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INTRODUCTION

The simultaneous production of helium from (n,a) reactions and
atomic displacement damage by energetic neutrons in reactor struétura] alloys
is expected to have a strong influence on their irradiation response for
first wall and structural applications in fusion power reactors. Charged
particle bombardment offers the possibility of assessing the phenomenology
and mechanisms of microstructural evolution in a wide range of materials
exposed to simultaneous helium injection and creation of atomic displace-
 ment damage by a second ion beam. In this program two ion accelerators
have been used to simultaneously focus a beam.of helium ions and a second
jon beam on targets of selected reactor structural alloys. The resulting
microstrucfural changes have been studied for systematic variations in
damage rate, irradiation temperature, fluence and apbm heljum/dpa ratio
and compared and correlated with results from companion fission reactor and
high energy neutron irradiation studies conducted elsewhere in the DoE

program.

At the request of the program monitor the contents of this report
will be included in the Quarterly Progréess Report of the Damage Analysis and
Fundamental Studies (DAFS) Task Group as compiled by the Hanford Engineer-
ing Development Laboratory'(HEDL). To avoid duplication of effort this
report has been organized into sections reflecting the relevant DAFS program
plan task or subtask to which it applied as requested by HEDL.

*This is the final Quarterly Progress Report on this contract.
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MIGRATION AND TRAPPING OF HELIUM BY CAVITIES AND DISLOCATIONS IN DUAL ION

IRRADIATED STAINLESS STEELS
J. A. Spitznagel, Susan Wood and W. J. Choyke (Westinghouse Research and

Development Center)

1.0 Objective

The objective of this work is to assess the phenomenology and mec hanisms
of microstructural evolution in materials exposed to simultaneous helium
injection and creation of atomic displacement damage by a second ion beam.

2.0 "~ Summary

Dual ion experiments have been conducted on specimens of 304 SS and 316 SS to
estimate the fraction of imp]anted helium associated with.cavities, dis-
locations or in submicroscopic bubbTes. The results suggest that'approxi-
mately 99 percent of the helium is in visible cavities near the peak

swelling temperature. Numerical calculations of helium partitioning based

on cavfty and dislocation sink strengths for vacancies are shown to over-
estimate the number of gas atoms associated with dislocationé, and to reduce
the maximum possible equilibrium bubble size by a factor of two.

3.0 Program

Title: Irradiation Response of Materials
Principal Investigators: S. Wood, J. A. Spitznagel and W. J. Choyke
Affiliation: Westinghouse Research and Development Center

4.0 Relevant DAFS Program Plan Task/Subtask

Subtaék IT.C.1.2 Modeling and Analyses of the Effects of Material
_ Parameters on Microstructure
I1.€C.2.1 Helium Mobility, Distribution and Bubble Nucleation



5.0 Accomplishments and Stétus

5.1 Introduction

Much emphasis has been placed on the high helium and hydrogen concentrations
expected in fusion reactor first wall and blanket structural materials. It
is the distribution {or redistribution) of such nuclear transmufation pro-
~ducts, however, that will determine their effects on mechanical properties.

Unforfunate1y, Tittle is known about helium mobility and trapping at
various microstructural "sinks." This is mainly due to experimental
limitations. At present-helium partitioning must be inferred from TEM
observations of bubbles, measurements of helium release rates from sur--
faces, elastic and anelastic mechanical measuremgnts, theory, etc.

Dual ion beam experiments, where helium can be implanted and the atomic
displacement rate controlled by a second ion beam, are very useful for
developing and testing such indirect approaches. In this report we
outline a scheme to estimate helium- partitioning between cavities and
dislocations in dual ion bombarded 304 SS and 316 SS.

5.1.1 Experimental Details

Chemical compositions, thermomechanical processing history and results of
extensive jon irradiation experiments on these samples have been reported
previously.l=2 Other experimental details have been described by us

elsewhere.?

For the 316 SS samples calculated atomic displacement rates of ~2 x 10"l+
dpa/s to 6 x 10-Y% dpa/s and helium (appm) to dpa ratios of ~12-85 have

been used. For the 304 SS, data obtained with atomic displacement rates
of ~2 x 10-5 to 2 x 107% and helium (appm) to dpa ratios of ~11 to 475
are reported. Since a serious concern in estimating helium partitioning
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ijs the amount remaining in submicroscopic form, e.g. less than ~2 nm
diameter bubbles, care has been taken to try to use foil preparation and
electron imaging conditions which maximize the possibility of detecting
small bubbles. Data on cavity size distributions and dislocation densities
have been encoded and analyzed using a data management code.

