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MICROSTRUCTURAL EVOLUTION IN FAST-NEUTROM-IRKADIATEC
AUSTENITIC STAINLESS STEZLS

R. E. Stoller
ABSTRACT

The aeneral field of neutron irracdiatic: eifects is very
broad. The present work has focused on the specific oroblem
of fast-neutron-induced radiation damage to austenitic
stainless steels. These steels are used as structuv 1! materials
in current fast fission reactors and are propcsed fur u-2 in
future fusion reactors. Two primary components of thz radia*tion
damage are atomic displacements (in units of displacement:s per
atom, or dpa) and the generation of helium by nuclear 'ra:smita-
tion reactions. The radiation environment can be charccterized
by the ratio of helium to displacement production, the -, :-c~iled
He/dpa ratio. Radiation damage is evidenced microscop:-.al’y by
a complex microstructural evolution and macroscopizaily oy
density changes and altered mechanical properties. The purpcse
of this work was to provide additional understarding _.ae%
mechanisms that determine microstructural evolution in curranat
fast reactor environments and to identify the sensitivity of
this evolution to changes in the He/dpa ratio. This latter
sensitivity is of interest because the He/dpa ratio in a fusion
reactor first wall will be about 30 times that in fast -eactor
fuel cladding.

The approach followed {n the present work was to use a com-
bination of theoretical and experimental analysis. The experi-
mental component of the work primarily involved the examination
by transmission electron microscopy of specimens of a model
austenitic alloy that had been irradiated in the Oak Ridge
Research Reactor. Some of these specimens had been implanted
with helium and subsequently annealed at various temperatures
prior to irradiation. The as-implanted-and-aged microstructures
were also characterized. A major aspect of the theoretical work
was the development of a comprehensive model of microstructural
evolution. This included explicit models for the evolution of
the major extended defects observed in neutron irradiated
steels: cavities, Frank faulted loops and the dislocation
network.
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The results of this study indicate that the various
extended defects evolve in a highly coupled manner. Both the
theory and the experimental work indicate a significant infuence
of helium on microstructural evolution. In particular, the
theory predicts that near peak swelling may occur for the fusion
He/dpa ratio due to reduced swelling incubation times. Other
recent experimental data due to reduced swelling incubation
times. OQOther recent experimental data tend to corroborate this
prediction. A significant new experimental observation was that
large stacking fault tetrahedra were formed in the model austen-
itic alloy after irradiation to 4.7 dpa at 550 and 600°C.
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CHAPTER 1
INTRODUCTION

The purpose of the work described here is to provide additional
understanding about the effects of fast (i.e., with greater than about
0.1 MeV of kinetic energy) reutron irradia*ion of austenitic stainless
steels. This topic is of interest because the use of two of the four
energy sources which have been identified as offering the potential
for an "indefinitely sustainable” energy supply! — nuclear fission
with breeding and controlled thermonuclear fusion of deuterium and
tritium (DT) — will result in the production of fast neutrons.
Companents in both fast fission and DT fusion reactors will therefore
be exposed to and damaged by these neutrons. This work focuses on
austenitic stainless steels because they have already been extensively
used in early fast breeder reactors?:? and are proposed for use in
near-term fusion reactors.*"*

The general topic of this work is the microstructural changes
that occur when austenitic stainless steels are exposed to fast neu-
trons. This radiation damage has two major components. The first is
the displacement of the constituent atoms of the steel. This occurs
primarily as a resﬁlt of elastic ccliisions between these atoms and
either the neutrons themselves or other energetic displaced atoms.

The second component is the transmutation of the constituent atoms by

nuclear reactions. The radiation damage which will occur in the



strictural first wall of a DT fusion reactor is guite similar to that
which occurs in fast reactor fuel cladding; however, there are a few
differences between the two environments which confound direct com-
parisons. The principal difference is the presence of a fiux peak at
14.1 MeV in the fusion neutron spectrum, while the fission spectrum
has relatively few neutrons with energies greater than about 2 MeV.
Since the (n,a) and (n,p) cross sections for many elements used in
structural materials exhibit an energy threshold between 1 and 10 MeV,
transmutant gas production in fusion reactor materials will exceed the
value obtained in fission reactor irradiations by a factor of about 10
to 100. The transmutant helium is believed to be of particular signif-
icance and the work discussed below attempts to discern the implica-
tions of this helium on the extrapolation of the large radiation
effects data base which has been generated in fission reactor experi-
ments to fusion reactor conditions.

In addition to fast neutrons, nuclear fission and fusion also
generate highly energetic charged particles. In the former case, the
kinetic energy of the so-called fission fragments carry off about 80%
of the approximately 200 MeV of energy which is released per fission
while the prompt neutrons carry off only about 3%.” The range of the
fission fragments is quite small, less than 1.0 x 10°* m in the ura-
nium (plutonium)-onide fuel, while the range of the neutrons is about
0.1 to 1.0 m,” Since the diameter of a typical fast reactor fuel

pellet is 5.0 x 10°* m, only the neutrons significantly contribute



to the radiation damage of the cladding. In the case of a DT fusion
reaction, about 17.6 MeV of kinetfic energy is released. This is the
most likely fusion reaction to be employed in first generation fusion
reactors because the DT reaction has the lowest ignition temperature
of the plausible alternatives.®*»®* The products of this reactior are
an alpha particle and a neutron which carry off the kinetic energy
which results from the mass defect. Using simple mass and energy con-
servation, one can show that the neutron will have 4.1 MeV and the
alpha particle 3.5 MeV of kinetic energy. A neutron with 14.1 Mev of
kinetic energy has 2 mean free path of about 4.5 x 10°? m {n stainless
steel.!* The radiation damage which results from the slowing down of
these neutrons will therefore occur over relatively long distances in
the reactor blanket structure. Because of their atomic charge of +2,
the alpha particles with a peak energy nf 3.5 MeV will largely lose
their kinetic energy in collisions within the plasma. Those that
escape the plasma will be stopped withir about 6.0 x 10-* m of the
surface of the first wall facing the plasma.'® This surface loading
may cause erosion of the first wall by sputtering and blistering.}?
While these processes are probably not negligible in a DT fusion reac-
tor with a stainless steel first wall, they do not appear to he
l1imiting in determining the first wall 1ifetime.*,?3.!* Syrface phe-
nomena are described elsewhere*?.2*,3% and will not be further con-

sidered in this work.



The approach of the present work was to couple experimental and
theoretical analyses in order to obtain a more complete description of
the factors which affect microstructural evolution. The experimental
component of the work included examination by transmission electron
microscopy (TEM) of a model austenitic alloy which had been neutron
irradiated in the Oak Ridge Research Reactor (ORR). Some of these
specimens had been preinjected with helium and subsequently annealed
at various temperatures prior to irradiation. One purpose of this
experiment was to determine the effect of the initial helium distribu-
tion on subsequent void swelling. The microstructures which resulted
from helium injection and annealing were also characterized. A major
aspect of the theoretical work was the development and use of a com-
prehensive rate-theory-based model of microstructural evolution. This
model includes the explicit dose dependence of the major extended
defects which evolve in fast neutron irradiated stainless steel:
cavities, Frank faulted loops, and network dislocations. Simpler
models were also used to explore the importance of parameters such as

the critical cavity size for void formation.



CHAPTER 2
BACKGROUND AND LITERATURE SURVEY

Because of the broad engineering interest in the effects of fast
neutron irradiation on structural materials, a substantial amount of
research has been conducted in this area over the past twenty-five
years. In addition to standard texts on this topic,”’+**.'” numerous
internatfonal conferences have been held to discuss the ongoing
research.'® The details of the formation and evolution of the neutron-
incJced radiation damage microstructure are compiex and are thoroughly
discussed in the references just cited; the basic concepts are sum-
marized below. This is followed by a discussion of the published

literature relevant to the present work.
2.1 Generation of Primary and Extended Defects

The process of radiation damage begins with the impingement of a
high energy particle such as a neutron on the crystalline lattice. If
a neutron with energy E, undergoes an elastic collision with a sta-
tionary nucleus of mass A, the kinetic energy, E¢, which can be trans-
ferred to the nucleus has a maximum value of 4AE,/(A+1)?. If the
scattering is isotropic, the average erergy transfer will be one half
of the maximum.”.** If Ey exceeds a value Eq, called the displace-
ment energy, the atom is agisplaced from its lattice site and is

referred to as a primary knock-on atom (PKA). The displacement energy



is a strong function of crystallographic direction; hence an effective
value must be used for any one materfal.?®.?! For example, the dis-
placement energy in the <110> directton of stainless steel has been
measured to be about 18 eV (ref. 22). However, the effective value
which is recommended for this materfal is 40 eV (ref. 23). Using this
effective value of E4 for stainless steel and assuming maximum energy
transfer, the minimum neutron energy required to displace an atom in
this materfal is about 580 eV. Since both fission and fusion reactor
neutron energy spectra include neutrons with energy in excess of
1 MeV, both types of facilities are capable of producing PKAs with a
broad energy spectrum. The details of the PKA spectrum will vary with
the neutron spectrum?® as shown in Figure 2.1.

In collistons with 1 MeV neutrons, the average energy transfer to
a PKA in stainless steel is about 69 keV. Since E¢d>>Eq, the PKA will
recoil with signtificant kinetic energy and be capable of displacing
additional lattice atoms. In elastic collisions between such nearly
equal mass atoms, any energy up to (E¢-E4) may be transferred to what
is termed a secondary knock-on atom. These secondary knock-ons can
in turn yield third and higher generation knock-ons until the last
generatton is produced with energfes less than Eq. At this point the
kinetic energy of the original neutron has bcen converted to many PKAS
(and higher order knock-ons), each of which have in turn produced @
number of displaced atoms in a region known as a displacement cascade.

These displaced atoms will occupy the lattice interstices and are
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called interstitials while their vacant lattice sites are called
vacancies. An interstitial/vacancy pair thus created is referred to
1s a Frenke! pair. The geometry of a two-dimensional displacement
cascade is shown Schematically in Figure 2.2 (ref. 7).

The total neutron fluence (m~? sec~!) does not provide an appro-
priate measure of a material's accumulated radiation damage, in part

because of the energy dependence of the displacement cross sections.
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Figure 2.2. Schematic drawing of two-dimensional displacement
cascade; from Olander, ref. 7.
One of the ecrly attempts to correlate data from reactors with dif-
ferent neutron energy spectra involved the use of a partial neutron
fluence in which only neutrons with an energy greater than some minimum
were counted. Initially, this minimum energy was 1.0 MeV and later
0.1 MeV. This approach was successful to some degree, but it pre-
vented the correlation of data from charged particle irradiations.

A more recent exposure parameter for the amount of radiation
damage which has been accumulatea is the number of atomic displace-
ments that have been generated per lattice atom site (dpa). The number

of displacements is not a direct measure of the residual radiation



damage because this damage is the result of a number of interacting
processes. However, many of these processes are initiated by atomic
displacements so that dpa car be viewed as an exposure unit with a
reasonable physical basis for comparing the damage potenttal of both
reactors with different neutron energy spectra and different charged
particle jrradiation environments.?,2%-27

Various models of the displacement production process have been
proposed. The simplest is that of Kinchin and Pease.?® Their model
assumed binary elastic collisions between hard sphere atoms, used a
step function displacement probability which was equal to 0 for a lat-
tice atom which received less than Eq from a collision and 1 for atoms
which received greater than £4, and accounted for the effect of non-
displacive energy losses between recoil atoms and electrons through
the use of an upper cutoff energy. These assumptions have been
relaxed by subsequent workers, notably Lindhard et al.?* For high
energy PKAs, most calculations support an expression for the number of

displacements produced by a PKA with energy E¢, v(Ey) as:
v(Eg) = G.8 T(Ey) / 2 Egq. (2.1)

The so-called damage energy, T(Eg), in Equation (2.1) can be estimated
from Lindhard's theory?*.?® and accounts for nondisplacive electronic

energy losses at high PKA energies. The most commonly used procedure

for calculating the damage energy was proposed by Norgett, Robinson

and Torrens (NRT).??,2*.,2% For example, using the 69 keV PKA energy
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computed above and taking Eg = 40 eV (ref. 23), T = 45 keV and v(Eg)
= 450 dpa NRT.

The geometry of the displacement cascade has a significant influ-
ence on the number of point defects (vacancies and interstitials)
which survive the infitial event and hence contribute to increasing the
concentration of these defects above their thermal equilibrium values.
Early researchers envisioned the cascade as having a vacancy rich
central region surrounded by an interstitial rich shell similar to
the one shown in Figure 2.2 (ref. 7). Subsequent computer calcula-
tions?®»?! and experimental work??:3? have generally confirmed this
picture. The separation of these two opposite defect types inhibits
their mutual annthilation (recombination). Recombination of Frenkel
pairs during what fs termed intracascade annealing would, in the 1imit
of 100% efficiency, largely eliminate radiation damage. This thermal
rearrangement of the cascade occurs in three steps. The first step
occurs within about 1 x 10-**! sec following cascade production and
eliminates Frenkel pairs which are within a few atomic jump distances
of one another. During the next ~1 x 10°* sec, diffusion of mobile
interstitials to vacancies results in uncorrelated recombination. The
local cascade geometry continues to evolve over somewhat longer times
as both vacancies and interstitials cluster and some of these clusters
in turn dissolve. These clusters also act as recombination sites. A
fraction of the initially produced point defects survive these intra-

cascade annealing and clustering processes as free defects,” 22,2
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These free defects rajse the bulk concentration of vacancies and
interstitials above their thermal equilibrium values.

The small defect clusters which remain as the residue of the dis-
placement cascade can provide nuclei for the formation and growth of
the extended defects discussed below. Additional clusters are formed
when the diffusion of the free defects leads to encounters between
defects of the same type. Depending upon whether they are comprised
of vacancies or interstitials, these clusters may have various mor-
phologies, microvoids, small platelets (dislocation loops) or stacking
fault tetrahedra.?*-** Theoretical calculations indicate that the
stable defect type is a function of the material and the number of
point defects in the cluster.?*-*! Such calculations have had only
limited success at predicting the vacancy-type defect that is observed
experimentally. This may in part be due to uncertainties about key
parameters such as the stacking fault energy and the surface free
eneréy.""' In austenitic stainless steels, quenching studies have
revealed primarily vacancy loops and voids.*? One study reported a
few large stacking fault tetrahedra.*? Low densities of stacking
fault tetrahedra have also been formed by plastic deformation®**.** and
by low temperature electron*® or nickel ion*’ irradfation. There have
been no reports of stacking fault tetrahedra in stainless steels that
have been neutron irradiated at elevated temperatures. [n the case of
interstitial clusters, the stable defect ,s normally both calculated

and observed to be a two-Zimensional plateiet, ?®-%1,°¢
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In addition to point defect and cluster production by atomic dis-
placements, neutron irradiation also produces both solid and gaseous
transmutants.*®~** Solid transmutants have been postulated to influ-
ence the microstructural evolution of stainless steel by varying the
fraction of minor alloying elements, notably manganese and vanadium.®2.%3
However, transmutant gases are generally cons>idered to be more impor-
tant.**»%* As stated above, in both fusion and fast reactor irradia-
tion environments, the principal transmutant gases produced are
hydrogen and helium. The generation rate of these gases is strongly
dependent on the neutron energy spectrum since the relevant cross sec-

tions exhibit an energy threshold®® as shown in Figure 2.3. Helium is
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thought to be of greater importance than hydrogen since helium s chem-
fcally inert and essentially insoluble in metals.*®*.%” Hydrogen is
generally agreed to be 2 fast diffusing species and so is unlikely to
remain free in the metal lattice.®*® There are data that indicate that
hydrogen can affect the irradiation response of some materials.

Bullen et al.** have reported that hydrogen injection prior to 14-MeV
nickel fon irradiation of high purity nickel results in increased
swelling, and Jones®® has indicated that hydrogen embrittlement may
increase crack growth rates in ferritic steels. However, Packan and
Farrell have investigated the effect of hydrogen on void swelling in
an austenitic stainless steel under nickel fon irradiation and found
that it had no significant impact.*®! Since the focus of this work is
austenitic stainless steel, no further discussion of hydrogen effects
will be included. The role of helium will be discussed in some detail
below.

Although stainless steel is a crystalline material, its structure
is normally highly defected. The most common defects are a thermal
equilibrium concentration of vacancies, line dislocations and grain
boundaries.®*?-** These defects determine to a large degree the engi-
neering properties of the material.®?-** Extended defects in fast
neutron irradiated stainless steel include not only these, but also
Frank faulted loops and cavities.”’»!* With the exception of the grain
boundaries, these extended defects can all be thought of as resulting

from the agglomeration of individual point defects which have survived
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the annealing of displacement cascades. Second phase particles in
complex alloys can also be regarded as defect structures. In the
absence of irradiation, their formation and evolution are governed
by solubflity 1imits and solute diffusivities.*® However, neutron
irradiation places the material in a nonequilibrium state in which
certain phases that are normally observed thermally may be either
enhanced or diminished and other phases may appear.*®»*?:¢% The
influence of precipitates on other microstructural features will be
briefly discussed below; however, precipitation as such will not be
discussed here.

