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EFFECT OF HIGH HELIUM CONTENT ON STAINLESS STEEL SWELLING

OF. W Wlffen and E E. Bloom
"ABSTRACT

Type 316 stainless steel specimens have been irradiated
in the HFIR reactor at temperatures between 380 and 680°C to -
displacement damage levels up to ‘120 dpa and transmutation
produced helium contents up to 6090 ppm. Swelling in '
solution annealed samples was found to be smaller than pre-
dicted by the helium swelling models but larger than predicted
by fast reactor irradiation results, and the temperature
dependence of swelling was also not in agreement with either
prediction. Cold work reduced swelling for irradiation tem-
perature up to 600°C but was ineffective at 680°C. TFor both
annealed and cold worked materials the swelling was nearly
temperature independent between 380 and 600°C but increased
markedly at 680°C. Present models are inadequate to
explain the swelling results in the presence of these high

" helium concentrations.

INTRODUCTION

Two recent studies of controlled thermonuclear reactors (CTR)
evolved design concepts that require a mlnlmum extrapolation of
technology outside of plasma containment.'’? 1In accord with this re-
quirement, only those materials now commercially available were considered
for reactor construction. The current state of development of refrac-
tory metal alloys appears to be inadequate for the intended application,
so the selection narrows to iron or nickel base alloys as possible
structural materials. The austenitic stalnless steels appear most
promising, and because of the considerable amount of development work
that has gone into qualifying type 316 stainless steel for fast reactor
applications, it has been chosen as the reference material in one
design2 and has also been considered in the other.?

lp. Bonanos and W. G. Prlce, Jr., Plasma Physics Laboratory,
Princeton Unlver51ty, personal communlcatlon (June 1973).

2G. L. Kulcinski, R. G. Brown, R, G. Lott, and P. A. Sanger
"Materials Radiation Damage Limitations in the Wisconsin Fusion
Reactor Design," presented at ANS Winter Meeting, San Francisco,
CA, Nov. 11, 1973, and to be published in Nuclear Technology.



Brager and Straalsund® have recently summarized the extensive body
of data on the effect of fast reactor neutron irradiation on the micro-
structure of type 316 stainless steel. Although high levels of dis-
placement damage have been achieved in fission reactors, these irradi-
ations have not simulated the rate of transmutation reactions that would

be achieved in CTR reactors. These results cannot be extrapolated directly

to prediction of behavior in a CTIR environment. Spectral differences
account for the dissimilar transmutation rates; many reactions have
thresholds that lie above the range of neutron energies found in fission
reactors and others become more important with increasing neutron energy.
The spectra in two positions of the EBR-II reactor and the spectrum in
the first wall of a conceptual CTR, shown in Fig. 1, emphasize the lack
of a high energy component of the neutron flux in the EBR-II reactor.
Calculated damage production rates in type 316 stainless steel in
two CTR designs and in the EBR-II reactor are given in Table I. Note
that the ratio of the helium production rate (in ppm/yr) to the dis-
placement rate [displacements per atom (dpa) per year] is approximately
15 in the two CTR designs and only about 0.2 in EBR-II. Since there is
ample proof that the presence of inert gases in metals may effect the

34. R. Brager and J. L. Straalsund, J. Nucl. Mater. 46: 134 (1973).

Table I. Damage Rates in Type 316 Stainless Steel

Neutronic Reactions per Year
Reactor Wall Loading :
MW/m? dpa He, ppm H, ppm
CTR, Princeton? 1.87 30 460
CTR, WisconsinP 1.25 18 285 490
EBR-II 60¢ 124
HFIR 60¢ - 19004 ~50

2p. Bonanos and W. G. Price, Jr., Plasma Physics Laboratory,
Princeton University, personal communication (June 1973).

bG. L. Kulcinski, R. G. Brown, R. G. Lott, and P. A. Sanger,
"Materials Radiation Damage Limitations in the Wisconsin Fusion
Reactor Design," presented at ANS Winter Meeting, San Francisco,
CA, Nov. 11, 1973, and to be published in Nuclear Technology.

