MASTER
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The depth dependence of the defect structures was derermined for iron lrradiated at 850 K

with 4 MeV Fet™
helium and deuterium.

diation parameters.

energy and deposited fon profiles calculated by E~DEP-]

of the LSS stopping power of at least 221,

1. INTRODUCTiON

Ferriric srainless steels are currently being
considered as structural materials for first
wall and blanket applicatlions for proposed fusion
reactors. Therefore, characterization of the
defect strucrures which result from fuslon
environment radiation damage of rhese steels is
of interesr. Odae rechanigne commonly used to
study the development of microstructural radia-
tion damage utlilizes energetic lon irradiations.
The "triple-beam” inpn irradiarion prucedure
develuped at ORNL {is parricularly applicable to
fusion studies [1-3]. 1In this type of {rradia-
tion, energetic heavy lons, hellum ions and
deuterium lons simultaneously bombard rhe speci-
mens. The heavy ijons create atomic displace-
ments. The helium and deuterium ions are
‘tnjected so as to come to rest within the
damaged reglon and slmulate transmutation-
produced hellum and hydrogen,

In triple-beam irradiations, as {n most {on
irradlations, the damaged region is usually
within a few micrometers of the irradiared sur-
face. The defect structures vary significantly
with distance from the irradiated surface.
Simple “back~thinning” from the unirrad:ated
surface of the specimen would limir 120 kV
transmission electron microscope (TEM)} .xamina=
tions ta the reglon within about 250 mm of the
irradiated surface. In this region, surface
effects would dominate the obscervations. There~
fore, controlied removal or "sectioning” of the
damaged region is nccessary prior to back-
thinning for prepatration of TEM specimens. The
sectioning depth can best be selecred by experi-
mentallv determining the depth distribution of
defect structures.

Three experi{mental methuds are commonly used to
‘determine defect profiles. 1n the first, the
ifon-irradiated specimen is back-thinned and the
defect distribution determined from sterco,
HVeEH, micrographs. The second technique utf-
lizes sectioning nf specimens to various depths
followed by back-thinning and TEM examination.

and energetic helfum and deuterium ions ro 10 dpa and fusion levels of
Frem the damage profiles, a sectioning depth of 0.9 um was selected
for studies of iron and bec {ron alloys, such as fercitlc steels, utilizing similar {rra-
A comparison of the experimeatal damage prifile to rthe deposited

indicared a possible overestimate

The final method is TEM examination of a cross-
sectional ar.1 of a bombarded foil. In order to
bring the damaged region to the cunter of the

TEYM disk, the cross-sectional area of the foil

is Increased by electroplating or sputter deposi-
tion. The cross-section technjque was first

used by Spurling and Rhodes [<] i1 1972, Since
then, this basis technique has heen used hy a
number of investigators to study damage profiles
in stainless sreel {4,3], nivkel [6-13}), copper
[l4-16}, and ~olybdenum (17].

Relarively few studies of the ceffect of gas
Ilmplantation on the heavy fnn danage profilc
have been reported. Two Investigations have
reported profiles for simultaneons bombardment
by heavyv ions and gas lons. These studies on
molybdenum [17] and aickel [(12,13] utilized a
dual beam of energetic 51*T and He* fons, Mo
damape profiles for triple-beam irradiatei
marerials are reported. The only damage profi-
les for a ferritic marerial are those of
Kuramoro et al, [18} for sinple & eV %i** fan
boabardment of pure iton. For the curreant
study, the depth distribuiinn of the defeer
structures fn triple-beam jon~irradtated irocn
was determined using the electroplaring, cross-
sectional areva rechnique. Iron was selected
because of {rs importance as the basis of fer-
riric steels. The sectioning depth determined
from the damage distribution {n iron has heen
used in a detulled study of the microstructures
in triple-tean frradlated Fe-Cr allovs [19].
This information {s alsn expected to be applica-
ble ro studies urLillzing triple-bean Irradiation
of ferriric sreels.