The two components of the irradiated microstructure of most
interest here are the dislocations and the cavities. The evolution of
the dislocation microstructure under irradiation is determined by the
loss of network dislocation 1ine length by climb/glide to free surfaces
or mutual annihilation of dislocation dipoles and the replenishment of
the network dislocations by climb sources and faulted dislocation loop
growth and unfaulting. These processes require a flux of point defects
to sustain them. If both vacancies and interstitials arrived at an
edge dislocation at equal rates, no net climb would occur. However,
it is well accepted that dislocations preferentially absorb intersti-
tials because of the interaction of their respective strain fields,*®
leading to a greater dislocation sink strength for interstitials than
for vacancies. This preference is referred to as the dislocation/
ifnterstitial bias. The bias can most simply be defined as the ratio

of the capture rate of interstitials at a dislocation to the capture
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rate of vacancies at a disiocatfon. Other components of the micro-
structure may also be bifased toward either point defect type; the
total system bias is the parameter of most interest.’*-’* 1In addi-
tion, calculatic-; of the dislocation/{iaterstitial bias have shown a
dependence on the total system sink strength as well as the ratfo of
the dislocation sink strength to the total system sink strength.’?.7?
Estimates”»**-7% of the bias in the literature range between about 1
and 100%.

Dislocation loops are formed by the condensation of vacancies or
interstitials into roughly circular disks on or between close packed
planes, respectively [e.g., (111) planes in face centered cubic austen-
ite]. The edge dislocation thus formed encloses a stacking fault and
these faulted loops are called Frank loops.”’+*? These loops may grow
or shrink by absorbing or emitting point defects of the appropriate
type. Since the dislocation has a net bias for interstitials, only
the interstitial type loops have a reasonable probability of growing
very large. Because of the stacking fault, Frank loops are not mobile.
However, the stacking fault can be removed by shearing the crystal
above or below the faultea region. Tnis is accomplished by the
nucleation and movement of a Schockley partial dislocation across the
loop.*? The Burgers vector of the Frank loop is 1/3<111> and that of
the Schockley partial is 1/6<211> leading to a Burgers vector of
1/2<011> for the unfaulted loop. The energy necessary to nucleate the
partial disincation can be provided thermally above about 550 to 600°C

or mechanically due to the interaction of the strain fields of the
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faulted loop and an adjacent dislocation.?**»** This unfaulted or per-
fect loop is mobile and can both climb and glide to eventually become
part of the dislocation netwark. Since mechanisms exist which can both
supply and remove network dislocations and faulted loops, quasi-steady
state dislocation microstructures are observed after an initial tran-
sient.’®+?” The duration of the transient and the steady state dis-
location density are temperature dependent.’® The relative fraction
of the total dislocation density which is comprised of faulted and
unfaulted loops is also determined by the irradiation temperature.’*®
The evolution of the cavity microstructure begins with the for-
mation of small vacancy clusters. As discussed above, these vacancy
clusters can exhibit several morphologies at small sizes. The phenom-
enon of void swelling in irradiated stainless steels indicates that at
some point the cavity becomes the preferred defect (in fact, there was
a recent report of cavities being nucleated on the corners of stacking
fault tetrahedra®®). The cavities grow by absorbing vacancies (inter-
stitial emission is generally negligible) and shrink by vacancy
emission and interstitial absorption. Ffor small cavities the dominant
process is thermodynamically determined to be vacancy emission.7®.%°
Statistical fluctuations can still produce large vacancy clusters
since having vacancy clusters of size (n) and mobile vacancies implies
a ncn-zero probability of having (fewer) clusters of size (n+l) which
can in turn yield clusters of size (n+2) and so on. However, homoge-

neous nucleation rates are computed to be several orders of magnitude
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too small to explain the observed cavity densities.”® ** Hence,
heterogenaous nucleation at pre-existing internal surfaces and inter-
faces or as a result of solute segregation to cavity surfaces is
invoked to explain the experimental results.®®*-** Cavity nucleation
fs also believed to be aided by residual gases®’® (e.g., N, and 0,) in
the material from the melt and by transmutant gases produced under
irradiation.**+*’ For example, the fact that helium is produced in
stainless steel hy (n,a) reactions has already been ment foned.
Because helium i§s insoluble in the atomic lattice, it is likely to
diffuse until 1t is either trapped at a pre-existing defect or
clusters with other helium atoms or vacancies. Small clusters of
vacancies and helium atoms are stable bubble nuclei and would provide
preferred sites for nucleation of larger cavities. Theoretical calcu-
lations indicate that small clusters with approximately equal numbers
of vacancies and helium atoms shculd be highly stable®® and that the
divacancy-mcnohelium complex may be particulariy stable.®*® However,
even when gas-assisted heterogeneous nucleation is considered, a
nucleation barrier remains which must be overcome to yield cavities
which are stable against vacancy emission.

In this context the terms bubble and void can be defined for the
purposes of the present work., A cavity which is primarily stabilized
by 1ts gas content is termed a bubble. The gas pressure in a bubble
of radius rp at temperature T is a significant fraction of the equi-

librium value of 2v/rp, where Y is the free surface energy. A cavity
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which is primarily an agglomeration of vacancies has P<<2v/rp and is
called a void. Experimentally, voids are generally distinguished from
bubbles by the fact that voids tend to be larger and are frequently
faceted while bubbles tend to be spherical. The size of spherical
cavities in the grain boundaries can be used as a measure of the maxi-
mum bubble size.*" Voids are unstable in the absence of irradiation
and will disappear or shrink back to the appropriate bubble size in a
postirradiation anneal while bubbles will persist due to their gas
content. Bubbles produced in fast-reactor irradiations tend to be
small, r ¢ 2.5 nm (refs. 48,90), while void radii may range up to
several hundred nanometers or more.*®:7%,°!,°% These concepts will be
discussed in greater detail in Chapter 3.

The time dependence of the cavity microstructure tends to exhibit
three fairly distinct regions.®® There is an initfal period asso-
ciated with the formation of a subcritical cavity (bubble) population.
During this period 1ittle or no density change as a result of the
cavities is observed and the cavities may remain invisible under trans-
mission electron microscopy (TEM) examination (i.e., rp < 0.5 nm).
Next there is a transient which is a result of some of the subcritical
bubbles reaching the critical radius and beginning to grow as voids.
At this point the cavities are visible under TEM and the reduction in
density due to the void volume is measurable but gererally less than l%.
Finally a regime of "steady state" swelling is reached as those voids

which have previously nucieated grow rapidly by vacancy absorption,
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In some cases the high cavity sink strength cbtained in the steady
state regime can suppress the effective vacancy supersaturation to a
sufficient degree tc prevent further void nucleation. This regime is
characterized by high swelling (values of greater than 30% have been
measured 1n fast-reactor-irradiated AISI 316 stainless steel®?:*?) and
frequently by a bi-modal cavity size distribution wi*ty small subcriti-
cal bubbles and large voids.**.?%.7¢®

Finally, it should be noted thac the discussion of the evolution
of the individual components of the irradiated microstructure is some-
what artificial. In reality, the response of each component is highly
coupled to the others through the competition for point defects and
the influence of the total system sink strength.”® The fact that dis-
locations preferentially absorb interstitials, leading to an excess of

vacancies to drive void growth, 1s just one example of this coupling.

2.2 Effects of Transmutant Helium

The role of transmutant helium in the m.crostructural evolution
of irradiated materials has been the subject of some cebate.*®.°%,°¢
From the time that Cawthorne and Fulton first observed void
swelling,®”+** heltum has been assumed by many workers to play a key
role in assisting void nucleation.®*,7¢,07,90,100  pecent
reviewers®*+*#7,7¢,19% naye discussed the results of both neutron and
charged particle (with helium either preinjected or simultaneously

injected with the damage producing fons) irradiation experiments in
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which the total cavity density appears to increase with helium content.
In some cases the dependence of the cavity density on the helium con-
centration could crudely be described by a simple power law.** Pre-
injected helium aiso appears to increase the density of small disloca-
tion loops at low doses <nd in some cases the network dislocation
density at higher doses.®***®*” Helium has also been reported to retard
the growth of interstitial loops at low doses during charged particle
frradiation.®” This extends the time at which these loops unfault and
become part of the dislocation network.

The effect of helium on cavity density has generally received the
most attention because of {its potential consequences on void swelling.
Odette ard Frei*®? and later Odette and Langley'®? {investigated the
effect of varying helfum generation rates on bubble and void densities.
They found that the bubble density was a strong function of the helium
generation rate and that high bubble densities could lead to a sup-
pression of void swelling. They suggested that metallurgical treat-
ments which promoted a high bubble density could be used to limit
swelling.2%?,292 Sqyngh and Foreman'®® have also investigated the
influence of helium on void formation and found similar results. They
note that their cavity density is roughly proportional to the square
root of the helium generation rate as mentioned above.**:!°* The
experiments which have investigated these effects will be discussed
further below.

The influence of helium on precipitation in complex alloys is

more subtle, Precipitation .nd phase decomposition are largely
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governed by solute atom migration and segicgation. VYarious solutes
(e.g., Ni, Cr, Mo and Si in stainless steel) may diffuse with the
radiation induced point defect fluxes to existing sinks at different
rates leading to local concentratfon or depletion of the solute. When
the local solute concentration exceeds a solubility 1imit, a phase
change occurs. In spite of the fact that helium is a chemically inert
gas, it can have various direct and indirect effects on precipitation.
For example, if helium increases the total system sink strength by
fncreasing the cavity and/or loop density it should also reduce the
amount of radiation induced solute segregation taking place by dis-
tributing the available solutes to more sinks. This should lead to a
finer dispersion of second phase particles and perhaps a lower precip-
itate volume fraction. While some observations are generally con-
sistent with these simple arguments,®?.2°! the details of the effect
of helium on precipitation are more complicated and continue to be a
matter of some discussion,*®,¢7,08,0¢,101,1¢68,10¢

A key parameter to consider in the attempt to extrapolate swell-
ing data from fission to fusion conditions is the ratio of transmutant
helium generated to displacements per atom produced (He/dpa ratio) in
the material. The He/dpa ratio is a function of both the material
selected and the neutron flux spectrum to which it i1s exposed as shown
in Table 2.1.**+** In Table 2.1, HFIR refers to the High Flux Isotope
Reactor and ORR refers to the QOak Ridge Research Reactor, both of which

have a mixed (i.e., thermal and fast neutron) spectrum. The former of
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Table 2.1. Helium/dpa ratio for various materials
and reactor neutron spectra

Type 316
Stainless Steel Molybdenum vanadium
EBR-II 0.385 5.94 x 10°? 5.7 x 10°?
ORR 1.0-10.32 -- --
HFIR 0.2-60.82 0.119 9.38 x 10-?
Fusion Reactor 14.5 5.77 4.86

(3 MW/m?)

ANoniinear due to buildup of *°Ni; indicated values at startup
and after one vear.
these two reactors is of interest to the fusion materials program
since the fast component of the neutron spectrum produces displacement
damage at near-fusfon values, ~1 x 10°* dpa/sec, while the thermal
component produces significant quantities of helium in nickel-bearing

alloys by a two-step reaction:

S*Ni(n,Y)*'Ni(n,a)**Fe . (2.2)

This He/dpa ratio is nonlinear in time due to the buildup of *°Ni,
beginning at <1 appm He/dpa and saturating at ~80 appm He/dpa in a
typical stainless steel. The ORR also produces significant levels of
helfum but at a lower dose rate. A comparison of the neutron spectra
obtained in the Experimental Breeder Reactor-II (EBR-II), HFIR, ORR
and a typical DT fusfon reactor®® is shown in Figure 2.4. Relevant
neutron energy ranges are noted. Although the anticipated value of

the He/dpa ratio in an austenitic stainless steel fusiod reactor first
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Figure 2.4. Neutron energy spectra for three fission reactors
used in irradiation experiments (HFIR, ORR, E3R-II) and a typical DT
fusion spectrum at 3 MW/m? wall loading.*®
wall is bracketed by the values of this parameter in the EBR-1I and
HFIR, the ability to interpolate between data sets generated in these
two fission reactors is complicated by the fact that both theoretical
and experimental evidence indicate that cavity swelling is not a mono-
tonic function of the He/dpa ratio.f*,t°7,108

In general, the infiuence of helium can be summarized as tending
to refine the microstructure of irradiated materials, particularly in
the incubation and transition regimes; increasing both the cavity and

dislocation icnp densities while enhancing and refining precipitation.
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Since helium is a critical factor in determining the scale of the
microstructure, i1ts indirect effects may also be observed in the high

dose or steady state regime as well.

2.3 Theoretical Background

This section presents a summary of previous theoretical work that
provides the background for the models discussed in Chapter 3. Three
key concepts have already been mentioned: (1) the presence of a
biased sink for interstitials, leading to an effective vacancy super-
saturation, (2) tke .mportance of transmutant helium in promoting
bubble formation and (3) the existence of a critical cavity (bubble)
size for void formation. Although thelr interest was in fissionable
rather than structural matertals, Greenwood et al.'®® syuggested two of
these concepts in 1959. They proposed that the formation and growth
of bubbles in nuclear fuel were due to the diffusion and agglomeration
of fission gas atoms and vacancies. They proposed that dislocations
may absorb interstitials "more readily" than vacancies, leaving an
excess of vacancies to drive cavity growth. The converse was also
suggested — namely, that small gas bubbles nucleating on dislocations
may require excess vacancies with the corresponding interstitials left
to drive dislocation climb.*°* This latter mechanism has recently
been proposed to explain the growth of Frank faulted interstitial
loops under thermal annealing following helium injection.*® Finally,
Greenwood et al. also indicated that the bubble density should be

strongly dependent upon the fission gas generation rate. They assumed



25

that a cluster containing two gas atoms and two vacancies would be a
stable nucleus and, using a simple kinetic model, showed that the
bubble density should be proportional to the square root of the gas
generation rate.!®** This approximate dependence has often been
observed experimentally.®*.1°*

The so-called chemical reaction rate theory has been heavily
used in the development of the theory of radiation effects. Early
researchers in this area include Harkness and Li,*'® Brailsford and
Bullough!'!' and Wiedersich.!!? This inftial work focused on deriving
the appropriate sink strengths for the extended defects in the micro-
structure in order to permit the calculation of the rate coefficients
in the theory. Brailsford and Bullough and their coworkers have con-
tinued to contribute to this work as the theory has been devel-
oped,”*.,113-11¢ 31ong with Mansur, Wolfer, Coghlan, Yoo, Heald, Nichols
and Gosele,7°-73,1t7-123  TYhe cyrrent status of the theory of sink
strengths has been well presented in a recent review by that title, **'*
and Mansur has written overall reviews of the theory of radfation
effects.?%,7*

The use of the rate theory will be extensively described in
Chapter 3; a few key points will be 1llustrated here. The effective
medium approach of Brailsford and Bullough'!!.*!% {5 adopted. In
this approach the spatial detatls of point defect production (cascades)
and the microstructure (cavities, dislocations, grain boundaries ... )

are averaged out and replaced with an effective homogeneous medium,
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The properties of the medium are chosen to conserve the generation of
point defects and their loss to the various sinks. The conservation
equations for vacancies and interstitfals are:

dci'v -
T - Gj,v - aCiCy - 04,vCi,v 2 S‘Lv . (2.3)

The subscripts i and v in Equation (2.3) dencte interstitials and
vacancies, respectively. Their concentrations (per unit atom) are
denoted by the Cj , and their diffusivities by the D;j y. The genera-
tion rate, Gy y, includes thermal emission from the extended defects
whose sink strengths are denoted by S{'v. The recombination coef-
fictent, a, mathematically couples the vacancy and interstitial
equations so that they must be solved simuitaneously.

The‘appropriate sink strengths for the extended defects in the
effective medium are obtained by solving a discrete diffusion
problem.?.2!,7%,11¢ [t §s convenient to consider these sink strengths
as having three terms.?!:’* The first is a geometric term which
includes the appropriate dimensions of the sink (e.q., the amount of
dislocation 1ine length per unit voiume). The second term is a sink
capture efficiency or bias. A simple definition of this term was
given above for the dislocation/interstitial bilas. A more general
deftnition is that it is the ratio of the actual point defect current
of either type to a given sink to that which would be ohtained if the
sink caused no strain field in the lattice that gave rise to long

range jnteractions with the defect and if the sink were a perfect
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absorber of that defect. The third term is called the multiple sink
correction factor and it accounts for the correlated loss of point
defects when more than one sink 1s present. This correction 1s neces-
sary because the total sink strength in @ multiple sink system is
greater than the sum of their individual effective-medium sink
strengths.

A simple example of an extended defect sink strength is the stan-

dard result for a straight segment of dislocation network:7.3'.¢*
S AR TR (2.4)

In Equation (2.4) p, is the network dislocation density (m/m*) and the
capture efficiency is:

n 2n
i.V i.v
an (rolrC )

where o is essentially a diffusion length for the point defect in the
medfium and ré-V is tne dislocation capture radius for interstitials or
vacancies. The preferential attraction or bias of dislocations for
interstitials follows from the fact that ré is computed to be

greater than rz due to the interstitial's long range sirain field.**
The diffusion length in Eguation (2.5) is simply the mean dislccation
spacing, (npn)'”. in the absence of the multiple sink strength ccrrec-
tion and takes on a more complex form when this e,fect is included.'*®

Finaily, the sink strengths may take al!ternate forms 1n two

Timiting casec<, These cases are diffusicn-controlleg and reacticn-
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rate-controlled kinetics.”+»*'+7* The former case {5 obtained when

the transfer velocity into the sink (the last defect jump) occurs at
the same rate as diffusion in the matrix, Ve © (Di.v)lb, where b 1s an
appropriate lattice dimension. [n this case the diffusion distance in
the matrix determines the point defect current into the sink. The
latter case, also known as surface-1imited kinetics, occurs when the
sink is a poor absorber and the last jump (or jumps) occurs at a much
lower rate than matrix diffusion. For a simple distribution of N
spherical cavities of radius rc, these two cases yield the following

sink strengths (to lowest order):7.!’

