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TIIE APPLICATTON OF CTTEI'ÍICAT RAIE TTIEORY TO FASS NEIJTRON IRRADIAIION DAMAGE IN GRAFÍIITE
II. The effect of therrnal annealing and thermal equilibrium defect concentrati.ons

B T Ke1ly
(UI$EA Reactor tr\re1 Element Laboratories, Springfields, Salwick, Nr Preston, La;rcashire, England)

1. Introduction

A simple chemical rate theory of fast neutro4-.
irradiat ion d.amage in graphite has been presented(1/^,
and shoun to give reasonable accord with experinent!¿/
It was noted i-n the presentation of the theory that it
possessed a number of deficiencies including
(f) t te neglect of the effect of vacancy mobi. l i ty

parallel to the hexagonal axis.
(2) T¡e neglect of thermal annealing of non-saturable

sinks a¡rd point defects by the equilibrium defect
concenctrat i-on.

The purpose of this paper is to consider the
modifications necessary in the theory to accommodate
these processes.

2. Tlreory

Itre simple chemical rate theory of iradiation
damage in graphite assumes that it is suffi-ciently
accurateto distribute the sources a¡d si-nks for the
point defects homogeneously throughout the solid.
The particular sinks for point defects (other tha-n
the mutual annihilation of interstitial atoms and
vacancies) which are assu¡ned to be present in the
sol id at consta¡t concentrat ion are:
(a) For interst i t ial  atoms, the interst i t ial  loop

. with densi-ty N1 cm-2. _7
(b) For vacalci-es, the vacalcy l ine, density N¡ cml¡

and the crystal bor¡ndaries defining the crystal-
lite sj-ze L" paral1e1 to the basal plane.

Ihe uniform interstitial a¡d vaca¡cy concentra-
tions denot?| by ¡i arrd C' are obtained as solutions
oI lne eouatl-ons:-
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(va1id for temperatures where the¡rnal defect concen-
trat ions are not signif icant).  t ' lhere G1 is the atomic
displacement rate in atoms/atont/sec, in a neutron
flux fi (measured in Equi.valent DIDO nickel units), R
is the repulsive barrier to interstitial - vacarcy
recombinations, Z is the number of neighbours from a
vacancy from which recombinati.on occurs, and #' is
the number of sites adjacent to the end of a vacarcy
l inq Di ald D' are the dif fusion coeff icients for
interstitials and vacancies^respectively, pa.rallel to
the basal planes. Kf and I( are the terms defined in
(I) related to the méan freé pa.ths for interstitials
and vaca¡cies respectively, given in terms of the
Cefects by
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¡'here r is the interstitial loop radiusr d the inter-
J.ayer spacing, a the basal jump dista¡ce and Zi1 Zu
a¡e snall. numbers allowing for the effects of streÁs
: ie tas .  (  1  )

ILre motion of vaca¡rcies para11el to the hexago_
na1 axis enables them to a¡rnihilate interstitial
atoms in the loops. lhis.process has been analysgd
by Reynolds and Thrower(¿/ a¡rd Baker and Ke11y.(J)
Ttre rate of change of the radius of a single loop r
in a crystal with u¡riforrn vaca_ncy concentration C.,
due to movenent pa.rallel to the hexagonal axis is
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where Jd is the fract ion of edge sites on the loop
which ca¡r absorb vacanci.es, y is the co-ordination
number of an edge atom (6 or Z) t cy is the arear/atom
in the 1oop, v" is the atomic vi.bration frequency
pa.ra11e1 to the hexagonal.axis, E"_, is the forrnation
energy of a vaca¡rcyr Emc is the aótivation energy for
vacarcy movenent pa.raI1e1 to the c-axis, k is
Boltzmannrs constant a¡d T is the absolute temperature.

Tkre pa.raneter F" is defined by

where E is the elergy of the dislocation loop. The
terrn^exp (- Ef"r/kT) j-s snall up to a temperalure^- ̂ ^ó..25OO"K while for loops of reasonable size exp (- f.a¡
kT) is less tha¡ unity, when (f) may be appróximatEa
by
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Inclusion of the interstitial loops as sinks for
vaca¡rcies in the second of Eqn (2) modif ies i t  to
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wi-thout modifying the equation for Kl.