2.  EXPERIMENTAL PROCEDURE

Disk specimens of n-iron (3% wt ppm C) (3 @mm in
diamerer) were bombarded to 10 dpa, 100 at. ppu
He and 410 at. ppm D with a rriple beam of Het,
DY, and 4 Mev Fe™ ar 850 K in the dual Van de

Graaff accelerator system at ORNL {1-3]. Thesc
are the helium and deuterium (hydrogen) concen-
trarfon fto dpa ratfos expected fo develap in a
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Ferritic steel first wall (20,21). Detalls con--
cerning the specimen preparation can be found in,
ref. [19]. The energy of the He' and D¥ beam
was ramped sinusoidally at 2.3 ~ 1072 1z between.
0.2 and D,4 MeV. This insured chat the helium
and deyterium were implanted over the heavy icn
damage reglon with profiles similar to those
shown in Fig. I. The shape of the light ion pro-
file was assumed ro be the same as those experi-
mentally deteramined for nickel and stainless
steel targets [l). The depth of rhe profiles
wag determined from tabulated values for the f{on
ranges [22,33], These values are ralculared
from the stopping powers of bhelium and deunterium
in {ron, whict, {n the energy range ot inferesr,
are not well known., The few experimental wvalues
reported have differences of up to 20Z for helium
and 10X for deuterjum, iIndicaring that a signtf-
{cant error in rhe lan raoge {s possible.

The {rradiated specimens were electroplated at
370 to 372 K in a ‘errous chloride plating bharh.
Calcium chloride was added to the plating bath
at a ratio of I nart CaCl, to 2.6 parts FeCls.
The pH of the barh was maintatned beraeen 1,15
and 1.5 with addirions of small amounts of hydro-
<hloric acid. The bath was agitated consfantly
during rthe plaring by a magnetic stirrer. 4
FerroVac-E {ron arde was used. The current
density for the plaring was ! to 10 KA/m=~,
About 4 to 5 m of fron were plated onto the
original speci~en in two to three dayvs. Three
or faur wafers 0.3 r;m thick were cut from vach
elecrroplated spevimen with slices normal to the
original, irradiated surface. A stnpgle Fua-dia
disk specimen was electrodischarse machined fron
each wafer. Final electropolishing was pertora~
ed in a TENLPDL  jet xlectropolishing apparirus.
Flectron-transparent area vas obtained o the

5 T 5T i T : ;

TARGET WRON $

f

q ~ =

DEUTERIUM \ (

(01-02 MeV) ‘ ’

!

N ] \ |

,Z, 3 - / { ‘1

5 1 ‘

¥ | \ @

= !

g 2} ’ ‘ -9

/ ‘ |

{ !

l HELIUM \ ;

(02-04 Mev} |

¢ / R 1
)/

4
/
, b
4
./ |
o ¢ [ Il ; ]
o 02 04 0.6 08 o 12 !
DEPTH { uenl
Fig. L. Caleulateo heliom and deuteriun pro-
files tor an iron taryget.,

trradifated surface-electroplate interface ia K
about 30Z of the specimens.

The specimens were examfned fn a J5M 120C TEM
equipped with a special objecrive lens pole-
plece {AMG) for rthe observation of magnetic mat--
rials {24). This pole-plece allows high-angle
tilting experiments, such as dislocation loop
analyses, to be performed.

3. RESULTS

All aspects of the resulns described below were
abserved {n muliiple areas in ecach or several
specimens.  In genzral, the damage alcrostruc-
tures consisted of both dislocations and cavi-
ties. The mlcrostructural disrributions vartied
with distance from the {rradiated surface elec-
troplate interfac~. There was a zone denuded

of cavities from the inter ace ro 0.1 um, a
ryplcal observation in ion damage profiles, The
observed depth distribution is scamarized in
Fig. 2. Flgure 2 allows direct comparison of

rhe micrograph of the dar 'g> profile and the mea-
surfed quanritative data fur the dislocation den~
stty and cavity parameter profiles. The data
were weasured for each of seventeen 1.2 .m wide
regions covering the entire width of the damage
profile, The values obtalned tor vach region are
plotted 1n Fig. 2 at the midpoint or the reginn.

The cavities had a crystallograph snape. The
dianeter of rhe cavities was measared assaming
a sphericel caviry with a circalar orojection of
the sdie area as the projected rvstallographic
shaper.  The cavity veloune fraction or swelling
was «<alealdated from the volune averace cavity
dianeter and the cavity concentrarion. The
sael’ing s plorred In Fig. 2 with the cavity
parameters.  The swelling vas o maxi=um of adout
N,.22% over 4 Tange of deprhs from 0.9 ro 1.1 .-

from the iaterface.

