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ADVANCES IN VOID SWELLING AND HELIUM BUBBLE PHYSICS*

W.G. WOLFER

Fusion Engineering Program, Nuclear Engineering Department, University of Wisconsin, Madison,
Wisconsin 53706

The extensive experimental data base on irradiated austenitic alloys reveals that swelling as a
function of dose can be divided into an initial transient period of low swelling rate, followed
eventually by a rate of about 1%/dpa. Whereas the transient depends strongly on microstructure,
temperature, and composition, the final rate of swelling is nearly independent of these vari-
ables. Models of void nucleation and growth are reviewed to demonstrate that they provide theo-
retical results which are in general agreement with the basic features of the observed swelling
behavior. According to these models, the transient period comprises two regimes, one period of
nucleation to obtain the void number density at a given irradiation temperature plus a period to

reach parity between the dislocation and the void sink strength. The universal swelling rate
eventually achieved is characterized by a state of sink parity.

1. INTRODUCTION

An extensive data base on high-fluence
swelling in the austenitic alloy class has re-
cently been accumulated, from which a general
picture has emerged with the following
features. At sufficiently high fluences, the
rate of swelling in the austenitic alloy class
appears to approach the value of about 1%/dpa.
This rate seems to be nearly independent of
the alloy composition, the heat treatment,
cold-working, impurity content, and, within
the temperature range available in breeder re-
actors, it is also weakly dependent on the ir-
radiation temperature. In contrast, the
transient period preceding the period of high
swelling rate is strongly dependent on all the
variables mentioned above. A more detailed
discussion of these experimental results is
presented in two companion paper‘s.l’2

Whereas in the past it was generally
believed that the eariy microstructural evo-
lution will determine the rate of swelling at
high doses, the general trends for swelling
described above invalidate this previous as-

sumption. Accordingly, it is necessary to
view the ultimate swelling rate as an intrin-
sic property of the lattice, depending only on
the basic parameters of the lattice defects
but not on the microstructural evolution.
This new concept has recently been invoked by
Sniegowski and Wolfer3 in their explanation of
the swelling resistance of ferritic steels.
What the microstructural evolution deter-
mines, however, is the time or dose required
to approach the ultimate swelling rate. This
period of exposure will henceforth be referred
to as the transient regime. As later discus-
sions will show, and as is indicated in Fig.
1, the transient dose is composed of several
periods of increasing length. First, at the
start of the irradiation, a short period
elapses before the point defect concentrations
reach their stationary values. Next, there is
a time lag before void nucleation commences.
This 1is followed by the nucleation period
during which a quasi-stationary current of
voids overcomes the nucleation barrier. This
period is terminated when the void number

*The author gratefully acknowledges the support of this research by the Office of Magnetic Fusion
Energy, U.S. Department of Energy, and by the Electric Power Research Institute.
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FIGURE 1
General form of swelling versus dose with the
various stages involved.

density reaches its terminal value which is
dependent on the temperature, microstructure,
and composition of the alloy. Before the
"steady-state" swelling rate can be reached,
however, it is necessary for the microstruc-
ture to approach a state of parity, meaning an
equalization of the dislocation and void sink
strengths.

It is also indicated in Fig. 1 that the
state of parity may be lost at higher doses
when the dislocation sink strength drops below
the void sink strength. This results then in
a saturation of swelling which is often ob-
served in jon-bombardment studies.

It will be seen in the following review
that the theoretical understanding and the
models developed in the past are essentially
in agreement with the schematic description of
swelling embodied in Fig. 1.
all the models are assembled into "comprehen-
sive" computer codes, predictions of swelling

However, when

vary widely.

Lacking a successful comprehensive theory
at the present time, the various aspects and
models involved in void nucleation and growth
will be discussed separately in the following
sections.