“Calculated by Lindhard method, for displacement energy of
25 eV: H. T. Kerr and R. Q. Wright, Oak Ridge National Laboratory,
personal communication (May 17, 1973).

d
Taken from measured values.
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damage state, the data from EBR-II irradiations, the source of the
Brager-Straalsund correlations, cannot be used with confidence to predict
the behavior in a CTR. Furthermore there is no model or theory available
to explain the effect of helium on the irradiation response.

Helium in metals can act independently to degrade the properties of
a reactor structural component. In combination with displacement damage,
the synergistic effects on properties can only be determined experi-
mentally. The static model developed by Barnes" gives an indication of
the amount of swelling that can be expected if the helium were acting
alone, but the model cannot be applied to CTR conditions without
additional microstructural informatlon. The effect of helium on ductility
has recently been surveyed,® and concentrations near 30 ppm can reduce
the tensile ductility of austenitic stainless steels to as little as-
one-third of the value for helium free material. The effect of helium
levels greater than produced neutronically on the void swelling in EBRrII
irradiation of stainless steel has been examined by Bloom and Stlegler.
They found that for. lrradiatlon at 390°C to 7.4 x 102! neutrons/cm the
presence of 20 ppm He11n3ected prior to irradiation enhanced the void
concentration by more than a factor of 2. There are no results at higher
neutron fluences that could establish the effect of helium on irradi- '
ation produced swelling. The combined effect of helium and displacement
damage on ductility has been examined by Bloom,’ showing that the effect
is a greater reduction in ductility than can be accounted for on the
basis of helium embrittlement alone. Although all of the work cited
above is useful in defining the magnitude of the helium effects problem,
in none does the helium level approach that expected for long term CTR
service.

The Oak Ridge National Laboratory High Flux Isotope Reactor (HFIR)
offers a unique ability to simulate more accurately the expected CTR

‘radiation damage in alloys containing nickel by simultaneous production
of displacement damage and transmutation helium. The observation of

high helium content in nickel bearing alloys irradiated in thermal
reactors led to the discovery of a two-step transmutation sequence
that leads from a nickel isotope, through two thermal neutron captures,
to the production of helium at relative rapid rates. The reactions
and the reaction cross sections? are given in Eqs. (1) and (2),

“R. S. Barmes, J. Nucl. Mater. 11: 135 (1964)

5D Kramer, K. R. Garr, A. G, Pard, and C. G. Rhodes, "A Survey
of)Helium Embrittlement of Various Alloy Types," p. 109 in Trradiation
Embrittlement and Creep in Fuel Cladding and Core Componments, BNES,
London, 1973.

®E. E. Bloom and J. O. Stiegler, J. Nucl. Mater. 36: 331 (1970).

’E. E. Bloom, "Correlation of Structure and Ductility of Irradiated
Austenitic Stainless Steels," p. 93 in Irradiation Embrittlement and
Creep in Fuel Cladding and Core Components, BNES, London, 1973.

8A. A. Bauer and M. Kangilaski, "Helium Generation in Stainless
Steel and Nickel," J. Nucl. Mater. 42: 91—95 (1972).



01 = 4.2 b
885 + g ———> B0y , (1)
' s = 7.38 b

59N;i_ +n __—9 "“Fe_ + [-"He > (2)

where the cross sections given are for thermal neutrons. HFIR, a high
flux thermal reactor, offers the fast flux necessary for rapid dis-
placement damage production (high dpa levels) and the high thermal flux
necessary to produce large amounts of helium in short times. The neutron
spectrum of HFIR is compared to EBR-II and conceptual CTR's in Fig. 1.
It can be seen that the flux above 0.6 MeV is greater in HFIR than in
EBR-II. The damage production rates for 316 stainless steel irradiated
in HFIR are also given in Table I. Comparison of the various data in
Table I shows that HFIR provides a reasonable test facility for current
CTR design needs, with displacement rates accelerated by about a factor
of 2 and helium production rates by about a factor of 4 relative to the
Princeton conceptual reactor.!
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Fig. 1. Comparison of Integral Neutron Flux Spectrum for EBR-II,
HFIR, and Conceptual CTR Reactor. Neutron fluence per year assumes a
plant operating factor of 1.0.