Sc = 4nrcNe  (diffusion-limited) , (2.6)

and

4nr3N
c

(reaction-limited) ,
b (2.7)

Mansur has described the influence of reaction- versus diffusion-
limited kinetics on the predicted dose dependence of swelling.’*
Although the comparison with swelling data s not conclusive, most
workers have used diffusion-limited kinetics, t°?.103,108,118,128-12¢
Exceptions include Yoo and Stiegler’'s analysis of faulted loop growth
in nickel under high voltage electron microscope (HVEM) irradiation
which indicated that the kinetics were reaction limited.'?’
Typically, quasi-steady state so'utions to the point defect

equations are obtained by first setting the time derivatives in
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Equation (2.3) to zero. This implicitly assumes that the point defect
concentrations respond to changes in the sink strengths much more
quickly than the sink strengths change. Calculations of the character-
istic relaxation times for the point defect concentrations to reach
steady state indicate that this is a valid assumption.’ A numerical
solution for Equation (2.3) by Yoo'?? is also available. Other
implicit assumptions in the formulation of Equation (2.3) are that only
the monodefects are mobile and that a single effective diffusion coef-
ficient is adequate to describe the mobility of these defects. The
work of Johnson®® indicates that neglecting the mobility of small
interstitial clusters should not have a significant effect on the con-
centrations of the monodefects. On the other hand, Yoo'?® indicates
that neglecting the mobility of divacancies could lead to errors for
some materials. Mansur’* has suggested that this assumption should be
carefully examined. Regarding the second assumption, Mansur and
Yoo'?® have developed a methodology for computing effective diffusion
coefficients which takes into account the point defect trapping by
solutes. The use of this method permits the calculation of correction
factors for multiple traps and varying trap distributions.

Once the point defect concentrations have been calculated, the
evolution of the extended defects can be determined. To once again
use 3 spherical cavity as an example, the radial growth velocity 1f

one assumes diffusion-limited kinetics ig;7 71,118

! .
= - (2pc -7 C - zf,n o N (7.8
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where CS is the vacancy concentration in equilibrium with the cavity
surface at Fee Equations similar to Equation (2.8) can be written for
the various extended defects and the equations integrated to yield the
time or dose dependence of a macroscopic parameter such as void
swelling. The time step in such an integration is limited by the
quasi-steady state assumption discussed in reference to Equation (2.3).

Numerous workers have compared the predictions of theoretical
models based on the rate theory with experimental data. The results
have generally been reasonably good. The major caveat in this last
statement is a recognition of the fact that many of the physical param-
eters which are required in the rate theory are not well known, partic-
ularly for alloys. Hence the common approach is to try to obtain good
agreement between theory and experiment while maintaining parameter
values within "reasonable” limits.*°%®.32%-32¢ ey parameters which
exhibit some range of values in the 1iterature include the dislocation/
interstitial bias, the self-diffusion energy and the matrix surface
free energy. The influence of these parameters will be discussed
in detail in Chapter 3.

Typical examples of the use ny the rate theory include the work
by Odette and co-workers:©2,103,108,130 g determine the infiuence of
helium on void swelling, Brailsford and Bullough!?! investigating the
effect of stress on swelling and Mansur and Coghlan®?? on the mechanisms
by which helitum alters the irradiation response of a material. Mayer,
Brown and Goselle'?? have reported on their work on nucleation and

growth of voids in a recent series of papers. Ghoniem et a1, '??-13¢
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have looked extensively at the early stages of point defect clustering,
also including the influence of helium. Wehner and Wolfer®®” have
also described the evolution of the vacancy cluster population which
provides the nuclei for subsequent void formation. Hayns'?*®.!?® has
published a model in which a hierarchy of rate equations is used to
compute the homogeneous nucleation of both voids and interstitial loops.

With the exception of Hayns,*?*.!*® the work mentioned above has
pbeen primarily concerned with the cavity component of the irradiation-
produced microstructure. The rate theory has also seen more limited
use as a tool for predicting dislocation evolution. Powell!*?
described a model for the simultaneous evolution of faulted loops and
cavities. The nucleation of these de‘ects was calculated using the
classical nucleation theory**? and the rate theory was used to describe
their growth. A constant network dislocation density was used in this
analysis. More recently, Wolfer and co-workers!?*,!*3 have developed
a phenomenological model of network dislocation evolution to explain
the experimentally observed saturation network dislocation density.
This model has been linked with a rate theory description of void
growth and they have explored the differences between austenitic and
ferritic steels.??¢

Two major shortcomings of the effective medium, rate theory
approach include the spatial averaging of discrete microstructural
features and both the temporal and spatial averaging of point defect
generation. The ability to use the rate theory 3s a tool for

studying radiation effects does not appear to be compromised by these
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approximations. The present work will in fact demonstrate the
potency of the rate theory in this regard. MNonetheless, there are
examples of phenomena which are discrete in time or space which can-
not then be accounted for in the simple theory. An example of such a
heterogeneity is the commonly observed regions near grain boundaries
which are denuded of loops or cavities.***»!** The assumption of
continuous point defect generation was relaxed in work by Brailsford,
Mansur and Coghlan'**:**? {in their cascade diffusfon theory. This
work indicated that there were a limited number of examples in which
the discrete nature of point defect production was significant; one
of those was cascade-induced irradiation creep. These authors found
that the conventional rate theory approach was a limiting case of

their analysis and concluded that it was generally quite accurate.'*’

2.4 Experimental Observations

A few general trends in the behavior of extended defects under
frradiation were given in Sections 2.1 and 2.2. This sectfon is a
sumary of the experimental observations which have been reported for
irradiated austenitic stainless steels. The section focuses on the
cavity and dislocation components of the irradiated microstructure.
Recent publications*®.¢7.¢8,101,108,108 have discussed the presence
and evolution of second phase precipitates in these materials in
great detatl. The influence of helium in moderating the formation of
radiation-induced phases has recefved particular attention in two

reviews.* 1% Wnile the formation of second phases can influence
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the rest of the microstructure (e.g., by altering diffusivities due
to solute depletion®?®,:**,1**) no further discussion of precipita-
tion as such {s included. Maziasz has thoroughly reviewed the radia-
tion effects literature for solution-annealed stainless steel in a
recent report.** Reference to his work will be made as appropriate.
Early work by Bloom and Stiegler,'®*® Brager and Straalsund’® and
Eyre!*! provides a good overall view of the effects of fast neutron
irradiation on the microstructure of AISI type 316 stainless steel.
Odette’® has summarized and discussed in detail the observed data
trends for a number of phenomena in austenitic stainless steels.
Other helpful reviews of the fairly large amount of void swelling data

include those by Garner'®*? and Maziasz.!*?

2.4.1 Role of Helium

Because of the interest in the role that helium plays in micro-
structural evolution, several studies have been made of the annealing
behavior of specimens which had been implanted with helium. This
work typically involves the use of high energy alpha particle beams
from a cyclotron. The beam energy is chosen so that the end of the
range i1s nearly the full thickness of the specimen and the beam energy
is degraded in a cyclic fashion to obtain a uniform distribution of
helfum throughout the specimen.'®*-!*®* [mplantation to a level of 10
to 100 appm He generates about 10°? to 10°? dpa (ref. 157). The work

of most relevance to the present study is tnat by Mazey and Francis,'**®
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Mazey and Ne'son,'®? Smidt and Pieper,'*® Rothaut and Schroeder'*®
and Maziasz.*' Their work involved primarily “cold* (i.e., about
room temperature) helium implantation of solution-annealed 316
stainless steel to levels of 1 to 1000 appm. Following the implan-
tations, the specimens were annealed for times up to 10,000 hours at
temperatures between 200 and 1100°C.

The principal observations of these annealing studies are sum-
marized using representative data from refs. 48, 145 and 158 in
Tat ‘es 2.2 and 2.3. The as-implanted matertals contain a high den-
sity of small Frank faulted interstitial loops. Maziasz fis the only
one who has done quantitative work on the as-implanted material; he
reports ~4 x 10?? loops/m* with a diameter of about 2.2 nm (ref. 48).
Maziasz has also verified that these loops in the heljum-implanted
material are interstitial type.** This result is significant because
Table 2.2 indicates that the loops are growing under thermal
annealing. Interstitial loop growth in the absence of {irradiation
suggests that the materfal is in a nonequilibrium state with net
absorption of thermal vacancies by at least one sink. The fact that
heltum bubbles begin to appear after 10,000 hours at 600°C (ref. 48)
or 1 hour at 700 to 750°C (refs. 157-159) appears to indicate that
this sink is small helijum/vacancy clusters which have a high capture
efficiency for vacancies as initially suggested by Greenwood et al.?®’

Although these studies covered a range of helium levels and

annealting times and temperatures, a fairiy consistent picture emerges
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Table 2.2. Faulted loop evolution in helium-implanted and
aced, solution-annealed 316 stainless steeld.b

Average
Hel fum Annealing Annealing Loop Loop
Implanted Temperature Time Diameter Density

(appm) (°C) (hours) (nm) (10*! m=?)
100 200 1 5.0 7.0
100 500 1 4.6 6.0
100 600 1 10.9 1.8
100 650 1 36.8 0.5
100 700 1 45.0 0.14
100 725 1 59.0 0.008
100 750 0.55 99.0 0.005
100 650 1 36.5 0.5
1C0 650 2 52.5 0.3
100 650 4 65.5 0.2
100 650 16 81.9 0.1
10 650 1 66.2 0.008
100 650 1 36.0 0.5

1000 650 1 28.5 6.5
110 400 10,000 5.3 8.6
110 500 10,000 3.8 8.2
110 600 10,000 28 0.34
110 700 10,000 None observed

dpeference 48, P. J. Maziasz.

bpeference 145, D. J. Mazey and S. Francis.

when the results are compared. Ffor low (<50 appm He) helium concen-
trations and annealing times up to about one hour, faulted loops grow
and coarsen up to about 750°C. At higher temperatures or for longer
times at slightly lower temperatures the loops have ali annealed out.
At high helium levels (~1000 appm He), the loops grow until they
unfault. The loop density tends tc decrease and the average size to

increase as a functicn of time or increasing temperature. The bubble
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Table 2.3. Bubble evolution in helium-implanted and
aged, solution-annealed 316 stainless steeldb

Average

Annealing Annealing Bubble Bubble

Temperature Time Diameter Density
(°C) (hours) (nm) (102* m~?)
600 1 2.5 0.44
900 1 3.9 1.8
1000 1 8.6 0.17
1100 1 15.1 0.054
900¢ 1 6.4 0.25
1000¢ i 11.2 0.11
600 10,000 2.73 7.0
700 10,000 5.50 0.33

dpeference 48, P. J. Maziasz, 110 appm He.

Dreference 158, F. A. Smidt and A. G. Pieper, ~40 appm

C::;c1men accidentally deformed; see text.
densities which form and the temperature at which they are first
observed are strongly dependent on the helium level. For one hour
anneals, bubbles are not seen unti]l the annealing temperature reaches
700 to 750°C if the helium level is <50 appm. At ~100 to 1000 appm
He, bubbles are seen as low as 600°C after one hour and the densities
are much higher at all temperatures. At higher temperatures and for
Yonger times, the bubble size distribution coarsens with a concurrent
decrease in their density. Smidt and Pieper point out the effect of
dislocations on bubble formation in two specimens which were acciden-
tally deformed prior to annealing. These Specimens were annealed at

900 and 1000°C and revealed both larger sizes and a lower bubble den-

sity than their undeformed counterparts (see Table 2.3). These



results will be discussed further in Chapter 4 when the annealing

study from the present work fs described.

2.4.2 Dislocation Structure

The dislocatton structure of austenitic stainless steels is
determined by thermal and mechanical treatment.’®.!%°.1¢°% Tywo common
treatments are solution annealed and 20% cold-worked. The former
condition can be achieved by fairly high temperature (~1050 to 1100°C)
annealing for times as short as 30 min. This results in a fairly
homogeneous dislocation density on the order of 10!? to 10'* m-?

(ref. 48). The 20% cold worked material contains ~1 to 5 x 10** m™?
of dislocation line length which is quite heterogeneously distributed.
The two major features are a coarse distribution of microtwins,
stacking faults and deformation bands along with a finer distribution
of dislocation network.**'.1%? These two components are reported to
have different thermal stabfilities. The dislocation network begins
to show significant recovery and polygonization as low as 650°C while
the coarse structure is stable against recrystalliization up to about
900°C in short term (~10 hours) aging.t®¢%-1e*

Under fast-neutron irradiation, this dislocation structure is
modified and consists primarily of three components: Frank faulted
(sessile) dislocation loops, perfect (glissile) or prismatic dis-
location loops, and a dislocation network. The relative fractions of

these three components and the total density of dislocation line
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length are functions of both the irradiation temperature and the

accumulated dose.*®»7%,159,1%1 [Ipformation concerning this dose and

temperature dependence is summarized in Figure 2.5 (refs. 48,78,91,
97,150,165-168). The general trend observed for temperatures greater
than about 300°C is for the low dose structure to be primarily

comprised of Frank loops, followed by a transition to a mixed popula-

tion of dislocation network and loops. This is consistent with the

argument advanced above that the dislocation network can be generated

by the growth and unfaulting of Frank loops. At temperatures greater
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Figure 2.5. Character of dislocation structure in fast neutron-
irradfated, solutfon-annealed austenitic stainless steel; from
Maziasz.**®* Data references in legend, from top to bottom, are:

(1) Bloom and Stiegler,'*® (2) Maziasz,'** (3),(4) Brager and
Straalsund,’® (5) Cawthorne and Fulton,’” (6) Barton et al.,*! and
Brammon et al.,*** (7) LeNaour et al.,'*” and (8) Bloom et al.'**
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than about 600°C, few loops are observed. Figure 2.6 shows the tem-
perature dependence of the Frank faulted locop density in AISI type
316 stainless steel. This figure includes some of the solution
annealed data from Figure 2.5 (refs. 78,91,150) and additional solu-
tion annealed'¢® and 20% cold worked data.!**.!?° This data indi-
cates that similar loop populations evolve in spite of the fact that
the initial dislocation density is more than a factor of 100 higher
in the 20% cold worked material.!*! However, Bloom and Stiegler!s®
have reported a suppression of faulted loop formaticn in 20% cold
worked materials at 10 dpa and 450°C. This is consistent with the
fact that the latter authors also observed less recovery of the dis-

location network at 450°C than did Brager and Straalsund.!*!
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Figure 2.6. Temperature dependence of Frank faulted loop den-
sity in AISI type 316 stainless steel., Data from Brager and
Straalsund,’® Barton et al.,*! Bloom and Stiegler,!®° Brager
et al.,'*? and Brager.!’?
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Brammon et al.'?! also report similar faulted loop densities in solu-
tion annealed and cold worked specimens. They indicate that at 30 dpa
there was a temperature range over which the faulted loops disappeared
and were replaced by unfaulted laops and network. This temperature
range was 450 to 480°C in solution annealed material and 495 to 530°C
in 20% cold worked material.*”?

The maximum and average fauited loop sizes have been observed to
correlate with the total dislocation density.**®* In that work the
average loop diameter in both solution annealed and cold worked
material was approximately equal to the reciprocal of the square root
of the total dislocation density.’* This value is roughly the mean
dislocation spacing and 1s consistent with the proposed mechanism of
near contart with another dislocation segment inducing a local stress
that initiates the unfaulting reaction described in Section 2.1
(refs. 35,63,169).

The network dislocation density i1s also observed to evolve
toward a steady state value which is independent of the initial
value.’®»77 This appears to be weakly temperature dependent below
about S00 to 550°C and to decrease more sharply above this tempera-
ture as faulted loops no longer provide a significant source for the
network,'®¢,171,172  Some representative data are shown in Figure 2.7
(refs. 75,91,166,172). It is difficult to determine from the litera-
ture the degree to which the value of the network density depends on

temperature. Often the total dislocation density is reported and the
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Figure 2.7. Temperature dependence of network dislocation den-
sity in fast neutron-irradiated austenitic stainless steel. Data
from Brager and Straalsund,”® Barton et al.,®** Brammon et al.,'®*
and Maziasz.!7?
partitioning between network and faulted loop line length is not
clearly stated. For example, the data from ref. 166 shown in
Figure 2.7 include some loop contribution. The authors report the
value of the total dislocation line length and make quaiitative
statements about its character. They rveport no faulted loops above
525°C, a "few” at 512°C and increasing numbers below 500°C. They do
report that the network value was 8.6 x 10** m~? at 480°C with the
loop contribution raising the total to 1.02 x 10'* m~? (ref. 166).
With this as quidance, their data does reflect a trend of not only
higher total dislocation density with decreasing temperature but also
an increasing network dislocation density. This is somewhat in

contradiction to the observations of Brager et al.”’ that the network

density is essentially temperature independent in the range of 450 to
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600°C. Some of the discrepancy may be due to the fact that the two
groups of researchers were examining slightly different steels (U.X.
M316 versus AISI 316). An additional factor could be that there have
not been a statistically significant number of measurements of the
network dislocation density at each temperature. The uncertainty in
such measurements is typically rather large (e.q., 6 + 3 x 10** m?
in ref. 77) due to errors in thickness measurements, dislocation
invisibilities and the probable loss of dislocations to the surfaces
during and after the preparation of thin foils.**® |In this case dif-
ferences of a factor of 2 or 3 could easily be masked by data scatter

and the question of what s “constant” becomes more subjective.