5.1.2 Numerical Analysis and Helium Partitioning Algorithms

A computer code has been developed which permits rapid retrieval of data
satisfying a specified range of experimental parameters. Calculations of
helium partitioning to cavities and dislocations have been performed

for selected experimental conditions by adding various models to the code.

Helium is essentially insoluble in solid metals,> is readily trapped by
vacancies,® and probably migrates as a divacancy-rare gas complex in an
f.c.c. lattice.® We will thus assume that the helium flux to a microstruct-
ura1 sink is prbportiona] to the flux of vacancies to that sink. Under
continuous helium implantation, populations of growing bubbles, cavities

and dislocations (as well as grain boundaries and precipitate surfaces)

will compete for the helium. To a first approximation, the partitioning

of helium to these sinks should be related to the sink strength for

vacancies.’

In this study we consider two possibilities: (1) A1l of the helium is
trapped in visible cavities and (2) some fraction of the implanted

helium is trapped at dislocations with the remainder trapped at visible

- cavities. In the latter case we make no distinction between network or

loop comﬁbnents, i.e. the trapping is proportional to the total dislocation
line length per unit volume. For this approximation we have assumed that no
helium remainé in the matrix and have ignored the direct countributicns

of precipitate surfaces and grain boundaries since their contributions to
the overall vacancy sink strength are small. Indirect effects on helium
partitioning from heterogeneous nucleation of bubbles on acicular precip-
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jtates and accelerated growth of cavities attached to such pfecipitates
can be important. However, such effects will be discussed in a future
paper. Dislocations are treated as unsaturable helium sinks (i.e. no
"solubility 1imit"). This precludes bubble precipitation on dislocations,
for example. Sticking coefficients of unity are assumed for both cavities
and dislocations precluding thermal or kinetic resolution of gas atoms.
Time (fluence) dependent partitioning to account for the evolving sink
structure is treated in a quasi-empirical fashion. Finally, the total
number of helium atoms in a slice ax is always conserved except for those
added by implantation.

Defining Q! as the fraction of helium partitioned to cavities (based on

the cavity sink strength for vacancies’):

. 2w DN,
- i ‘ :
Q= ! | (1)
2m D'IN'| + pD
where Di = diameter of a cavity in size class i,
N, = number of cavities in size class 1,
g = dislocation density.

The amount of helium to be distributed to the cavities (for'a constant

implantation rate, kg and implant time at) is

[He]C = k at - Q1. : : - (2)

g.‘
The amount of helium bartitioned to dislocations is
= 5. - -1 .
[Hely = kg« otll - Q7] . (3)
If all the helfum is assumed bound in cavities then clearly Q71 =1,

The idea thal equilibrium gas bubhles shoyld grow slowly, with vacancy



emission balanced by the influx of helium and vacancies until a critical
size is reached3 is central to our method of assigning helium atoms to
cavities of different sizes. The validity of this mode] which has been
described elsewhere.* Observations of stable bimodal cavity populations,
-selective growth of bubbles above a certain size under irradiation fo116wing
preimplantation of helium, and theoretical calculations of conditions
necessary for bias-driven cavity growth strongly support the model. We use
the concept in the following way: (1) The Van der Waals equation of state
is used to calculate the number of helium atoms in successive size classes
up to'a maximum possible equilibrium bubble diameter, DC,(determined by the
number of available gas atoms), and (2) it is assumed that cavities with
diameters D > DC contain at least as many gas atoms as when they passgd
through size class Dc‘

After determining the amount of helium partitioned to the cavities, the

Van der Waals equation of state and surface energy constraint (P = 2y/r) is
used to distribute the gas atoms in spherical equilibrium bubbles,

beginning with the smallest size class. The choice of an appropriate
equation of state and surface energy values for small bubbles has been
discussed at length elsewhere.8® Existing high pressure data suggests that
Van der Waals equation is suitable even at extreme densities.:

Figure 1(b) demonstrates the effect of using different values of Van der Waals'
constaht on the maximum possible equilibrium bubble diameter for the size
distribution in Fig. 1(a) assuming all of the helium is in visible cavities.
The 1imiting size class DC increases linearly with the exclusion volume

(b) but the effect is small. The Van der Waals equation with b = 16.4 x 10-2%
'um3/atom, consistent with Bridgeman's data® has been used in this inves-
tigation.

