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neutron r a d . i % L i m  GLZ %he propertdes af graphite i n  1942. 

i. 1"m.d i.atq li.cns of graphite %hat Were c ondue ted short ly  thereaf ter  demonstrated that 

P,rofessor E .  P. Wignsr f i r s t  called att.ention %a the possible e f fec ts  'of 

The f i r s t  cyclotron 

t h e  properties of graphite were changed by radiation, bat  the in tens i ty  o f  heavy 

particles aSt.aina5l.e wi%h cyclct-.ms was t o c  l ~ w  t o  predict changes that might 

o@,>ur a f t e r  more than a few days i n  a reactor.  

three Hanfosd rea~t-ors were constructed with almost n3 knowledge of the property 

!The X-10 Reactor and the first 

changes h:wL might OCJW in tohe graphite mcderabx. Although large changes in 

pmpert ies  were subsequenfly observed such catast.rophic behavior as fusion o r  

rrimblfng of the  graphit,e bars, which cc i~ ld  not be ruled out a t  that time, has 

never been obswved, and t?ie X-10 and Hanfordreactors continue t o  operate 

today 

During the pa,sf, 20 yestrs about 80,000 tom of hlgh-purity graphite have 

been used as moderatcr in the United States ,  Eng lmd  and F r a x e  alone, and a 

bPge  add i t ix f i l  amount cf less pure gqades ha3 been used i n  neutron re f lec tors .  

Graphite of high purity is available fr3m several  carboa manufacturers 
I- . 

i n  a m.rfe-&y of s izes  and grades. 

%herma1 neutron absorption cross section of approximately 4.3 mb costs $1000 

t o  $1200 per ton i n  the Unit;ed States  i n  several-hundred-ton quant i t ies .  

C-mrently, ulullachined nuclear grades with a 
1 -\ 
Xb 
e 

-t Thi s  wwk w a s  sponsored by the Atomic Energy Commission under Contract No. 
AT(45-3)-1350. Presented a t  the ANS National Topical Meeting on High Temperatwe 
Ms,zerials for Euc1e;z-r Ag;siFca%Lons 8% Saz Diego, California, A p 5 l  11-13, 1962. * Xanford I a b o ~ a t o ~ i e s ,  General Electr ic  Company9 Richland, Washingtm 
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MarjMxing ad.ds an additional $500 t o  

B cross set?t.ion of approximateljr 3.8 

$1000 per ton. 

mb requires special  processing, whfch 

The purest material with 

adds approximtely $200 t o  $400 per t;cn t o  the total cost.  Hence the cost of 

graphite f o r  a large reactor using 2000 toas cf graphite i n  t,he core and 

reflec-kok 1.s several  mil l ion dol la rs .  

The use of graphite i n  a nwlear  reaczm is ,  of eo-wse, not limited t o  

%he moderator and re f lec tor ,  Reactors now i x i  the design GP construction stage 

will employ graphite as a ma?zix f o r  high-temperarwe firel elerne,r"y md  control 

r o d s  , and as a Imr-permeability filel-.:an rmter'iai 

The mgni6ude of the radiation e f fez ts  produced i n  gaphike are strongly 

dependent upon the original  s t ruc tura l  proper%fes. Nuclear graphite is  usually 

2 nanufaetured by extruding cr molding a mix of coke par t ic les  and pi tch binder. 

Tkis mfxkwpe i s  firsf baked t o  about 800" C, impregnated with p i tch  t o  increase 

t h e  densi ty ,  and f i n a l l y  graphitized a t  2500 t.0 3000" e .  

The various sub-structures of graphite3 me depccfed i n  Fig,  1. 

of the graphite body m y  vaqy from a fev inches t o  a foot  o r  more i n  cross 

section, depending upon the par t icu lar  requirements. 

of the coke par%icles are al",gned zlong the ex!zzsion direction, and t h i s  

alignment produces an anisotropy i n  the  graphite body. 

The s i z e  

D u r i n g  the  extrusion some 

The extent of t h i s  

anisotropy depends upon a number of things, i nchd ing  the s ize  and shape of 

the par t ic les  and the s ize  of the  extruded body. 

ps r t i c l e s  are about, 0.3 mm. When nragnified about 5OOUX highly aligned regions 

The mean dimensions of the  



m y  be 

which have EOW been crystal l ized by the heat t;rea%ment. 

ident i f ied i n  the structure.  These a re  presumably the coke par t ic les  
P 

Bet*ween these aligned 

wgions a re  regicns i n  which no preferred alignment i s  apparent. 

due ' to  the binder. 

These m y  be 

It is, hmever, very d i f f i c u l t  t o  ident i fy  with cer ta inty 

those regions which were derived from the coke par.i;Ecl~s and those which 

miginated wi th  the binder. 

If it were possible t o  fiurther mgnify th i s  s+,?u.c't?ne by an addi+,ional 

150X3Lhe arrangement of the atoms would appear 9 s  indi2ated i n  the  right-hand 

por t ion  of thc  figure. This st ructure  is, of C O ~ S P ,  deduced fromX-ray 

diffract ion 'and other indirect  methods. The carbcn atoms are arranged i n  

sheets i n  a hexagonal configuration. 

nfoms i s  1.42 A i n  fully crystal l ized graphite. 

is about 3.5 A .  

chemical bonds and the carbon sheets are held togetber by weak Van der W a a l  

The dis+,ance between neighboring carbon 

The spacing between layers 

The atoms within these plaies  a re  held together by strong 

forces.  It i s  important t o  note that this  s t ructure  produces a highly anisotropic 

crystal, which, when it is remmbered'that the coke p ~ % i c l e s  arc- pa r t i a l ly  aligned, 

produces an anisotropic graphite body. Because some cf the electrons within the 

carbon layers are r e l a t i E l y  f r ee  t o  move, graphite i n  mrq ways behaves as a 

metal when properties a re  measured i n  the direct ion of the layer  planes. "!his 

high mobility of the electrons within the planes i s  important also because the 

electron excitation produced by gamma radiaticn is  qv.ie.kly d i s s imted  before 

chemical bonds are broken. I n  contsast t o  this, molecular crystalsj i n  which 

the electrons a re  localized,suffer considerable radiation damage from gamma 

radiation. 
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The large inter layer  spacing (orie-half the 2 spacing) is  a l so  important 

from a radiation-damage standpoint. Because the forces holding tlne layer planes 

together are re la t ive ly  weak (approximately 1.3 kcal/g-atom) and %he inter layer  

spacing i s  large, carbon atoms that are displaced from t h e i r  normal l a t t i c e  

posit ion by fast neutrons or by fast moving carbon atoms acemulate between these 

layers and force them apart. 

observed when graphite i s  i r radiated by fast nezltrons. 

