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HELIUM GENERATIONRATES IN ISOTOPICALLYTAILOREDFE-CR-NIALLOYS
IRRADIATEDIN FFTF/MOTA

L.R. Greenwood,F.A. Garner,and B.M. Olivera
iPacificNorthwestLaboratory,P.O. Box 999, Richland,WA 99352 USA
aRockwellInternational,Rocketdyne,Division,6633 CanogaAve., Canoga Park,
CA 91303 USA

Abstract

Three Fe-Cr-Nialloys have been doped with 0.4% S_Nifor side-by-side
irradiationsof doped and undopedmaterialsin order to determinethe effects
of fusion-relevantlevelsof heliumproductionon microstructuraldevelopment
and mechanicalproperties. The alloyswere irradiatedin three successive
cycles of the MaterialsOpen Test Assembly(MOTA)located in the Fast Flux
Test Facility (FFTF). Followingirradiation,helium levels were measuredby
isotopedilutionmass spectrometry. The highestlevel of helium achievedin
doped alloyswas 172 appm at 9.1 dpa for a helium(appm)-to-dparatio of 18.9.
The overallpatternof predictedheliumgenerationrates in doped and undoped
alloys is in good agreementwith the heliummeasurements.

Introduction

Fusion reactorswill producesignificantlevelsof helium in materials
due to (n,_) reactionswith 14 MeV neutrons. In iron-basedengineering
alloys,heliumwill be producedat a rate of about 10 appm per atomic
displacement(dpa). Concernhas been raised that these elevatedheliumlevels
could affect the evolutionof microstructuraldamageand thereby affect
mechanicalproperties. Irradiationsin fast reactorsgenerallyproducehelium
at levelswhich are 10% or less than those of fusionlevels. Consequently,
techniqueshave been devisedto elevateheliumproductionto simulatefusion
reactorconditions.

In the presentexperiment,Fe-Cr-Nialloyswere doped with 0.4% of sgNi
[I] which has a high (n,e) cross sectionfor low-energyneutrons. The
additionof naturalnickel is a well-knowntechni_quefor elevatinghelium
production in mixed-spectrum reactors due to the _Ni(n,y)SgNi(n,_) sequential

reaction[2]_gNHOwever, unlike the present experiment, timetis required for theburn-in of i before helium production becomes significan . This delay in
helium production in mixed-spectrum reactors may impact the experiment
strongly, especially during the incubation phase of microstructural
development.

In a recent series of papers on the use of 59Ni isotopic doping, it has
been shown that single-variable comparisons of the effect of helium at fusion-
relevent generation rates do not support a significant role for helium in
determining the tensile properties of simple austenitic alloys [3-6]. This is
in contrast to the results of comparative irradiation studies conducted at
significantly different displacement rates [7-9] or at helium generation rates
significantly higher than that of anticipated fusion environments[8,9].

iPacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-ACO6-76RLO1830.



ExperimentalMeasurements

Three alloys were preparedfor the presentirradiations,namely Fe-15Cr-

25Ni, Fe-15Cr-25Ni-O.O4P,and Fe-15Cr-45Ni. In each Cn;%,nsome of the alloywas doped with I_98% sgNiand some was left undopedusi ly natural
nickel[l]. The _Ni contentwas 1.58% for Fe-15Cr-25Niand Fe-15Cr-25Ni-
O.04P,and 0.88% for Fe-15Cr-45Ni. For the purposesof this study, the small
additionof phosporousis insignificantand shall be ignored. The alloyswere
then irradiatedin three sucessiveexperimentsin the MOTA positionof the
FFTF. Sampleswere originallyplaced in five differentlevels of the MOTA-ID
subassemblyat temperaturesbetween365-600%° This experimentlasted for
185.8 EFPD from August 17, 1985, to July 19, 1986, at a power level of 400 MW.
After irradiation,these alloysand additionalunirradiatedalloys were
insertedinto MOTA-IEfrom September10, 1986, to September10, 1987,
attaining341.8 EFPD at 291 MW. Followingthis, two sets of alloys were
additionallyirradiatedin MOTA-IFfrom November18, 1987, to January8, 1989,
reaching335.4 EFPD at 291 MW. Irradiationsfurthercontinuedin MOTA-IG;
however,these sampleswere removedfrom the reactoron March 19, 1991, and
their helium levels have not yet been analyzed. Detailsof these irradiations
are discussedfurtherin reference10.