2. VOID NUCLEATION

2.1. Evolution of the Subcritical Vacancy
Clusters

The time to reach stationary average con-
centrations of vacancies and interstitials is
very short for fast-neutron irradiations and
need not concern us. The time period required
to establish a subcritical vacancy cluster
population as a reservoir for void nuclei is
also relatively short. Using a Fokker-Planck
equation to describe the vacancy <cluster
distribution and a novel numerical path sum
solution for this equation, Wehner® has re-
detailed
cluster distributions. Figure 2 shows a typi-
cal result for the case of ion-bombardment of
Ni at 500°C. The curves show the size distri-

cently obtained time-dependent

bution of vacancy clusters at subsequent times
given in seconds. No gas was assumed to be
present, and the vacancy clusters have an
appreciable bias for interstitial absorption
according to the capture efficiencies of
Wolfer and Mansulr',5 as well as a strong
tendency to re-emit vacancies; the dislocation
capture efficiency for interstitials was as-
sumed to be equal to 1.2.

It is seen that after about 100 seconds or
a dose of only 0.1 dpa, the vacancy cluster
size distribution in the subcritical range has
reached a quasi-stationary form. It maintains
this form as long as the monovacancy concen-
tration remains constant. With increasing
dose, only the supercritical size distribution
will evolve further.

The time to reach a quasi-stationary sub-
critical size distribution and also a constant
rate of void nucleation is referred to as the
incubation time, lag or delay time in nucle-
ation theory. Figure 3 shows this time® for
irradiation of Ni at a dose rate of 107°
dpa/s. The upper curve is for the nuclieation
of bare voids whereas the lower curves are for
voids with segregation shells whose lattice
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FIGURE 2
Evolution of the subcritical vacancy cluster
distribution after various times indicated in
seconds.

parameter differs from the value in the matrix
by the amount indicated. Steady-state nucle-
ation of bare voids commences when a dose on
the order of 0.1 dpa is reached, but this dose
is significahtly shortened when segregation
accompanies void nucleation. In any case,
however, this lag or delay time is not to be
confused with the much larger transient period
for swelling.

2.2. Factors Influencing Void Nucleation
Other Than Gases

The transient is partly determined by the
void nucleation rate itself, as can be easily
demonstrated with the results® of Fig. 4. The
void nucleation rates are shown as a function
of temperature for nickel irradiated at 10-6
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FIGURE 3
Delay time to achieve a steady-state void
nucleation rate for irradiation of nickel at
107 dpa/s and for segregation shells with
positive lattice parameter mismatch.

dpa/s. In order to obtain a void number
density of 102! m3 at 450°C, 109 dpa would be
required to nucleate this number of bare
voids. However, only 0.2 dpa is needed to
nucleate 1021 p=3 voids with a segregation
shell of 0.2% lattice parameter mismatch. In
the latter case, the corresponding delay dose
is only 0.005 dpa. For the cases illustrated
in Figs. 3 and 4, a dislocation bias factor
ratio of 1.25 was assumed,

In the light of more recent work3 it ap-
pears that this bias factor ratio may be
significantly larger than 1.25. As Fig. §
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Yoid rg.lc'leat'lon rates for nickel irradiation
at 107° dpa/s.
shows, bare void nucleation increases dra-

matically with the bias factor ratio. When
compared with the nucleation rate of coated
voids it is seen that segregation need not be
invoked as a prerequisite for void nucleation
when the dislocation bias factor ratio is
about 1.5 or larger. It should be noted that
it is in fact the average bias factor ratio
which controls the nucleation rate, i.e. an
appropriately weighted average for all sinks,
dislocation, voids already present,
etc. As more voids nucleate and grow, they
contribute more to this average bias factor
ratio, and it starts to decline. Together
with the rising sink strength this 7leads
eventually to a termination of void nucle-
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ation. The dependence of the void nucleation
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FIGURE 5
Void nucleation 6rates for nickel {irradiated at
500°C and 10°° dpa/s, assuming different
average bias factor ratios. Segregation is
assumed to cause a lattice parameter mismatch
of 0.4%.