Two problems remain with the attempt to use HFIR to simulate CTR
radiation damage in type 316 stainless steel. First, the hydrogen pro-
duction rate, approximately 50 ppm per year in HFIR, is well below the
production rates calculated for a CTR. Second, the helium production
rate is not constant in the HFIR reactor. Helium production is
predicted8 to be proportional to fluence to the second power, and has
been dem.onstrated_experimentally9 to be more closely proportional to
thermal fluence to the 1.68 power. This contrasts to the CTR where
helium production will be linearly dependent on fluence. Even at the
end of one year of HFIR irradiation the ratio of helium to dpa is
approximately twice the value calculated for CTR design.

The high helium production rate in HFIR and the low rate in EBR-II,
with nearly equal dpa rates in the two, thus effectively bracket the
total radiation damage rates calculated for stainless steel in CTR's.,
Radiation effects in CTR service are expected to fall between the limits
set by radiation effects found in the two fission reactors.

This paper reports the irradiation produced swelling of type 316
stainless steel, in both solution treated and cold worked conditioms,
for irradiation temperatures between 380 and 680°C. Neutron fluences
ranged from 3.8 to 8.7 X 1022 n/cm?® and helium contents at the end of
irradiation ranged from 1790 to 6090 ppm. Subsequent papers will report
mechanical properties; including temnsile, creep and fracture properties;
and microstructural effects in the same materials for similar irradiation
conditions.

EXPERIMENT DESCRIPTION

The specimens used in this experiment were made of type 316 stainless
steel prepared from material purchased from a commercial vendor. The
composition is given in Table II, with all analyses within the specifi-
cation limits for type 316 stainless steel. (These values represent the
average of multiple analyses performed on this heat.) The final pro-
cessing stages used to produce rod stock were: 0.5 in.-diam, hot-rolled
rod was annealed 1 hr at 1200°C, cold swaged to 50% reduction in area.
The rod was then solution annealed for 1 hr at 1050°C in Ar and rapidly
cooled in the furnace cold zone. The rod was again swaged to reduce
the area by 507 and samples were machined from part of the stock. These
samples were annealed 1 hr at 1050°C (hereafter referred to as
"solution treated' samples). Part of the remaining rod was annealed
1 hr at 1050°C and cold reduced another 20% by swaging, at which point
"cold worked" samples were machined. '

The HFIR is a thermal reactor which is uninstrumental in the flux
trap region where these irradiations were performed. The thermal flux,
integral flux above 0.1 MeV, and nuclear heating rates in stainless

®W. N. McElroy and H. Farrar IV, p. 187 in Radiation-Induced Voids
in Metals, J. W. Corbett and L. C. Ianniello, Eds., AEC Symp. Ser. 26,
CONF-710601 (April 1972).



Table II. Chemical Composition of Type 316 Stainless Steel?

Element Cr Ni _ Mo Mn Si Ti C P S N B

wtZ 18.0 13.0 2.58 1.9 0.8 0.05 0.05 0.013 0.016 0.05  0.0005

8Values given are averages of multiple determinations on this heat,



steel are given in Fig. 2 for the experimental position. The specimen
geometry and experimental irradiation methods are shown schematically

in Fig. 3. The specimen, 1.25 in. long, is made from 0.160 diameter

rod and has cylindrical symmetry. The gage section is 0.75 in. long

and 0.080 in. in diameter. Irradiation temperatures above water coolant
temperatures (55°C) are attained by making use of the nuclear heating

of the specimen itself. The heat generated in the specimen is balanced
in design calculations against the thickness of the helium gas transfer
gap to give the desired temperature gradient between the specimen and
the specimen holder. -Thin centering disks at the specimen ends minimize
heat transfer through the specimen supports. Temperatures attained

by this method were checked in a calibration experiment on SiC passive
temperature monitors, using the geometry shown in the upper part of

Fig. 3. The irradiation temperature determined from the post irradiation
length change response on annealing, indicated agreement of *25°C with
irradiation temperatures reported later in this paper. Heat transfer
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Fig. 2. Irradiation Parameters in the HFIR Reactor. The thermal
flux, fast neutron (E > 0.1 MeV) and nuclear heating rates in stainless
steel are given for the peripheral target position in the flux trap of
the HFIR reactor. Spec1men positions within the 1rradiation experiment
are shown. The parameters given are for the reactor operatlng at full
power, 100 MW.
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Fig. 3. Schematic of Irradiation Experiment Showing Method of
Location of Tensile Specimen and Silicon Carbide Temperature Monitors
in the Housing Tube of a Reactor Irradiation Experiment. The flow
of heat generated in the specimen across the helium gas gap to the
specimen holder controls the irradiation temperature. The method is
discussed in text.

