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THE DEPTH DISTRIBUTION OF DISPLACEMENT DAMAGE' IN a-IRON UNDER "TKIPLK BKAM" ION IRRADIATiDN*
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The depth dependence of the defect s t rue tuxes was determined for iron i r r a d i a t e d at 8V0 K
with A MeV Fe'i~r and e n e r g e t i c hoi ium and deuterium ions to 10 dpa and fusion l e v e l s of
helium and deuter ium. From the damage p r o f i l e s , a s e c t i o n i n g depth of 0.9 um was s e l e c t e d
for s t u d i e s of iron and bec iron a l l o y s , such as f e c r i t i c s t e e l s , u t i l i z i n g s imi l a r i r r a -
d i a t i o n pa ramete r s . A compart son of the ex per ime.ital damage pr if I le to the depos i ted
energy and deposi ted ion p r o f i l e s c a l c u l a t e d by E-DEP-J i nd i ca t ed a poss ib l e overes t i raa tc
of the LSS stopping power of at l e a s t 221.

1. INTRODUCTION

Ferr i t i c s ta inless steels are currently beins
considered as structural materials for f i rs t
wall and blanket applteations for proposed fusion
reactors . Therefore, characterization of the
defect s t ructurei which result from fusion
environment radiation damage nf these steels Is
of Interest . One technique commonly used to
study the development of microstructucal radia-
tion damage u t i l i zes energetic ion irradiat ions.
The "tr i ple-be.im" iov. i rradiat ion procedure
developed at ORNL is particularly applicable to
fusion studies [1—3]. In thls type of irrad ia-
tIon, energetic heavy ions, heliun ions and
deuterium Ions simultaneously bombard the speci-
mens. The heavy tons create atomic displace-
ments. The heliu-n and deuterium ions are
injected so as to corae to rest within the
damaged region and simulate transmutation-
produced helium and hydrogen.

In tripie-beam Irradia t ions , as in most Ion
i r rad ia t ions , the damaged region is usually
within a few micrometers of the Irradiated sur-
face. The defect structures vary significantly
with distance from the irrad iated surface.
Simple "back-1hinnin^" from the unirradiated
surface of the spec Imen would limi t 120 V.V
transmission electron microscope (TEM) -.'Kami na-
tions to the region within about 250 rcn of the
Irradiated surface. In this region, surface
effpets would domi natp the obsorvat ions. There-
fore, controlled removal or "sect loni ng" of the
damaged region is necessary prlor to back-
thinning for preparation of TEM specimens. The
sectioning depth can best be selected by experi-
mentally determining the depth distr ibution of
defect s t ructures .

Three experimental methods are commonly used to
determine defect profiles. In the f i r s t , the
ion-irradiated specimen is back-thinned and the
defect d is t r ibut ion determined from stereo >
HVEM, micrographs. The second technique u t i -
l izes sectioning of specimens to various depths
followed by back-thinning and TEM examination.

The final method Is TEM exami naf ton of ;i cross-
sectional ari T of a bombarded foi l . In ur.ier t:>
bring the damaged region to rhe center of the
TF.M disk, the cross-sectional area of thr* foil
is Increased by elect roplat i n>; or spur r er cJeposi
t ion. The <:ross-se«' t ion tec hn j cut? i»as f i r s '
usud by Spurlinfl and Rhodes M ii \^2. Si ncr-
then, this hasir techni que has been used by a
number of investigators Lo study damage prof i l^s
in stainless steel l^ , "> ] , nicke I .6 -I } I , cop pur
I L -i—L f> | , and -olybdenum [17].

