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SINULATION OF FIRST WALL DAMAGE: EFFECTS OF THE METHOD OF GAS IMPLANTATION

N. H. PACKAN and K. FARRELL :
Oak Ridge National Laboratory, 0Oak Ridge, Tennessee 37830

Cavity formation in an austenitic alloy of similar composition to type 316 stainless steel
has been explored with regard to various methods of gas implantation. Irradiations were con-
ducted at 900 K to doses of 1, 10, and 70 dpa with helium injection ievels of 20 appm/dpa.
Highest swelling (183) was exhibited by the unimplanted veference material; a lesser amount by
simultaneous helium injection (11%). Greatly reduced swelling due to profuse cavity nucleation
was the result of the preinjection of 1400 appm Me, either at room temperature (S = 13) or at
200 K (4%). The diclocation density was not sensitive to helium Injection technique. Simulta-
neous injection of 50 appm N/dpa, along with the Ne, may have caused a modest Increase in the
cavity and dislocaticn concentrations at higher doses. The observations are compared with a

.theory of void growth Linetics to estimate the relative influence of voids and dislocations as

point defect sinks.

‘1. INTRODUCTION

The first wali of a fusion reactor will be
exposed to an intense high-energy neutron flux
‘which will generate both large numbers of atomic
displacements and copiuus quantities of gascous
“transmutation products (helium and hydrogen).
‘The resulting high concentrations of vacancies
and interstitiols can,at certain temperatures,
‘give rise to cavity formation, This process
l'is promoted by tha known facility of helium [1-4]
iand hydrogen [3—5] in stimulating the nucleation
‘of bubbles. To explore such effects directly
‘would require protracted neutron irradiations.
:fn alternative increasingly used is to
'subject specimens to charged particle
bombardment which generates in only a few
‘rours damage levels that are equivalent to
tyears of reactor exposure. The "transmutation
‘aroducts' must be separately Co
3dded, elther by prior injection using an ‘
‘accelerator or exposure to a radioisotope
source [6], or preferably by gas injection

imultanecous with the dawmage production. A

cent estimate [7] of fusion reactor gas
‘jensration races in type 316 augtenitic stain~
. ess steel predicts about 12 appm helium/dpa
“ind about 45 appm hydrogen/dpa, while those
!n the nickel-base alloy PEV6 are about 20 and
7, respectively. (n accelerator bombardments,

" he method of intrcduction of such quantities
f gas might well be expected to_jnflugnce the
-esul ting damage microstructure. To investigate
.'his, te have made a controlled comparison of
.everal gas injection methods applied to a

thigh purity 316" austenitic alloy at a fixed
eradiation temperature ncar 900 K and

i'oses ranging from | to 70 dpo.

i:Rescarch sponsored by the Division of NHaterials
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{ The composition of the austenitic alloy
I (Fe=17 wr & Cr, 16.7 Ni, 2.5 Mo) was similar to
1 316 stainiexs steel but with low {0.005 wt $)
'.carbon'and low residual elements (less than 0.1%
each) to facilitate void formation and minimize
phase instability. There was a relatively
high oxygen content (1062 appm, equivalent
f to 0.03 wt %). The material was cold worked,
| with intermediate vacuum anneals at 1323 K,
it to a final 0.5 ma thickness out of which 3-mm
disks were punched and then annealed for 15 min
at 1323 ¥ in argon. The disks were then
mechanically polished through 0.1 ym diamond
grit and electropolished at 233 K to remove any
vestiges of surface mechanical deformation.

r fon bombardmente were carried out using the

ORNL dual accelerator irradiation facility which

has recently acquirad the capability [8,9) of

injecting hsih: helium and deuterium (equivalent

to hydrogen) simultancously with the damage-

| creating 4.C *SNi ion beam. Control of the
irradiation par

ters was simiior to that
described in previcusly published work [10]; in
this case all bonbardments were carried out at
" a temperature of 898 ¢ § K, which is below

the peak swelling temperatuie of 950 K [11].