calculations show that temperature gradients in these small samples, for
an irradiation temperature of 570°C, may be as great as 70°C along the
gage section of the sample and 160°C from the sample center point to the
outer 'corner" of the buttonhead. Temperatures at the end of the specimen
centering hub may be even lower than indicated by these gradients. Future
microstructural evaluation at several locations on selected samples will
be attempted to help define the temperature gradients in these samples.,



Irradiation produced swelling was determined by measuring the
immersion density of irradiated specimens and comparing to the density
of control specimens., All samples were electropolished and density
measurements were in water using photo flow as a wetting agent. The
results reported are the average of five density determinations and were
compared against internal standards in the density determination procedure.
Swelling values determined by this method are accurate to #0.1% or better.
Transmission electron microscopy examination of these materials is
made difficult by the very high radioactivity of the specimens. One tab
cut for microscopy, approximately 0.015 in. thick and 0.080 in. in
diameter, had activity greater than 10 R/hr at contact. This radiation
is very penetrating and not easily shielded. A full¥ remote technique
has been developed at ORNL for thinning and handling ® these samples.
For thinning stainless steel a solution of 6% HC10, in CyHs0H was used
at an applied potential of approximately 38 V (current of 65 ma) operating
at approximately 15°C.

RESULTS

The swelling or specific volume increase produced by irradiation,
equal to the density decrease measured by the immersion demnsity technique,
is given as a function of irradiation temperature and neutron fluence
in Table III, for both solution annealed and cold worked samples. The
specimen position relative to the reactor horizontal midplane is given
in Fig. 2. The reported displacement levels (dpa) were calculated from
the Lindhard method using a threshold energy of 25 eV and the full¥
detailed neutron spectrum of the reactor at the specimen position. 1
The helium content in atomic ppm was calculated from the empirical
correlation developed by McElroy and-Farrar,9

C=9.8x10"'° (¢£)1"%% atoms He/g Ni » (3)

where ¢£ is thermal neutron fluence. Comparison of the helium content
calculated in this manner with one measured value from this set of
specimens showed the calculated values to be higher than the experimental
result. As a consequence all calculated helium contents were normalized
to 0.65 of the calculated value. The helium values given in Table III
are the normalized values. (The discrepancy in helium content will be
further pursued when more measured values are available.)

10p, L. Chandler and C.K.H. DuBose, "Electron Microscopy Specimen
Preparation in a Hot Cell," Trans. Amer. Nucl. Soc. 14: 881—82 (1971).

14, T. Kerr and R. Q. Wright, Oak Ridge National Laboratory,
personal communication (May 17, 1973).



Table ITI. Irradiation Conditions and Measured Swelling for Type 316 Stainless Steel
Irradiated in the HFIR

L s Calculated L
Specimen. Irradiation Fluence -Calculated Helium Measured -Swelling, 7%
Positiond Temperature >0.1 MeV Displacements ContentC
(°C)  (1i/cm?) (dpa) (oom) " Solution  20% Cold
PP Treated Worked
x1022
4 379 7.05 97 4020 6.7 1.6
5 456 7.69 107 4820 8.7 0.80
6 528 8.27 114 5450 8.3 2,6
1 535 3.79 52 1930 3.5 0.52
8 574 4,21 58 17914 3.3
7 602 8.71 A 119 5940 8.0 3.3
8

679 ' 8.74 121 6090 14.1 16.8

8gpecimen positions as shown in Fig. 2.

bThe dpa calculated from Lindhard model. H. T. Kerr and R. Q. Wright, Oak Ridge National
Lapora;?ty,;personal“qommggication”(May-lZ,‘l9Z3).

CAtomic concentration calculated by the formula C = 9.8 ¥ 1071° (¢t)!° %% atoms He/g Ni,
where ¢t is thermal fluence. Formula from McElroy and Farrar in Radiation-Induced Voids in
‘Metals, J. W. Corbett and L. C. Ianniello, Eds., AEC Symp. Ser. 26, CONF-710601 (April 1972),-
with normalization factor X = 0.65 determined by measured value (d).

dMeasured helium content.