2.4.3 Cavity Structure

The evolution of the cavity component of the irradiated micro-
structure has received more attentfon than the dislocation component.'®
Maziasz*® has summarized cavity statistics for a number of fast-reactor
frradiations of solution annealed austenitic stainless
steel,7%,03,07,180,106-108,170,178 [ygyres 2.8 and 2.9 are repro-
duced from his work.** Figure 2.8 is a diagram showing the
temperaturesdose regimes in which various types of cavity microstruc-
tures are observed. The distinction between bubbles and voids
described in Section 2.1 is observed. Voids are described as being
either precipitate-associated or free in the matrix. [n the inter-
mediate temperature range where precipitate-associated voids are

formed, they tend to be formed at a lower fluence than matrix voids.
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Figure 2.8. Character of cavities formed in fast neutron-
irradiated, solution-annealed austenitic stainless steel; from
Maziasz.*' Data references in legend, from top to bottom, are:

{1) Bloom and Stiegler,*®® (2),(3) Brager and Straalsund,’’

(4) Lee et al.,'”* (5) Cawthorne and Fulton, *’ (6) Barton et al.,*’
and Brammon et al.,*** (7) LeNaour et al.,'*?’ (8) Bloom et al.,***
and (9) Kenfield et al.,'7*
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Figure 2.9. Temperature and fluence dependence of the void con-
centration in fast neutron-irradiated austenitic stainless steel;
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(1) Bloom and Stiegler,'*® (2) Brager and Straalsund,’® (3) Lee et
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Two likely causes for this observation are the precipitate acting as
an efficient collection site for point defects and helium*’*»!?? and
surface energy effects due to the precipitate/matrix interface.'®*
Figure 2.9(a) and (b) show the temperature and fluence dependence of
void concentration.”*.,%!,180,188,187 The general trends are: (1) a
steep temperature dependence, sometimes with a change in slope near
500 to 550°C, and (2) the attainment of a temperature-dependent satura-
tion value at a fairly low fluence. At high fluences, the voids
reach diameters up to ~300 nm while the bubbles remain less than 5 nm
(ref. 48). The bubble density may be much higher than the void den-
sity as shown in Figure 2.9(a) but their small size 1imits thetir
contribution to the overall swelling.

The same general trends are also observed in 20% cold worked
material. In early work the reported influence of cold working was
to reduce swelling.'®®.'7% patchy void formation was observed par-
ticularly in regions where the as-cold-worked dislocation network
showed signs of recovery.'*® Later work following higher fluence
frradiation experiments indicated that the primary influence of cold
work was to extend the incubation time for void swelling and that
once the incubation time had been exceeded similar void densities and
swelling rates were observed.’’.!** This is consistent with the
observed evolution toward a “steady state” dislocation structure
which 15 independent of initial thermomechanical treatment as dis-

cussed above.
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The scenario for void formation from heljium-stabilized bubbles
was described in Section 2.1. One consequence of void formation by
this process should be the appearance of bi-modal cavity distributions.
This would be the result of early bubble-to-void conversion and void
growth leading to a lowered vacancy supersaturation. The reduced
supersaturation would in turn result in an increased critical cavity
radius effectively trapping a bubble population below the critical
size. This result was explicit in the early modeling work of Odette
et al.!*?,!%? and in a recent review, Mansur et al.!”’* have col-
lected an extensive 1ist of references in which bi-modal distributions
were reported in varfous irradiated materials. A part of Table }
from that work!?® {s reproduced in Table 2.4 and shows the broad
experimental support for this mechanism of void formation. Mansur et
al. pointed out that mos* ~ the references in Table 2.4 are fairly
recent.!?® Egarlier wor. - ; may not have observed the population of
fairly small (~1 to 3 nm diameter) bubbles when using transmission
electron microscopes which had more 1imited resolution. Therefore
the phenomenon of bimodal cavity distributions may be even more

general than Table 2.4 indicates.

2.4.4 Swelling Behavior

An overview of the swelling behavior of A{SI type 316 stainless
steel is provided by reference to the RS-1 experiment in the
EBR-I1.%%.92.,1%2 This experiment was designed to irradiate a number

of heats of 20% cold worked type 316 stainless steel to doses up to
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Table 2.4. Reported observations of bimodal cavity size
distributions in austenitic stainless steels
Alloy I??ggfgt?;n Investigators Z:E:r
Type 316 SS Neutrons (EBR-II) Brager & Straalsund 78
(1973)
Type 316 SS Neutrons (HFIR) Maziasz et al. (1976) 179
Type 316 SS Neutrons (EBR-11) Maziasz & Grossbeck 95
(1981)
Type 316 SS Neutrons (EBR-II) Hishinuma et al. (1982) 180
Type 316 SS Neutrons (EBR-II) Brager & Garner (1981,84) 181,182
Type 316 SS Neutrons (HFIR) Brager & Garner (1983,84) 96,183
Ti-modified Neutrons (HFIR) Maziasz & Braski 184
PCA (1984)
Ti-modified Neutrons (HFIR) Imeson et al. (1984) 185
PCA
Type 304 SS Ions (He pre- or Spitznagel et al. (1982) 186
coinjection)
Type 316 SS Ions (He coinjection) Kohyama et al. (1984) 187
Austenitic Tons Sindelar et al. (1984) 188
Fe-Cr-Ni-Mo
Type 316 SS Ions Sindelar et al. (1985) 189
Ti-modified Ions (He coinjec- Lee et al. (1983) 190
316 tion, pulsing)
Type 316 SS Ions (He pre- or Levy et al. (1985) 191
coinjection)
Austenitic fons (He pre- or Lee & Mansur (1985) 192
Fe-Cr-N{ coinjection)
Type 321 SS fons (He pre- Mazey & Nelson (1976) 157
injection)
Austenitic Ions (He pre- or Packan & Farrell (1979, 61,193
Fe-Cr-Ni-Mo coinjection) 83)
Austenitic Ions (He co- Ayarwal et al. (1979) 194
Fe-Cr-N{ injection)
Ti-modified Ions (He pre- or Kenik et al. (1979, 81) 107,195
316 SS coinjection)
Type 304 SS Ions (He pre- or Choyke et al. (1978,81) 196
coinjection)
Type 316 SS Ions (He coinjection) Wood et al. (1981) 197
Type 316 SS Ions (He coinjection) Ayrault et al. (1981) 198
Ti-modified Ions (He coinjection) Hishinuma et al. (1981) 180

316
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85 dpa in the temperature range of 370 to 650°C. These conditions
exceeded the requirements of temperature and dose required for ser-
vice as cladding material in the first core of the Fast Flux Test
Facility (FFTF). Several of the heats included in the RS-1 experi-
ment were melted and formed in accordance with the specification for
FFTF first core cladding.®® These heats were designated 88, CN-13,
CN-17, X and 81615C and will be collectively referred to below as the
first core heats. The RS-1 experiment also included several other
heats which did not meet first core specifications because of
deviations in either composition or fabrication.

The swelling of the first core heats is shown as a function of
irradfation dose in Figure 2.10(a) and (b). The irradiation dose in
dpa was obtained by multiplying the reported fast-fluence by a con-
version factor which is dependent upon the neutron spectrum flux and
hence upon the axial position in the core.'®*? This is reflected in
different conversion factors for different irradiation temperatures.
A typical spectral-averaged displacement cross section for fast-
reactor irradiations is S dpa per 102® n/m? (E > 0.1 MeV). The
actual values in the RS-1 experiment range from 4.6 to 5.2 (ref. 152).
In Figure 2.10 the data have been shown as three trend bands for the
temperature ranges indicated. These temperatures do not correspond
to the design temperatures mentioned above since subsequent analysis
has indicated the actual irradiation temperatures deviated from the

design values.'®® Most earlier analyses of these data have not taken
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Figure 2.10. Fluence dependence of swelling of 20% cold-worked
type 216 stainless steel in three temperature ranges. FFTF first
core heats from the RS-1 experiment. Data from Bates and Korenko,*?
Yang and Garner,®’ and Garner,'®?
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this information into account.’?.%?,182,183,200  The deviations from
the design temperatures increased with exposure due to unpredicted
declines in the gamma heating.'** Hence the experiment was not
completely isothermal — tne largest decrease was 30°C for the speci-
mens designed to be at 650°C. This is potentially significant to the
analysis of these results because of the reported sensitivity of
swelling to temperature changes.®?:29:.202 The temperatures used in
this work are averages of the recalculated temperatures for the four
discharges of the RS-]1 experiment. These values are compared to the
design values in Table 2.5. The actual temperatures shown in Table
2.5 reflect a significant compression of the temperature range when
compared to the design values.

Table 2.5. Revised average and design

frradiation temperatures in the
RS-1 experiment

Temperature, °C

Average Destgn
377 370
396 400
419 433
444 467
465 500
485 533
509 567
530 600
$62 650

The data in Figure 2.10 show the approximateiy bilinear swelling

behavior referred to earlier. There is a temperature-dependent
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incubation time followed by a transition to “"steady state® swelling.
The width of the data band is not solely due to the range of tem-
peratures. The representative data points at each of the three tem-
peratures in Figure 2.10(b) give an indication of the scatter at any
one temperature. In addition, there are heat-to-heat variations in
swelling.”’® This is illustrated by comparing Figure 2.10(b) with
Figure 2.11 where all of the U.S5. heats of 20%-cold-worked 316
stainless steel from the R5-1 experiment have been included. In the

latter figure the scatter in the data at 80 dpa has almost doubled.
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Figure 2.11, Fluence dependence of swelling at 509 to 562°C for
all U.S. reats in the RS-1 experiment. Data from Bates and Korenko,'?
Yang and (arner,'® and Garner,'?%?
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From an engineering standpoint, data such as shown in
Figures 2.10 and 2.11 can be useful in spite of the scatter. For any
reactor design, it is unlikely that the actual operating temperature
of a component will be known with much greater certainty than the
temperature ranges shown in these figures, and some temperature fluc-
tuations may be anticipated. One can make conservative use of such
data by using the upper bound of the data trend curves. It is more
difficult to use these data for fundamental studies of the behavior
of fast-neutron-irradiated materials. Nonetheless, in a sufficiently
large data base, valid trends may be observed.

One attempt has been made to determine the temperature depend-
ence of the swelling rate in the materfals irradfated in the RS-1
experiment. Garner has pointed out the hazard of looking at the
swelling rate when the irradiation dose is too low.**2.2°? The
approach followed here was to calculate the swelling rate assuming
linear swelling between the values measured at the two highest doses.
This dose increment was 50 to 59 dpa at 396°C, 62 to 72 dpa at 419°C,
51 to 60 dpa at 445°C, 69 to 82 dpa at 466°C, 62 to 74 dpa at 485°C,
74 to 87 dpa at 509°C, 70 to 81 dpa at 530°C, and 73 to 85 dpa at
562°C. Reference to Figure 2.10 indicates that, except for the lowest
temperatures, such swelling measurements would be well beyond the
incubation and transition regimes. The average linear swelling rates
have been plotted in Figure 2.12 as a function of swelling. The
swelling values on the abscissa of Figure 2.12 are the average of the

two values over which the swelling rate was calculated. Figure 2.12(a)
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shows all the data broken into two rough temperature bands with most
of the data approaching a value of about 0.8%/dpa at the highest
swellings. The trend with swelling 15 clearer in Figure 2.12(b)
where only the lowest four temperatures are plotted. Here the
influence of the transition regime is clearly seen at the lowest
swellings, as Garner indicated. No influence of temperature can be
seen for these four temperatures. However, Figure 2.12(c) indicates
that there may be some temperature dependence at the higher tempera-
tures. This figure shows a region of considerable data scatter
around 0.6%/dpa for all four temperatures. This scatter is to be
expected given the scatter in the swelling data in Figures 2.10 and
2.11. However, there is also a clear separation of three groups of
data at 509, 530 and 562°C. Data are available over the largest dose
range at 509°C and the calculated swelling rates indicate that at
this temperature the swelling rate is fairly constant between swell-
ings of 12 and 25%. This supports the assumption that the calculated
swelling rate of ~0.7%/dpa at 25% swelling represents a steady-state
value. Therefore, the data at 562°C are particularly significant
because the swelling rate is almost a factor of 2 greater than at
530°C at the same swelling and 50% higher than the 509°C data which
is at an even higher swelling. Heat-to-heat variations cannot be
responsible for this grouping because each temperature set has all
five first-core heats included. The observed scatter at the three

highest temperatures in Figure 2.12(c) do reflect specimen-to-specimen
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varfations at any one dose and temperature condition. These varia-
tions have blen neglected in the data which were highlighted. Exam-
ining all the data indicates some overlap of the calc;lated swelling
rates at the extremes, but this does not alter the concliusion of an
apparent marked temperature dependence persisting to fairly high doses.

Four environmental or irradiation variables which are known
to influence swelling are the damage rate,'*’.?°* He/dpa
ratio,*®-%%,197,103 ctress?®8-297 and temperature changes during
frradiation.®?,201,202,208,280 pBefore closing this chapter, each of
these four will be discussed in the light of the general theoretical
concepts which are believed to govern void swelling. Some of these
data will be discussed in more detail below when the results of the
present work are described.

The effect of stress is perhaps the least ambiguous. Recent
experiments?°%-297 have shown that applied tensile stresses up to the
proportional elastic 1imit of the material tend to decrease the
swelling incubation time. Stresses in excess of the proportional
elastic 1imit can extend the incubation time due to the introduction
of addftional dislocations fn the specimen.?°*.2°¢ The effect is
most significant at relatively high temperatures (1.e., greater than
about 600°C). Garner et al.?°* sunmarized the results of several
experiments and indicated that the following relatfonship described
the influence of an applied hydrostatic stress, o, , on the incubation

parameter,®? t, at a temperature, T:
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t(T.oH) ® to(T) - q(T) o - (2.9)

In Equation (2.9) 1 is the stress-free incubation parameter and q(7)
is the experimentally determined stress correction factor.?®* Using
the results of two heats of 20% cold-worked type 316 stainless steel,
Garner et al. found q(T) ~ 0.015 x 10?®* n/m*/MPa for T < 600°C, but
that it rapidly increased at higher temperatu <s; q(T) = 0.061, 0.31
and 1.58 at 650, 700 and 750°C, respectively.

The temperature dependence of this effect correlates with the
temperature dependence of the critical cavity size,*?*.2!® and stress
has been shown to reduce the critical cavity size in a way which is
consistent with the experimental observations.?!?»2%2 The effect of
stress is to increase vacancy emisston from dislocations. This pro-
vides a small increase in the vacancy supersaturation. For high
temperatures, where the supersaturation is low, this increment in the
supersaturation due to stress can be significant. This would lead to
a reducea -~-~itical cavity size and hence a reduced incubation time.

The effect of nonfsothermal frradiation can also be understood
in terms of the critical cavity size and the effect of temperature on
microstructure. The dependence of swelling on temperature changes s
somewhat complex, depending on whether the temperature change takes
place early or late relative to the incubation time and whether the
temperature increases or decreases., Yang and Garner have discussed

several experiments.®? Unfortunately, some of their analysis was
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based on the erroneous, fnitially reported temperatures from the RS-1
experiment discussed above. This makes it difficult to determine
both the sign and the magnitude of the temperature changes in some
cases. The general trend in these experiments is for there to be a
period following the temperature change during which the microstruc-
tures (cavity and dislocation densities) adjust to the new tempera-
ture. This is followed by swelling behavior which is characteristic
of the new temperature. The influence of the previous temperature
may persist if the microstructure, in particular the cavity density,
does not reach the value which would be obtained in an fsothermal
frradiation at the new temperature.

Makin2°® has reported on a large number of high voltage electron
microscope (HVEM) irradiation experiments. That work shows a strong
correlation between the swelling rate at any temperature and the
cavity density which has developed. He indicates that, following a
change in temperature, the swelling rate is determined by the cavity
density and the new temperature. Because the swelling rate is not a
monotonic function of the cavity density, changes between any two
temperatures can lead to either an increase or a decrease in the
swelling rate.?°*

A representative example of the effect of temperature changes is
provided by the data of Bates??? which were also analyzed by Yang and
Garner.*? In one of these experiments, specimens which had been
irradiated at nominal temperatures of 533, 600 and 650°C for up to

about 25 dpa were reirradiated at 625°C for another 25 dpa. The
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specimens which experienced the +25°C temperature change evidenced
Tittle effect, while the specimens which experienced the 92°C tem-
perature jncrease showed a clear reduction in swelling for about
15 dpa. The swelling was only about (0.5% at the time of the tem-
perature change, and the results of the 93°C temperature increase are
consistent with the behavior that would be expected 1f cavities which
were small voids at 533°C were below the critical ~ize at 625°C.
Such cavities would shrink until subsequent irradiation had supplied
additional gas to promote them to voids at the higher temperature. A
second experiment involved large temperature reductions from initial
values of 526 and 585°C to 416, 431 and 458°C (initial T « 526) and
423, 442, 498 and 503°C (inftfal T = 585°C). The temperature change
was gradual and began at about 30 dpa, near the end of the incubation
regime for an isothermal irradiation. The irradiation was terminated
at 50 dpa. In all cases the swelling was significantly increased
relative to isothermal irradiation and the increase was greater for
specimens which saw greater temperature decreases. This result can
also be understood in terms of the effect of temperature on the criti-
cal stze. Cavities which were subcritical at the higher temperatures
would exceed the critical size for unstable void growth as the tem-
perature decreased. This would result in an abrupt termination of
the incubation regime and rapid swelling.