The vacuum at the target was typlcally

better than 10 pPa. A sliding mask in front
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3 x 3 array to be bombarded to different doses.
Nominally the attempted doses at the peak damage
depths were ), 10, and 70 dpa, estimaied using
the ELEP-1 code with an effective threshold
erergy of 42 2V and a correlation factor of

,. 0.8 {12]. The actual doses on each disk depende
on the nicke! beam intensity profile which was
measured continuously with an oscillating vane.
Typically the nickel bean current was ) particl:
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SIMULATION OF FIRST WALL DAMAGE: LFFECTS OF THE METHOD OF GAS IMPLANTATION®

N. H. PACKAN and K. FARRELL

Oak Ridge Mational Laboratory, Oak Ridge, Tennessee 37830

Cavity formation in an austenitic alloy of similar composition to type 316 stainless steel
has been expiored with regard to various methods of gas implantation. {rradiations were con-
ducted at 900 K to doses of 1, 10, and 70 dpa with helium injection levels of 20 appm/dpa.
Highest swelling {18%) was exhibited by the unimplanted reference material; a lesser amount by
simultaneous helium injection (11%). Greatly reduced swelling due to profuse cavity nucleation
was the result of the preinjection of 1400 appm He, either at room temperature (S = 1%) or at
900 K (4%). The dislocation density was not sensitive to helium injection technique. Simulta-
neous injection of 50 appm H/dpa, along with the He, may have caused a modest increase |n the
cavity and dislocation concentrations at higher doses. The obsarvatijons are compared with a

.theory of void growth kinetics to estimate the relative influence of voids and dislocations as

point defect sinks.

1. INTRODUCTION

The first wall of a fusion reactor will be
exposed to an intense high-energy ncutron flux
which will generate bath largz numbers of atomic
displacements and copiuus quantities of gascous
trarsmutation products (helium and hydrogen}).
The resulting high concontrations of vacancies
and interstitials can,at certain temperatures,
give rise to cavity formation., This process
is promoced by the known Facility of helium [1-A]
and hydrogen [3-5) in stimulating the nucleaticn
of bubbles. To explore such effects directly
would require protracted neutron irradiations.
An alternative increasingly used is to
subject specimens to charged particle
bombardment which generates in only a few
hours damage levels that are equivalent to
years of reactor exposure. The '‘transmutation
products' must be separately
added, elther by prior injeciion using an
accelerator or exposure to a radioisotope
source 6], or preferably by gas injection
simultaneous with the damage production. A
recent estirate [7] of fusion reactor gas
gea=ration rates in type 316 austenitic stain-
less steel predicts about 12 appm helium/dpa
and about 45 appm hydrogen/dpa, while those
in the nickel-base alloy PE16 are about 20 and
77, respectively. In accelcrator bombardments,
the method of introduction of such quantities
of gas might well be expected to_jpflugnce the
resulting damage microstructure. To investigate
‘this, we have made a controlled comparison of
several gas injection methods applied to a
"nigh purity 316" austenitic a2lloy at a fixed
irradiation temperatuic necar 900 K and
doses ranging from | to 70 dpa.

%Research sponsorcd by the Division of Materials
Sciences, U. S. Dupartment of Encrgy under
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the EBEP-1 code with an effective threshold 2
enorgy of 4) 2V and a correlation faztor of E
0.8 [12]. The actual doses on each disk depende i‘
1 on the nickel beaa intensity prolile which was ]
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2. EXPERIMENTAL DLTAILS

The composition of the austenitic alloy
(Fe—17 wt & Cr, 16,7 Ni, 2.5 Mo) was similar to
316 stainless steei but with low (0.065 wt %)
[.carbon and low residual elements (less than 0.1%
each) to facilitate void formation and minimize
phase instability. There was a relatively
high oxygen content (1062 appm, equivalent
" to 0.03 wt %). The material was cold worked,
with intermediate vacuum anneals at 1323 K,
to a Tfinmal 0.5 mm thickness out of which 3-mm
i disks were punched and then annealed for 15 min
at 1323 K in argon. The disks were then
mechanically polished through 0.1 nm diamond
grit and electropolished at 233 K to rerove any
vestiges of surface mechanical deformation.