Relatively few studies of the effect nf gas
implant at 1 on on the heavy inn tian.̂ ge prof i lc
have been reported . Two invest 1 gar. ions have
reported prof i les for simul tanpons bombardment
by heaw IOTIS and pas ions. These studies on
molybdenum [17] and nickel [12,13] nt i 1 i zed a
dual beam of ener^eti«- Ni"*"* and He"*" iony. No
damage profi Les for triple-bean irradiate i
materials are reported. The on 1 y danat'e prof i -
1 os for n ferr i r. ic nat«!rial are tho*;e nE
Kuranoto et ,-il. [ 18} for single U V.eV Si"1"*1 ion
bombardment of pure iron. For the current
study, the d^pth di stribur ion of the def p.- r
strur f.urvs f n t r i pic-bean ion-irradiatpd iror:
was determined us inf. the el oct roplar i nj;, cross-
sect i onal area Technique. Iron was selprf cri
because of i ts imp«rtance as rhe basis of ter-
r i t i»- stool s. The se*-t ioni ng depth determine'i
f rom the datnn&e dl s t r i hut Ion in iron Iws been
used in a detailed study of the microstructurus
tn triple-Lean frr^Jlated Ke-Cr alloys (19J.
This informal, ion Is also expected to be appl i.vi-
ble to si ud i PS UI. i J 1 zin^; triple-bean Irrad iat i on
of ferri t ic s tee ls .

2. EXPERIMENTAL PUOCHDURE

Disk spec imi-ns of ri-ir.>n (34 wt ppm C) (S mm in
di a n e t e r ) were bombarded to 10 dp.i, 10O a t . ppi>j
He and 410 a t . ppm I) with a t r i p l e bean of He+ ,
Dt, and U MeV Fe"*"*" J t 850 K in the dual Van de
Gruaff a c c e l e r a t o r system at ORSL {1-31 . Thest
a re the he Hum and deuterium (hydrogen) concen-
tration to dpa ratios expected to develop in a

*Research sponsored by the U.S. Department of Energy; by the Division of Materials Sciences, under
contract No. W-7405-eng-26 with Union Carhtde Corporation, and by the Office of Fusion F.norgv undn
a contract with the University of Virginia.
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ferric ic tteel f i r s t wall [20,21 J . Details »-oti--
cerning the specimen preparation can he found in,'
ref\ [19 | , The energy of Che He+ and D+ beam |
was ramped sinusoidally at 2.5 * 1G~*- Hz between.
0.2 and 0.4 MeV. This Insured that the he Hum
and deuterium wer»? Implanted over the heavy ion
damage region with proft les similar to those
shown in Fig. I. The shape of rhe light Ion pro-
f i l e was assumed to be the same as those experi-
mental ly determined for nickel and s ta in less
s t ee l ta rge ts 11]. The depth of the profiles
was determined from tabulated values for the ion
rdng«s [22,231. These values are i^loular f*d
from the stop pi ng powers of he L iuni and deutert um
i n iron, uhi.-h, In the energy range oi interest.,
are not well known. The few experimental values
reported have <li f f«rences of up to 202 for he! ium
and \0K for deuterium, indicating that a signif-
icant error in rhe ion rarfge is possible .

The i r radiated specimens ufere «lecf.roplat.ed at
37C to 372 K in a lerrijus chloride plating bath.
Calcium chloride was ,ioMed to the plat i ng bath
at a ra t io of 1 part Cad-, to 2.h parts FeCl^.
The pH of the b.ith was utii ntal ned N?r Jt'en '.15
and 1.5 wi th add i K i ons of small .mounts ol hydro -
chlor ic acid. The hath was a^i tated constantly
during rhe plar i ng by a isagnetii: st L r r« r . A,
Ker roVac-E iron <ir >de was used. The current
densl ty for the pLat 1 ag was 1 to 10 kA/"i~.
Ahout i to 5 m (if I ron were plated onr o the
or i gi nal spec i-*en in two to three d-iys. Three

e lec t ropla ted sp.--i men with s l ice* m>rnj,j] r« fit-
ori ^i nal r i rr;ui I ;i ted surf ace. A si :iy:l»̂  Vi;un-iU .*
disk specimen wa«= P! or t rodi srhar.;.- 'vichi n^d Jr/vi
each wafer . Ki na 1 <*1 ..vtropol ishl n,; was por-i or Ti-
ed in a TEN*UPf'L jet. t'lcc t. ropol i shi nv* appar u us .
K 1 6<* t ron- transparent area was obt ;ji m-d if * )»»•
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i r radia ted surfa**e-ele**troplate tntecfa<:e In "s
about 3-')̂  of the specimens*