0T
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The measured swelling in the solution treated samples ranged from
3.3 to 14.1% and showed little temperature dependence throughout the
range of temperatures 380 to 600°C, with swelling values increasing
with increasing helium content regardless of irradiation temperature.
The data point at 679°C suggests that swelling may increase rapidly
as temperature is increased above 600°C.

Swelling in the 20% cold worked samples ranged from 0.5 to 3.3% for
irradiation temperatures of 600°C and lower, relatively insensitive to
temperature, but did not vary in a consistent manner with helium or dpa
level. Only at 679°C was the swelling comparable to that in the solution
treated material, with slightly more swelling observed in the cold worked
material. - The results suggest that the cold worked structure recovered
during irradiation at 679°C and thus lost its beneficial effect in sup-
pressing the swelling.

The solution treated sample irradiated at 574°C has been examined
by transmission electron microscopy. Figures 4 and 5 compare repre-
sentative microstructures from this sample with microstructures of a
sample irradiated at a similar temperature but to a lower fluence in
the EBR-II reactor. The microstructural features of these two samples
are summarized and compared in Table IV. The HFIR sample, with the
higher helium content, contained an order of magnitude higher cavity
concentration in the matrix, but the average cavity size was somewhat
less than in the EBR-II sample. There is some association of cavities
with precipitate particles in both samples, Fig. 4, but the degree of
association is much greater in the sample irradiated in HFIR. 1In the
latter sample each precipitate-matrix interface is lined with cavities.
Another major difference between the two microstructures in Fig. 4 and
5 is the high concentration of cavities on the grain boundaries of the
HFIR irradiated sample and the absence of boundary cavities in the fast
reactor irradiated sample. Some of the grain boundary cavities in the
HFIR sample appear to be elongated (Figs. 4 and 5). However, viewing
these cavities stereographically shows that only the cavities which
intersect one of the foil surfaces are elongated. Cavities that are
contained entirely within the foil after thinning show an equiaxed
appearance, with apparently no tendency for the cavity to elongate in
the plane of the grain boundary.

It is generally believed that the cavities seen after EBR-II
irradiation of stainless steel at 580°C are voids, with the pressure
of contained gases well below the pressure necessary to stabilize
equilibrium gas bubbles. In the HFIR-irradiated sample the grain
boundary cavities and the cavities on precipitate-matrix interfaces are
not void-like in character but are suggestive of equilibrium gas bubbles.
In the matrix of this sample, well removed from §rain boundaries and
precipitates, the cavity concentration is 1 x 10 * em™® with average diam-
eter 5258.- The measured helium content of 1790 ppm sets an average gas
content of 1.54 x 10° atoms per cavity, assuming uniform distribution of
the gas. The gas distribution in the case where all gas is contained in
bubbles in equilibrium with surface energy, Y, is given“ in terms of
bubble diameter, d, gas content, m, and bubble concentration, N, as:



(a) Irradiated in HFIR
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Table LIV, Comparison of Microstructures in Solution
Stainless Steel Irradiated in a Thermal Reacto

Ann
r (

and a Fast Reactor (EBR-II)

ea
HF

led Type 316

HFIR EBR-II
Parameter Units Irradiated Irradiated

Irradiation Temperature ° 574 580
Fluence (>0.1 MeV) 1022 n/cm? 4.2 1.9
Displacements dpa 58 26
" Transmutation Helium ppm 1790 54
Cavity Concentration %013 em™3 10.3 1.0
Average Cavity Diameter A 525b 666
Calculated Cavity Volume yA 1.0b 0.21
Measured Density Decrease % 3.3
Dislocation Line Concentration 10° cm? 1.1 4
Dislocation Loop Concentration 102 cp3 0 4.8 .

Line segments Connected

Dislocation Description

Precipitates

from large
scale network,
pinned on
voids and
precipitates.
No complete
loops.

One type of
large, blocky
precipitate,
with average
long dimension
near 1u.

network, some
large unfaulted
loops, and
faulted loops
with average
diameter 1700 A.