lon bombardmants were carried out using the

ORNL dual accslerator irradiation facility which
has recently acquirad the capability [8,9] of
injecting b-i%: halium and deuterium (cquivalent
to hydrogen) ultancously with the damage-
creating 4.C 1= “Ni ifon beam. <Control ol the
irradiation parz-sters was similar to that
described in previcusly published work [10]; in
thiz case all bowbardinents were carried out at
a temperature of 898 + 5 K, which is below

the peak swelling temperature of 950 K [11].
The vacuum at the target was typically

better than 10 pPa. A sliding rn_a.s_k_’in front
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13 x 3 array to be bombarded to Jiffersnt doses.
| Nominally the attempted doses at the peak damage
depths were 1, 10, and 70 dpa, estimaied using

“nyip paumo Ajarea:rd sdutspn

10U pinom an 5 1P RuANDA 10 ‘PO wsO1d
FNLON

nay) Jo Auw sou ‘saakojdwa nap Jo Aur sou *Afary
Jo wankidsg samg pAun P Jou suwS parun
AN WWIIIMDD) $TING Paiun) i) AG pasosuods
oA jo junoxdy ue 3 pamdad smim uodw syp

§
§
|




vy yizlding @ dignlacerent rate of chout

6.1 x 1077 dpaes™! in peak damaus region. The
currents in the g°s line were set by trial and
error at about 110 pA of He* and 140 pA of D}
so as to give 20 at. ppm He/dpa and 50 at. ppm
D/dpa at the peak damage depth.

Following ion bombardment
specimens ware zlecirochemically thinned from
the bombard si to a depth of 0.6 pm, anl
then from the back side to perforation. They
were then examined in a JEM 100~C electron
microscope which could reveal cavities as small
as 2 nm diam. Foil thicknesses were determined
by stereo microscopy. Errors fron these
measurements, together with scctioning errors
in obtaining a foil near the puak damage depth
and problems with spatially-
inhorogeacous defect distributions, contribute
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to the uncert=inty in owr values for the dofect
concenirationy.  Ustally we considerad a real
difference in defict concentr.*ions toe be

greater than a factor ot 2 to 3. Swelling

values were computed directly from the cavity

sizes and concentrations per ASTM recommendations [1Z].

The alternative methods of gas injection whick
were explored in Lthis expariment were: sinul-
tancous injection of heliwn; preinjection of
helium at room temperature (RT); preinjection
at the subsequent damage production temperature
of 900 K; and simultaneous injection of -
hydrogen (actually deuterium) along with helium.
The preinjected specimens were either given a
fixed 1400 appm He implantation regardless
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Fig. 1. Examples of void sizes and concentrations produced by a bombardment at 900 K to 70 dpa.
{a) No added gas; (b) simultaneous injection of a cumulative 1400 at. ppm He; (c) preinjection
_ of 1400 ppm He at 900 K; and {(d) preinjection of 1400 ppm He at room temperature.
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of their subsequerit displacement-producing ‘tion techniques rellcet o lincar swelling vith

exposurg, or were preimplanted at RT with 20 appm dose, cach with its cun unigue swalling rate.

and 200 appm He and subsequently bombarded to | The rates for the no gas, sirultaacons hydrogen

and 10 dpa, respectively. Specimens bombarded plus helium, simultannous L,].U , and RT pre-

without any added gas were used as the injuction cases are 2.26, 0. 0.1%, and 0.016%

reference condition. per dpa.  The clevated tum'mtuw preinjociion
data appear to share the slape of the siiultaneous

injections at low doses, but later drop down to

approximately the swelling rate of RT prein-
Differcnt methods of introducing heiium can jection. The RT preinjection experiment in

indeed pro-onnoly affect the final damage mor- which He/dpa = 20 was held constant, rather

phology as is evident in Fig. 1. In cach case | than a fixed 1400 ppm He, showed a very low )

“(except la, no gas) the same amount of heliwn swelling of 0.003% at | dpa and 2.9% at |1 dpa. i

(1400 at. ppm) was introduced into a spacimen Clearly the different methods of gas introducion

that ultimately received about 70 dpa at 903 K. create a disparity in swelling that increases