Followingirradiation,samplesof the variousalloys were analyzedfor
their helium contentat RockwellInternational'sRocketdyneDivision. The
measurementswere performedusing a specializedgas mass spectrometersystem
[11]. Each sample was preparedby cuttingtwo "quarter"specimensfrom each
originaltransmissionelectronmicroscope(TEM) disk. The specimenswere then
acid-etchedto remove the outer 0.02 to 0.04 mm of surfaceto eliminateany
correctionsfor alpha-recoileffects. Final specimenmasses ranged from 2 to
3 mg.

Each of the helium analyses involved vaporizing the specimen in a
resistance-heated graphite crucible in one of the mass spectrometer systems'
high-temperature vacuam furnaces, and then measuring the 4He released relative
to a known quantity of added 3He spike (isotope dilution method). The helium
spikes were obtained by expanding and partitioning a known quantity of 3He gas
through a succession of accurately calibrated volumes [12]. The mass
sensitivity was determined by ana!yzing various combinations of 3He and 4He.
spikes. Mass discrimination for °He and 4He was typically 1.5. Measured
helium values ranged from 2 x 1012 to 6 X 1015 atoms.

The results of the helium measurements, in terms of helium
concentration, are summarized in Table I, which also lists the position in the
reactor, dpa, and SgNi doping conditions. Conversion from total measured
helium to helium concentration was based on the specimen mass and on atom
concentration values determined for each alloy (:i.07 x 1022 atoms/g). The
helium concentration values in Table I represent average values for the
duplicate analyses conducted on each sample. The uncertainty following each
value represents the total estimated (I_) uncertainty. Average
reproducibility between the duplicate helium analyses was 0.9%.

The dpa calculations were performed with the SPECTERcomputer code[13].
Note that the quoted dpa values are alloy-dependent. For example, in the
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below-core basket, the Fe-15Cr-45Ni alloy received 9.1 dpa during cycles ID
and IE, while the Fe-15Cr-25Ni alloy received only 8.6 dpa. This difference
is caused by the higher dpa rate for nickel than iron. Both of these alloys
have higher dpa rates than pure iron or stainless steel. The small increase
in dpa due to the SgNi(n,_) reaction was also included, as discussed later.

Helium Calculations

The production of helium from 5BNi is determined by the expression [2]:

N(He) _ a=[aT(l-e-OYCt)-oy(l-e-°_:)] (I)
No(ssxi) °F<°F-°y)

where N(Heo)= helium atoms produced at time t
N (_°Ni) : initial number of 58Ni atoms
a°. = S=Ni(n,_) cross section
a._ : SgNi total absorption cross section
T = SBNi(n,y ) cross section

CY : total neutron flux
t : irradiation time

This equation applies to all irradiations with nickel, including the undoped
alloy, and should be further multiplied by 0.683 to account for the abundance
of =ONi. However, in fast reactors, the main source of helium is due to
threshold (n,e) reactions with all isotopes of nickel, iron, and chromium.
These threshold reactions are assumed to produce helium by a linear product of
the cross section times the neutron fluence. Although one usually associates
the 58Ni(n,y)S_Ni(n,e) two-step reaction with thermal neutrons, the epithermal
flux in fast reactors is large enough to produce significant levels of helium.

in the case of SgNi doping, equation I simplifies, as follows'