The sp*»<-imetis were examined in a JKM 120C TEM
equipped with a special object 1ve lens pole-
piece CAMO) for the observation of magnetic mate-
r i a l s {24 J. This pole-piece allows high-angle
11 I t ing experiments, such as dis locat ion loop
analyses, to be performed.

3, RESULTS

All aspects of the resul r.s described below were
obs<L*rv«d in multiple areas in each or several
spo«- linens. I n gcnural, the damage rutcrost ruc-
tures consisted of both dis locat ions and cavi-
t i e s . The microstructural d i s t r i b u t i o n s varied
with distance from the i r radia ted surface e lec -
tropZate interface. There was a zone denuded
of cavit ie« from thr Inter ace ro O.I IJTO, a
t yplcal observation in ion damage pro I i l e s . Tht*
observed depth d i s t r ibu t ion is s"mmartz<?d in
Fig. 2. Figure 2 a.1 lows direct comparison of
the inU-rograph of the dar ig? prof i le and the mea-
sured quanr i tat i ve data fur the til slocat ion don-
s11;y and <MVi ty parameter prof i l e s . The data
uere measurfd for each of sevenr.<?<»n -K 2 ..^ wide
regions stiver ing the ent i re w\ dtb f>5 the dax.ag*
prof I l e . The val UCP obfai r.erf ior eai' h region arp
plot ted in Fig. 2 ai. the midpoi nr <>r rho re&i<->n.

The ."avif les had ^ crystal I o^rnph: •• ^nape. Tho
d (, ' irnetnr of rht ' c i v i 11 c s was riL'.jsjr>-J a s su" i i ny,
a «ipvu r ii*f] J .-^ vf r y wi r h <i cf r c n I ,ir pr-j jf.- r i o n o f

t Ju' s.j u- .ir»M a*i t h e p r o j e c t e d • r- 'sr . - j ] 1 j ^ r . i p ' i i , :
sdapf*. The i.^vi r.y v o l u a t 1 f r a c f i n n nr s v c l l i n g
u*-is c^ l.'H I ac fii from r h e vo I vine a v e r a ^ c .Mvj r y
<j i , n * - t c r -tnd f lip oa vi t v coni1 L*nf.r<if J nn. The
s j e l ' i n^ i s plot , t e d in Pi^ , . 2 wi t t . r i v i-.jvi r y
| ) , i r , i n e t u r s . The s v e l l i n i ; was a r t i x : T ; ^ .J* .•irKJur
n . 2 2 v o v e r ,i r a n g e of d«'prh<: f r o n 0 . 9 ro I . I .̂t-
f r a n chf i nt c r f g.-e .

Th*' a;j j ( j r farm of tht* di ^1 oc . i t i o n ~.i -• r u s t r u . - t - u r c
way a ooarsf* ner. j « r k . A fow d i s Io."--?r i on I.^ops
a p p e a r v i t b r>K- m*f work in thi* di *;r r i but : DH ( U
J.ft fo ?.2 n a f r o ^ t h e lntL - r fa i -< . A h i g h e r »o-..-
C L n t r a ' i o n of l o o p s i •? p r e s e n t - i r * 1 n a •!*. sc ri-r e
b^in<i '-xf ('fit i :iv: r r o n I'.-i t « t . ^ .i~ : r > ?. i h»- i nt(a--~
f ai-f . Tho l o o p ; i n b o t h rt-j; i o n s we re .in.i I .i^ od
ur, I n,: r he n e t h " d of Maht*r and K»" r •• ! ^ i ) . Tt;p
1 oo ; ' s rforn der.cr-Tii nt'd ro be i n f - ' r o i r 1,1! in
n.ir u r c wi U> p r e d o n i n.inr 1 v ,i< I '"'0> !iur ,; t-r < vt*c r u r s .
A ; c - ' n/2\ 1 i 1 > b u r n e r s v c . t i i r s w r e ,ii «n Afmcrvnd
l n r-i«'h of t h e two l o o p r e ^ i o n s .