The effect of damage rate in experiments which use charged par-
ticles to simulate neutron damage has received considerable attention

because such dose rates are typically a factor of 100 to 1000 times
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the fast reactor value.’*»7¢.213-21% Hoyever, dose rate has often
been a neglected variable in neutron-irradiation experiments. These
experiments typically experience dose rates which vary by at least &
factor of 2 as a result of spectral differences between various loca-
tions in the reactor.!®?.1¢7,2¢% pecent data from the French fast
breeder reactors PHENIX and RHAPSODIE have demonstrated that such
relatively small variations in the dose rate can have a major effect
on microstructural evolution.!*”.2** That work involved irradiations
at temperatures between 577 and 617°C up to about 55 dpaF (1 dpaf ~
0.77 dpa NRT). The dose rate in these irradiations varied between
6 x 107 and 2 x 10°* dpaF/sec. The major trends observed include:
(1) a higher dose rate increases the total dislocation density as a
result of enhanced loop formation and (2) the higher dose rate res:Its
in an extended swelling incubation time. These two results are con-
sistent with the higher dislocation density leading to a reduced
vacancy supersaturation at low doses. This would in turn increase
the critical cavity size and hence increase the dose required for the
cavities to become voids. The actual situation may be somewhat mcre
complex since the higher dose rate would also tend to increase the
vacancy supersaturation.

The effect of the He/dpa ratio on microstructura! evolution has
been examined most extensively in charged particle irradiations; the
major observations have been summarizeg above. One significdant

result from a dual ion irradiation 15 shown in Figure 2.i3 (ref. 10/).
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Figure 2.13. Influence of He/dpa ratio on cavity formation and
void swelling in a titanium-modified type 316 stainless steel irra-
diated to 70 dpa at 625°C. Photographs from Kenik and Lee, ref. 107.
In this experiment, Kenik and Lee irradiated a titanium-modified type
316 stainless steel with 4 MeV Ni ions to 70 dpa at 625°C. The He/
dpa ratio was varied by injecting helijum to the desired level using a
second accelerator. The value of 0.2 appm He/dpa represents near fast
breeder conditions, and the 20 appm He/dpa simulates fusion conditions.
The no-helium case provides a reference point for the others. The
results indicate that swelling may not be a monotonic function of the
He/dpa ratio. This observation is consistent with theoretical work
which predicted a swelling peak at intermediate He/dpa ratios.'®*

This follows directly from the observed He/dpa ratio dependence of
the cavity density and the critical radius concept. [f one adopts
the low ne/dpa ratio result as a reference case, small increases in
the He/dpa ratio serve primarily to shorten the swelling incubation

time by providing more gas to drive bubble-to-void conversion. If
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incremental increases in the cavity density are also observed, then
higher swelling rates could also result if the cavities do not become
the dominant sink in the system. For large increases in the He/dpa
ratio, an alternate path of cavity evolution may be followed. In
this case high bubble densities result in an extended incubation time
as the helium and vacancies must be partitioned to many sinks. If
the cavities become the dominant sink, bubble-to-void conversion may
be eliminated altogether and only bubble swelling would be observed.
Only a 1imited amount of information about He/dpa ratio effects
has been obtained under fast-neutron irradiation. Most of this work
has involved comparisons of irradiation experiments in the EBR-II and
the HFIR. There is sufficient data from both reactors to permit direct
comparisons for only one heat of solution-annealed and 20% cold-worked
type 315 stainless steel, the DO-heat.*®+%%,98,183,181,182,183,71¢
The comparison is somewhat complicated by differences in damage ievel
and irradiation temperature as well as uncertainties about the HFIR
irradiation temperatures. The dose dependence of the D0-heat
swelling data is shown in Figure 2.14 (ref. 153). The data shown in
Figure 2.14 indicate that the increasec He/dpa ratio in the HFIR can
lead to either increases (SA) or decreases (CW) in swelling relative
to EBR-II. This observation can be understood if the cavity distri-
butions for the various conditions are examined. A comparison cf
these cavity distributions s shown in Figure 2.15. Parts (a) ancd

(b) of Figure 2.15 compare specimens ot 20% cold-worked DO-heat that
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Figure 2.14. Comparison of the swelling behavior of solution-
znnealed and 20% cold-worked DO-heat in the HFIR and EBR-II. Figures
from Maziasz, ref. 153.
were irradiated in the EBR-II (a) and HFIR (b). The irradiation tem-
peratrres were 500 to 550°C and dose was 69 dpa in EBR-II and 61 dpa
in the HFIR. There is a clear qualitative difference between the
cavity microstructures which have evolved. The HFIR specimen has. a
high density of fairly small bubbles, while the EBR-II specimen has
primarily large voids, many of which are attached to precipitate par-
ticles., The apparent influence of the higher He/dpa ratio in the
HFIR has been to promote bubble formation to such a degree that the
bubbles have failed to reach the critical size by 61 dpa.

A comparison of solution-annealed specimens irradiated in the
EBR-I1 and the HFIR is shown in Figure 2.15(c,d). Although the dose
is somewhat lower for the solution-annealed specimens, the solution-
annealed material from the HFIR is quite similar to either cold-

worked or solution-annealed material in the EBR-II. The difference



63

- CW 316
(a) EBR-I 510-550 °C

31 dpe 18 appm He
0.5% swelling

Comparison of the cavity distributions observed 1n
the DO-heat of type 316 stainless steel after irradiation in the
EBR-IT (a,c) and HFIR (b,d) at 500 to 550°C. Specimens shown in (a)
and (b) were initially 20% cold-worked while those in (c) «ad (d)
were solution-annealed. (Photographs courtesy of P. J. Maziasz, ORNL).

Figure 2.15,
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between the cold-worked and solution-annealed material in the HFIR
could be an effect of the initial dislocation density on bubble for-
mation. Dislocations are known to provide favorable bubble nuclea-
tion sites and at low doses a higher bubble density forms in the
cold-worked material. This can lead to swelling suppression by the
helium and vacancy partitioning arguments advanced above. The bubble
density in the solution-annealed material apparently failed to reach
a sufficiently high value to suppress void formation. In this latter
case the effect of the higher helium level was to shorten the swel-
ling incubation time by promoting bubble-to-void conversion. These
results tend to confirm the hypothesis advanced by Odette and
co-workers'®?.193 that microstructural control may be one method of
suppressing (or delaying) swelling in austenitic stainless steels.
Recent work by Maziasz and Braski'**s?!7 and by Mansur et al.!”" sup-
ports this contention.

Finally, it should be pointed out that an alternative interpre-
tation of the high fluence fast reactor swelling data and the HFIR/
EBR-II comparison has been advanced by Garner and Brager®®.!%2,18:-
163,218-223 and Garner and Wolfer.??? These workers have focused on
the effects of compositional fluctuations and the evolutton of precio-
ftation under irradiation and contend that it plays the dominant role
in determining the response of irradiated alloys;??’ they indicate that
microstructural evolution is due to a concurrent microchemical evolu-
tion which involves primarily carbon, silicon and nickel, They state

that the average nickel content of the matrix is a reliable indicator
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of having attained the “"steady state™ swelling rate in austenitic
stainless steels. If Cc, Cgy and Cyy are the infitial atomic frac-
tions of these alloy components, then the critical matrix nickel con-
tent is given to be Cﬁi = Cyg - 3 (Csq + Cc) (ref. 221). For a type
316 stainless steel, C;1 ~ 9%. This nickel depletion of the matrix
1s a result of the formation of precipitates which are rich {n both
nickel and silicon. Some of these nickel- and silicon-rich precipi-
tate phases are thermally stable (e.g., eta) and are enhanced under
irradiation while otners do not form thermally in type 316 stainless
steel (e.g., Y and G phase) and appear to be radiation
induced.*®»%%,106,223,22¢

Radiation-induced solute segregation is known to play a signif-
fcant role in the microstructural evolution of irradiated materials.”*
For example, point defect diffusivities are known to be sensitive to
the concentrations of solutes such as silicon.??®+.22¢ The depletion
of the fast diffusing silicon would tend to increase the effective
vacancy supersaturation by lowering the self-diffusion coefficient.
This would in turn permit easter void formation.??”’ However, the
fact that nickel has been observed to segregate to void surfacest*’.?*¢
seems tnconsistent with the argument that voids preferentially form
in nickel-depleted regions. Maziasz®® has pointed out that the
observed nickel depletion may be a result of void formation, and not

the cause.
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The influence of the He/dpa ratio on microstructural and micro-
chemical evolution remains an unresoived controversy. While Maziasz
and co-workers see significant qualitative and quantitative differences
between the results of D0-heat irradiations in the HFIR and
EBR-II,%®%,%2.98,101,22% Garner and Brager report relatively little
effect.?®,182,21%  The jJatt2r workers point out that the absolute
swelling levels in some cases are not too different in the two reac-
tors and believe that the progression of an inevitable microchemical
evolution will eventually lead to the same behavior at any He/dpa
~ratio. However, a recently completed experiment lends support to the
conclusion that swelling can be influenced by the He/dpa ratio via
tts effect on the cavity density.?’® This experiment incliuded both
solution-annealed and 20% cold-worked specimens of the U.S. fusion
program's prime candidate alloy (PCA) and N-lot type 316 stainless
steel. The specimens were frradiated in the HFIR for about 22 dpa at
400, SO0 and 600°C. These same specimens were then irradiated at the
same temperature in the FFTF for another 35 dpa. Based on experi-
ments in the EBR-II, frradiation of the 20% cold-worked N-lot speci-
mens to 60 dpa in a fast reactor neutron spectrum should have led to
about 10% swelling. The observed swelling in the sequential irra-
diations was about 0.5% at 600°C and 1.8% at 500°C. The swelling of
the other specimens in this experiment was similarly reduced. These
observations are consistent with the high He/dpa ratio in the HFIR

having led to a high bubble density that suppressed subsequent
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bubble-to-void conversion in the FFTF which has a muck lower He/dpa
ratio. This could result from a combination of two effects: (1) the
high bubble density can suppress the vacancy supersaturation leading
to an increased critical cavity size and (2) the available helium
must partition to more bubbles requiring more time for any one bubble
to obtain the critical number of gas atoms. Higher fluence irra-
diation in the FFTF and microstructural examination of these speci-
mens should help clarify these results. The resolution of this issue
has significant implications for near-term fusion reactors and some
of the work presented below aims to improve the theoretical

understanding of the influence of the He/dpa ratio.
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CHAPTER 3
THEORETICAL MODELS

This chapter contains a discussion of the theoretical models
which have been developed and used in this work. The assumptions upon
which these models are based and the limitations to their use are
discussed where appropriate. This work builds on the foundation of
the rate theory, as discussed in Section 2.3. The new work presented
here includes the development of analytical expressions for helfium
bubble parameters using a hard sphere equation of state, a direct com-
parison of the importance of helium and vacancy accumulation in void
nucleation and the development of a detajled composite model of
microstructural evolution. Rather than foregoing a discussion of the
results of the calculations untdl a later chapter, it seemed most
natural to discuss these results as they are presented. The key
results will once again be sumarized in Chapter 5.

The philosophy which guided the modeling effort was to include
sufficient detail so as to permit the description of the physical pro-
cesses which are known to be important while avoiding unrecessary
complexity. "Sufficient” detail can be defined as that level of model
sophistication which permits one to predict observed data trends for
the experimental conditions of interest, while “unnecessary"” complex-
ity s that which leads to a proliferation of largely unknown physical
parameters. There is some trade-off involved here. Even simple

models include parameters for which no well-defined value exists.
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Model predictions can vary significantly depending on the values
assumed for parameters such as the dislocation-interstitial bias or
the matrix surface free energy. In addition, equivalent results can
often be obtained with different sets of parameter values. More
detailed models typically have more parameters. However, including
more detail (additionai physical mechanisms) can constrain the problem
by limiting the range of parameter values which give rise to reason-

able predictions. This will be discussed in more detail below.

3.1 Helium Equation of State
3.1.1 Introduction

Before proceeding to describe the general features of the models,
the equation of state used to compute helium bubble parameters will
first be discussed. The importance of transmutant helium in promoting
void formation was described above; hence modeling void swelling
requires solution of equations describing helium bubble behavior. The
fdeal gas law provides a first approximation for this purpose; how-
ever, for small bubbles the internal gas pressures are much too high
to be adequately described by this simple equation of state.

The three parameters of most interest are the stable bubble

radius, r the critical bubble radius, r; and the critical number of

bl

helium atoms, m’

He’
for the ideal gas case. The use of a more complicated hard sphere

Expressions for these parameters are first derived

equation of state is then discussed. Numerijcal calculations of the

helium bubble parameters using the hard sphere equation of state are
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presented and compared with the ideal gas results. The comparison
indicates that the functional dependence of the critical bubble param-
eters on a variety of physical variables is generally preserved. This
has permitted the formulation of two “"master curves® which describe
the deviation from ideal gas behavior as a function of the effective
vacancy supersaturation only. The use of the master curves provides
simple analytical expressions for the minimum critical radius

r;(mﬂe) and mﬁe analogous to the ideal gas results. In addition, the
helium bubble radius computed using the hard sphere equation of state
was found to deviate in a systematic way from the ideal gas radius.
Hence, a8 third master curve was deveioped which allows the direct
calculation of the "real gas” bubble radius from the ideal gas value.
A rate theory based model of void swelling was used to demonstrate
that results obtained using the analytical expressions preserved the

accuracy of numerical solutions.
3.1.2. Critical Helium Bubble Parameters

In the context of the rate theory description of void
swelling,”%+29%:231 the equation describing the growth rate of a

cavity with radfus Fe is:

N
(a4 el

i c C c C
= 7o (B0, - Z{0iCy - Z00.C))

R B VvV ’ (3.1)

where ZSDVCv and Z$01C1 are the point defect fluxes impinging on a

cavity of radius Feo and zjovcj is the rate of vacancy emission from
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the cavity. The parameters Fs and Fv fn Equation (3.1) are geometric
terms used to compute the surface area (Fsr;) and volume (er;) of
nonspherical cavities.”*»**! For a sphere, Fs = 41 and Fv = 4u/3.
Values for Fs and Fv will be discussed in Sectfon 3.3.1.1. The capture
efficiencies (Zs and Zf) in Equation (3.1) are frequently taken to be
equal to 1.0; here they reflect the multiple sink strength correction
to the cavity sink strength as given in Section 3.3.1.3. The vacancy

concentration in local equilibriur 4ith the cavity is:
c e 0 2y
C, = C, exp [ET (FE - P)] . (3.2)

In Equation (3.2) C: is the thermal equilibrium vacancy concentration,
1 1s the atomic volume, v is the surface free energy, P 1s the cavity's
internal gas pressure and kT has its usual meaning. In the following
discussion, two types of cavities are distinguished. Cavities which
are stabilized by their internal gas pressure (i.e., P ~ Zv/rc) are
referred to as bubbles while cavities which are primarily agglomera-

tions of vacancies, P <« Zv/rc. are called voids.

3.1.2.1 [deal Gas Results

For purposes of i1llustration, the ideal gas behavior will be con-
sidered first. A typical plot of Equation (3.1) is shown in Figure 3.1,
e 1S the number of helium atoms in the cavity and r, and r;
denote the stable bubble and critical bubble radii, respectively. The

where m

parameter S 1s the effective vacancy supersaturation:
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Figure 3.1. Typical plot of the cavity growth rate as a func-
tion of the cavity radius.

c C
20 C -2.0.C.
S=VVZ ell‘l' (3.3)
ZVDVCV

Due to the irradiation-induced vacancy supersaturation, " generally
exceeds the radius of an equilibrium bubble with the same helium con-
tent by a small fraction; hence P is somewhat less than 2v/rb. The
roots of Eg-arion (3.1) can be obtained by substituting Equation (3.2)
for C: in Equation (3.1) and setting P = Mo kT/er;. Equation (3.1)

then becomes:
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e 0
( ) re + F;—Tﬁg =0 . (3.4)
The curves labeied I and II, III and IV in Figure 3.1 represent
three different cavity states: subcritical, critical, and supercriti-
cal, respectively. Mathematically, they descr.oe the situations in
which Equation (3.1) or tquation (3.4) have: (1) three real and un-
equal roots; (2) three real roots of which at least two are equal; or
(3) one real root and two conjugate imagiiary roots.?’? One of the
three roots of Equation (3.4) is always negative. When they exist,

the real and positive roots are denoted here r_ and r:. The region of

b
negative drcldt in Curves I and Il represents a barrier to void nuclea-

tion. If a cavity absorbs excess vacancies without a proportional
increase 1in mHe' the probability of vacancy emissfon is increased, and

the cavity (bubble) will tend to shrink back to r Of course, sta-

b.
tistical fluctuations would still allow a small number of cavities to

reach r;. at which time they would be considered voids. This is the

process of classical nucleation. For cavities larger than r;. no

barrier to further growth exists, and such cavities grow unstably by

~ }
He ® mHe and rb s rc. This case

represents bubble-to-void conversion by the accumulation of transmutant

vacancy absorption. In Curve III, m

helium. This 1s believed to be the most 1ikely mechanism of void for-
mation in irradiated stainless steels. For damage rates characteris-

tic of neutron irradiation conditions, classical nucleation rates are

much too low to explain the experimentally observed void densities.

This 1s particularly true for temperatures greater than about 500°C,
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even when effects such as solute segregation or heterogeneous nuclea-
tion are involved.®*»7¢,83-¢%,87  [£4inally, Curve IV would describe a
cavity with m, > mﬁe for which only void growth is possible. In this
case there are no physically realistic roots to tEquatinn (3.4), and
the void radius must be computed by integrating Equation (3.1}
directly. The critical bubble parameters will be discussed further in
the context of void nucleation in Section 3.2.2.2.