Blocky M23Cs
and needle-
like, smaller
precipitate of
unidentified

type.

aEstimated value.

b .
Approximate values, based on relatively few measurements.

y1
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(4)

where

k

Zl
Using this equation and the observed cavity size dlstrlbutlon, equilibrium
is satisfied for a surface energy of vy = 2800 ergs/cm , approximately
twice the value commonly taken for austenitic stainless steels in the
temperature range of interest. However, no allowance was made for the
gas content at grain boundaries and precipitate interfaces. While we
expect to: refine this comparison when more detailed microscopy has been
completed these calculations suggest that the cav1t1es in this sample
are near—equilibrium gas bubbles.

The dislocation microstructure of the HFIR and EBR-II irradiated
samples are shown in Fig. 5, and dislocation line and dislocation loop
densities are given in Table IV. The HFIR-irradiated sample contains
only one quarter of the dislocation content of the EBR-II irradiated
sample, with the dislocations in both samples present as highly inter-
connected networks. The EBR-II irradiated sample also contained some
large, perfect loops and numerous faulted loops. There were no loops
of either kind in the HFIR irradiated sample. There are also differences
in the type and morphology of the precipitate particles produced by the
two irradiations. The HFIR irradiated sample contained only one type of
large, blocky precipitate, with average long dimension near 1lu. These
~ have not yet been analyzed. In contrast, the EBR-II sample shows two
types of precipitate, a blocky M;3Cs and a much smaller needle—llke
precipitate that has not been identified.

gas constant,
absolute temperature.

COMPARISON WITH SWELLING MODELS

_ In comparing these results to the predictions of various swelling
models, the main features that have to be considered can be summarized
as follows:

1. The swelling observed is greater than values reported for
irradiation to similar fluences in EBR-II, with the values of 14 to
17% believed to be the greatest found in reactor irradiated stainless
steels. : .

2. The swelling shows a very weak temperature dependence for
irradiation temperatures up to 600°C. Swelling appears to increase
rapidly between 600 and 680°C.

3. Cold work is effective in suppressing swelling up to 600°C in
the presence of high helium concentrations, but is ineffective at 680°C,
probably due to recovery of the cold worked microstructures.

4. The tendency of cavities to form on grain boundaries and pre-
cipitate interfaces and the approximate balance of calculated gas pressure
and surface energy in cavities suggest that in the sample examined after
574°C irradiation the cavities are helium bubbles.
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Although there are no available models which simultaneously treat
swelling due to both high displacement damage (dpa) and high helium
content, these processes have been treated individually. The swelling
predicted by these models has been calculated and is compared to the
measured swelling of solution treated samples in Table V.

The swelling due to displacement damage alone has been described
empirically by Brager and Straalsund,!? who developed equations to
correlate the available data for swelling in EBR~II irradiations as a
function of fluence and irradiation temperature. These equations have
been used with the temperature and fluence corresponding to the present
HFIR irradiations to calculate the swelling that would have been expected
under fast reactor irradiation. The results are given in Table V. For
purposes of comparison swelling was also calculated as a function of
irradiation temperature at a constant fluence of 8.0 x 10?2 n/cm? using
the same equation. At this fluence the Brager-Straalsund equation predicts
a swelling maximum of 8.2% at 497°C. At 380°C the predicted swelling is
down to 0.82%, and at 680°C it is only 1.3%. Comparison of this predicted
swelling due to the displacement damage alone with the observed swelling
in the HFIR irradiation shows that in every case the fast reactor swelling
equations predict less swelling than observed for the HFIR specimens.

At 528°C, near the temperature for peak swelling in the fast reactor

case, predicted swelling is very close to the measured swelling value.
This suggests that swelling may be insensitive to helium content for

cases where 'void" swelling produces sufficient cavity volume to accom~
modate the gas. At both lower and higher temperatures the predicted
swelling drops off rapidly with temperature away from the maximum, in
sharp contrast to the measured swelling which shows only a small dependence
on irradiation temperature. At 574°C, near the predicted peak swelling
temperature and where the microstructural comparison is available, the
observed cavity concentration and size are in good agreement with the
predicted values from the Brager-Straalsund equations. Since the swelling
agreement becomes worse at temperatures higher or lower than the maximum
swelling temperatures, the cavity concentration and/or size, must be
greater than predicted from these empirical equations.

The agreement in cavity concentration between the sample irradiated
at 574°C and the prediction of the Brager-Straalsund equations is
coincidental. The equations are based mainly on the behavior of one
heat of type 316 stainless steel, and there is significant variation in
void concentrations between different heats of this alloy.

