
Chapter 4 -. 

Fundamental Radiation ~ffectson 

Materials 


This chapter introducesthe fundamental radiationdects,or damages. on crys-
tal lattice defeck or impcrfcctions, of nuclear materials. The wbus crystal 
lattia defmi n d u d  by fast 'neutronsor heavy partick in intense radiation 
environments are defined and d & b d  Crystal lattice defectsare the vacarr 
eiu, i n t d t i a l  atoms, ionization and elatronic excitatian (in tbe temporal 
state), temperature s p i ,  disphceaient s w and rtplacxment collisions. 
Some im-t theories, based on apchmtrrl d t s ,  p& to interpret 
the radiition effects are the atomic dispkcmcnt, tunpweture or tbtrmal 
spike, displacement spike, and repbcemcnt collision models for metals. The 
f u ~ t a l  effects on the change of th m y d  structuia and&tion 
mechanidproperti- d-c a d  ph*d prqmth, and thermal and dif-
fusbwmtrolIcd ratt pnxaa propdmare d i .Tbe redimtion effect on 
these pm@m b generally p & d  to the radiation flux, particle energy 
(or energy spctmm), irradiation time, and hadhtion tempratwe. The 
cbange of the material properties can have a mteffect on nuclear (power) 
mctwdwiso,opwatim, perfomlam, and d e t y *  

The unique characteristic of the nuclear mctm environment is the ~ C G 

of intense radiition accompanied by high temperature in thecore.The intense 
radiation, M irradiation, and high temperatwe am c h g e  the nucltar, p h p  
i d ,  thermal, chemical, and macbanical pro@= of m a w ,  esptciallythe 
nudm matmiah fabi~~tedand optratad throngh a kntg period of service in 
the reactor core.Changes or altcmtions of thee propertie with opcmting time 
anbt drastic and must be w i d d  in the deign of r*aetorsand lrssociated 
cquipmenr. 

Nuclear radiation in a metor consists of a,8, and y rays, ntut-, h i o n  
rragmtnts, md p i b l y  protons. The nuclear radiation effects on crystalline 
solids vary with the crystal structures and the nature of the radiation. foniza-



tionand elactrooexcitation, far example, prod& by B and y rays cau#,little 

pmanent change in awtals.Heavier particles, swb as mtrom, p m m ~ ,e 

particles, and fmh fmgmm4 howlertr,a n  produce signif~~a~~t
changm in 

ths propti- of metala B a d  a the uystdhgraphy, these beavy p r U a  

an cam imperfcchmor defectsin the regular array of atoms in 

d i d & b o t h ~ c a n d ~ c .  


4.2. CLASSIF~~ATIONOf CRYSTAL IMPERE- OR DEFECTS 

From thediffraction ofx rayo by uptaband theconsoque* eltdatioa afthe 
s m c t ~ o f d ~ ~ ~ d d s , ~ o f r h e p r o P e r t i w o f ~ h b s s n  
a ~ A n i d e a l l y p w f e c t ~ e a n k d e f i a e d ~ t b e h t t i o a ~ ~ d  
atomspnistwithoutdcf~inalldirechsintbecryrtat.I n o t l s e t a a n  
ideally prfect crystal mmiats of a m d y orderly array of a m  w h 
arraagcmcnt fd6h tbe 4thofa space gmup d the pattan a 
g e o n m w ~ p b y *In t b e c a s e o f m s c h a n i 4 ( c o l d o r ~  
tnias)wmk rnn u d w  radiath (orhdiatioa) due tok v y  partides,b 
ev # , h p a f ~ o r d e f e c t , i p o f t e n ~ t o ~ b t a a y ~ . t i o a f n 3 1 ~  
an omMy ariay of atmm in mystdbc d L (1-2). If rhe &viatian from am 
orddyarrayi s l a  to tbevhityofmtya fnnatomqitis4ulapdrrl 
i m p w / i h o r  &fs~ l .O~~theotbahand , i f tbedtv ia t ionextmdr~  
s m d  regions in the crystal,it isd da latfke hyqfecttion, bult itp 
dues dimntiauity in the lattica Crystals hve two t y p  of lattice imMe 
tiwra.(I) line defects. which prqmgate along S i in a aystal, and (2) pIarm 
def- which havean d-tent in the lattice plane. 