Hence, large increases i n  the 5 spacing are  

Other s t ruc tura l  features a re  a l so  important, i n  determining the magnitude 

of the radiation e f fec ts  produced i n  graphite. For examgle, because graphite 

i s  a porous material, changes that occur i n  the crys3al l i tes  are pa r t i a l ly  
4 absorbed within the porous structure.  This pose s t ruc twe  i s  i l l u s t r a t ed  in 

Fig. 2.  

process a re  shown. 

Micrographs of graphite a f t e r  various stages of $he manufacturing 

The green stock consists of the e x t r d e d  coke - binder 

mixture and. is  re la t ive ly  non-porous. Baking vola t i l i zes  much of the binder 

m t e r i a l  and leaves void regions. Clgrs%alliB;es become more perfect ly  developed 

during graphitization,but the body i s  s t i l l  p!xous because the par t ic les  do not  

coalesce. Note that i n  the electron kcrograph of %%e small section of graphi'ce 

some of the regions are quite highly aligned, whereas others show no grain 

Mmy of the s t ructura1,pmpert ies  of' graphite can be modified t o  achieve 

eePtain desirable features for a specific application. 

c rys t a l l i n i ty  can be varied by select ion of raw materials 8nd by 'changes i n  

the final graphitizing temperature. 

The degree of 

I t  

It is possible by this method, f o r  example, 

t o  fabricate  a graphite that is re la t ive ly  insensit ive t o  radiation-induced 



expansion a t  low temperature. 5 9 6  The nature cf the binding between coke par t ic les  

can be varied by choice of binder and f i l l e r  materials. 

particle shape and s ize  the amount of void space, and hence the density and extent 

of inter-connection between the void spaces, can be varied. 

used t o  produce graphites with low permeability t o  gases. 

* 

By proper selection of 
I 

t 

This method has been 
L 

Following baking, graphite i s  normally impregnated with a pi tch or other 

carbonaceous material t o  increase the density. Graphite may a l so  be reimpregnated 

one or  more times following graphitization t o  f'upt.her increase the density or  t o  

decrease the permeability. 

manufacturing graphite change the i r rad ia t ion  behavior. 

Most of these modifications t o  the normal method of 

RADIATION-INDUCED SmCTuRAL EFT'EGTS 

Let us consider, now, some of the radiation e f fec ts  i n  d e t a i l .  When graphite 

i s  employed as a moderator or  other component i n  a reactor eore, i t J  i s  subjected 

t o  an intense f lux  of high energy neutrons. Approximately 25 ev must be imparted 

t o  a carbon atom i n  the graphite structure i n  order t o  displace it from its normal 

Lattice posi t ion.  Fast  f i s s ion  neutrons have energies of the order of' several 

million electron vol ts  and hence are capable of displacing many carbon atoms. 
.. 

For 

example, a fast f i s s ion  neutron with energy =ear 2 MeV displaees about 60 carbon atoms 

before reaching the threshhold energy w h e r e  it i s  no longer traveling fast 

enough t o  cause fur ther  displacements. 'I 

atom displaces about 350 more atoms from l a t t i c e  posit ions.  

fast neutron moderated i n  graphite approximately 

from t h e i r  l a t t i c e  sites. Many of these displaced atoms do not anneal duping 

the  i r rad ia t ion  period, with the net result that radiation e f fec ts  accumulate, 

and a general disordering of the c rys t a l  structure occurs. 

c, 

The average primary knock-on carbon 

- Thus f o r  every 

20,000 atoms are knocked 

8 
The mgnitude of this 
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disorder iw depends upon the i r rad ia t ion  temperature; a t  higher temperatures 

more of the displaeed carbon atoms are  annealed, and hence the radiation e f fec ts  

produced are  l e s s .  

8 This disordering effect  i s  clear ly  seen i n  X-ray d i f f rac t ion  photographs 

of graphite after various stages of i r rad ia t ion  as showE i n  Fig.  3. Curve ( i )  

i s  a photometer t race  of unirradiated graphite showing the various peaks from 

di f fe ren t  ref lect ing planes. 

increase i n  2 spacing a f t e r  progressive i r radiat ions.  

The numbers t o  the l e f t  of the curves give the 

The arrows on Curves ( i i )  

and ( v i )  show the posit ion of the (002) and (004) peaks before i r radiat ion.  The 

f irst  observable change is  a sh i f t  of the (006) and (004) l ines  t o  lower angles 

caused by an increase i n  the 5 spacing. This oceura i n i t i a l l y  w i t h  very l i t t l e  

broadening of the l ines .  

l i nes  become more diffuse and f i n a l l y  disappear en t i re ly .  

I 
I 

As the neutron dose increases, the (006) and (004) 

I 

The changes i n  the (002) l ine ,  whieh have been used extensively t o  calculate 

changes i n  2 spacing and apparent c rys t a l l i t e  sizelhave been studied i n  considerable 

detail.g The changes i n  l i n e  prof i les  f o r  exposures up t o  1500 Mwd/AV are given 

i n  Fig. 4. The re la t ive  intensitkes a re  not t o  scale because d i f fe ren t  amounts 

of powder were used i n  obtaining the prof i les  

gmphite appears t o  s h i f t  with l i t t l e  change i n  shape for  exposures up t o  

680 MwdlAt, after which the l i nes  rapidly becom broadened. A very pronounced 

shoulder on the high side of the peak appeks  on the 860 Wd/At sample. With 

increasing exposures the tail increases i n  re la t ive  intensi ty  and the sharp 

component decreases, resulting, finally, i n  a very broad symmetrical l i ne .  