In EBR-II irradiation the ORNL heat of type 316 stainless steel
consistently shows much lower cavity concentrations than predicted by
the equations. The result in the HFIR irradiation at 574°C shows an
increased cavity nucleation rate, relative to EBR-II irradiation, due
to the higher helium concentration. This is the same effect as reported
by Bloom and _Stiegler13 using preinjected helium in EBR-II irradiated
samples at much lower temperatures and fluences.

12H. R. Brager and J. L. Straalsund, J. Nucl. Mater. 46: 134 (1973).
'3E. E. Bloom and J. 0. Stiegler, J. Nucl. Mater. 36: 331 (1970).



Table V. Swelling in Solution Treated Type 316 Stainless Steel,
Measured, Normalized, and Predicted by Models

Irradiation Calcu%ated | Swelling, 7%

Temperature Helium
(°C) Content Fast Reactor Due to Me sured

(ppm) Model?d He Aloneb measure

379 4020 0.71 11 6.7
456 4820 5,27 16 8.7
528 5450 7.94 21 8.3
535 1930 1.17 5.8 3.5
574 1791 1.05 5.5 3.3
602 5940 : 4.50 28 8.0

679 ‘ 6090 1.67 34 14.1

8calculated from empirical formula. for swelling. of neutron-<irradiated
solution-treated type 316 stainless steel given by Brager and Straalsund,
J. Nucl. Mater. 46: 134 (1973). Equations derived from irradiations that
resulted in <30 ppm He.

bApproximate swelling for all helium in equilibrium bubbles, with

constant. bubble concentration of 10'*/cm®. Taken from Barnmes, J. Nucl.

Mater. 11: 135 (1964).

LT
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The second model that can be applied to the present experimental
results is that due to Barnes'" which assumes that the cavities are
equilibrium bubbles and neglects any effect of displacément damage. In
the Barnes model the swelling depends on the helium content, the concen-
tration of bubbles, the temperature, and the specific surface energy, and
can be obtained from Eq. (4). The model develops swelling values as a
function of gas content of the sample using the Van der Waals equation
of state for helium. Unfortunately, use of this model requires a knowledge
of the cavity concentration for the different irradiation conditions,
which is a structure and temperature sensitive parameter that cannot be
calculated independently. Until cavity concentration data are available,
the Barnes model cannot be fully evaluated, but it is useful to examine
a limiting case. If we assume that the cavity concentration is a constant
independent of irradiation temperature (1 X 10'"* cm™® as observed in one
sample) and the surface energy is 1000 ergs/cm®? (as used by Barnes), the
500°C swelling values calculated by Barnes approximately fit the equation,

AV

7= 2.4 % 10~ (cHe)l’3 , (5)

where AV/V is the percent swelling and Cye is the helium content in atomic
parts per million. The result was extended to the experimental irradiation
temperatures using Barnes model in which the swelling for a fixed helium
content and bubble concentration is proportional to the absolute tempera-
ture to the 3/2 power. Swelling values calculated in this way for the
HFIR irradiated samples are shown in the column "Swelling Due to Helium
Alone" in Table V. These values are from 1.6 to 3.5 times the experi-
mentally observed swelling. The calculated swelling due to helium alone
shows the same insensitivity to temperature as do the experimental results.
Lack of agreement between calculated and measured swelling probably lies
in the assumed values for cavity concentration and surface energy. It
is possible to fit the swelling data by using some appropriate set of
cavity concentration values. However, until cavity concentrations are
determined by microscopy there is no valid basis for choosing these
concentrations. )

Proof that the assumption of a constant cavity density for all
irradiated specimens is not adequate can be obtained from the data.
The specimens irradiated at 528 and 535 C can be compared u31ng a
modified form of Eq. (5):

AV

= = A(N,T)(CHe)1°3 , (6)

1%R. S. Barnmes, J..Nucl. Mater. 11: 135 (1964).
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where A(N,T) is a function of cavity concentration, N, and temperature,
T. The observed swelling of 3.5% for the sample irradiated at 535°C
(1930 ppm He) thus predicts a swelling of 13.5% in the sample irradiated
at 528°C (5450 ppm He)., As the measured swelling in this sample was only
8.3%, it follows that A(N,T) was not constant and that the cavity con-
centration increased with inecreasing helium contents. Comparison of

the swelling data at 602 and 679°C with swellin%svalues given by Barnes

shows that cavity concentrations of at least 10 em™? will be required

to give agreement between the predicted and observed swelling, an order

of magnltude greater than the assumed constant cavity concentration of
10'* cm®.