Valueé-of surface energy appropriate for small cavities in a solid are
difficult to define. For the purpose of this study, values of Yy extrapol-
ated from zero creep measurements on 304 SS!0 have been used giving a



temperature dependent surface energy
y = 4250-2.0T(°C), mJ/m2 | (4)

No corrections for cavity size or shape, gas adsorption or solute segregat{on
effects have been attempted here. Figure 1(c) shows the effect of Varying
the surface energy on the maximum equilibrium bubble size for the distri-
bution shown in Fig; 1(a). A1l of the helium is assuméd bound in visible
cavities. The abscissa reflects the effect of partitioning different (total)
amounts of helium to the cavities. The implanted concentration CHeAcorres-
ponds to CHe =1, The effect of changing y by a factor of ~5 is surprisingly
small. Wood et al.ll! have discussed the probable reasons.

5.2 Results and Discussion

5.2.1 Dose Dependence

The sink structure and hence the capture efficiency of cavities and dislo-

‘ cations for vacancies and helium can change rapidly with fluence. Deductions
of helium partitioning from "snap-shots" of the microstructure do not
explicitly treat this continuous evolution. Approximations are possible,
however, if the partitioning is calculated for specimens bombarded to
different fluences under identical conditions. An example is shown in

Table 1.

The effect of increasing fluence near the peak swelling temherature of
~600°C is_to broaden the cavity size distribution. Nucleation of -
cavities has continued in the fluence range 0.26 to 2.7 dpa. It is not
clear whether nucleation has continued up to 31 dpa; even though there
are many small bubbles present, the cavity number density has decreased
by a factor of two - probably reflecting the onset of coalescence. The
dislocation density has increased from a value of ~1 x 10? cm/cm3 in the
unirradiated material to a saturation value of ~8 x 10!, Surprisingly,
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FIGURE la. Experimental cavify‘size distribution for 304 SS following dual
ion bombardment at 600°C to 6 dpa and 782 appm helium.

Curve 728618-A

‘Maximum equilibrium bubble

diameter, D, (nm)

13 14 15 16 w 18 19 20

Van der Waals constant
(cm3/ator x 10-24)

FUGURE 1b. Maximum'equi1ibrium bubble diameter for the distribution shown
in Fig. la for various choices of Van der Waals constant.
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FIGURE 1c. Effect of surface energy (mJ/m2) and helium concentration on the
calculated maximum equilibrium bubble diameter for the distribu-
tion in Fig. la.

TABLE 1
EFFECT OF FLUENCE ON THE FRACTION OF IMPLANTED HELIUM (Q-!)
NUMERICALLY PARTITIONED TO CAVITIES FOR 304SS DUAL ION
BOMBARDED AT 600°C AND 2 x 107" dpa/Second

: Dislocation Density
dpa appm He Cavities/cm3 cm/cm3 Q!

0.26 49 3.1 x 1015 2.3 x 1010 0.49
2.7 522 7.3 x 105 8.2 x 1010 0.37

31.4 ‘6314 3.4 x 1013 8 x 1010 : ~0.5

even in the midst of such rapid changes in microstructure, the fraction of
helium distributed to the cavities (Q-!) on the basis of Eq. (1) is relatively
constant.. This is a consequence of the high cavity nucleation and growth
rates.which apparently counterbalance the increasing dislocation sink
strength.

At higher irradiation temperatures and lower helium injection rates -
conditions less favorable for cavity nucleation - the model suggests that
>90 percent of the implanted helium may be associated with dislocations.



For example, Fig. 2 shows the fraction of helium numerically partitioned
to dislocations in 316 SS as a function of measured dislocation density.
Although the model predicts that 40-100 percent of the implanted helium
should be associated with dislocations we will present evidence that

suggests this is an overestimate.
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Fraction of Helium
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FIGURE 2. Fraction of implanted helium atoms numerically partitioned to
dislocations (1 - Q1) as a function of the measured dislocation
. density for dual-ion bombarded 316 SS in the solution annealed,
20% cold-rolled or aged (800°C) condition.. 600°C TIRR s 750°C;
ot ~3-12 dpa.