I 

The (002) peak f o r  unirradiated 

2 * One Mwd/At is  approximately equivalent t o  1.3 x lox7 neutrons/cm with energy 
@ > 0.18 M ~ V .  
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Although cer ta in  features of these changes a re  not well understood, there 

i s  general agreement on the interpretat ion of the m J o r  changes, 

shif ts  are due t o  increased 2 spacing, presurnably caused by the formt ion  of 

i n t e r s t i t i a l  carbon atoms o r  groups of carbon atoms between the layer planes. 

These i n t e r s t i t i a l s  force the planes apart and increase the inter layer  spacing. 

The broadening of the l ines  i s  due t o  s t ra ins  produced i n  the c rys ta l  structure,  

and, a t  high exposures, due t o  a decrease i n  c r y s t a l l i t e  s ize .  

The peak 

I 

The work of Bacon and Warren8 indicates that a t  least t o  an exposure of 

approximately 1200 Mwd/At a t  30" C ,  a t  which %ime the 2 spacing has increased 

by 6 per cent, the c rys ta l s  do not break up. 

w i t h  short-range l a t t i c e  dis tor t ions.  

Line broadening is associated 

It i s  presumed that although the layers 

may buckle and bend, t he i r  dimensions and the probabili ty of layer displacement 

within the stacks of layers a re  largely unchanged. 

9 pointed out the analogy between the d i f f rac t ion  Townsend and Lund 

patterns of carbon blacks and lampblacks, which are known t o  consist  of minute 

c rys t a l l i t e s ,  and highly irradiated graphiteo Based on the s imi la r i ty  of 

physic&l properties and d i f f rac t ion  patterns they ascribed the broadening i n  

graphftes i r radiated t o  greater than 2OOO-Mwd/At a t  30" C t o  a decrease i n  

c r y s t a l l i t e  s ize .  

since temperatures suff ic ient  t o  cause c r y s t a l l i t e  growth i n  carbons are 

required t o  reduce the l i n e  brdadths t o  unimadiated values. For example the 

(002) l i n e  breadth of CSF graphite irradiated t o  5700 Mwd/At at 30' C anneals 

very l i t t l e  belaw 1200' C . l 0  Most annealing occurs i n  the 81400 t o  1800' C 

range, Based on the assumption that l i n e  broadening i n  highly irradiatedgraphite 

The results of annealing studies a l so  favor this theory, 

I '  

32 oc9 
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due t o  c r y s t a l l i t e  break-up, the apparent c r y s t a l l i t e  s ize  i n  the 5 direction 

CSF graphite decreases from an unirradiated value of about 500 18 t o  about 

18 after exposure of 3000 Mwd/A+, at 30” C.” The spparent c r y s t a l l i t e  size 

the 2 direct ion changes from about 1500 18 t c  abeut. 14 A from the same 

treatment. 

An outstanding feature of radfation effects i n  graphite is  the marked 

sens i t i v i ty  t o  the i r rad ia t ion  temperature i n  the range 30 t o  300’ C .  

i n  the 2 spacing12 show2 i n  Fig. 5 i l l u s t r a t e  t h i s  point. This ra ther  s t r ik ing  

e f fec t  of temperature i s  presumably due t o  che insreased mobility of displaced 

atoms with temperature. 

atoms a re  apparently capable of migrating t o  vacancies 0:: t o  c r y s t a l l i t e  

boundaries i n  th i s  temperature range, and therefore makedljj redace the damage 

sustained by the c rys ta l .  

Charaes 

Single i n t e r s t i t i a l  carbon atms and small groups of 

Similar e f fec ts  have been noted f o r  other properties. 

Changes i n  the macrostructure of graphite have a l so  been observed by 

measurement of surface area and pore-size disfribu?;ion.13 The decrease i n  the 

surface area and general shrinkage of the micropores ea-used by radiation-induced 

eqans ion  of the  c rys t a l l i t e s  reduces the intepcrystal l ine void spaces. It i s  

l i ke ly  that many pores become inaccessible t o  the  measuring gas as the c rys t a l  

expansion sea ls  off some of the smll bottleneck openings t o  the pores. 

expansion in to  pores is  a l so  su&ested’from t& r e l a t ive  magnitudes of bulk and 

c rys t a l  expansion. 

Crystal 
! 

RADIATION-INDUCED DIMENSIONAL CHANGES 

The s t ruc tura l  changes discussed so far are manifest i n  bulk dimnsional 

changes, although as might be expected for an aaisotropie,  imperf’ectly oriented, 

32 Of0 
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porous substance, the effects  are  indirect  and d i f f i c u l t  t o  predizt Speculation 

on the dimensional behavior r3f graphite before the first reactors began operation 

.Included predictions of growth, contract.ion, and even dis integrat ion 

experience has shown that both expansion and contraction occur under cer ta in  

conditions. 

Subsequent 

The h i s to r i ca l  development of the problem and the research associated with 

dimensional changes i n  graphite i n  the United States  a re  summarized i n  Table X, 

It i s  seen that u n t i l  re la t ive ly  recently, the chief concern w a s  w i t h  expansion 

of graphite below about 300" C .  However, while the solu-tions t o  early expansion 

problems were being successfully applied, new problems w i t h  contraction were 

developing as  a r e su l t  of increases i n  operatLng temperatures, 

e f fo r t s  are  concent.rated on developing methods of rsduerng high-temperature 

Current, research 

contraction by s t ruc tura l  modifications t o  the graphi+,e It is t h i s  contraction 

problem with which we shall be primarily concerned ir, discussing radiation-induced 

dimensional changes. 

occurring a t  higher temperatures, l e t  us first consider the e f fec ts  which occur 

However, t o  be t te r  undersc,snd the eontraction e f fec ts  

near room temperature. 