N(SgNi)=No(_gNi)e"°_ (z)
N(He) =NO(_91Vi)o.__3.=(l_e_O_) (3)

O F

The first equation above incorporatesthe burn-upof 59Ni,which was as
high as 30% in the presentirradiations. Neutroncross sectionsfor the

In,s), (n,p),and (n,tl)ereactionsfrom 5SNiand for the (n,y) reaction from'_Ni were taken from ENDF/B-V evaluation[]4]. The burnup cross section
,vas taken as the sum of the three reaction cross sections for SgNi.
Previously, we have published data showing that these equations and neutron
cross sections give excellent agreement with helium measurements in mixed-
spectrum reactors[14]. Displacement damage calculations and helium production
from natural nickel, chromium, and iron were provided by the SPECTERcomputer
code. J14] There is also a small increase in displacement damage due to the
energetic (340 keV) 56Ferecoils from the 59Ni(n,e) reaction (i.e., additional
dpa = helium(appm)/567) [2]. This dpa enhancement has been included in the
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calculations for both doped and undoped specimens; however, the maximum
difference ' only 0.2 dpa for any of the irradiated alloys.

In order to adequately calculate helium production for these
experiments, it is essential to have measurements of the neutron fluence and
energy spectra. Unfortunately, dosimetry data have not been completely
analyzed for all of these irradiations. Hence, it was necessary to rely on
neutron flux and spectral calculations to fully map the helium production in
the MOTA; such calculated neutron spectra were available from cycle 9A [15],
Fluence gradient and neutron spectral dosimetry measurements were performed
for selected locations in the MOTA-IEand MOTA-IF experiments [16].
Comparison between the calculations and dosimetry measurements supports the
validity of the calculations. Such comparisons show generally good agreement
between dosimetry and calculations for in-core positions; however, the
dosimetry measurements are consistently higher than calculations for above-
core and below-corepositions.

Thus it is not expectedthat the presentcalculationswill give an exact
fit to the heliumdata. Rather,the intentis to show that we can generally
describe the data and more importantlyp6edictthe behaviorof helium
generationin doped and undopedalloys throughoutthe MOTA assembly.

Helium ProductionCalculationsfor FFTF/MOTA

Helium productioncalculationsare illustratedin Figure I for Fe-15Cr-
45Ni as a functionof axial locationin the MOTA assemblyafter completionof
the MOTA-IEand MOTA-IF irradiations(677.2EFPD at 291 MW). The bottom curve
shows helium productionfor the undopedalloy and the top curve includesthe
enhanced helium from the sgNi-doped alloy. There is some additional helium
even in the undoped alloy due to burn-in of 59Ni from S8Ni(n,y). The undoped
alloy helium production curve is similar in shape to that of the neutron
fluence and dpa curves, although there is a slight bulge in the below-core
region caused by the burn-in of S9Ni. The helium production from the 59Ni-
doped alloy more clearly shows the effects of the changing neutron spectrum.
Outside the FFTF core region (-45 to +45 cm) there is a rapid increase in
epithermal neutrons, resulting in an increase in helium production. The
maxium helium production occurs in the below core basket (-70 to -55 cm). The
heliumproduction curve is not axially symmetric due to differing
distributions of steel supports and sodium coolant.

The peculiar axial dependence of the helium production from 59Ni-doping
enhances the variation of the He(appm)-to-dpa ratio as a function of axial
location, as shown in Figure 2. In-core, the He/dpa ratio nearly doubles as a
result of the doping. However, the ratio climbs to fusion-like values of 10-
19 for out-of-core positions for the doped alloy. Note that the undoDed alloy

S_Nicurve also shows a slight increase below core due to the buildup of from
5_Ni.