The growth rate of a graphite crystal para1le1
to the c-axis. X-' l  (dX /W) in the usual- ¡ef,¿t i6¡¡( '1 ) fg

Def in ing  as  be fore ,  ( t ) ,  T l  =  +z .o1n.o ; (xz  (8 )
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then the solut ion of Eqn (1) is, as before:
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where Do,1 '  and vei  are respect ively the pre-exponent ia l
f ac to r s  o f  i n t e r s t i t i a f  d i f f us i on  and  t he  i n t e r s t i t i a f
jump frequency paral lef  to the player p lanes:

Now C  =  A ,  exp  ( -  E f v / kT )  ( tB )
o t

w h e r e  A - -  i s  t h e  n r e - e x D o n e n t i a l  f a c t o r . ( 4 )  a n d  t o ," " " ' "  - - v
good approximat ion
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On subs t i tu t íon  in to  ( fZ )  tn is  g ives  f ina l l y :
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I n  i r r ad ia t i ons  a t  ve r y  h l gh  t empe ra tu res ,  i t  i s
poss ib l e  i n  p r i nc i p l e  f o r  t he  i n t e r s t i t i a l  l oops  t o
em i t  i n t e r s t i t i a l  a t oms  and  t he  co l l apsed  vacancy
l í nes  t o  em i t  vacanc ies .  The re  may  a l so  be  equ i l i -
b r i um  concen t ra t i ons  o f  i n t e r s t i t i a l  a t oms  J6^  and
vacanc ies  Co .  I n  t h i s  case  Eqn  ( f )  i s  r ep laóed  by :
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\ur ' lo t / i  ls  tne rate bf  change of  loop-radius dose to
i n te r s t i t i a f  emmlss i on .

The pair  of  Eqns (12) can be solved,  but  the
comp lex i t i e s  o f  t he  so lu t i on  obscu re  t he  behav iou r  and
many  o f  t he  numer i ca l  pa rame le r s  a re  no t  known .  Con -
s i de r  t he  mos t  I i ke l y  case ,  t ha t  ,Tn  << , t . '  ,  ( a r , /A t ) i  =
O ,  and  even tua l l y  C^  >>  Cv ,  t hen  E {n  (12 )  can  ¡e
w r l r t e n :
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G
o'x¡ = -T-

-  
D . K l  +  v . R  C

1 1  1  0

and

G  R C .  G  -
^  v  _  o l  o

u 
D Kt 

'  
D K¿ 

- ,  n l  ,  . .  o ^ I
v v v v " 1 ^ i * u i ^ ' o

The crystal  growth rate paral lef  to the hexagonal  axis
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The  e f f ec t  o f  t he  vacancy  concen t ra t i on  i n  t he  f i r s t
term becomes important  when

2nrZ .  No  D^ .
A exp (- nfv/t{.t >> +v  -  ,  u o i *

and  t hen  t he  f i r s t  t e rm  d im in i shes  rap id l y .

t .  D i scuss  j - on

( 2 1  )

The  second  t e rm  i n  Eqn  ( ' 11 )  was  eva fua ted  f o r
p a r a m e l e r s  a p p r o p r i a t e  t o  r e a c L o r  g r a p h i t e ,  E f i c  _  5 . ,
eV and Ern¿ = 1.6 eV. Over the range 12OO-1ZOO"K l t
w a s  n e g l i g i b l e .  B a s i c a l l y  f o r  c r y s t a l l i L e  s i z e s  L u
*  IOOO A  a f f  vacanc ies  a re  d i sappea r i ng  a t  c r ysLa l
bounda r i es  be fo re  a  s i gn i f i canL  concen t ra t i on  can  j ump
paral le l  to the hexagonal  axis.  This coufd be
reve rsed  f o r  ve r y  Ja rge  L¿  va fues .

Eqn  (2O)  i s  ve r y  t r anspa ren t ,  t he  second  t e rm  i s
f ound  t o  be  ve ry  sma l l ,  wh i l e  t he  f i r sL  t e rm  shows  t he
damage to be temperature independent unt i l  the term in
the square brackets reduces below uni ty.  Evaluat ing
the  b racke ted  t e rm  i nd i ca tes  t ha t  t h i s  does  no t  occu r
unt i l  -  4ooooC for  the case Cr,  (  Co.

I t  would be interest ing to observe the resuf ts of
i r r ad ia t i on  o f  py rog raph i t es  a t  ve r y  h i gh  t empe ra tu res .

4 .  Re fe rences

? 6 )

where  t he  f as t  t e rm  i s  due  t o  t he  annea l i ng  o f  t he
i n te r s t i t j . a l  l oops  by  t he  equ i l i b r i um  vacancy
c o n c e n t r a t i o n .
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