 10 n cm 
a 4 XtV/m3 core, a t  a temperature below 8OO0C depending on the design. 

D i f f i c u l t i e s  do a r i s e ,  

I n  such cases the  peak accumulated 

i n  a 6 WJ/m3 core o r  3 x lo2*  i n  

Present evidenoe conoerning the behaviour of graphite a t  high doses 
i s  very l imi t ed  and r e s t r i o t e d  t o  low equivalent temperatures" [ 5 ,  2110 
f i r t h e m o r e  t o  aooumulate very high doses i n  a reasonable time the 
i r r a d i a t i o n  experiments have been oar r ied  out  i n  the Eounreay Fast Reactor. 
Some d i f f i o u l t i e s  may a r i s e  i n  in t e rp re t ing  these r e s u l t s  beoause o f  
dose-rate edfeots  [ 2Iobut the  general  f ea tu re  on i r r a d i a t i n g  a t  temperatures 
between 380 C and 750 C i n  DFW f o r  mater ia l s  with proper t ies  similar t o  
those i n  Table 4 is that up t o  a dose of about 1.5 x 
equivalent)  a shrinkage of about 3% i s  observed. 
appears t o  be sa tu ra t ing  a t  l e a s t  f o r  the  oonditions studied. 
a number of oonsiderations lead  one t o  be l ieve  t h a t  maintenanoe of oomplete 
s t a b i l i t y  a t  high doses is unl ike ly  although t h i s  was indioated previously 
[22] s inoe it was assumed t h a t  a t  high o r y s t a l  s t r a i n s  the  crystal l i tes  
would ohange shape a t  oonstant volume [23]. It is now thought t h a t  
oomplete s t a b i l i t y  would only apply under the following oiroumstanoes. 

n omW2 (DIDO 
A t  t h i s  dose the shrinkage 

However, 

(1) The mater ia l  is oompletely i so t rop io  i n  i ts  Youngcs modulus (and 
CTE) . 

(2) The o rys t a l s  a r e  ohanging shape a t  oonstant volume. 

( 3 )  The gr is t  p a r t i c l e s  a r e  e s s e n t i a l l y  spherioal.  

If the mater ia l  i s  not i so t ropio ,  d i r ec t ions  i n  whioh the 0-axis 
of the o rys t a l s  predominates w i l l  grow and shrinkage w i l l  o o m r  i n  
d i reo t ions  i n  whioh the a-axis i s  p r e f e r e n t i a l l y  oriented. I n  such 
materials poros i ty  is generated whioh m u l d  lead t o  loss of meohanioal 
p roper t ies  [5, 243. 

Even when the mater ia l  exhib i t s  oomplete isotropy and the o rys t a l s  
a r e  ohanging shape a t  oonstant volume i t  is d i f f i o u l t  t o  oonoeive a 
meohanism whioh allows no volume ohange i n  the  bulk mater ia l  other  than 
of the  p a r t i o l e s  are spherioal.  

Thus i t  is  now oonsidered that the general  e f f eo t  whioh may be 
observed a t  very high i r r a d i a t i o n  doses i s  one of expansion due t o  e i t h e r  
a volume expansion i n  the o r y s t a l  o r  t o  the  generation of porosity.  

Un t i l  more data is ava i lab le  i t  would seem imprudent t o  deaign high 
power densi ty  HTQCR's with moderator s t ruoturea  whioh oannot, a t  l e a s t  i n  
pa r t ,  be removed. 

*Due t o  the  dose-rate e f f eo t  mentioned these would be expeoted t o  be equivalent 
t o  d i f f e ren t  temperatures i n  a HTGCR environment. The actual conversion t o  
reac tor  equivalent temperature is not yet  possible. 
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8. NOTE ADDED IN PROOF 

"he ind ica t ions  t h a t  the  i n i t i a l  dimensional changes under i r r ad ia t ion  
a t  high temperature are  r e l a t ed  t o  Young's modulus have been strongly 
reinforced by experiments car r ied  out i n  the Dragon Reactor [ 2 6 ] .  
analys is  c l a r i f i e s  re la t ionships  between c r y s t a l l i t e  shape, Young's modulus 
and the coef f ic ien t  of thermal expansion and shows tha t  the i n i t i a l  shrinkage 
r a t e  may be correlated with c r y s t a l l i t e  shape and the bulk Young's modulus 
r a the r  than the expansion coef f ic ien t .  

The 

Q 

- 3a - 
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