Solid d u t b  ofmetal provide wed examples of point impf- (a) 
the interstitid, wbcm extra atoms are pmmt in interstitial solid du*  @) 
the ScbotW defect, in whicb atc#ns are h i n g  frwn their regular site and 
(c) the FrenW defect, in which a t a m  are displaced to inttrstithh and thug 
create =by vacancies (3, 4). F v 4.1 illustrate8 the thm t y p  afpoint 
imperfdons or defects at a Mnt h the crystal. 

4.2.2. Une Defects 
1 

In annation with lattice imperfections, dislocation or tintar deviation from 
true periodic array clccun when the periodicity of the atomic lattice army is 
interrupted along emin directions in a crystal. There are two Ends ot line 
defects retatod to the disloeations: (a) edge dis!ocation, or Taylor discation, 
in which the dislocation line a p v  to m r k  the edge of a plane of atoms that 



INTERSTITIAL 


bas been insertad,partway, into the crysral;and(b) screw didoation. orBug-

trs distoc~tion,in which a row of atam a b t  a &uystdbpphic  plane 

appears to spiral in the mannaof a s#w. The screw d k h x h  d t s  usu-

ally of a lineof atoms, each dwhich has the mmct number of dtnating 

a t a n s . ~ ' c m d b t i o n ,~ i ~ d w
, s t n ~ t i o n ~ w t .  
T h e d i & d m s g n I t u d t o f a ~ . d i s l ~ t i o n m ~ ~ t e d  
b y r h e ~ v e c t o r o f t b e B ~ d i s k i t . i o n . T h e ~ ~ % ~  
t o t b e d i s m d p l a n e d t h e c r y s t a l . T h c ~ o f ~ d i s l o c a t i o n i s ~  
cltariy seen in a viewof the crystal. 

Whea the lint defectsduster in a tbycan forma plane defect. 
There are t h trptsof plluse defects:(a) lineage bouadary d d e  w h m  the 
bodary  between two ad- M s c t  rcgiom in tbt sams czptd is tilted 
with respect to ell& re* iqthe plans;@) grain b m d qdefect,where tbe 
g r a i n b u t d a r y b e t w e e n t m ~ i a a p d y a y s t a l l i n s d i d ~ a w l ( ~ )  
stacking fault, or defect, in which tbs bwndary bttffeea taropmb of a dose 
packing has altwnate Mmt aommon matcriaIs (or Pnelear reactor 
materials) consist dmany dbkrkk iq  crystah or g m h  with raadom 
oritptatiolg. Tbe boundary Wwcm adjacent grainn, t h e f a  must be com-
patible with the struchrrea a d orientationofall the grains iwdvcd at the cmn-
m o a b o t d e r , a r g r a i n b o u n d a r y , b u t t h e ~ b o u n d a r i e s ~ b e ~  

DiilacatioM of thtline and scmv defectswere originaliy introducedto explain 
plastic deformah, crystal growth,chtr ic  mistivity,and phfical p r ~ p r h  
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of metab sdiL (5, 6). A dishtim can a h  hbiby mwm of a 
d o s a d l o o p , o r B u r g c m ~ t , ~ ~ ~ t i ~ n l i a e . ~ h i s ~  

' 	loopisformodbyproccsdingthroughtheundisnvbsd~surmundinga 
~ t i a o i n s t q a o f t a c b l a ~ t f a n s h ~asobowainF1g.4.2.Thtdb 

tort& that coataim the MoaatiOa kis ddthe slip~ I M c .An eQp 

dislocation is ft# to mow in it8 slip plane h w c t h e  cmrdi~tionofthe 

atomsin t h e t d g e d i d ~ ~ ~ t i o n ~ ~ e r e n t 
fromother pallelatom rowsin the 

a y s M A - W m t i o a , ~ . c a n m h a n y p l a n t ~ t o i W  

~	 U CS the motimof a screw d i i h  is cmtabd along s u d v t ,parallel 

atom rows. When an edge dislocation mwes wt of it8 slip plane, the process 

is called climb, and such motion is normally accompanied by the creation pf 

interstitiah or v a d e s  (or point defects) in the crystal during the climb 

F==. 

Imprfections, or defects, in crystals are summatiztd in Table 4.1. These 

irnptrfoctions in uystah or nuclear reactor materials can be pmducod by 

mechanical, tbtrmal, and mdiation dccts. In particular, neutron irradiation 

in tbe environment of nuclear (- & power) reactors can product r 

variety of crystal defects and radiation effects, or damages, in nuclear tt8ctor 

materials (7, 8). . 