CONCLUSIONS

To evaluate the combined effects of displacement damage and helium
production the HFIR reactor was used to irradiate type 316 stainless steel
in the solution annealed and cold worked conditions at temperatures between
380 and 680°C. Displacement damage levels achieved in this irradiation
ranged from 52 to 121 dpa, and the helium contents from 1791 to 6090 ppm.
Swelling in the solution annealed samples ranged from 3.3 to 14.1%.
Swelling was relatively temperature insensitive in the range 380 to 600°C,
but significantly larger swelling occurred at the highest irradiation
temperature, 679°C. Swelling in the cold worked samples was lower than
in the solution treated samples, ranging from 0.5 to 3.3% in the tem-
perature range 380 to 600°C. As in the solution annealed material, the
greatest swelling was recorded at 680°C and the effectiveness of cold
work in swelling suppression appears to break down about 600° C. Ina
sample irradiated at 574°C the microstructure was dominated by a very
high concentration of small cavities believed to be helium bubbles. 1In
contrast to the microstructure of samples irradiated in the EBR-II (where
helium contents are low) the grain boundaries of the HFIR irradiated
sample were heavily covered with cavities, and all prec1p1tate interfaces
and dislocations had cavities attached to them.

Comparison of the models which attempt to predict swelling in solution
annealed type 316 stainless steel reveals that there is not a model which
will completely explain swelling under the mixed irradiation conditions
of high displacement damage production (high dpa) and high helium pro-
duction. The comparisons suggest that the helium may dominate the swelling
behavior. The empirical swelling equations developed from fast reactor
irradiation programs12 predict nearly the correct swelling in the middle
of the temperature range investigated, that is near the peak in the fast
reactor swelling equation. However, the temperature dependence predicted
by the fast reactor equations is much different from that observed in this
case. Swelling in the low helium, fast reactor irradiation drops off
rapidly for temperatures above or below the temperature of maximum swelling
whereas in the samples containing high helium the swelling is insensitive
to temperature over the same temperature range.

The Barnes modell* which treats swelling due to helium in equilibrium
cavities in a solid comes closer to predicting the observed.swelling:
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behavior. Adjustment of the parameters in this model could probably

bring swelling values into agreement, at least at some temperatures.
However this model cannot be fully tested until microstructural information
is available. In particular, the model is unable to predict the cavity
concentration, which must be known for the model to be used to predict
swelling. A truly adequate model to predict swelling must contain such

an expression to predict the cavity concentration as a function of the
irradiation parameters, including helium concentration. The relative
insensitivity to temperature in the swelling produced by a high helium
concentration in the Barnes model is close to the observed experimental
behavior. Cold work is effective in suppressing swelling below tem-
peratures of about 600°C. Comparison of this observation with the Barnes
model for swelling due to helium suggests that in the cold worked sample
the helium cavity density must be much higher than in the solution annealed
material. This increased cavity density will accommodate the same amount
of helium with a lesser degree of swelling, consistent with the observed
swelling suppression

Comparison of the swelling at similar temperatures and two helium
levels showed that cavity concentration is increasing with neutron fluence
(and increased helium content). Since swelling is reduced by increasing
the cavity concentration, the greatest potential for control of the swelling
lies in the development of alloy systems with high concentrations of
nucleation sites, to nucleate the highest possible cavity concentration.

The tendency for helium bubbles to form on grain boundaries may
lead to intergranular failure in stressed components well before swelling
values as large as observed in this work can be realized. The increased
swelling rate at the highest temperature, especially the breakdown of
the swelling resistance of cold worked material at 680°C, suggests that
stainless steel to be used in a CTR should operate only at temperatures
of 600°C and lower.

The present work has not answered the effect of stress on the swelling.
Recent theoretical work predicts!® that the effect of stress on swelling
will be moderate at 600°C but very large at 700°C and higher. When
experimental verification of this higher temperature stress effect becomes
available, it may add a further restriction to high temperature service.
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