rate on the sink strength, as shown in Fig. 5,
can also serve as an explanation for the long
transient period in 20% CW type 316 stainless
steel as compared to solution annealed steel.
Figure 6 1illustrates the evolution of the
dislocation density in these two microstruc-
tures of 316 stainless steel.’ For 20% CW
316, the dislocation density rapidly reaches a
saturation value around 5 x 1014 m"2, In con-
trast, the dislocation density in the solution
annealed condition rises slowly. Hence the
slow rise of the dislocation density in so-
Tution annealed steels provides a favorable
time window for rapid void nucleation, whereas

the high dislocation density in the 20% CW



IOIG _.\

-
. ——

10 L
SOL'N TREATED

103

DISLOCATION DENSITY { TOTAL) { m / m3)

2 1 L L 1
10 10 20 30 40 S0
DPA
FIGURE 6
Evolution of dislocation density with fast

neutron fluence in type 316 stainless steel.

steel prolongs the nucleation phase to doses
close to 100 dpa.

There is another contributing factor to the
rapid void nucleation in annealed materials.
Due to the high supersaturation of vacancies,
the divacancy concentration is also high. As
in Fig. 7, divacancies significantly
enhance the void nucleation rate® relative to
the case when they are not present (dashed

shown

curve) as in materials with high dislocation
densities.
2.3, Effect of Inert Gases on Void Nucle-
ation

Helijum produced by transmutations has.long
been suspected to play a major role in void
nucleation.
vacancy clusters can significantly reduce the
vacancy reemission rate and thereby increase
the nucleation rate. The results of a quanti-
tative evaluation by Wiedersich and Hat1? are
shown in Fig. 8. In this study, the voids are
treated as neutral sinks with no bias for
either interstitials or vacancies, and a
surface energy of 1 J/m is assumed. The dis-
location bias factor ratio is chosen to be

Indeed, helium contained in small
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divacancies present.
is modeled as a

material with a shear modulus 2% greater than

the matrix.
already formed

The percentage of divacancies
in the cascade is indicatef3

Diilocat1on density is assumed to be 2 x 10
m .

1.05.
small

Two features are noteworthy.
amounts of helium

First,
increase the void

nucleation rate dramatically at temperatures

above 400°C.
achieved for helium concentrations
of 10 appm.

Second, little enhancement is
in excess

This small amount of helium is

produced in a breeder reactor after 5 dpa of

exposure,

and after only 0.5 dpa in a future

fusion reactor.
The results in Fig. 8 demonstrate the ef-

fect of the gas

pressure in opposing the

surface tension of small cavities when they
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are considered as neutral sinks. If the
interstitial bias of small cavities is taken
into account, however, it {s found that con-
siderably more gas is required to stabilize
small cavities. In fact, an overpressure
significantly larger than the surface tension
must be maintained in subcritical voids, as
shown in the following section on void growth.

In previous studies?-12 on helium effects
on void nucleation, the assumption is often
made that a self-interstitial captured by a
bubble filled with helium to a packing
fraction of one will induce the emission of a
helium atom. However, both the computer simu-
lation by Wilson et al.10 and the thermo-
dynamic analysis of Glasgow and Wolferll show

that the reverse situation is expected; name-
1y, additional helium atoms captured by
bubbies filled already with helium will induce
the emission of a self-interstitial that re-
mains closely bound to the bubble by the image
interaction. For bubbles with lower helium
densities, both self-interstitial and helium
interstitial emission rates are negligibly
small,

2.4. Effect of Reactive Gases on Void
Nucleation

Many researchers have remarked that re-
active gases such as hydrogen and oxygen play
a role in void nucleation although few experi-
mental studies were specifically dedicated to
investigate this particular effect. One laud-
able exception is the work of Glowinski and
Fichel3 on high purity copper. Carefully out-
gassed copper did not exhibit void formation
up to a dose of 30 dpa whereas high purity
copper not subject to high-vacuum annealing
prior to irradiation did swell. The differ-
ence is presumably due to oxygen in solution
which becomes chemisorbed on void surfaces and
thereby reduces the surface energy and the
activation barrier for void nucleation. It is
interesting to note that in most void nucle-
ation calculations a surface energy of about 1
J/m2 is tacitly assumed even though this value
is only about half the value measured for
clean surfaces on nickel or copper.14