'$ABLE I - EVENTS ASSOCUW WIT8 T@ STUDY OF RADIAnOB-INDrrq, 
DIMENSIONAL CHAJJGES IN GRAH-Ktm I N  E3E UNI'ITED S u m s  

Date E- __. 

1942-1945 Predictions and first observations of radiation-induced 
dimensional change. 

1946-1947 

1948-1951 

Graphite expansion b e e m s  a problem i n  reactor operation. 
Contraction parallel to extrusion axis first noted. 

Increases i n  reactor operat,i.on temperatures reduce expansion. 
Reactor designs improved t o  reduce expansion. 

Special methods of manufacturing graphite developed t o  reduce 

F i r s t  observation of contraction perpendicular t o  extrusion 

Contraction recognized as a prcblem i n  the design and operation 

expcbnsion. 

direct ion i n  i r radiat ions above 300' 6 .  

of reactor& e 

32 011 
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Because the extrusicn process by which nlmcst a l l  nuclear graphites are  

formed al igns the coke par t ic les  and produces an anisotzopic bow9 the radiatinn- 

induced d h e m i o n a l  changes depend on the direction of measwement w i t h  respect 

t o  'the extrusion direction. ' Hence, it, i s  neeessary ti0 different, iate between 

those changes measured Ixansverae t.0 the ext,r:xion 3x2,s a;ld -%hose changes measimed 

pa ra l l e l  t o  the extrasion axia. 

directions a r e  d i f fe ren t .  

I n  geiileral: radiation effek+,f;' i n  these tWa 

During i r rad ia t ion  near room temperatwe, a l l  nuclear graphites expand 
I t  

transverse t o  the  e x t m i m  direction. This i s  'shown'' ?en Fig. Considerable 

variation i n  the 

graphites shown, 

and contrPacts a t  

shows the lowest 

r a t e  of growth occurs with different  graphite grades, Of the 

KC expands a t  the highest; 

the highest rat6 para l l e l  

r a t e  of chmge transverse 

rate transvssse t o  the extrusion axis 

t o  the extsusion axis. 

t~ the extrilsiori axis and also the 

TS@EF graphite 

lowest change pa ra l l e l  t o  the extrusion axis .  

The different  behavior cf the graphite5 is  due t o  several factors .  KC! 

i s  the most anisotropic of these graphites. 3encc:~, a Larger f rac t ion  of %he 

- c sp6cing expansisn of the crystal appears &s 3 m . ~ ; p ~ , s c ~ p i c  dimensional change 

transverse t o  the extrasion axis. 

between tb+, of TSiiBF aad K!2. 

The ar,isc&z"cpy cf CSF graphite i s  intermediate 

TSGW gra ih i te  was grapMtized a t  a b w t  &5C0 C? vhereas the graphitization 

temperature of KL: and CSF was about 2800" C. it kfis been found i n  other studies 

%hat materials t h a t  a re  not f u l l y  graphitized do not expand a t  as high SL ra te  as 

m o k  crystal l ine b p h i t e s .  

probably due primarily t o  differenc.;s i n  anisctropy and c rys t a l l i n i ty .  

- I  1% 

Hence, the differences s h m  on this s l ide  a re  
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are 

Whereas $he expansion transverse t o  t he  extrasion axis is  qui te  d e f i n i t e l y  

t o  - c-spacing expansion of the  c rys t a l s ,  chmgea f n  t h e  parallel direcL2on 

not as well mders",ood. It, has been paf?a la ted  t h a t  rAra, l le l  contraction 

i s  a l s o  due t o  radiatior,  effects i n  t h e  cryftallitee, where i n  the carbon layer  

planes are warped when i n t e r s t i t i a l s  a c c m d a t e  F,c*deen The planes. 

causes the  crystels t o  slwink along the  2 dire.=.tior, a f r ac t ion  of which is  

This 

re f lec ted  i n  bulk eontraction i n  the .parallel d i r e s t i m .  

::oritraction is annealable15 by heating indicates  t,ha.t the e f f e c t  is due  To!3 a 

disrupt ion of t he  s t ruc ture  by high energy nelsltrpons and :Is iWi; the r e s u l t  nf a 

radiation-induced annealing o r  s in te r ing  process. 

The f s c t  t h a t  paral le l  

I r r ad ia t ions  of experimental graphit.es have demcnstrated %hat the 

radiation-induced. dimensional changes near room t.empesa+,:;cre can be greatly 

reduced i f  a non-graphitic mterial is employed. H!,c)T;Jever, as w i l l  be noted 

l a t e r ,  t he  radiation-induced contpaction above 300" c1 occurs at a much higher 

rate i n  these materials. It has generally been found16 that graphitee that 

am most suscept ible  t o  radiation-induced dflnensfonal changes a t  about room 

t.enrperature are least suscept ible  to radiaticn-indwed contraction 6% 300' G 

and above 

A s  t he  rad ia t ion  temperatare increases above roan temperature, the expansion 

of graphite perpendicular t o  the  extpusien direct2on decreases, and above 

300" C contraction i s  observed. I n  the d i rec t ion  pasallel +,o t h e  extrusion 

axrs, contraction is observed i n  most ali nuclear gzaphites a t  all. i r r ad ia t ion  

temperatures , and as t h e  temperature increases t h e  amount of eont r ic t ion  decreases. 