The critical number can be obtafned by solving Equation (3.4) for

the case in which r, = r:.”’ The critical radius is in turn found

b
by substitution. The results are:
aF, vy V¥ ad?
® \4 .
“'He'-ZT'[FT] [m] - (3-3)
X7 4y
rc(mHe) * TT TS . (3.6)

These equations reveal the important parametric dependencies of r; and
m;e and can be used in modeling studies to predict the point at which
helium stabilized bubbles convert to voids. However, as will be shown
in the next section, Equation (3.5) significantly overpredicts the value
of the critical number, and Equation (3.6) underpredicts the minimum

critical radius when compared to the values obtained with a hard

sphere equation of state.
3.1.2.2 Results Using Hard Sphere Equation of State

The equation of state used in this study was developed by

Brearley and Maclnnes.?®® C(Compressibiiities computed using th2ir
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hard sphere equation of state (HSEOQS) show good agreement with the
somewhat limited amount of high pressure helfum data. Although this
data was taken at a relatively low temperature (~65°C), the fact that
the approximation of gas atoms as rigid spheres improves at higher
temperatures and pressures proviies confidence in the required extrap-

olation.??® The equation of state has the following form:

PY 1+y+y?-y?
o e X *:57,1_1 , (3.7)

where y = u mHedg'IGV and d_ 1s the hard sphere diameter of the gas

9
atoms. The value of dg is determined by the interatomic potential

assumed. Following Brearley and Maclnnes, the modified Buckingham
potential has been used and dg = 0.3135 [0.8542 - 0.03996 In(T(K)/
9.16)] nm.

An examination of Equation (3.7) indicates that the real gas analog
of Equation (3.4) would be a twelfth order equation rather than a cubic
since V = Fv r!. Hence, there is no longer an analytical solution for

c
However, Equations (3.1), (3.2), and (3.7) have been imple-

4 L]
rc and mH

mented using a numerfical solution to obtain r; and m

eo
4

H
frradfation condttions. I[n Figures 3.2 and 3.3 representative values

e for a variety of

are shown along with the ideal gas values. The {irradiation parameters
are typical of fast reactor conditions as discussed below in Section
3.3.1.4. The effect of the equation of state is most pronounced at
the lower temperatures where high vacancy supersaturations result in

small critical radii - hence high compressibilities.
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Figure 3.2. Temperature dependence of critical number (mye) for
typical fast reactor irradiation conditions. The value for ideal oas
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A further comparison is given in fFigure 3.4 where the ratio of
the real to ideal gas critical parameters are plotted as a function of
the effective supersaturation. Using the parameters of Seciion 3.3.1.4
and ref. 108, effective supersaturations of 137, 4.57, and 1.19
correspond to the temperatures 400, 500, and 600°C, respectively.

The value of m;e computed using HSEOS begins to deviate signifi-
cantly from the ideal gas value for temperatures less than abcut
550°C, and for T < 500°C, the difference exceeds & factor of 2. Thus
the use of the ideal gas law to compute m;e would overpredict the dose
required to achieve bubble-to-void conversion at any given helium
generation rate. Alternately, the use of the ideal gas law would

require the adjustment of some parameter in Equation (3.5) (e.g., the

OPNL-DW; RY-T726E

f M v 1

t* RATIO OR m* RATIO

1n° "0’ 19¢ nrané wt o 10’
SIIPERSATURATION - S

Figure 3.4. Ratio of critical bubble parameters comouted with
HSEOS to ideal gas values.
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surface energy) in order to obtain agreement between theory 2and
experimentally observed swelling incubation times.

The discrepancy in the predicted value for mﬁe increases with
increasing vacancy supersaturation (decreasing frradiation tempera-
ture). Hence the impact of *he choice of equation of state is poten-
tially greatest when attempting to predict first wall swelling in near
term fusion reactaor designs which typically have low operating temper-
atures.?’* Of course, in such modeling studies this impact is some-
what mitigated by other uncertainties, notably helium partitioning.??*

In order to eliminate the need for cumbersome iterative solutions
when using the HSEOS, the results of numerous calculations of r: and
m;e were examined to determine their functional dependencies. It was

found that for a broad range of irradtfation conditions, the real gas

critical number and critical radi{ could be computed as:

W = ) F () @ (3.8)
re () = (0 Py (3.9)

where # = 1nS and fl and fz(O) are real gas correction factors which
approach the ideal gas values of 32/27 and 4/3, respectively, for low
supersaturations. Fiqures 3.5 and 3.6 are plots of fl and fz. Note
that the range of supersaturations encompassed in these figures includes
any reasonable value expected under either fast breeder or fusion con-
ditions. Hence, the results can find broad application in a variety

of modeling studies. One example of such a use will be given below.
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Figure 3.5. Master curve for obtaining critical number (mae)
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Figure 3.6. Master curve for obtaining critical radius (rZ)
using HSEOS.
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The "master™ curves shown in Figures 3.5 and 3.6 are tenth order

polynomial fits of the pointwise determined values of m;e and r;.
: LA (3.10a)
fl = ao + alo + azo P | aloi
e 2 'Y T

The polynomial coefficients are given in Table 3.1.

Jable 3.1. Polynomial coefficients for master curves in
Figures 3.5, 3.6, and 3.8 [see Equations (3.8)-(3.13)]

i a, b, <

0 1.1802288 1.3368825 -7.3006207 = 10°?
1 -7.9391797 x 10°¢ 3.8733464 x 10°* 4.5820315

2 5.7059961 x 10°* -3.2338567 x 10°* -1.3153813 x 10**
3 -2.7545689 x 10-? 1.6904814 x 10-* 4.0631158 x 10**
4 8.4271137 x 10-? -5.4081633 x 10°? -1.1590146 x 10*?
5 -1.6549585 x 10-? 1.0909847 x 10-? 2.3303617 x 10**
6 2.1091198 x 10°? -1.4139331 x 10°? -3.0597821 x 10*?
7 -1.7313693 x 10°* 1.1733086 x 10°* 2.5718364 x 10*?
8 8.8188621 x 10-* -6.0190901 =x 10-* -1.3349066 x 10*?
9 -2.5326847 x 10~? 1.7369785 x 10’ 3.8976532 x 10**
10 3.1317501 x 10°* -2.1550751 x 10°* -4.8969485

Because of the high order of polynomial fit, two precautions
should be mentioned when tnese master curves are used. Extrapolations
outside the range of supersaturations shown in Figures 3.5 and 3.6
must pe avoided. This should pose no significant 1imitation, however,
since these figures include 1.0 ¢ S < 3 x 10*, while for either fast
reactor or fusion irradiation conditions, 1.0 < S < 2 x 10* for tem-

peratures from 300 to 700°C. More importantly, care should be taken
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Figure 3.7. Comparison of critical number (mye) calculations
using HSEOS and a similar expression using a Van der Waals equation
of state. The Van der Waals result is from Coghlan and Mansur.2?®*
to include all of the significant digits listed in Table 3.1 for each
coefficient in order to ensure the accuracy of the fit. Note that the
Zero order coefficients are not exactly equal to values obtained in
the ideal gas limit. This is a result of the residual error in the
polynomial fit, but the deviation is quite small (~1%).

(o
Waals equation of state and have also derived analytical expressions

Coghlan and Mansur have investigated r* and mae using a Van der

for these terms.??¢,237 Their expression f.- m;e

Equation (3.8) in Figure 3.7 where the ratio of mﬁe computed using the

is compared to
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alternate equations of state to the ideal gas value is plotted as a
function of the effective supersaturtion. The twoe expressions agraze
very well for supersaturations less than about 5, which corresponds to
temperatures greater than about 500°C. Even for higher super-
saturations, the difference 1s less tﬁan 20%. Both expressions tend

toward the ideal gas value for very low supersaturations.
3.1.3 Stable Bubble Radius Using Hard Sphere Equation of State

In addition to the critical bubble parameters, the ability to
compute ry as 2 function of M is also required in order to model the

swelling incubation regime. For example, r, is used in helium par-

b
titifoning calculations. For the ideal gas case, various methods can

be used to find o from Equation (3.4); an analytical solution exists???
or standard root-finding techniques can be 2onl{ed.

The use of the HSEOS eliminates the above-mentioned analytical
solution and significantly complicates root finding since the equation
analogous to Equation (3.4) is now twelfth order. An effort was made
to relate the ideal gas bubble radius to the bubble radius computed
with the HSEOS. Figure 3.8 shows the ratio of the ideal to real gas
bubble radti as a function of a reduced radius:

re

kT
R(nm) = [-——————-—

Y

fdeal 1/3
. (3.11)

The plot suggests the existence of a third master curve which

will yield the real gas bubble radius directly from the ideal gas
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Figure 3.8. Master curve for obtaining stable bubble radius (rp)
using HSEOS from the ideal gas value.

values.

The master curve was found to be the curve for no irra-
diation, i.e., S =1,

This curve overlays the S = 137, 4.57, 1.19,
and 1.01 curves in Figure 3.8.

This master curve has also been fit using a tenth order
polynomial:

- 2 10
f3(R) =Cy+ clR + czR e s o + c3R , (3.12)
and the polynomial coefficients are given in Table 3.1,

Using
Equation (3.11), the real gas bubble radius can be computed as:

jdeal
real b

b s ?ETQS_ . (3.13)
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Equations (3.11-3.13) are valid over the entire range of reasonable
values of rp (30.20 nm). The deviation of the bubble radius computed
using the master curve from the actual radius is small but increases
near r:. The increased deviation from the master curve near M = r:
is a resutt of the fact that as m  approaches m;e the ratio or r, to
the equilibrium bubble radius (rgq) begins to diverge from linearity.
This 1s shown in Figure 3.9 wheie the ratio rblrgq has been plotted
as a tunction of Mo for T = 500°C, S = 4.57, Fv = 4n/3 and v = 1.588
J/m*. For these conditions, m;e = 541. This error has a negligible

effect on the results of a detailed model caiculation of cavity evolu-

tion as is shown in the next section.

YE-13604

14

0‘8 ’o‘

Figure 3.9. The ratio of the bubble radius under irradiation to
the equilibrium bubble radius as a function of the helium content of

the bubble. For these conditions, m;e s 541,
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3.1.3. Application of Anaiytical Appruximations

The vaiidity of the anmalytical solutions developea tor use with
the HSEQS was tested using the rate theory model of void swelling
which is discussed pelow. For this comparison, the mouel was used to
predict void sweiling under rfast reaccor irradiation conaivtions up
106 Gpa.*** The helium pudodle raall prior to conversion and tne vuoole-
to-void conversion criterion were tirst computed numericalliy. fae
bubbie-to-void conversion criterion was “hat the numerical searcn ror
rp fail as a resuit of mye exceeding m. . Then in a mooified procedure,
tquations (3.11)-{3.13) were usca to compute the stabie bubbie ragius
and the bubbie-to-void conversion criterion was that the accumulaied
helium in a bubbie exceed m;e as computed by Equation (3.8).

Tabie 3.2 compares the dose at bubble-to-void conversiun, Ter and
the sweiiing at 100 dpa at the indicated temperatures as caicuiated
using the analytical approximations with the results obtained using

Table 3.2. Comparison of swelling parameters using
numerical and analytical solutions

———

. Tc (dpa) Swelling (% at 100 dpa)
(°C) Iterative Analytical Iterative Anaiytical
450 45.89 47.05 24.41 24.59
500 38.46 38.51 28.77 28.78
550 34.63 34.60 35.45 35.64
600 35.3i 35.10 39.53 40.08
650 44.43 43.33 28.79 30.16

700 N/A N/A 0.18 0.19
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the numerical solutions. The agreement is quite good and significant

computational simplification has been gained.

3.2 Mechanisms of Void Formation

3.2.1 Iatroduction

A general description of void formation by two alternate mecha-
nisms was given in Chapter 2. Here these two mechanisms will be
discussed in detail and a method developed to test their relative
importance for irradiation conditions typical of either fast breeder
reactor core components or a DT fusion reactor first wall.

The first of these two paths i1s classical stochastic nucleation
theory. Early researchers who applied homogeneous nucleation theory
to the problem of void formation in austenitic stainless steels
faclude Harkness and L1,2?® Katz and Wiedersich??® and Russell.”*
Russell and co-workers have continued to develop the stochastic theory
over the past ten years and have included some effects of helfum and
heterogeneous nucleation.®?.%3.87,288,281 yg)fer and co-workers have
developed a Fokker-Planck formulation of the void nucleation problem
and have explored the effects of mobile di-vacancies anJ solute segre-
gation to void surfaces.’*.*%.2%2 pespite these refinements, the
classical theory fails to predict the experimentally observed void
densities in the intermediate to high temperature range (450 ¢ T ¢
700°C) where measurable void swelling occurs in these steels, ®!.92,8¢
As discussed above, an alternate mechanism has been proposed to cause

void formation at these temperatures and to promote void formation at
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low temperatures. This mechanism was first proposed by Sears?*? and
involves the growth of small gas-stabilized bubbles until they reach
a critical size beyond which further gas accumulation is not required
to promote growth.

The mathematical derivation of the critical bubble parameters
from the equation for the cavity growth rate has just been given
in Section 3.1. Theoretical and recent experimental work has shown
that the time required for such bubbles to reach the critical size
correlates well with observed void swelling nucleation
times.203,108,128,102,208,288 This work will focus on the influence
of transmutant helium because it is believed to be the most signifi-
cant bubble-stabilizing gas. For example, Sindelar et al. have used
degassed specimens to show that residual oxygen can have a major
effect on void nucleation 1~ a model austenitic alloy during heavy ion
frradiation with no helium implantation.®® However, when this same
alloy is co-implanted with helium during the irradiation, the effect
of the helfum appears to swamp that of the oxygen.?*® Accordingly,
one can envision two l1imiting paths for void formation on a population
of subcritical heljum/vacancy clusters; one is Timited to growth by
helium accumuiation alone and the other to growth by stochastic fluc-
tuations in the vacancy cluster population. A recent discussion con-
cerning the relative magnitudes of these two processes provided some

of the impetus for this work,?*’
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3.2.2 Mondels of Yoid Formation

The twn methods discussed below compute a characteristic time
for nucleation or the nucleation rate per cluster for a helium/vacancy
cluster with a aiven number of helium atoms. The number of vacancies
in this cluster or bubble is computed a<suming that the bubble radius
is that of a stable bubble in an irradiation environment characterized
by a vacancy supersaturation S aiven in Equation (3.3) at a tempera-
ture T. The bubble radius and the gas pressure in the bubble are com-
puted using the hard sohere equation of state described in Section 3.1.

For both madels. the point defect concentrations are computed
using the conventional rate theory and the temperature dependent sink
strenqths for extended defects discussed in Section 2.3.1.3. The
calculated sink strenoth of the subcritical bubble population was
insignificant when compared to the other sinks in the system: there-
fore it is not included when comnutina the noint defact concentrations.
The calculations assime that only the monn-defects and helfnm agas atoms
are mohile and that the only defects which the hubbles emit are vacan-
cies. The use of the nrinciple of detajled balance and thermodvnamic
eauilihrium??®.2%¢% jeads to the following form for the vacancv emission

rate from a cluster containing n vazancies and m helfum atoms:

n . e 1
a, = F.r(n-i.m) .CC exo f= [G(n.m - G(n-1.m)]} (3.14)
where the free enerav in the eauilihriom sttuation is:

Gin.m) = F r(n.m)?y + mkTon(P) , (3.15)
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where v §s the surface free energy, P is the pressure in the bubble

and Fs is the geometric factor to account for nonspherical clusters.

3.2.2.1 Nucleation by Stochastic Fluctuations

The method developed here 1s similar to that of Katz and
Wiedersich,?*® Clement and Wcod**® and Mansur and Wolfer.?*® In qen-
eral, a family of equations can be written describing the concentra-

tions, C, ., of discrete size classes containing k, k+l, k+2, ...

k'
up to nTax vacancies.
dC‘ v
at - Gv + C‘(B: + Za;) - C‘(B; + B;) - DVC!ST ; (3.152)
de k-1 k+1 k+1 ~ gak k
ar - BV Ck_‘ + Ck‘l(51 +4a, ) - Lk(51 + BV) . {3.15b)

In Equation (3.15), the Bf v terms are the interstitia) and vacancy
fmpingement rates on a cluster with k vacancies and the a: have been

given ahove.

k

81.v = Fsr(k.m) D‘ . (3.16)

-vcivv

C' of course equals Cv. The value of nTax

can be arbitrarily large.
A specific choice for 1ts value will be discussed below., The term Gv
in Equation (3.15a) s the total vacancy source term due to atomic
disclacements and vacancy emission from extended defects. The last

term in Eoquation (3.153) represents the loss of vacancies to al) the
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other sinks in the system. The sink strengths for vacancies of the
network dislocations, S; and the subgratn structure, S; are computed as
described in Section 3.3.

v v v
. . 3.17
Sy =Sy +S; (3.17)

The temperature dependence of these sink strengths is consistent with
experimental observation.!®®* It should be pointed out that the void
nucleation rate 1s quite sensitive to the dislocation density as will
be shown below. It is therefore important that calculations such as
these include appropriate temperature dependent values of this and
other microstructural parameters.

In order to simplify the equations used below, the terms which

describe the shrinkage of a given cluster will be grouped together.

k

k
v B' . (3.18)

Yk'd

The nucleation regime can be defined as that region in vacancy cluster
size space for which Yk > 8:. Because of the radius dependence of the
vacancy emission termm and the existence of a supersaturation of vacan-
cies under irradration, a critical size is reached beyond which growth
rather than shrinkage is the dominant process. The number of vacan-
cies which correspond to this critical size will be designated n;.