Chemisorption of surface-active gases such
as 0z, Np, and Hp can indeed lower the surface
energy substantially. As a particular
example, Fig. 9 shows the reduction in surface
energy in Ni containing various amounts of
hydrogen in solution. These reductions were
derived from the Langmuir-McLean isotherm and
the model of Bernard and Lup'is15 as described
elsewhere.16  The results of Fig. 9 are of
particular interest for alloys which exhibit a
long nucleation period in the absence of
internal hydrogen. These results suggest that
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Reduction of the surface energy by chemisorbed
hydrogen internally present in nickel.

the nucleation period may be shortened sub-
stantially for low temperature irradiation in
a hydrogen environment.

3. VOID GROWTH

3.1. Effect of Helium on Void Growth

The formation of subcritical and even
slightly supercritical vacancy clusters does
not determine the onset of swelling. For
small clusters, the balance of bias-driven
growth and thermal vacancy emission is nearly
zero. This is particularly so when the cavi-
ties are treated correctly as biased sinks
rather than as neutral sinks. In this case,
the net bias of a void (i.e., the difference
between the bias factor ratio of dislocations
and the bias factor ratio of a void of given
size) changes with its radius as shown3 in
Fig. 10. Large voids can indeed be considered
as neutral sinks, and their net bias is simply
equal to the bias factor ratio of dislocations
minus one.

Above the critical radius, a void develops
a positive net bias, but the initial growth
rate still remains very small. In this regime
of growth, the void sink strength is usually
low compared to the dislocation sink strength
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FIGURE 10
Net bias for voids in austenitic and ferritic
alloys as a function of the void radius.

which further reduces its potential growth
rate. Therefore, under continuous helium pro-
duction, the small voids may acquire a sub-
stantial helium pressure before they enter
their rapid growth phase.

In order to investigate the effect of heli-
un on the slow growth regime, void growth
calculations were performed for bare voids and
various ratios of helium production to dis-
placement rate in Ni. The number of voids was
assumed to be equal to the density of voids
observed in 316 stainless steels after high
fluence irradiation. Both void and dislo-
cation densities are functions of temperature
as given earlier.l7 The cavities were assumed
to have an initial radius less than or equal
to the critical radius, and helium produced
during each time interval 1is distributed

equally to all cavities. Dislocations and



void bias factors are those given in Ref. 3.
The cavities can grow by either of three
mechanisms, bias-driven growth, self-inter-
stitial emission, and loop punching depending
on the cavity size and gas pressure; shrinkage
occurs by thermal vacancy emission. The
latter process can also turn into a growth
process whenever the pressure in the cavity
causes the vacancy concentration in equilibri-
um with the cavity to drop below the average
vacancy concentration in equilibrium with all
the sinks.

Figure 11 shows the results of this void
growth simulation for the case of helium pro-
duction typical in breeder reactors. Due to
the significant bias of small cavities their
growth is initially so small that no appreci-
able swelling occurs. During the long transi-
ent period, the bias-driven growth is small
and almost exactly balanced by the thermal
emission rate of vacancies; only the increase
in helium gas keeps the cavities expanding
until bias-driven growth becomes dominant.
From then on, the gas pressure in the cavities
plays no further role. The onset of rapid
swelling occurs at relatively high doses for a
300°C irradiation temperature because of the
high density of void nuclei. At 600°C, the
onset of swelling is delayed because of the
large critical size the cavity must reach
before bias-driven growth exceeds . thermal
vacancy emission.