The e f f e c t  of i r r ad ia t ion  temperaturel7 on lengbh changes transverse t o  the 

extrusion axis is  i l l u s t r a t e d  in Fig. 7. It w f l . . l  be noted tha t  lengt'n changes, 

l ike  other radiation-induced e f f ec t s ,  are very sens i t ive  $0 the Frra8iat ion 

32 013 
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n 

temperature i n  this temperature range, 

para l le l  t o  the ext-usion axis  have been reported, although it can be asswed 

from measurements at higher i r radiat ion temperatures that a continual decrease 

No comparable studies on length changes w 

i n  the contraction r a t e  would be observed between 30 and 300' C. 
12 Above 3OO* C the relat ion between length change and exposure i s  complex, 

as w i l l  be noted i n  Fig. 8. 

generally observed t o  an exposure of a t  leas% 1500 k d / A t p  and at higher exposures 

contraction occurs. 

Mwd/At, which i s  the maximum exposure f o r  which data are available i n  this 

I n  the transverse direction an i n i t i a l  expansion is  

The contraction is l inear  w i 9 h  exposure t o  a t  l e a s t  12,000 

temperature range. 

t h i s  region. 

Published contraction ra tes  usually refer  t o  the slope of' 

I n  Klc graphite, which has the most highly crystal l ine s%ructure and has 

the highest degree of preferred orientation, the difference i n  dimensional 

change transverse and para l le l  t o  the extrusion axis i s  greatest .  

and SGSBF graphites were graphitized a t  only 2450' C and the preferred orientation 

The CSGBF' 

fs not as great. The transverse contraction is  greater i n  these materials. 
18 

The ef fec ts  of more extreme changes i n  graphitdzation temperature are 

shmm i n  Fig. 9. 

axis. A l l  graphites were made from the same coke and the same pitch binder. 

The i r radiat ion temperature range was 400 t o  500' C o  

that were heated t o  the higher graphitization temperatures were more stable.  

As more data are obtained, it is becoming more cer ta in  that materials which are 

not fully graphitized contract at a higher r a t e  when irradiated a t  high temperatures. 

Dimensional changes were measured transverse t o  the extrusion 

I n  general, those samples 

Th i s  feature w i l l  be discussed fur ther  i n  discussing the mechanism of high 

temperature radiation-induced contraction. 
n 

32 014 
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Whereas by conventional tes t ing  standards exposures of 12,000 Mwd/At may 

be considered a long-term irradiat ion,  the l ifetime exposures of graphite i n  

r 

a modern high f lux reactor w i l l  be on the order of 150,000 t o  200,000 Mwd/At. 

One is  immediately concerned, then, with the extrapolation of these curves t o  

the order of t e n  times the maximum exposures shown i n  Fig. 8. The rate of 

contraction of CSGBF transverse t o  the extrusion ax is  is  approximately 0.015 

per cent per 1000 Mwd/At. 

change, i f  extrapolated t o  l50,OOO Mwd/At, f o r  a 3O-ft graphite stack, the 

t o t a l  dimensional change would be about 8 in .  

change t o  accommodate i n  the reactor design. 

e f fo r t  i n  recent years t o  ascer ta in  whether the contraction continues a t  a 

1 inear . ra te  and a l so  t o  develop gsaphites that are more s table  a t  high 

temperatures. 

Althowh t h i s  i s  a re la t ive ly  low rate of dimensional 

This i s  a ra ther  large dimensional 
I 

Hence, there has been a concerted 
? 

I r radiat ions have been conducted recently i n  the temperature range 475 t o  

800" C t o  much higher equilvalent neutron exposure& The results for  CSF .' 

graphite transverse t o  the extrusion axis are i l lmtraled i n  Fig. 10. 

maximum exposure of 8.6 x 1021 nvt (E > 0.18 MeV) is  approximately equivalent 

t o  60,000 Mwd/At. 

exposure the contraction transverse' t o  the extrusion direction continues t o  be 

l inear  with exposure with no evidence of saturation. 

note that i n  t h i s  temperature range the rate of contraction decreases with 

The 

It w i l l  be noted that even a f t e r  t h i s  re la t ive ly  long 

It i s  a l so  interest ing t o  

i r rad ia t ion  temperature. Davidson and Helm1' have conducted a f e w  i r rad ia t ions  

as high as 1200' C. 

a t  about 800° C and a t  higher temperatures the r a t e  of-sontraction again 

They have obseked that the minimum contraction r a t e  o c c d s  

increases. 

8 
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.., 
18 The general behavior pa ra l l e l  t o  the extrusion axis  i s  somewhat similar 

except that the rate of contraction i s  higher (Fig. ll), 

have been made on graphites that w i l l  be used i n  the Experimental Gas Cooled 

Similar observations 
~ 

18 Reactor a t  Oak Ridge. 

The engineering problems connected with t h i s  radiation e f fec t  a re  summarized 

i n  the following questions: 

1. Does this contraction e f fec t  continue t o  l ifetime exposures of the 

graphite moderator, say 150,000 t o  200,000 &d/At,  or  does it begin 

t o  saturate  a t  lower exposures? 

2, Different ia l  contraction rates can be expected due t o  temperature or 

neutron flux gradients across a large graphite moderator block. W i l l  

the blocks fracture from the radiation-induced s t resses ,  or will the 

s t resses  induced cause the dim&nsional changes t o  cease before 

I 

breaking s t resses  are reached? 

3. W i l l  d i f f e ren t i a l  radiation-induced stresses i n  the graphite cause 

creep t o  occw a t  a r a t e  high enough t o  re l ieve tL st resses  before 

breaking s t resses  are  reached? 

There axe no sat isfactory angwers t o  these 'questions at  the present t i m e ,  

although a considerable amount, of 'work is  i n  progress on these problems. 

From a sc i en t i f i c  standpoint, the  contraction e f fec t  itself i s  of 

considerable in te res t .  Contraction transverse t o  the extrusion axis cannot 

be a t t r ibu ted  simply t o  changes i n  the c rys t a l l i t e s ,  because the c rys t a l l i t e s  

themselves actual ly  expand s l igh t ly ,  even at  high i r rad ia t ion  temperatures. 

following general observations must be explained by any mechsnism proposed f o r  

radiation-induced contraction. 