Figure 3 shows the time dependence of the helium-to-dpa ratio at the
midplane of the FFTF/MOTAin both the doped and undoped alloys. The small but
steady increase in both ratios is due to the burn-in of S_Ni, an effect that
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is often neglected in computing helium generation in fast reactor experiments.
lt is also evident from Figure 3 that at midplane much higher S_Ni doping
levels would be needed to significantly increase helium production Fusion-
like He/dpa levels would require S_Ni doping of 10-15%, which would" be
difficult to produce or handle. Figure 4 shows the time-dependent helium
production in the below-core basket of the MOTA. Because of the higher flux
of epithermal neutrons, there is a clear decrease in the helium/dpa ratio for
the doped alloy due to burn-up of 59Ni and a much sharper percentage increase
in the ratio for the undoped alloy due to burn-in of _Ni.

Comparisonof Helium Measurementsand Calculations

Helium measurementsand calculationsare comparedin Table I. These
data span four differentreactorpositions;two differentalloys,both doped
and undoped;and four differentcombinationsof FFTF reactorcycles. Radial
flux gradientswere ignoredfor the presentcalculations;however,
calculationsshow that the flux varies by about 8% across the MOTA subassembly
[15]. We should also note that ,'ecentcalculationsindicatethat the presence
of variousmoderatingmaterialsor highly neutronabsorbingmaterialsin the
MOTA can have significantinfluence(9-15%flux depression)on the neutron
energy spectrumin nearby irradiationpositions. Nevertheless,for level I
in-core,level 6 just above core, and the below-corebasket,the measurements
(M) and calculations(C) agree within 30%. The largerdisagreementfor level
8 is known to be due to flux uncertaintiesin the neutrondiffusion
calculations. Comparisonwith the availabledosimetrydata [16,17,18]indeed
shows that the calculatedflux at -66 cm is low by about 20-30%. This
differenceis in good agreementwith the C/M ratiosnear 0.75 for the below-
core position. Similarly,dosimetrydata at +123 cm is about 25-50%higher
than calculatedfor level 8; this would explainthe low C/M ratios of 0.34-
0.41 found for this position.

Work currentlyin progressfor MOTA-2A includescompleteneutron
spectralmeasurementsfor all levels of the MOTA. Analysis of these data will
provide a more completepictureof the uncertaintiesin the neutronenergy
spectra;such informationwill also be applicableto previousMOTA
•irradiations. Additionalheliummeasurementsare also plannedfor the MOTA-IG
irradiation,which was performedconcurrentlywith the MOTA-2A experiment.

Conclusions

The present calculations,and their agreementwith the availablehelium
data, supportthe model of helium productionin both doped and undopedalloys
and indicatethat heliumlevels for the in-coreirradiationpositionscan be
accuratelypredicted. However,at present,uncertaintiesin the neutron
energy spectrumlimit our abilityto predictheliumproductionfor out-of-core
positions. Consequently,it is essentialthat accuratehelium measurementsbe
performedfor these experimentsso that we can properlyaccountfor helium
effectsand correlatepropertychangesaccordingly. Similarly,neutron
dosimetrymeasurementsmust be pursued in order to define the energy spectrum
in all positionsof the MOTA. This will be particularlyimportantfor out-of-
core positionsthat are findingincreasinguse for irradiationsof fusion
materials.
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Fi gure Capri ons

1) Helium production (appm) for both 59Ni-doped and undoped Fe-15Cr-45Ni
alloy as a function of height in the MOTAassembly after the IE and IF
irradiation.

2) Helium(appm)-to-dpa ratios for both 59Ni-doped and undoped Fe-15Cr-45Ni
alloy as a function of height in the MOTAassembly after the IE and IF
irradiation.

3) Helium/dpa ratio vs. dpa for both SgNi-doped and undoped Fe-15Cr-45Ni
alloy near midplane (+2.6 cm) of tka MOTAassembly.

4) Helium/dpa ratio vs. dpa for both 59Ni-doped and undoped Fe-15Cr-45Ni
alloy in the below core basket (-65.9 cre) of the MOTAassembly.
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