The najor fora of the dislocartion nicrustructure
was a coarse nertJork. A few dislocarion laaps
appear with the nerwork in the distribution at
1.6 to 2.2 ua from the interface, & higher co:-
centration of loops is present <itlin a4 discrete
band extenting trom 2.4 to 3.4 a7 trom the inrer-
face. The loor: in both repgians were analsred
usin, the methad af “Maher and ¥vre (5. The
logps were determined ta be interwtirial in
aature with predominantlv a<l0> Burgers vecturs,
A few a/2<lil> Burgers veotors were aleo obhsarved
in cach of the rwo loop regions,

w.  DISCUSsToN

The aqualitative appearance of the damape profiles
obsetved in the current investicarion goree with
those reported for dual ton irradiation of arher
materials. In order to select a seetinning
deprh, the profiles were compared to the depos-
1ted cnergy and fon depth proiiles tor « MeV
Fet™ fon bombardment of (ron shown in Fig. 3.
These profiles were caleulated using the E-DEP-}
computer code of Manning and Hueller [26). This
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code used the rtheoretical stopping power, X, of
0,154 as calculated by the Lindhard, Schar‘f,
and Schintt (LSS) theory.

4,1 sSwelling Profiles

A comparisnn of Fig. 3 with the experimentally
wrained prafiles, Fig. 2, indicares that the
peax swelling corresponds to the peex of depns-—

ited (ons rarher than the expecred correspon-
dence with the peak in the deposited energy. As
alsn shown in ¥Fige 3, if the value for w is
reduced by 22% to 0.121, E-DEP-1 calculares a
maximum in the deposited energy at 1.0 uo, the
swelling peak. The pos=

lacatiou of the observed
sibiliry of an overestimate in the 158 value for
k has been suggested by other ipvestigators.

Naravan and co-workers have observed that the

prtofile, and the cavity parancier profsles. g ;

axis at the botrom of rhe flgure applies fo rhe nicrograph, the dislocs-
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maximum in the polnt defect density proff{le was i
eeper than the maximum of the deposited energy !
rcfile predicted by E~DEP-1 for nickel 11l4] and’
E-)pper [15]) bombarded by 4 MeV nickel ions and
for copper bombarded with 5, 16, and 27 MeV
topper ions {l16]. The :alculared deprh agreed
ith the experimental observations Ii k was
educed. For nickel fon bombardment of nickel,
k was reduced by 22%. Narayan and co-workers
elieve that the lower values pf k are related
o the oscillations of the electronic stopping
then plotted as a function of the rarget atomiz
flumdber, zg. The stopping povwer has a local min-
imum ar zp = 29, and, for 4 MeV energles, is
pbout level bhetwren 23 = 26 and 28, Therefore,
the zj effect indicares thar the percentage of
bverestlmaclon of k should be aboutr tne same for
iron and nickel rargets. This supports the cur-
fent observation that a 22% reducrion In k for
iron leads to 4greement between rhe calculated
Heposited enerzv and ¢ .perimental profiles.
!
However, the da-age profile presenred for triple-
beam irradiated iron is more complex than the
proflle for low-dose single-ion {rradiat{ons.
The cavity profile f{s affected hy many things,
including the depnsited lons, diffusional spread-
in-, and gas councentrarion {27]. The deposited
interstitials are bhelieved to have the wost
impact on the Incation of the swelling peak. In
a low swelling naterial, such as iron, the depos-
lted Intevstirials will cause the swelling peak
to be closer ro the irradiated surface than the
deposited encrizy peak. In considering the cur-
rent swelling profile for {ron, the deposirned
inrersritial effecr implies that the maximum {n
the deposited ecnergy proflle is pven further
from the irradiated surface than that calcu-
lated for % = 0,121, Caleulations by Beel»r and
Beeler (28] far foe iron have shown that a value
of % = 0.108 i< -ore accurate than the 18§
value. Use of *his value as input for F-bLEp-1
gave the maximunm in the deposited c¢nergyv ar 1.0#
pm and depasited {ons at 1.25 um (0 = 0,18 )
from the Ifradiated surface for bhec iron,
Considering the reglion from 0.% to 1.6 um from
the surface (22 3) of the deposited ion pean,
the swelling wiyld be least affecred at 0.9 um,
with an increasing effect ap to ~ 1.1 um, where
the deposited enerpy is maxiamus.  This coald
lead ta only slighr variations in the suelling
profile from 0,9 to l.] um, as observed. The
combination of the decreasing deposited earr.ny
and the strony Interstitial effect coold cause
the observed rapid decrease in the <welling ar
depths sgreater rthan ~1.1 wm.

Difrnvional apreading refors 1o the mlgration of
paintr detects 1o the frae surface and to depths
beyond the depnsited enerpy profile.  The usual
manifesratlon of diffusfonal spreading is a
broadening of rhe cavity profiles ;i d reduced
cavity growth near to the suyrface, In the cur-
reat profile, due to the low swelling and strang
effecr of deposited interstirials, it is unlike-
ly that difiusional spreading would lead to
cavity grawth beyond the range of the deposited

energy from -the-heavv .lons. The eflecr of the
surface oa the profile Is indicated by the lack

of cavities within 0.1 ym of the surface.