The 

L. 

Q 
.. - 
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1. Graphite shrinks i n  the predominant 5 direction when i r radiated above 

300" C ,  while a t  the same time the 5 spacing expands. 

2 .  Factors that increase the u l t i m t e  c rys t a l l i n i ty  reduce the 

contraction ra te .  

Most of the shrinkage transverse t o  the extrusion axis does not anneal, 

whereas shrinkage para l le l  t o  the extrusion axis  does anneal when 

the sample i s  heated t o  high temperatures. 

3. 

A.mechanismthat accounts f o r  these observations has been proposed by 

de Halas and Yoshikava.16 Contraction i s  a t t r ibu ted  t o  two separable processes. 

The first process i s  akin t o  law-temperature radiation damage and involves a 

s l igh t  expansion of the c rys t a l l i t e s  para l le l  t o  the 5 axis  and a corresponding 

contraction para l le l  t o  the E axis. Because t h i s  type of damage i s  annealable, 

the amount of c r y s t a l l i t e  expansion and contraction is a function of the 

i r rad ia t ion  temperature,and this largely accounts f o r  the temperature dependence 

i n  the radiation s t a b i l i t y  of graphite. 

and seems t o  r e su l t  from a graphitization-like phenomenon i n  poorly graphitized 

regions of polycrystalline graphite., 

The second process is  non-annealable 

The poorly graphitized regions appear t o  

originate p r i m r i l y  i n l c r y s t a l l i t e  boundaries and par t ic le  boundaries, i . e . ,  

the  binder i n  the graphite. The degree of anisotropy of the graphite largely 

determines the interact ion of the  annealable and non-annealable dimensional 
t 

changes and hence controls the overal l  behavior of graphite under high 

temperature i r radiat ion.  The use of low graphitizing temperatures or  poorly 

graphitizing f i l l e r  or  binder increases the amount of non-annealable contraction 

and decreases the s t a b i l i t y  of the graphite. 
. I -  
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STORED ENERGY 

The heat content of graphite i s  increased when atoms a re  displaced t o  

less stable positions i n  the c rys ta l  l a t t i c e .  The increase i n  heat. content 

i s  known as "stored energy", a l so  sometimes referred t o  as "Wigner energy" e 

The stored ener$y can be released by heating. Under cer ta in  conditions the 

heat released i s  greater than the heat capacity of the  graphite, thereby causing 

a spontaneous increase i n  temperature under adiabatic conditions. . The 

poss ib i l i ty  of a large spontaneous temperature r i s e  i n  the graphite moderator 

is the main concern associated w i t h  the accumulation of stored energy i n  a 

reactor.  

The stored energy released per O C  temperature r i s e ,  dS/d!I!, as a function 

of the annealing temperature, T, i s  shown2' i n  Fig. 12. Such curves are usually 

called stored-energy release spectra, or simply, stored-energy spectra. The 

specif ic  heat curve f o r  unirr€diated graphite i s  also shown. 

causes a small increase i n  the specif ic  heat of graphite, but the e f f ec t  i s  

not large.  External heating t o  the temperature, T1, t r iggers  a spontaneous 

release of energy, and under adiabatic conditions ' the temperature w i l l  quickly 

rise t o ' a  higher temperature, T2, such that the two shaded areas are equal. 

Continued heating resu l t s  i n  no fur ther  spontaneous increase i n  temperature 

unless there is another peak i n  the release c&e at some higher annealing 

temperature t h a t  exceeds a specif ic  heat. 

lmer apparent specif ic  heat equal 'to the difference between the specif ic  heat 

I r rad ia t ion  

However, the graphite w i l l  have a 

and the stored-energy release curve. 
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The t o t a l  stored energy of a graphite sample i s  equal t o  the area under 

the stored-energy release curve. Total stored energy i s  mesured by heat of 

combustion, whereas stored-energy release curves a re  usually measured i n  

linear-temperature-rise ca lo r imte r s  . The t o t a l  stored energy of the samples 

shown i n  Fig. 12 was about 150 cal/gram. 

A s  might be expeeted the stored energy i n  Irradiated graphite is  a 

sensit ive function of the i r radiat ion temperature. This is  i l l u s t r a t ed  21 I 22 

i n  Fig e 13. 

large amount of energy, 630 cal /&is  stored when graphite i s  i r radiated t o  an 

exposure of 5000 Mwd/At near room temperature. 

t o  7.5 kcal/g-atom, which i s  several times the estimated inter layer  binding 

energy i n  unirradiated graphite. 

I r radiat ion temperatures are  indicated f o r  each c-cve . A re la t ive ly  

This amount of energy i s  equal 

This amount of energy a l so  corresponds t o  the 

integrated heat capacity of unirradiated graphite between 100 and 1550" C . 
With increasing i r radiat ion temperature, the ra te  of' stored energy 

accumulation becomes very much l e s s .  A t  450" C t-he t o t a l  stored energy a f t e r  

15,000 Mvd/At is  about 40 cal/g. 

energy buildup w i l l  be of pract ical  concern a t  temperatures i n  the 500 t o  1000" C 

It therefore appears unlikely that stored- 

' range contemplated f o r  advanced high-temperature graphite reactors.  However, 

a t tent ion should be given t o  the possible accumulation of stored energy i n  the 

cooler fringe regions'of the moderator and i n  the re f lec tor .  

ANNEALING 

Some annealing of radiation-induced defects oceurs during i r rad ia t ion .  

The net e f fec ts  of these concurrent damging and annealing processes a re  the 

s t ructural ,  dimensional, and other radiation-induced changes that have been 
32 019 
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discussed previously. L e t  us t u r n  our a t tent ion now t o  the annealing of 

radiation-induced property changes that  r e su l t  when the graphite is heated 

above the i r radiat ion temperature. 

an important role  i n  the useful l i f e  and safe operation. of graphite moderated 

reactors, a re  equally important i n  characterizing and understanding radiation 

Annealing effects  I n  addition t o  playing 

effects in graphite 

Although annealing studies have been conducted on most a l l  $he prcperties 

affected by radiation, two properties, dimensional ehanges and 5 spa.,in.g, w i l l  

be used t o  i l l u s t r a t e  the annealing properties e 

length 

30" C. 