3. RESULTS

The largest swelling, 18%, was seen for the with dose.
material with no added gas, Fig. la. Less
swelling was exhibited by the specimens given
et e R o o v Talaed 113 whire o eriple Figures 3-5 show data on the microstructural
?o ug |:n dmcgé { o*ys:own) resulted in 132p characteristics (mean cavity diameters, concen-
n bomoar i noc st trations, and dislocation densities) resulting
swell;ng. The tw7lpr?;njectio?]fechniques €1 from the various bombardment methods. The
caused substantially lower swelling, apparently .
as a result of intensified cavity nucleation ;eference condition evidently attalned its
and restrained cavity growth. In Fig. l¢ igh swelling by means of a high cavity growth
RO yg | Yo pe rate and in spite of declining cavity numbers.
preinjection at 900 K followed directly by S Tmul taneous nnJection of hellum g
nlzkel ilon bombardment at the same temperature swelling roughly similar t é t gauseh
yielded a sw.lling of 4%, while preinjection los h g ghly similar to that for the helium
at room temperature produced the most abundant plus hydrogen case, but there is an interesting
nucleation and a swelling of only 1% contrast in their cavity generation rates.
' ‘9 y e The dual beam samples show roughly constant

cavity numbers, whereas those of triple beam
bombardment exhlblt a steadily-rising cavity
concentration through 70 dpa (from quite a
low value at 1 dpa).

The development of swelling at lower doses
is shown in Fig. 2, wherein it
appears that all but one of the various irradia-
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introduction.

. Prennjectton of 1400 ppm He brought about
drastic swelling reductiqn_through profuse

a
o

| competed with one another, allow;ng little

/ cavity growth. The RT preinjectfon, in

fact, gave rise to a sharply bimodal cavity
size distribution. The smaller group (& nm
mean diam) grew negligibly over the dose range
studies, perhaps because they were just below
a critical size for void growth. Preinjection
at 900 K ultimately generated a bimodal size

distribution quantitatively simiiar to that of
. T T 1 T T T T
g ®=Ni 10N
} T W —OuUAL IDN -
F A~ TRIPLE 10N
& — PREINJECTED, 900X e
O~ PREINJECTED, R T
L i
' b
. ¥
- .
'E
K
: ze .-
3
33 -]
S "‘_,_o
2 -
N -
° 1 1 i 1 1 L !
o 0 20 30 40 50 [ 70 0

e 0OSE tdra) o
Fig. 5. “Dislocation density s T8 much less’
sensitive to gas implantation technique than
is the void density.

initial nucleation of cavities which evidently |
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Thelium has been noted before by Brimhail and

- effect on the damage microstructures.

,preinjection also at 70 dpa, but up to 10 dpa ~
the cavities of high-temperature preinjection
were more |ike those of simultaneous injection :
(or the no-gas case), ;
1

The dislocation density (Fig. 5) was not ¥
‘especially sensitive to the method of gas \
:injection, having variations of no more than a !
factor of 3. It may or may not be significant
{obove scatter) that while rost specimens
.exhibited a plateau in dislocation density after
in10 dpa, the material injected with helium plus
,hydrogen showed a persistent increase over the
,whole dose range, analogous to the ‘increase
‘it also showed in cavity density. The RT-
.preinjected material once more behaved in a
lcontrary fashion.

[

4. DISCUSSION

The reforence specimens bombarded with only
nicke) ions swelled significantly
more than thos. subjected to any of the gas
implantation twchniques, a high swelling that
resulted from the highest void growth rate.
Such behavior can be expectad from an inherently
high-swelling material which fosters immediate
‘void nucleation on preexisting sites and on a g
scale not so fine as to hinder subsequent void
growth. Voids in this material were frequently
observed in strings or other heterogeneous
| spatval distributions, most likely resulting
ifrom nucleation on similarly-distributed gases @
or other indigenous impurities. Simultaneous !
j(dual and triple ion) gas inject.ion resulted in | |
ireduced but still substantial
growth rates. The dual-ior irradiation also
yielded cavity and dislocation concentrations
comparable to the nickel-ion i-radiation.
{ These basically similar results despite the
gradual addition of 1400 appm He K indicate
that again cavity nucleation must have been l
essentially sct at the beginning, and that
hel ium was added too slowly (even at our 20 app
He/dpa raté) to make a major change. Such a ~
result would not be expected for a material in i ‘
which cavity nucleation is difficult, and in fact
Kenik [13] has observed a profound influence ofl
simultaneously-injected He in the low swelling | !
alloy LSIA. A similar variation in the effective-
ness of simultaneously implanted helium depending
on the relative ease of cavity nucleatlon without
l '

{ s

'Simonen [14,15].