The steady state nuclaation rate, Jss' can be obtained from
gquation (3.15) in one of two ways. The first solution involves com-
puting what is commonly termed the constrained equilibrium cluster
size distribution which is obtained by imposing the requirement that

there be no net fiux from one cluster size class to the next, f.e.
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ke

J =8Vk-vk+l

K C =0 , (3.19)

k+:

for all values of k 2 1. This solution requires the calculation of
pseudo-free energies of formation for clusters in each size class,
resulting in an exponential cluster distribution for n < n;. However,
this method introduces the artificial result that the number of
clusters begins to increase in size classes for which n > n*. The
values of the cluster concentrations in the constrained equilibrium
distribution are elevated relative to the steady state distribution
for n s n; also; this 1s accounted for in the theory by the introduc-
tion of the so-called Zeldovich factor. The use of this method to
compute void nucleation rates is adequately discussed elsewhere.’® *?
The second method for obtaining the steady-state nucleation rate
from Equation (3.15) is to set all of the filuxes [Equation (3.19)]

equal to the steady state flux, Js,. This leads to a fam.ly of

equations:
J‘ = B“,Cl - Y’C’ = Jss : (3.20)
J’ = B;C’ - Y’C’ = Jss H (3.20b)
J’ = B;C’ - Y‘C. = Jss H (3.20¢)
N-1
JN_l = By CN_l - Yy CN ; (3.204d)
max

where, to simplify the equations, N = n, -
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1. Then this

Let the ratio YkIB: = Py for all k 2 2 and let p,
system of equations can be solved by multiplying the equations for
Jk by the product of all the Py with k < 1. Hence Equation (3.20b; is
multiplied by o, Equation (3.20c) 1s multiplied by both p and p_and

so on. If the resulting equations are summed, all the Ck are eliminated

- Nes -

J], = Jss = N_l k . (3-21)

1+ ¥ 1 P
k=2 }=2

except Cl and CN‘ yielding

The term in the numerator in Equatfon (3.21) {nvolving the prod-
ucts of the pJ can safely be eliminated by noting two facts. First,
since the problem being considered is nucleation, the concentration of
the mono-defect, ( will in general be much greater than CN’ In fact
the distribution §; approximately exponential as the constrained
Jdistribution suggests. Secondly, it has already been pointed out that
the ratio of the shrinkage to growth terms, pj. is less than unity
for n > n;. Hence for N sufficiently qreater than n; the product of

the °j contains many fractional terms. Therefore,

Nil k ']"
J =J _ 8 |1+ n e . (3.22)
YL ka2 ge2 J_j

The appropriate value of N can be determined numerically to ensure

that Jss has converged. The advantage of using this method to compute



93

Jss is the elimination of the Zeldovich factor and the approximations
which must be made to compute f{t.
Each of the Jk in Equation (3.20) can be defined in an analogous
way to Equatfon (3.21): i.e.,
k [ N-l i _I -1
J =8 C |1+ % n ey . (3.23)
V. L t=kel J=k+1 7]

The nucleation rate per cluster of a given size is then,

J,p =9, /C_ =8 11+ n p . (3.24)
k- kR Ty feksl Jekel 3
The characteristic time for this pirocess would be just the

reciprocal of this fractional nucleation rate:

T o<kt - (3.25)

The time 1ty 1s generally much greater than the time required to
establish the steady-state cluster population. This latter time can
be computed using the classical nucleation theory’®s*? and varies from
4 x 10° sec at 400°C to 3 x 10* sec at S00°C for the parameters used

here. The corresponding values of ty will be shown below.
3.2.2.2 Nucleation by Helium Accumulation

The second void formation mechanism is that of a helfum-
stabilized bubble obtaining the critical number of gas atoms. This
critical number of gas atoms, m;e,
and frradiation parameters, as shown in Equations (3.5) and (3.8).

fs a function of both the material
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The critical bubble stize corresponding to m;e is in general not the
same as the critical size assoctated with n: discussed above. Their
relationship was shown in Figure 3.1. For a fixed value of the
vacancy supersaturation, the family of curves shown in Figure 3.1
represent four different levels of helium. The curves labeled I and
II contain a region in radius space for which the net growth rate is
negative. This region corresponds to the void nucleation barrier and
the stochastic nucleation theory deals with the probability that fluc-
tuations will permit a bubble to grow from the stable bubble radius

rb to the critical radfus r:. This latter radius is that corresponding
to n:. The curve labeled III is the curve for whichm = m;e and the
growth rate is everywhere non-negative. The point at which curve III
is tangent to the x axis is r(m;e) and is also the minimum critical
radius. Hence the minimum critical radius 1s a specia) case of the
critical size calculated from the stochastic theory.'®?.33*

In order to compute a characteristic time for nucleation by
helium accumulation, it is necessary to assume a model for the parti-
tioning of helium among the various microstructural features. Since
the procedure used here 1s similar to that which will be discussed
in Section 3.3, only a brief summary will be given. The model! assumes
that the sink streagths for helium a.e the same as those for vacancies
except that the dislocation sink strength for helium is reduced by a
factor fge (refs. 235,251). This parameter has a nominal value of 0.5
and is varied in the analysis to determine its effect. As mentioned

above, because the sink strength of the subcritical bubbles {s small,
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it is neglected when computing the matrix helium concentration CHe but
the subgrain structure is included. The total system sink strength

for helium 1s then:

SHe . sv He Sv

T g + fp o ° (3.26)
and CHe can be computed at steady state as
G
He
CHC - B_?Té » (3.27)
He T

where GHe is the helium generation rate and DHe is the helium
diffusivity.

The formation of bubbles on dislocations 1s accounted for by per-
mitting a fraction of the helium trapped by dislocations to be "piped”
to bubbles. This fraction, f:e.is treated as a parameter in the
analysis.

Based on the foregoing helium partitioning model, the arrival

rate of helium atoms at a bubble with a radius r(n,m) is

P fHefHeSv 7
. b pp
Bre DHecHe [Fsr(n.m) Y N J !

(3.28)

where Nc is the total number of bubbles among which the helium from
the dislocations is partitioned. This bubble density is taken from

ref. 108 and reflects experimentally observed values. The temperature
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dependent expression for NC is gtven in Table 3.3. The radius, r(n.m)
Is computed as discussed in the previcus section using Equations
(3.11-3.13).

Equations (3.27) and (3.28) can be combined to eliminate the

helium diffusivity.

G

He . He He.v
Bue = ——fg | FsFin.mN_ + f, fo S . (3.29)
cmcsT

The characteristic time for a bubble containing m helfum atoms to

reach the critical number is then:
®
€ -1 3.30
THe * Bue dm . (3.30)
m

Table 3.3. Matertal and irradiation parameters used in
comparison of void formation mechanisms

El 1.50 ev Y& 2.025-8.75 x 10-* T (°C) J/m?

" 1.40 eV p(T) 2.0 x 10'* exp[-0.016 T(°C)] m~*
G 8x 107* m? sec™t N.(T) 2.53 x 10°* exp[-0.023 T(°C)] m~?
EY  0.85 eV z?a 1.25

D? 8 x 10°° m~? sec~! fzea 0.5

dea 0.25 x 10-* dpa/sec® fgea 0.5

Gy, 3.5 x 107'7 we/atom/sec

dparameter varied in analysis.

bEQUivalent to a 10°° dpa/sec dose rate with a cascade efficiency
of 0.25.
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He » -
n“cst e '
He He.v
e ° -EE;- . Fgr(n.1) Ne o (515S, . (3.31)

3.2.3 Results and Discussion of Calculations

The results compared in this section were computed as discussed
above using the set of material and irradiation parameters listed in
Table 3.3. The values of certain of the parameters listed in the
table have been varied in the analysis and they will be discussed
further in the text. Bias terms other than the effective network
dislocation/interstitial bias (Z?) have been set to 1.0. Representa-
tive values of n;. r:. mﬁe. and r:(m;e) which were computed at 400,
450 and 500°C using the base parameter set from Table 3.3 are listed
in Table 3.4. These parameter values are similar to those which have
been used previously in rate theory simulations of void

swelling. 202,108,248

Table 3.4. Typfical critical cluster parameters

ms0.9m
% r;(m;e) n-0 mHe
7 Mye ny re ny re
(°C) (nm)
400 33 0.574 121 0.692 95 0.638
450 98 0.890 481 1.10 353 0.989

500 575 1.82 4718 2.35 3387 2.10
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Figure 3.10 provides a base case for comparison of the two alter-
nate nucleation times as well as showing their temperature dependence.
The void swelling incubation time should be approximately in the range
of 10 to 50 apa for the fast reactor conditions which are considered
here. ihe values of the characteristic void nucleation times for both
mechanisms are plotted in Figure 3.10(a) and (b) as a function of
mlm;e. The major differences between the two are the much greater
temperature dependence and size dependence of the stochastic nuclea-
tion path. The relative magnitude of the two nucleation rates {s
shown in Figure 3.10(c) where the ratfo of the nucleation times has
been plotted. In order for the nucleation times for the two processes
to be comparable, the ratio of m/my, must be about 0.80 for 40)°C and
greater than 0.95 for 500°C. For lower gas contents the nucl:ation
time due to helium accumulation s always much less than that for the
stochastic process.

The parametric dependence of the ratio of the nucleation times at
450°C is shown in Figures 3.11 and 3.12. The parameters which have been
varied are the dislocation-interstitial bias, the network dislocation
density, the self-diffusion coefficient, the surface energy and the
two parameters in the helium partitioning model. The values of the
parameters are indicated in the appropriate figure; in each case, all
other parameters were maintained as Visted in Table 3.3. The depen-
dence seen in Figure 3.11(a-c) 1s a result of the vacancy super-

saturation varying in response to the parameter changes. Iacreases
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Figure 3.10. Characteristic nucleation times for the helium
accumulation process (a), stochastic theory (b) and their ratio (c)
at 400, 450 and 500°C.
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Figure 3.11. Parametric variation in the ratio of the
nucleation time by helium accumulation to that by the stochastic
theory at 450°C. The parameters are the dislocation-interstitial
bias (a), the network dislocation density (b), the activation energy
for self-diffusion (c) and the surface energy (d).



101

(‘) Onme-9ws 06C- 11008 (b) Onme-8we 29c- 1eoee
14 T Y T 10 — . v
“ -
0 |- - E
w | ! o
0+ i g
= o} =
w' 0} p
T w'L 0.28 4
1074 ,"..
|°" i w- ¢ . N
0.00 0.28 0.00 0.28 0.50 0.78 1.00
-I-".

Figure 3.12. Dependence of the nucleation time ratio on the
narameters in the helium partitioning model; fraction of dislocation-
trapped helium piped to bubbles (a) and the fractional reduction in
the dislocation sink strength for helium (b)}.
in the vacancy supersaturation increase nucleation by both mechanisms,
but the nucleation rate by helium accumulation increases to a greater
degree. Although the rate of helium absorption by a subcritical clus-
ter is not a function of the supersaturation [Equation (3.29)], the
~ritical number of gas atoms is reduced [Equation (3.8)]. Similarly
while the critical number of gas atoms increases as the cube of the
surface energy, higher surface energies also lead to increased vacancy
emission [Equations (3.14-3.15)] and the net result of & higher sur-

face energy is to decrease the stochastic nucleation rate relative to

the helium mechanism (Figure 3.11(d)].
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The results are much less sensitive to the parameters in the
helium partitioning model. Note that the vertical axis scaling has
been changed between Figures 3.12(a) and (b) in order to show the
dependence. The fraction of dislocation-trapped helium which is
directly "piped” to bubbles has only a modest effect on the ratio of
the nucleation times [Figure 3.12(a)] while varying the dislocation
sink strength for helium has even less effect [Figure 3.12(b)] as long
as »t 1s greater than zero.

These results provide a clear comparison of the two complementary
nucleation paths which can lead to void formation in irradiated mate-
rials. The details of the results are certainly model dependent, and
parameter vartations can selectively favor one process over the other.
But the overal) conclusions seem sound since the comparison s so
striking. Because the critical cluster sizes are relatively small for
the temperatures discussed here, the characteristic nucleation times
which have been computed should be somewhat less than the time at
which measurable swelliny 1s observed. However, even with moderate
amounts of gas the stochastic nucleation theory predicts relatively
long nucleation times at intermediate temperatures, At higher tem-
peratures, the stochastic theory fails tc predict finite nuc'eation
rates with reasonable material parameters. This result is already
evident in the values shown for 500°C in Figure 3.10(b) and is in
striking disagreement with the fact that void formation persists up

to 700°C in austenitic stainless steels.'*? Observed void swelling
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incubation times are much more consistent with the helium accumulation
process as shown in Figure 3.10(a).

The role of fluctuations begins to be significant when a suf-
ficiently large fraction of the critical number of gas atoms has been
accumulated. However, at 400°C this fraction is already about 0.8
while - - 500°C it is greater than 0.95. With these levels of helium,
voids can nucleate aue to fluctuations in a relatively short time as
shown in Figures 3.10(b) ard (c). This result is highlighted in
Figure 3.13 where, based on the present sensitivity studies, the
material parameters have been chosen to maximize the influence of the

stochastic path; a low bias (Z? = 1.01), a high retwork dislocation
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Figure 3.13. Temperature dependence of the nucleation time
rﬂtio with parameters chosen to minimize the influence of helium;
Z; = 1.01, Esp = 3.0 eV, py = 1.5 x 10'* m~? and v = 1.0 J/m*.
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deasity (pn = 1.5 x 10*®* m~?), a high self-diffusion energy ESD = 3.0
eV) and a low surface energy (Y = 1.0 J/m?). Even in this extreme
case a relatively large amount of gas is required for stochastic fluc-
tuations to make a significant contributiza to the void nucleation
rate. At 400°C, 20% of the critical number of gas atoms is required
and at 500°C over 80%. Fluctuations can hasten the final stages of
void nucleation, but only if sufficient gas is available to aisist the
earlier stage. Hence, the void formation time is still limited by the
time required to ubptain rearly the critical number of gas atoms.

This conclusion highlights the importance of the role that trans-
mutant helium plays in void formation. For temperatures of technolog-
ical interest (i.e., 350 < T < 600°C), an examination of Figures 3.10
to 3.13 indicates that fluctuations will contribute to the void nuclea-
tion rate only for cavities which are already near the critical size.
At low temperatures the two processes contribute more equally to the
total nucleation rate with the gas driven process dominant for smatler
clusters. These conclusions support earlier work which explored the
concept of the critical number of gas atoms and suggested that void
formation was largely due to helium-stabilized bubbies reaching the
critical radius rather than due to stochastic
fluctuations,!°8,12%,192,284,285,252 The present work also provides a
justification for the neglect of stochastic void nucleation in the

models which are to be presented next.
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3.3 Models of Microstructural Evolution

This section describes the specific models of microstructural
evolution which have been developed in the present work. Two general
models will be discussed. The first is a model of cavity evoluticn
in which the dislocation structure is treated in a simple parametric
manner. This model's swelling predictions were calibrated using the
results of the RS-1 irradiation experiment®2?.°?:2%2 and good agreement
was achieved. Then the model was used to examine the influence of both
material and irradiation parameters on void swelling. One of these
parameters was the He/dpa ratio. The predictions of the model irdi-
cated that simple interpolation between swelling data sets from the
EBR-I1I (~0.3 appm He/dpa) and the HFIR (~70 appm He/dpa) could lead
to highly nonconservative swelling predictions for a DT fusion reactor
first wall (~10 appm He/dpa). These predictions have also been used
to generate a family of design curves for 20% cold-worked type 316
stainless steel. The second model to be discussed includes an explicit
treatment of th2 time dependence of both Frank faulted loops and the
dislocation network. The cavity evolution model has been coupled with
the dislocation evolution model to yield a comprehensive description
of microstructural evolution. The predictions of the more complex
model have been shown to agree with data from a broad range of fast
reactor experiments. This indicates both the power of the rate theory

as an analytical tool and the importance of microstructural control as
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a tool for controlling the irradiation response of austenitic stain-
less steels. The simpler model will be discussed first and this dis-
cussion will incliude those aspects which are common to both models.
Some of the assumptions and limitations of the chemical reiction rate
theory have already been described above. Some additional discussion
will be added here in the context of the more simple model but similar

caveats apply equally to the more compiex one.

3.3.1 Description of Cavity Evolution Model

The calculation of point defect sink strengths was described n
Section 2.3. Here a first order effective medium approach has been
adopted.”®+'** The sinks which have been included are bubbles, voids,
dislocatfons, subgrain structure and transient vacancy clusters in the
form of microvoids formed by the collapse of displacement cascades.
The total dislocation density is expressed as a time independent func-
tion of temperature and no distinction is made between the faulted
loop and network components. Except for the dislocations, equal cap-
ture efficiences (biases) for vacancies and interstitials have been
used to calculate the extended defect sink strengths. As discussed
below, an effective dislocation/interstitial bias has been introduced
as a separate parameter to account for both the dislocation preference
for absorbing interstitials and the effect of any other preferentially
biased sinks. In this case the dislocation/interstitial bias can be
thought of as representing an effective overall system bias. Before

giving the general description of the model, two specific aspects will
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be discussed — precipitate effects and the helium partitioning model.
These two components are included in the same way in the more complex

model to be discussed in the next section.

3.3.1.1 Precipitate Effects

There are several possible mechanisms bv which precipitation of
second phase particles can influence bubble-to-void conversion and
void swelling. Some of these were mentioned in Chapter 2 and a par-
tial 1ist would tnclude:

1. Lattice compositional changes leading to changes in sink cap-
ture efficiencies or self-diffusion parameters.??7,1%%.228,712¢,282

2. Transient misfit strain effects at matrix-precipitate inter-
faces in which tensile strains could promote and compressive strains
suppress bubble-to-void conversion by altering the critical
sfze 130,288,288

3. Misfit strains leading to interfaces which are biased for
either vacancies or interstitifals.?*®

4. Point defect and helfum collector effects.

5. Surface energy effects at matrix-precipitate interfaces
leading to nonspherical cavities.??¢.!7?

In principle, each of these can be modeled but here ftem (S) and
helfum collection effects from item (4) have been examined. Item (1)
is approximately accounted for in the chofce of "efiective" parameters

which represent an appropriate average value. The helium collector
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mechanism will be discussed in Section 3.3.1.2. The surface energy
effect has been studied in detail in the literature for stress-induced
creep cavity nucleation.?**»2*? This mechanism can be modeled using

a single parameter, B, which 1s a function of the relevant surface
energies:

Y, the matrix surface free energy; Vp. *~e precipitate surface free
energy; and Vmp' the matrix—-precipitate interfactal energy.