Fig ,  14 shows the anltlealing of 

measured transverse t o  the extrusion axis f o r  i r radiat ions a t  

Annealing e f fec ts  depend both on the annealing temperature and the 

annealing time. 

anneals is shcrwn, and a t  the bottom the equivalent. act ivat ion energy for  one-how 

A t  the top of the figure the annealing temperature for one-hourP 

anneals a t  the corresponding temperature i s ' g iven ,  This activation, Eo, i s  

defined by the equation: 

E = RT I n  Et 
0 

i n  terms of the annealing; temperature, T, and annealing time, t o  

constant, and B has the dimensions of a co l l i s ion  constant 

was taken t o  be equal t o  7.5 x 1013 sec'l. The pbysical inte'rpretation of Eo 

has been discussed by P r i ~ n a k ~ ~  and others. 

Eo w i l l  be considered as simply a convenient parameter that has been found 

R i s  the gas 

I n  t h i s  case, B 

However, f o r  present purposes 

useful i n  correlating annealing experiments. 

Several things w i l l  be noted from Fig. 14. First of a l l ,  it i s  apparent 

that, especially f o r  the 5700 Mwd/At sample, very high temperatures are  required z*? .. - 0 32 
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t o  anneal the damage. 

graphitize, a l l  of the length changes are not annealed- 

I n  f ac t ,  even a t  2480' C,  where carbon begins t o  

Samples wi th  lower 

exposures anneal much more readily.  

other properties such as - c spacingOe3 For example, a t e q e h t u r e  of 1000' C 

is necessary t o  anneal one-half the 2-spacing expansion after an exposure of 

5700 Mwd/At whereas only 500' C is  required a f t e r  400 Mwd/At,. This s t r ik ing  

difference has been at t r ibuted t o  the larger  probabili ty f o r  the fon?atior. of 

Similar observations have been made on 

mul t i - in te rs t i t i a l  and vacancy groups i n  graphite whose structure has suffered. 

some radiation damage. 

A number of early investigators 25926 reported tha t  the annealing of 

i r radiated graphite i s  more extensive when conducted i n  the pmsenee of Yeactor 

radiation than when done i n  the absence of radiation. This ef fec t  has been 

termed by various investigators as nuclear, neutronic, reactor,  p i le ,  radiation, 

and i r rad ia t ion  annealing. For the present purpose a l l  those e f fec ts  oceurrfng 

under the influence of radiat ion that do not occur by thermal annealing alone 

will be designated as radiation annealing. 

An example of radiation annealing2' is shown i n  Fig. 15. The graphite 

samples were first i r radiated a t  30" C ,  which caused the  2 spacing t o  increase 

from the unirradiated value of about 6.71 A t o  the values shown at the extreme 

l e f t  of the figure.  

samples were then annealed f o r  several  days a t  375' C .  

this treatment are shown at the zero exposure l i ne .  

then returned t o  the  reactor  and irradiated at  335' C f o r  a long period of time, 

whereas others were heated a t  the same temperature i n  the laboratory. 

during these long-term thermal anneals are indicated by the dotted l ines:  

The -exposures at, 30' C are shcwn f o r  each curve. A l l  

The 5 spacings after 

Some off the samples were 
I 

I 

Changes 

The 



-21- HW-SA-2394 
63 

so l id  l i nes  show the chaages i n  5 spacing resul t ing f romthe  continued. 

i r rad ia t ion  at 335' C . 
For example, compare the curves f o r  the 1177 and 950 Mwd/At sanrples with the 

1400 Mwd/At sample. 

Much more annealing was accomplished i n  the reactor 

The enhanced reactor annealing i s  quite s t r ik ing ,  Stored 

energy, thermal conductivity, and length behave i n  a similar fashion, whereas 

radiation anneding i s  much l e s s  effect ive i n  annealing e l e c t r i c a l  r e s i s t i v i t y  

changes.27 It has been estimated that t o  accomplish an equivalent amount of 

t.hermal annealing, temperatures ccnsiderably greater  than looB C higher than 

the radiation-annealing temperature would have been required. 

Although the detailed mechanism of radiation annealing i s  not known, 

ealculations have indicated t h a t  the  annealing ra tes  observed can be a t t r ibu ted  

t o  the slowing dam of displaced r eco i l  at-oms produced bj high energy neutrons. 

If  one inquires fur ther  in to  the mechanism there appears t o  be another observation 

that needs t o  be explained. 

i s  the radiation-annealing rate so sensit ive t o  temperature i n  the range 30 t o  

300' C? 

Why, i f  activation is due t o  hot knock-on atoms, 

This question i s  closely related t o  the marked sens i t iv i ty  of the 

damage rate at  temperatures i n  the 30 t o  300' C range. 

is  that the hot reactions that occur a t  all d i e n t  temperatures provide the 

A possible explanation 

act ivat ion energy t o  free the displaced atoms from the v ic in i ty  i n  which they 

are b o w .  Hawever, they cannot easily dwfuse away t o  mow stable positions 

unless the ambient l a t t i c e  temperature is suf f ic ien t ly  high. 

temperature of 300' C, the annealing rate is  rapid f o r  defects at  the time 

they are created, i.e., before large c lus te rs  a re  formed. 

graphite that has been i r radiated a t  30' C the r a t e  of radiation annealing a t  

300" C should be controlled by the r a t e  a t  which e lus te r  atoms are  broken in to  

A t  an i r radiat ion 

Tkerefore, i n  

32 022 



smaller, more mobile groaps by the hot reactions. This explains wly radiation 

annealing, unlike thermal amealing, continlles a t  an appreciable raAe over 

long periods of time a t  a given temperature, This mechanism, while accounting 

f o r  the sens i t iv i ty  t o  the i r rad ia t ion  t empra twe ,  re ta ins  the features of 

hot-atom act ivat ion which seem necessary t o  explain .the obse-rvation that 

defects w i t h  very high activation energy are  affected by radiat ion annealing. 