The simulation of cavity growth in a fusion
reactor environment with a helium production
of 20 appm He/dpa gives the results illus-
trated in Fig. 12. Here, the necessary dose
required to produce a sufficient amount of
helium is very small, and void growth can com-
mence almost immediately except for high ir-
radiation temperatures. In fact, for tempera-
tures at 700°C and above, swelling is con-
troiled by gas-driven growth of near-equi-
1ibrium bubbles.
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FIGURE 11
Swelling simulation after nucleation fgr type
316 stainless steels irradiated at 10™° dpa/s
under continuous helium production typical of
breeders.

3.2. Effect of the Dislocation Evolution

The dinitial evolution of the dislocation
structure is determined by a generation rate
due to loop coalescence and dislocation climb
and by an annihilation rate due to climb-
induced recovery. When both are balanced,18 a
stationary or saturation density pg is
reached. In type 316 stainless steels, the
dose required for saturation varies between 10
to 50 dpa depending on the irradiation temper-
ature, and the saturation density is between 2
x 1014 to 1015 pm2 depending on dose rate and
heat treatment. Pure alloys tend to have low
values of pg, whereas high-strength alloys
have higher values of the saturation dislo-
cation density.
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For a given dislocation sink strength Sd»
and a given void sink strength S, = 4nN,r, the
swelling rate due to bias-driven growth alone

is given byz'3
LAY S, S
V94 100 es(5y) . (1)
0 d

Here, P is the displacement rate, 8 the
fraction of point defects surviving the in-
cascade recombination, and B is the net bias
of large voids. Voids or bubbles with small
net bias are excluded from the void sink
strength as they do not yet contribute to the
bias-driven growth. However, they are in-
cluded in the definition of the function F.
The function F/P becomes, however, nearly a
constant? for temperatures between 350°C and

650°C when the total sink strength exceeds
about 2 x 1014 m-2,

It is evident from Eq. (1) that a maximum
in swelling rate can be achieved when parity
exists between sinks of extreme bias, i.e.
when S, = S4q. Since Sy < Sq in general, the
rate of swelling is less than optimal but in-
creases with dose. The universal rate of
swelling of about 1%/dpa reached at high flu-
ences in almost all austenitic alloys indi-
cates that a state of sink parity is eventual-
ly reached and subsequently maintained to high
values of swelling. This view is further re-
inforced by the fact that a rate of 1%/dpa is
close to the maximum rate predicted according
to Eq. (1) and the bias evaluation for austen-
itic a11oys.3

In order to maintain sink parity with in-
creasing swelling, the dislocation density
must evolve further rather than remain at the
saturation value pog. Such a post-saturation
evolution can be easily rationalized on the
following basis. For large void swelling, the
dislocation density may be considered as being
composed of two components. One, the matrix
dislocation density pp consists of dislo-
cations and 1loops not intersected by voids.
We may assume that this density is equal to Pg
times the volume fraction occupied by bulk
metal, i.e.

o = P{l - g5 N (r + 0%} (2)

where d is the width of a zone around the void
in which dislocations no longer act as biased
sinks because of their proximity to the void
surface. The other contribution comes from
all those dislocations which are intersecting
voids. If 2R is the average distance between
voids and n the number of dislocation segments
terminating on the void surface, then the ad-
ditional density of dislocations is



=MR-r-d
\' (.3_11 R ) (3)
Note that  av/V = (r/R)3 . (4)

If each void 1is connected by one dislo-
cation segment to its nearest neighbors, then
n may be assumed to be close to 12. Using Eq.
(4) and the definitions for the void sink
strength S, = 4aNyr and the dislocation sink
strength Sy = py + o, Eq. (1) can be written
as a differential equation for the swelling
rate. Simple numerical integration then gives
the swelling as a function of the dose. The
parameters {gB) are chosen to give a maximum
swelling rate of 1%/dpa.