ru

Trie l i t ,-it ive .»p»>i?.ir.iii%-t: t h e
d •c with

E hose repor ted for dual t^n irr.nl i .jt i on <K nt her
t a t *?r\ -il s . In order to se lec r .T surf * oni n>;
dep th , the prof i lcs- were compared r.i the Liopos-
11 I'd energy and Ion depth proi I I r s :.>r •* McV
Ft1"*"*" I on bombafdraenr of iron shown in Vi^. 3.
These p r o f t l e s wtrc c a l c u l a t e d u s i i c tlu- K-DKP-1
cod put tii' code t?f Manning and Mue 11 er ( 2 b ) . Thi B
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piaxirauin in the point defect density profile was }
peeper than the maximum of the deposited energy I
profi le predicted by E-DEP-1 for nickel 124) and
popper [15] bombarded by 4 MeV nickel inns and
^or copper bombarded with 5, 16, and 27 MeV
popper Ions [ 16]. The -a leu 1 aired depth agreed
With the experimental observations if k was
(reduced. For nickel ion bombardment of uickel,
k was reduced by 22%. tiarayan and co-workerr,
pelieve that the Lower values of k are related
po the osci l la t ions of the electronic stopping
tfhen plotted as a function of the target atomic
fiumbef, Z2. The stopping power lias a lac*ii min-
imum at 7.2 = 29, and, for 4 MeV energies, is
tibout level between Z2 = 26 and 28. Therefore,
fche Z2 effect indicates char the percentage of
fjverestimation of k should be about tne same for
iron and nickel targets . This supports the cur-
rent observation r.har a 22£ reduction In k for
jtron leads no agreement between tine calculated
tiep-osi^ed energy and t .perimental pr^f i lcs .

i
However, the damage prof i le presented for t r i p l e ^
beam i r r a d i a t e d iron i s wore complex than the
p r o f i l e for low—do.se s i ng l e - ion I r r a d i a t i o n s .
The ca^'i ty prof i le Is af fee ted by many th ings ,
inc luding the deposited ions , d i f fus ional .spread-
in •, and gas concent ra t ion [27 ] . The deposi ted
i n t e r s t i t i a l s .ire be! ieved to have the nost
impact on the locat i on of the swel1in£ peak. In
a low svel I In? n a t e r i a l , sur h as i ron , the depos-
1 tt-sl Intevst i r, i ,*ls wi 11 <~ause the swe 1 ling peak
to be c lose r to th? irradi,ir.nd surface than the
depos i ted energy peak . In consider!»£ t.he «,ur-
r&nt: swc*l 1 i ng prof i 1 e for i ron , t.he rtepos i r. ed
i n t e r s t i t i a l cf f per iupl ies that th«p naxinu"' in
Che deposi ted energy p ro f i l e is even further
from the irr«idi *r.*d surface than Mmr i - a l n r
Ia ted for k ~ :,)2\. Calcula t ions by Beel T and
Reel er [ 28 ] for iVi- iron hnvi shown t hat a value
of k = 0. 10S i« -lore accurate than the LSS
val u t . Use of * hi s value as input for F.-U-.l'-l
gave the maxi-riun 1n The deposi t td cn*jr-jy af I , rf*S
Ijm an<* deposited ions M. 1.25 ^ (o = 0. JB ,/n)
f rom the i r r a d ; a t e d surface for hec i r o i .
Considering Lht region from O.V to 1.6 jm from
t he surface C* - > ) of the deposi r cJ inn p^n'<,
t he swel 1 i ng U*MI] d be least af t e<ir...-d at J, 9 jra,
with an incre^.si nj; t(f feet dp to - 1,1 um, where
the deposi ted energy Is ^axi nmn. Thi .'• could
lead to only si i^ht var iat ions in the swel > i ")>*
p r o f i l e from ().9 to 1. ! urn, as observed. The
conbi nat ion nf the decreasing deposi ted ent*r.;y
and the strong I n t e r s t i r. i al ef f e*-r. .-ool .1 « i i s e
r. he observed r.i;?id /}f*v-retise in f he sve 1 .' inp ,it
depths g rea te r rlian -1 .1 ^m.