The effect of the deposited gas is more dif-
ficult to ascercain. For Ffe~10%Z Cr specimens
similarly irradiared, the gas has bheen found fo
dncrease the cavity density, decrease the cavity
diameter, and increase the swelling [29]. 1In
‘the damage profile for lron, the slight decrease
in the cavity diameter at 0.5 um could be
attributed to the beginning of the implanted
gas profile. There is no obvious indicarion of
a similar effect ar the end of the implanted
gas profile, Iln fact, the cavity profiles are
smooLh, suggesting chat elcher the gas [s having
littl: ef€ect on the profiles or that any indi-
cation of the decreasing gas concentrafion 1is
masked by the effect of the deposited intersti-~
tials and fhe decreasing damage rare. The
latter suggestion implies thar the gas con~
centration levels are approxinmately the same
over the region from 0.9 to I.1 um. Further
suppoct is provided by tne locarion of the pe.x
cavity cenceantration wirhin this region. Since
the light ien stopping powers, and therefore the
ranges, are noL very accurately known, as
discussel previously, the suggestion that the
fons penetrate deeper than indjcated in Fig. 1
does not seem unreasonable.

4.2 Uislocation Profiles

Interscitial, edge dislocarton loops vith b

= alind> are commonly observed 0 iron frea-
diated a: elevated temperatures [30-32]. The
formation of intecstitial loops with b = a<lO’>
in bee metals rather than rhe more caergetically
favored a/2<111> is accounted fur in rhe model
of intersritial loap farmation by tvre and
Bullough [33}. Laops with adlu0™ Suyrpers wectors
are believed to e seasile {3233},

The presence af dislocacions in dual-{on protiles
bevord the valculated damage range of the heavy
fons is not uncsual. Menager ot a', 117) have
observed dislocation Joops at 2 to 3 un depths
in dual fon irradiation (5 MeV Ni and J.27 MeVl
He} of molvybdenum. Thre mean damage range of

5 Mol Ni inns in Mo was calculated by E-DEP-] 1o
be 3.9 um. The largest loops and rhe coarsest
distribution was found at 2 um, with the loop
diameter decreasing with increasing denth. Thisg
behavior can be explained as an eftect of the
decreasing dose and dose rate wititin the damaye
tatl coupled with diffusional spreading of the
inrerstitials. Ar higher displacemenr levels,
f.e., closer to rhe surface, the loaps agglomer-~
ared to farm a4 nperwnrk with a consequent reduc-
tian in the dislocation densitv, In the curreat
protile for iron, this type of loop structure Is
observed at l.b to 2.2 un. Thus, the discrere
hand of dislocation loops in iron ar 2.4 to 3.4
pm cannot be confused with rhe ohservatlion of
Henager et al. This band of dislocatien loops
is not easily explained. Farrell er al. 113}
have ohserved a discrete band of dislocations



resembling a creep <ell wall in nickel frradiared
with 4 MeV NI and energetically ramped (0.2 to
IO 4 MeV)He' fons. They believe that this band
is caused by the movement and accumulation of
ldlslocal’.ions caused by swelling-induced srresses.
In the dislocatinn band observed In iron, how-
jever, the majority of the loops are believed to
be sesslle. There 1s no indication that the
Stre«;«; caused by the swelling was sufflcient to
icause the mlgration of the network dislocations
jto this region. [t therefore scems unlikely
ithar the stress would he sufficient to cause
idislocation loops thar nucleated within the
major portion ol the damage zone to move to the
"ideeper region,

‘Other possible explanarions that have been .on-
sidered are external stress and energetic exrra-
neous fons. Both of these have heen rejected:
‘the former for lack of collaborating nbserva-
tions by other investigators using the same
facility for hombardments .and the latrer due r»
the absence of an ion of appropriate range with-
in the energy range and the mass selection
requirements of the accalerator. Further experi=
ments are wnder way to coaracterice the disloca-
tion band more comnletely.

4.2 Sectloning Depth

Based on the above discussion, a secrioning

deprh of 0.9 um was selected. This sectioning
depth allows TEM examinatinn of the damage from
0.9 to 1.1 um from the frradiated surface. In
the region extending from J.80 to 1.2 um, both
the swelling and dislocation density have only
small variarions In thelr respective values in
the damape profiles. Thevefore, the quantira-
tive data obtained from a sectioned specimen

would not he adversely affected if the section-
ing depth was betwsen 0.h5 and 71.95 .m, allnow
for small experimental measuremen! errocs.
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