It is always found, at  least i n  the range 30 to 300' @, "that i r rad ia t ion  

a t  some temperature, Tlj followed by annea.ling at, a higher %emperatme, T2' 

resu l t s  i n  more damage than i r rad ia t ion  f o r  %he same period a6 T2' 

damage centers formed during short  exposures a r e  much more easi ly  annealed than 

The simple 

those formed when darnage i s  allowed t o  accumulate afv a low i r rad ia t ion  

temperature, 

removed by radiation anneal&. 

Moreover, of those complex damage ceaters that, do fom, some are  

It is then of i n t e re s t  t o  ask: Haw effect ively 

.can radiat ion damage be reduced by t h e m 1  anneals? 

Fig,  16 shows the length changes that o e c w  transverse t o  the extrusion 

axis during reactor-exposure and thermal-anneal 

shows the  lengkh change when graphite i s  exposed continuously a t  30" C, The 

changes observed during i r rad ia t ions  a t  150' e a re  shown i n  the bottom sol id  

e w e .  The cumulative e f fec ts  of i r rad ia t ion  at  30' C followed by an anneal 

a t  500' C for  5 hr and then fur ther  i r rad ia t ion  a t  30' C are shown by the 

intermediate discontinuous etirve. Hence, f o r  the Sam cumulative t o t a l  

exposure at 30" Cs much l e s s  darnage builds up if  intermediate thermal anneals 

remove part ofi the da+ge. 

of continuous i r rad ia t ion  a t  30' C folluwed by a f i n a l  anneal f o r  20 hr  a t  5OO* C, 

T ~ E  top  solid curve 

\ 

The intermediate continuous curve shows the e f f ec t s  

32 023 



Annealing methods i n  order of inereasing effectiveness are:  

a f t e r  continuous exposure a t  308 C; (2 )  periodi- 5-hr anneais a t  500° c a f t e r  

(I.) 20 hr a t  5QOQ C 

short periods of irradiat.ion a t  30’ C; and ( , 3 )  emtinuow irradiat ion a t  150* C 

Several Cwre9-t prcblem tb$ baye bee11 cimit,t.ed. wf ll be mntioned briefly 

and some of t.he pr&lems which m y  be encountered 213. eht? me Of gY.q>phite 99 

nuclear reactors in the h?me w i l l  be enumerated. 

Considerable in te res t  evrrently ex is t s  i n  the development of lm- 

permeability graphites t o  delay the escape : P i s a i m  prod1xt:s % b G . a g h  grapln,:’..f;e 

when it i s  used as a fue l  matrix OF c1add.i- mat-erfal in hi.gh-t;emperaticre gas- 

eooled reactors.  Consider progress has been made in the  last few years i n  t-he 

development of low-permeability graphites, although no graFh5tes yet, a re  

suf f ic ien t ly  t ight,  t o  completely prevent t,he diffusion of ~ ~ S S ~ C E  products i ~ t o  

the gas coolant + The. dimensional s t a b i l i t y  sf these lcw-permeability gra,phites 

appeamto be somewhat’ poorer than more conventicnal mdera.tor graplnites, 

probably became non-gmpbd’tidng carbon blacks o r  impregnainzs are normally 

used t o  a t t a i n  the l m  p e m a b i l i t y .  

Another area of e m e n t  i n t e re s t  i n  high-temperature gas-cooled reactors 

i s  the eompatibility of graphite with koo1an-t; gases and impurities i n  the 

coolant This 

may ef fec t  the 

subjeet’ i s  complicated by the f a z t  t ha t  a nuniber of vuriahles 

r a t e  a t  whkh gases react w i 5 h  graphite. Among these a re  
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radiation intensi ty ,  concentration, temperature, reac t iv i ty  of the g raph ib ,  

flow rake, e tc .  
- 

Ine r t  coolants such as helium my be employed, of course, but 

the problem s t i l l  remains t o  keep the impurities suf f ic ien t ly  l m  t h a t  no 

adverse effects occur i n  the  permeability, s%ren&h, or  other p o p e s t i e s  of 

%he graphite. 

impurities a l so  ex i s t s  

, I  

The potent ia l  of mass transport of carbon by small amounts of 

The dimensional s t a b i l i t y  of graphite at  high t e q e r a t u e s  appears t o  be 

oae of the major problems i n  the use of graphite as a modera"cc?r, 

now i n  progress w i l l  undoubtedly provtde a be t t e r  understanding of the 

radiation e f fec ts  a t  high temperatures, and from t h i s  it w i l l  be poasible t o  

Research 

fabricate  graphites w i t h  be t t e r  dimensional s t ab i l i t y .  

minimized by design innovations such as thase recently used employed by the 

The problem can a l so  be 

British2' on the Japanese Tokai Mura Reactor and by the French" on the 

EDF-2 Reactor. 'mese designs w i l l  presumblly acc,llmnod.ate e i the r  expansion o r  

contraction i n  vertical-tube- reactors while still maintaining a t i gh t  earthquake- 

r e s i s t an t  structure.  

Although the radiation-induced changes that occur i n  graphite have been 

emphasized, it is  impdrtant to'remember that when compared with other nuclear 

~ t e r i a l s ,  the dimksional s t a b i l i t y  of graphite a t  high tempemtures i s  

actually relaarkably good, probably b e t t e r  than any other material that has 

been as thoroughly tested. The ro le  tkt radiation-induced creep may play 

i n  relieving stresses cer ta inly req&ea fur ther  study, as does tbe possible 

e f f ec t  of stresses i n  reducing or accelerating dimensiord changes awing  

i rmdia t ion .  
3 2  025 
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