4.3. BJTERACTION OF NUCLEAR RADIATION WITH MAITER 

The interaction of nuclear radiation with matter at high emrgia k a amplex 

phenomenon that canbe btresolvod intoprimary and secondary stages, or effects. 

Table 4.2 g i w  the prirnaq and secondaryeffectsof &befundamental particles: 
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electron(B my), p b (y my),~ r t i d c(arayh proton,and mutmns inter-
acting with matter. Nuclear tmmmuhtiam, such as 'Be(p, m)'Li, nAl(p,
r W . W n ,  a)'C nAl(lt,rImA,%a, n)'tC. Wn,7m%a,
imlua a number of intcractiona of f m particle with nuclew reactor 
material&At the sam time, the k i mf- induced in a nudear h s h  
mctar a n  produce beavy damap within tbe frrtl material. 

Among the fundamtatal aeutmm, e@aIly fast neutnl$ have 
t h e  fa- (a) &utral Ncie,@) high m t i n g  pawer, (c) relatively 
h v y  mim, and (d) plays the mait sign- role in a nuclear &&on reactor 
and probably in a d e u t e r i ~ t i u mfusio~ in the future. Thsmdiation 
effect on 'nucfw reactor mami& @ d d y  fuel and structural maWds, 
therefore, wiU be very inkpoetant. 

Dbphcund (at high energy) 
Dirpl.etma~t(at hi@ 
Wthd*male (at high 
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4y4. RADIATION EFFECT, OR DAMAGE, BY NEUTRONS 

The change,or damage, in nuclear, pbysid. t h e d ,  chemical,or mechanical 
proprties of reactor materials under intense radiation is called the radiatim 
efect, or damage. Theprincipal radiation effects resulting from the interaction 
of fundsmental particla with nuclear mctor matttiah are electronic ionim-
tim and atomic displacement (see Table 4.2). Electronic ionization (by el-
tron, photon, proton, and *particles) is a temporary ded.Atomic diipla-
ment, for instance, by nwtroa$ is pcmmcnt damage. Beaust the ntutrrw 
has no charge, it produces radiationda-e only by energetic interaction with 
nuclei in tbe mctor matcrhh. A fast neutron .canimpart both energy and 
momentum to r nucleus with wbid  it interacts, and the nucleus becoma 
excitedand diplacod, or recoilad, fram its regular site, or orderly array, in the 
crystal (seeSection4.2). Thmfm, the radiation, as weil as hadiation, effect 
by neutrons can change the proptrtia and reduce the performana ar s d e e  
lifetime of nuclear reactor materials appreciably. 

There ax a number of radiation defects induced by intense nudesv radib 
tion, p a r t i ~ l y ,fast neutron hdhtion. T h e  radiation defects rn 
-bed below: 

(1) 	 Vacancica The mati00 of vamnt sites in the aystal latrice due to colli-
aionsbttweenfastnwtronsaadnuckioratomaTbe~gytransfwred 
frwn the fast neutron to the nuclei is usudly so hqc tbat each primary 
&on produa rubsegucnt larock* and d disions, mdting 
in meancia. 

(2) 	 Interstitiah. Nuclei displacedby oollisions to interstitids or irregular non-
equilibrium @ti- sve not recombid with nearby vaancies. 

(3) 	 Impurity atoms or atloyhg atoms. Impwity or alloying atoms are pro-
duced by nuclear transmutations due to disions of incident neutrons arad 
regular nuclei of nuclear mctor material. Fission products, such as Mo, 
Zr, a d  Ru (or Mum), p d u c t d  by nuclear M~onreactions are the 
impurity or h y i n g  elements in nuclear futla. 

(4) 	 I h t i o n  and dcctronicexcitation.Neutrons and y rays can induce l d  
ionization and el&c excitation in their passages. The Id ionization 
and dectronicexcitation inducedby the neutral particla w rays a n  in-
duce further vibrational entrgia in nuclei or atoms. 

( 5 )  	T e m v t u m  and t h d  spikes.Atoms have high vibrational energies in 
ex- of the normal state. Tbe fc@onin which a large number of atoms 
are involved in strong vibmtional stat= i s  atled a rempuaturc spike. If 
the vibratiod excitation b relatively small, so that only a small number 
of atoms are involved, or leave their equilibrium sites, such a weak vibra-
tionat state is called a thermal spike. 