Figure 13 shows the results obtained from
this simple model for the case of d = 0. Note
that av/Vy = (aVAV)/[1 - aV/V] s plotted as
this is the measure of swelling obtained from
immersion density measurements. The various
curves correspond to different values of the
parameter °sR2/3' Large values of this para-
meter represent microstructures with either a
high dislocation saturation density, a low
void number density (and therefore a large
average distance R between voids), or both.
For these microstructures, sink parity is
reached only after long irradiation exposures,
giving rise to a much expanded transient
period for swelling. On the other hand, for
low values of psR2/3, typical of microstruc-
tures with low dislocation densities and high
void number densities, swelling proceeds after
nucleation immediately at the maximum rate.

The parameter d is at the present time not
well defined, but it may perhaps be inter-
preted as the distance between jogs along the
edge dislocation. In pure materials with few
impurities, this parameter could be large.
Furthermore, 1in materials with low friction
stress for dislocation glide, a denuded zone
may exist around voids which may be charac-
terized by a large parameter d.
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FIGURE 13
Swelling simulation after nucleation with
evolving dislocation density for zero de-
nuding.

For two choices of d/R, the results in Fig.
14 show that saturation of swelling does occur
as the effective dislocation sink strength
vanishes. The simple dislocation model pre-
sented here may provide some guidance in the
explanation of swelling saturation observed in
ion-bombardment experiments.19

4. DISCUSSION AND CONCLUSIONS

The theoretical models which have been
developed in the past can indeed explain the
general form of the swelling-dose relationship
illustrated in Fig. 1. The important factors
which determine the extent of the transient
period are the period of continuous void
nucleation and the subsequent growth period of
voids to reach sink parity with the saturation
dislocation density. The period to establish
this saturation density overlaps the period of
continuous void nucleation. A crucial
window exists for annealed material in which

time
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Swelling simulation after nucleation with

evolving dislocation density and finite de-
nuding.

the dislocation density remains low for rapid
void nucleation to occur. In contrast, such a
time window does not exist for cold-worked ma-
terials, and void nucleation proceeds at a
much reduced rate. Hence, the transient
period for cold-worked materials is signifi-
cantly longer than for the corresponding an-
nealed materials.

Following the termination of void nucle-
ation, the swelling transient period continues
until the void sink strength becomes about
equal to the dislocation sink strength. Once
sink parity is reached, the rate of swelling
is mainly determined by the net bias for large
voids and by the survival fraction of point
defects produced in the cascade.
ture and temperature exert a minor influence
on the "steady-state" swelling rate.

The rate of void nucleation is very sensi-
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tive to segregation, to the presence of
surface-active impurities, to the gas pressure
produced at high temperatures in void nuclei,
and to the bias exerted by the dislocation
Al though the action of each factor
the synergistic
As a re-

structure.
is in principle understood,
action of all the factors is not.
sult, it is not yet possible to predict the
length of the nucleation period or the final
nucleated. For the
reason it is also not yet possible to evaluate

number of voids same
the period required to reach sink parity.

Three aspects must be considered when
evaluating the effect of helium on void swell-
in void nucieation rate
particularly at high
spontaneous formation of
bubbies which remain largely dormant until
they grow by further helfum capture to a size
where their interstitial bias becomes small;
and the growth of near-equilibrium bubbles at
temperatures which are, however, above the
range of practical interest.

In recognition of these helium effects,
three strategies are suggested for alloy
development with applications to future fus;on
reactors.

One is to develop alloys with long transi-
ent periods by producing either a high dislo-
cation density or a high cavity density but
not both. For the first case, the onset of
swelling is delayed because of the longer time
required to reach sink parity. In the second
case, the microstructure is already past the
stage of parity and evolving towards swelling
saturation. This strategy can only succeed if
the high density of cavities can be main-
tained, i.e. 1if coalescence and radiation-
induced resolution can be prevented.

The third strategy, however, is to develop
materials with a low intrinsic net bias in ad-
dition to a high dislocation density. This
strategy appears to be the most promising for

ing: the increase
temperature; the

overpressurized



the long-range development of structural ma-
terials for fusion applications.
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