I>i f: tj«i i onal spr^.u! LHK r.'t. rs I o the n l^r , i t ion of
poi nt iiel ect.s r n tno f r«^ surf.ic^ ;inJ f.u dept hs
beyond the deposited energy prof i l e - The usual
roan 1 fes t a t ion of di f f us I on a I spr«adi n# is n
broadening of rhe r a v i t y p ro f i l e s ,-, d reduced
c a v i t y growth near to the sur face . In the cur -
ren t prof i l e , due to the low swel 1 ] ng and sr r«mg
ef feet of deposited in cersr. t r i a l s , i t is un l ike -
ly that d l f i u s iona l spreading would lead to
cai'I ty growth beyond the range of the deposi ted

energy from -the-heavv ions* The ef fe*'t of the
surface on the profile is indicated by the lack
of cavit ies within 0.1 yta of the surface.

The effect, of the deposited g&s is more dif-
f icul t t.o ascertain* For Fe— IG& Cr specimens
similarly i rradiated, the gas has been found to
riexetease the cavity density, decrease the cavity
diameter, and increase the swelling (29J. in
•the damage profile for iron, the flight decrease
in the cavity diameter at 0.5 um could be
attr ibuted to the beginning of the implanted
gas profi le . There is no obvious indication of
a similar effect ar the end of the implanted
gas proft le. In fact, the cavity profiles are
smooth, suggesting that either the gas fs having
l i t t l e effect on the profiles or that any indi-
callon of the decreasing gas concentration is
masked by the effect of the deposited i n t e r s t i -
t i a l s and the dec reasing damage rar e. The
la t t e r suggestion implies that the gas con-
centration levels are approximately the same
over the region from 0.9 to 1.1 ura. Further
support is provided by the locat ion of tne pe. k
cavity concentration within this region. Since
the light ion stopping powers, and therefore the
ranges, are not very accurately known, as
discusspj previously, the suggestion that Che
Ions penetrate deeper than indie ared in Fig. 1
does not seen unreasonable.

4.? Dislocation Profiles

I ntursr. i t ia] , ed;;e di s locar f on loop*; vi ti: £
* a< i'i0> are i-oHwionly observed in i r TI i r ra-
diate ii n' elevated temper a tufts I 3(i— 32 ] » The
f ormat ior. of int^i'sti t ial loops wi rii h = a< 1 °i.'>
in bec metal s rat lie r than rhe no re fner^et leal ly
f avurt-d nf2< I ! 1 > is accounted for in rhe node!
of inters! 11 la.1 loop formation by V,vro and
Bui lough 113 ). Loops wi i h <̂ 1 (J0*> Burners veer or s
arf1 ho Lievud to b*> sessl le [32 , J3 ),