5.2.2 Helium in Submicroscopic Form

A question which arises immediately in this method of assigning helium t6
sinks is: What fraction of the implanted gas atom corcentration remains
in submicroscopic form either in the matrix or in association with dislo-
cations? An answer can be obtained from an approach making use of the

critical cavity size concept.

Figure 3a shows a cavity size distribution resulting from dual ion bombard-
ment at 700°C to produce a population of bubbles followed by an additional
bombardment with the 28 MeV Si*® beam alone at 550°C. The cavity sizes
produced at 700°C are larger than the critical cavity size (calculated)

at 550°C. Thus a relatively coarse population of voids has ‘been established,



which contains only ~3 percent df the helium implanted at 700°C acéording
to the partitioning algorithms, Figure 3(b) shows the result of annealing.
an identical control specimen at 600°C for 168 h. The pre-existing
distribution of voids (and dis1océtidns) are essentially unchanged but a
new popu]étion of small bubbles has appeared. The sma]l bubble distrib- .
ution contains oh]y ~0.09 percent of the'imp1anted helium. Sites

adjacent to existing large cavities not associated with dislocations are
where the tiny bubbles are found. Thus the amount of helium (numerically)
partitioned to the dislocations on the basis of their relative sink
‘strength for vacancies is clearly an overestimate since it fs well known

' that bubbles grow on dislocations under these conditions.
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. FIGURE 3; Cavity size distributions for 304 $S dual ion bombarded to 1.1
dpa and 117 appm He at 700 C followed by bombardment without
~helium to 3.3 dpa at 550°C (b) then annealed at 600°C-168 h.

5:2.3 Effects of Helium Partitioning on the Critical Cavity Size

As far as®cavity growth is concerned, helium partﬁtioning is only important
for cavities smaller than or equal to the critical size.® The maximum
equilibrium bubble size is a very good upper(bound estimate of the critical .
cavity size,12 and is affected by distributing part of the helium to

the dislocations as shown in Fig. 4A Coupling the he]ium'partitioning to

the sink strength for vacancies reduces D by a factor of ~2. Theoretica]
estimates of D 12 fall between the two curves in Fig. 4 and offer no firm



support for either set of values. However, experimental observations of -
well separated bimodal cavity distributions with the lower gaussian termin-
ating at Dc'suggest that the Q-1 = 1 curve is the better estimate of the
critical cavity size.
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FIGURE 4.. Comparison of calculated maximum equilibrium bubble sizes
: calculated from dual ion data assuming all helium partitioned
to cavities (Q°! = 1) or a portion to dislocations (Q-! < 1).

5.2.4 Extension of the Method

- Despite limitations in deducing helium trapping at various microstructural
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sinks, imposed by the lack of detaf]ed theoretical models and assump-

tions in the present work, many useful insights can be gained using the
approach outlined here. The method is clearly applicable to fission

reactor and high energy ex-reactor neutron studies, as well. The prin->

cipal advantage of the dual-ion technique, however, is its ability to

critically test assumptions in the partitioning schemes. Such an approach

also offers the possibility of estimating helium migration distances

and perhaps, rates of migration which are critical parameters in modeling

alloy behavior under p#ojected fusion reactor first wall and blanket

conditions.

5.4

(3)

6.0

Conclusions

Partitioning of helium to cavities and dislocations calculated on the
basis of their relative sink strengths for vacancieées overestimates
the number of gas atoms associated with dislocations.

The maximum possible equilibrium bubble size (which approximates the
critical cavity size) is reduced'by a factor of two for such
partitioning. '

Dual ion beam bombardment coupled with post-irradiation annealing
are most useful for testing models of helium }edistrjbution for
projected fusion reactor first wall and blanket conditions. -
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7.0 " Future Work
No additional effort is planned.

8,0 Pub]icatjons

.This paber will be published in the Proceedings'of the Second Topical
~ Meeting on Fusion Reactor Materials, August 9-12, 1981 in Seattle, WA.