In the case of the triple-ion bombardments, ! ]
both the initial (1 dpa) dislocation and cavity!
‘concentrations were notably low, yet both values
increased continuously with dpa through the !
highest dose studied. This suggests that the
slmultaneous addition of hydrogen might play a .
Todest but COntIHUIng role in sustaining cavity
nucleation in this type of material. However, '
caution is advisable because such a trend was
not found in our bombardments conducted at or
above the peak swelling temperature [11].

The preinjection of 1400 appn He had a marked
Prein-
Jection at room temperature produced 1023 cavi-_

swelling and lower: cavity




ties/n and a swelling of only It at 70 dpa.

The spatial distribatioa of these nuaeroes
cavities was quite uniform which implies that

here the injected helium has assumed the

dominant

vole in cavity nacleation, Lvatuation o our
abserved nicrastructural para e=tors in a tost
parvreter £ in the comprabensive cadel lor void
growth kinetics by Mansur [16] indicates that

for 10 dpa and Lo, cuvities are overvheluingly
the dominant sinn for &7 poeinjeclion, ubereas
voids and dislecations are abnut cqually important
for injection and ne-helium
cases. vi dose behavior of 900 K-
preinjected matesial was similaor 1o that {rom
dual=ion bombardirent up to 10 dpa (dhough the
cavity concentration was three tines higher and
the cavities only half as big). However, from

10 to 70 dpa this microstructure increasingly came
to resemble that of RT preinjection. The initial
dissimilarity from RT preinjection is presumably
due to the fact that at the beginning of
bombardment there were many more nuclei present
that were greater than the critical size for growth;
hence mean cavity diarmeter and swelling initially
increasced ruch more rapidly. Evidently the
initial nucleation was noevertheless profuse
enough to limit the cavitios {rom growing as

larges as those from sinultane ws injection.

the simulianeoes
Tae swelling

That hot preinjection can give larger (and
presumably fewer) nuclci than Joes RT preinjec-
tion was shown by Mazey and Nelson [17] who in-
vestigated as-implanted 316 stainiess steel and
observed defect clusters anu heljum bubbles for
implantations made at 773 K and above. Comparing
then specimens implanted with 100 appm He at RT
and 873 K followed by bombardment with 46.5 MeV
Ni ions to 40 dpa, they observed the same trends
reported here:
swelling For clevated temperature (ET) pre-
injection versus RT preinjcction. A more recent
comparison by McGruer et al. [18) of ET and RT-
preinjeclion and simultancous helium injection
'(80 appm/dpa) of 304 stainless steel is only ‘
partially consistent with these findings. Their
results for RT preinjecticn and dual-ion bombard-
ment (all to 5.15 dpa) are quantitatively similar
to the 10 dpa values of this experiment. Howaver,
the hot preinjection (925, 975, and 1025 K)
trials yielded cavitias taree times larger and
seven times fewer than those of simultaneous
bombardment, & relationship opposite to our result.
Possibly the higher temperatures of their study
may be partially responsible for the difference.

One impcrtant point of agreement between the currert
investigation and all of the prior works [15,17,

18] is that the total dislocation content is very
little affected by the method of helium
intraduction.

5. SUMMARY

Different modes of gas introduction strongly:
affect cavity formation in this free-swelling
material. The disparitias generally increase
with dose as far as 70 dpa. The unimplantcd
reference material swells the most due to a

" [5]

larger and fewer cavities and greater

high void growth rate. Sirultanzous injection

of helium (20 appm/dpa) yields a lower

swelling and a nearly-constant concentration of
cavities over the dase range studied. Preinjec-
tion of the same total amount of helium at room
temperature gives profuse cavity nucleation and
the lowest swallingy. Preinjection of helium at
the subsequent heavy ion bombardment tempera-
ture (900 K) results in low-dose swelling similar
to simultaneous helium injection, changing over
to resemble RT preinjection by 70 dpa. The total
dislocation density is not significantly alfected
by the method of helium introduction. Simulta-
necus injection of h0 appm/dpa hydrogen ma:.

have a tendency to prolong cavity and disloca-
tion nuclteation for irradiations below tha peak
swelling temperature.
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