The presence of dtslucat tons in dun I- ion t i l»:s
b e y o n d ' h e • • a l r u 1 a t o d i Ja^age r a n g e of t h e heavy
i o n s ; s not uncsu- i I . H e n a g e r *>t a 1 . [ i 7 ] have
o b s e r v e d c l i s l o - a t i o n l o o p < at 2 t u 1 u o dfy-tSis
i n durtl ion irradiation (? M**V \ i and J . 2 MeV
He) ot rw>l vbdenvi^- T h r iDt*an 'iana^;t i n r t ^ c <>f
5 MoV Ni I o n s l i Mn was > •' 1 c u 1 ,il pd by K-I>Ef-l ro
h e 0..9 u 'a . T h - !.^rf;»'<r I J . ^ S an.I th«- . ' o a r s c < r

i.e.,
a r I'd

d i s t r I but 1 on
d t.imef er dec
behavior can
do.- rt'asi n^ li
r a i l coupled
i nrers t i t i a l s

c 1 nsor
to fnrm

r ion in rhe d
prof i le for i
observed at 1
band of dt s lo
um cannot ho
Menager et al
i s not easi ly
have observed

wa found .jf - .. ra, u*ir f:
l ng wi t.h iio reasin*:

r h* loop

."hi
IK.1 explai ned as an ef ' i.>r r. of the
sc and dose r,if *? wi t/tf n the d.i.TIa>•»•
w£ th dif fustonal spreaiH ny ox the

-Vr higher di sp lavenenr level.-.,
to r tie suf f see, the loops .i££ loner -
a m-rwnrk wi r )J a .-onsequenf rcdu.--
i s 1 oc.TT i on donsi r.y. In ttie current
ron, thi ^ type of loop sr rue tun.' is
.b to 2.2 i n . Thus, the d i s c r e t e
ca t ion loops in iron ^r 2,4 to 3 ,^
ronfused wir h the ohservat ion of

Thi s twnd of d la locar ir>n loops
expla ined, F a r r e l l er a l . '13]
a d i s c r e t e hand of di s loea t ions



.resembling a creep c e l l wall la nickel i r r a - i i a r e j
[with 4 MeV -Vt++ and e n e r g e t i c a l l y ramped (0.2 to
0.4 MeV)He+ Ions. They bel ieve that r.his hand
I s caused by the movement and accumulation of
d i s l o c a t i o n s caused by sweLitng-induced s t r e s s e s .
1n the d i s l o c a t i o n hand observed in i ron , how-
ever , the majori ty of the loops are believed to
be s e s s i l e . There i s no ind ica t ion that the
i s t r e s s caused by the swe 11 ing was suff Icier:t to
jcause the raigration of the network d i s l oca t i ons
ito t h i s region. I t therefore seems unli kely
;that the s t r e s s ^ould be su f f i c i en t to cause
id i s loca t lon loops that nucleated wi thi n the
tnajor port i on nt the damage zone to move to *•'>'
deeper region.

Other possi bit? explanat ions that have been .-on-
s idered are external s t r e s s ;md energet ic e x r n -
neous ions . Both of these have been re jeer >JJ :
the former for lack of co1lahorarIng observa-
11 on s by ot lie r i nves t iga to r s us i ng the s.rnie
f a c i l i t y for bombardments and the l a t t e r due t»
the absence of an ion of appropriate range vi t h -
in the energy rrir,i;e ,jnd the mass se loer i on
requirements of the nccoleryt.or. Further ex per i -
nients ^re under vay to ciiar-ii- t e r Ize rhe di s loca-
t ion band more completely.

A.2 Sect ioning Depth

Based on the above d i s c u s s i o n , a s e c t i o n i n g
depth of 0.9 an was s e l e c t e d . This s ec t i on
depth al lows TKM examination of the damage
0 . 9 to 1.1 ym from the i r r a d i a t e d s u r f a c e .
the region extending from 0.80 to 1.2 urn, bo
the swel l ing and d i s l o c a t i o n dens i ty have on
smal l v a r i a t i o n s in t h e i r r e s p e c t i v e va lues
the damage p r o f i l e s . There fo re , the q u a n t i t
t i v e data ob ta ined from a sec t ioned specimen
would not he adverse ly af tecter i if flu- .secti
ing depth was between 0.63 a;iri Tl.9j ..m, a l l o
for small exper imenta l measurement e r r o r s .
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