Ymp ~— YP

B = cos — . (3.32)

The volume (VB) and the surface area (AB) of the nonspherical cavity

are given as:

VB - er’ . (3.33)
and
AB . Fsr’ . (3.34)
where
n
F,* 3 (2 - 3 cosB + cos? B) . (3.35)
and
Fo=2n (1 - cose) . (3.36)

tquations {23.35) angd (3.36) are appropriate for cavities which are
growing on a larger prectpitate, The cavity is nonspherical {n this

case tecause of the energy cresit abtained by the destructinn of
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matrix-precipitate interface as the cavity grows. The parameter 8 is
the contact angle of the cavity with the precipitate. For example,

for a cavity which is a hemisphere, 8 = 90°, Fs = 2n and Fv = 2n/2,
There are very little data on values for either Yp or Ymp for the
phases which appear in austenitic stainless steels. In general one
might expect vy ~ Yp > Ymp since the matrix-precipitate interface
involves fewer broken atomic bonds than a free surface; although inter-

face misfit strains could rafise Yo To a first approximation one might

p-

expect Y __ to be on the order of the grain boundary free energy.

mp
Based on this assumption and a very limited amount of data,*®.?%¢,3¢¢
a reasonable range of values for B might be 60 to 120°. An intermedtate
value of B = B2° has been used here. This corresponds to & reduction
in Fv by 0.4 and in FS by 0.434 from their maximum values of 4n/3 anc
4w, respectively and is generally consistent with the observed shape
of bubbles that are attached to precipitates.?** One example of a
precipitate-associated cavity is shown in Figure 3.14. The result of
this reduced volume for a given radius 1s a reduction in the criticai
number of gas atoms for those bubbles attached to precipitates;
Equation (3.8) shows that the critical number is linear in FV.

Although Mansur and co-workers!’®.!77 have developed a mode! to
describe point defect collection at matrix-precipitate inte-faces,
the precipitates have not been 1ncluded here as point defect sirks fcr
several reasons. First, there is not suffticient data characterizing

the size and number densities of the various precipitates to permit a4
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Figure 3.14. Typical example of cavity-precipitate association.
Large void on G phase and bubbles on phosphide phase in background.
Photograph courtesy P. J. Maziasz, ORNL; solution-annealed PCA after
15 dpa irradiation in the FFTF at 500°C.
confident calculation of their sink strength at various temperatures
and doses. Explicit modeling of the evolution of these particles was
beyond the scope of the present work. Second, the literature suggests
that incoherent interphase boundaries may be inefficient sinks, at
least for vacancies.?** Hence, the various precipitates might be
expected to have different sink efficiencies and these efficiencies
may be a function of precipitate size (and therefore dose) due to the
buildup and relaxation of misfit strains. Finally, a preliminary
attempt to include the point defect collection mechanisms in the pres-
ent model indicated that the predictions of the model were signifi-
cantly perturbed. This is clearly an area in which further

theoretical development is warranted as data become available.
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3.3.1.2 Helfum Partitioning

In the models discussed here, voids are formed as a result of
bubbles obtaining the critical number of helfum atoms. It is therefore
important that tnis work include an appropriate treatment of helium
partitioning among the various microstructural sinks. This helium par-
titioning model is based on a conservation equation which includes the
helium generation rate (Gye), the helium diffusivity (Dye) and the
sink strengths of the extended defects for helium (Sﬂe). The atomic
concentration of helium in the matrix (Cye) is computed from the

steady-state solution of the following conservation equatfion:

dC J
-;%5 = GHe — DHeCHe § SHe - (3.37)

This equation is similar to Equation (2.3) which is used to obtain the
vacancy and interstitial concentrations.

The helium sinks in Equation (3.37) include bubbles, voids, dis-
locations and the subgrain structure. Because of the observation of
void-precipitate association discussed above, precipitates are per-
mitted to act as helium collectors for precipitate-associated cavities.
Guided by very limited data in the range of approximately 500 to 600°C
a constant sink strength of 4 x 10'* m~? is used for the precipitate
helium collectors.** Typfcally "7% of the cavities are assumed to be
associated with precipitates. Reference tc the preceding section and
Equation (3.8) indjcates that these cavities wil] preferentially become

voids due to the enhanced helium collection and a reduced critical
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number of gas atoms. This void formation is delayed by a precipitate
formation time, tp. to take into account the observed temperature
dependent time required for phase decomposition to take place under
irradiation. A simple model which is linear in temperature has been

applied:
1p = 0.16 [700 - T(°C)] dpa . (3.38)

This leads to a precipitate formation time of 40 dpa at 450°C, decreas-
ing tc zero at 700°C. For temperatures less than 450°C, 40 dpa is
ysed. This is presently a very simple model, but it 1s reasonably
consistent with the existing data.**

For the other sinks in Equation (3.37), the sink strength for
helium s assumed to be the same as that for vacancies. The value of
these sink strengths will be given in the next section., One exception
to this assumption is the dislocations. Helilum partitioning work by
Spitznagel and co-workers??* and by Hall1?¢°® has indicated that dis-
locations do not appear to capture helium as efficiently as their sink

strength for vacancies would indicate. Here the dislocation sink
He
p 13
their observations. The influence of fge on bubble-to-void conversion

strength for vacancies 15 reduced by a factor, f to account for

has been discussed above and a nominal value of 0.5 was used in this
work. As shown in Fiqure 3.15, bubbles are freguently observed
attached to disiocations; therefore, the present model further assumes
that a fraction of the helium trapped by dislocations is "piped"**® to

matrix bubbles. The influence of this parameter has also been
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Figure 3.15. Typical example of helium-stabilized bubbles
attached to dislocation segments. Solution-annealed, austenitic
alloy P7, helium impianted to 65 appm He and aged for one hour at
850°C.

discussed in Section 3.2 and it was taken to be 1.0 in the calcula-
tions which will be discussed below.

The matrix helium concentration reaches a steady state level after
about 10* to 10* sec (ref. 88) of irradiation. This is true even at
low temperature because of irradiation-enhanced diffusion.®*®+'°* 1In
this case it is appropriate to use the steady state solution of
Equation (3.37). This solution was given in Equation (3.27).

Although helium is partitioned to all the sinks mentioned above, it is
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the bubbles which are of the most interest. Consistent with the
scheme just cutlined, the total amount of helium allocated to a bubbdble

during an increment of time, At, is:

' [smb fHeSp 1
= He + He
BHemp = Fr, 04 Che p at ., (3.39)
Smb
o

for a matrix bubble and

ppt

for a precipitate-associated bubble when the time is greater thar tp.
mb is the total matrix bubble sink strength for helium, s? s tne
dislocation sink strength for helium and 5ye 1is the precipitate sink

S

strength menttoned above. Once a matrix bubble is converted to a
void, the dislocation is assumed to climb and/or glide away and a
matrix void absorbs helium at a rate determined by its own sink

strength:

AHe = F

- <"mv OneChe B - (3.41)

He "He

Precipitate-associated voids continue to absorb helium as shown in
Equation (3.40). At any time the amount of helium which has been
generated can be compared with the cumulative totals of the helium

allocated to the various sinks to ensure conservation of gas atoms.
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When the steady state assumption is invoked, the results of the
helium partitioning model and the comgited pubble-to-void conversion
times are independent of the assumed helium diffustivity. This can be
seen by combining Equation (3.27) and each of the Equations (3.39)
through (3.41). The helium diffusivity is eliminated.
3.3.1.3 Sink Strengths and Rate Equations for Point Cefect

Concentrations

A general conservation equation describing the concentrations of

vacancies and interstitials was given in Equation (2.3). The specific

equations used ir this work are:

dC1 [
at = 1N dea -da C,Cv - 01C1 § S| ’ (3°42)

for the interstitials and

de 1
—-— s G -a C1Cv - Dva § Sv . (3.43)

at v
The vacarcy generation rate, Gv' is given in terms of the damage rate,

dea (dpa/sec), as:

. - 3cd
G, =n Ggpa (1 -x)+ D, § sty - (3.44)
In Equations (3.42) through (3.44) C‘ and Cv are given in units of

atomic concentration (number/atom), 01 and Dv are the point defect

diffusivities (m¥/sec), a is the recombination coefficient (sec~!).
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the S{.v are the point defect stnk strengths of the extended defects
of type j and the Ce are the vacancy concentrations in equtiltbrium with
the extended defects. This latter term is used to compute vacancy
emission rates in Equation (3.44). The interstitial and vacancy dif-

fusivities are:
0, y " oﬁ'v exp (-E?.vlkt) . (3.45)

Values for the migration energies, ET.v' and the pre-exponential terms
will be discussed below. The cascade efficiency, n, 1s the fraction
of the initfally created point defects that survive intracascade
annealing. A fraction, X, of the remaining vacancies 15 assuned to
form microvoids as a result of cascade collapse. Values for these
cascade parameters are taken from computer simulation results, as
iscussed below.?%.3%,201
Using the first-order, effective medium approach as discussed

above,’*»7%,11% the sink strengths are calculated as:

S§, = F, ; v erlsh (3.46)

for all the cavities (bubbles and voids),

mv t
S"v . Fs'mv"mv (1+ Fov Sv) , (3.47)

for the microvoids with a radius, rmv'

. 6 SO
Si'v = —U;— » (3-48)
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for the subgrain structr-e with a subgrain diameter, D_,

g
d 2n
Sv «— Py (3.49)
an(r /r.)
and
d 2% d
S‘ - i-‘ﬂ-r—oTr—c-’ Z' pd ’ (3.50)
for the dislocations. The subscripts { and v once again denote
vacancy and interstitial, respectively. The total system sink
strength for vacancies, S:. 1s:
t o? g*\%
Sv . (Sv + Sv ) . (3.51)
where
0 d c
Sy = Sy +SC sy . (3.52)

As discussed in Chapter 2, the dislocation capture radius, Fes in

Equations (3.49) and (3.50) is larger for interstitials than for vac-

ancies giving rise to the dislocation/interstitial bias. Here the

same value of the capture radius nas been used for both defects and
d
'I

eter. The value of re fs taken as four times the magnitude of the

Burgers vector®?»2¢? and the dislocation cell size, fo® 1s set to the

the effective dislocation bias, Z,, 1s introduced as a separate param-

mean disiocation spacing, r. « (upd)'”.
vacancy emission from the bubbles and voids is calculated using

Equation (3.2) and for the other sinks as follows:
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e 2
C“vw - CV exp (F—ET) . (3.53)
mv
for the microvoids which are assumed to be clusters of vacancies only,
and
9, 4. ¢t
Cv Cv Cv , (3.54)

for the subgrain structure and dislocattions. The gas pressure in the
cavities is computed using the equation of state discussed in

Sectton 3.1.2.2 and C: is the bulk thermal equilibrium vacancy
concentraticn, taken as C: = exp (—E:IkT). E: fs the vacancy for-
mation energy.

Equations (3.42) and (3.43) are solved at steady state as
discussed above. The presence of the recumbination term requires that
the two equations be solved simuitaneously. A solutfon is obtained by
solving Equation (3.42) for C1 and substituting into Equatfon (3.43).
This yields an equation which is quadratic in Cv which can be solved

algebrajcally. C, is then found by back-substitution for Cv into

1

Equation (3.42).
A population of small (~0.25 nm radfus) helium-vacancy clusters

is assumed to form very early in the {rradiation. The total density of

these clusters 1s based on experimentally observed trends,?®®.!7%.%¢?

NE = 2.53 % 107 exp (-0.023 T (*C)] m* . (3.55)

These small helfum-vacancy clusters grow fnitially as bubbles at a rate

which ts primarily determined by the helium generation and partitioning
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rates. As discussed in Section 3.3.1.1, a constaat fraction of 0.! of
the total density 1s assumed to be associated with precipitates that
form after a temperature-dependent fncubation time. The total cavity
density is typically divided into two or three size classes, one of
which contains the precipitate-assoclated cavities. If and when the
cavities in any one size class exceed the critical size given by
Equation (3.9) they are considered to have converted from bubbles to
voids. Prfior to their conversion to voids, the bubble radius is
calculated using Equation (3.13) and after conversion the void radius

is found by integrating Equatfion (3.1) with the initial condition

®
c

Equations)*®* subroutine package has been used to carry out the

that r. = r.. The LSODE (Livermore Solver of Ordinary Differential
numerical integrations in this work. The time step in the integraticn
is Jimited to ensure that the steady state assumption for Equations
(3.42) and (3.43) is not violated and that the amount of helium par-
titioned to a bubble in a given time step s small relative to its
current helium content.

The number of microvoids is computed by first determining the

iifetime, t_ , of a spherical vacancy cluster with a radius, LI

my

r
mv

Ty = cmv . (3.56)
Dvcv - 04¢ - Dv v

and the microvoid generation rate, va :
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G, . nX
dpa
va L —-5'_"v_ ° (3057)
The number of vacancies in a microvoid 1s:
4x
] 3 .
nv m an . (3.58)
The microvoid density, qmv' is then found by integrating the following

equation:

Mo

T " O M T (3.59)
The total dislocation density is expressed as a time independent func-

tion of temperature:
Py * 1.99 x 10** exp [-0.016 T(°C)J m~®* . (3.60)

Thus no distiaction is made between faulted loops and network disloca-
tions and the dislocation transient is ignored. Equatfon (3.60) pro-
vides a reasonable fit to the observed temperature dependence of the
dislocatton data discussed in Chapter 2.2**.'7? Finally, the subgrain
size 1s also temperature dependent. In 20%-cold-worked material the
subgrain sfze simulates the observed coarse cell structure which was
discussed fa Chapter 2.3¢°-1¢% At 500°C and below the subgrain size
fs set to 1.0 x 10"* m, fncreasing to 1.25 x 10-°*, 3.0 x 10-°,

7.75 x 10°* and 1.70 x 10-* m at 550, 600, 650 and 700°C, respectively.
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To be rigorously correct, the sink strengths of the cavities, the
microvoids and the subgrain structure should be greater for intersti-
tials than for vacancies.’+!!* This {s a result of the multiple sink
correction term in Equations (3.46) and (3.47) for the spherical sinks
and s intrinsically the case for the subgrains in Equation (3.48).

f and 1n

In Equations (3.46) and (3.47) St should be replaced by S
Equation (3.48) Sy should be replaced by S{ when computing the sink
strengths for interstitials. S: and S? are defined by equations
analogous to Equations (3.51) and (3.52). Thus the existence of a single
biased sink results in an apparent bias for all sinks when multiple

sink strength corrections are included. To simplify the present analy-
sis, all bias effects have been subsumed into the single effective
dislocation bias and the sink strengths have been computed using
Equattons (3.46) through (3.52). The influence of the multiple sink

correction terms was investigated further with the comprehensive model

which will be discussed below.
3.3.1.4 Parameter Choices and Mode! Calibration

Perhaps the major uncertainty in all theoretical modeling studies
1s due to the use of materfial and irradiation parameters which are not
well determined.’® Some of these parameters were discussed in this con-
text in Chapter 2. A partial 1ist of these parameters would include
material properties such as the activation energy for self-diffusion,
the matrix surface free energy and the dislocation/interstitial bias

and irradfation parameters such as the cascade efficiency. In many



cases these parameters have been measured tn either pure matertal or
simple alloys and the values applied to complex alloys. The influence
of alloy composition is etther ignored or extrapolated from measure-
ments at a few compositions. In other cases no direct measurements
are avaflable aad values are inferred from indirect observations.

Even in the best of cases, experimental uncertainties typically lead
to a large enough range of “reasonable®” values for any given parameter
that model predictions can be significantly affected. Finally, the
use of the theory to help define the range of parameter values s hin-
dered by the fact that changes in one parameter can often be offset by
a corresponding change in another. For example, when bulk recom-
bination is ignored and dislocations are the major point defect sink,
the effective vacancy supersaturation given by Equattion (3.3) takes

the following simple form:

$ o 29 -1) (3.61)
L J - l s [
s9pct !

{ “vv

Clearly, changes in the cascade efficiency can be directly offset by
changes in the bias or the dislocation density. I[f the temperature
dependence of the dislocation density is not adequately represented,
changes in the self-diffusion energy will compensate for it. One
advantage of the more complex model to be discussed in Section 3.3.2

fs that simple relations such as Equation (3.61) do not arise because
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of the explicit dose and temperature dependence of the major micro-
structural sinks. However, even in the comprehensive model, some
limited parameter vartiations could be offset by changes in other param-
eters. This will be discussed tn more detatl below, but the result of
the uncertainties is that 1t is generally impossible to arrive at a
unique set of model parameters when using the theory to match the
observations in any one data set. Therefore, with even a well-
calibrated model, any extrapolation from the existing data base should
be carried out with great care.

The models developed here are subject to the uncertainties just
discussed. In addition, the most serious assumptions in the model are
the very limited treatment of possible precipitate effects on voic
formation and growth, the use of a simple temperature-dependent precip-
itate incubation time, the use of a temperature-independent precint-
tate sink strength and the neglect of possible micraochemical effects
on point defect diffusivities and sink capture efficiencies. In spite
of these approximations, the model s able to predict the broad trends
in the breeder reactor swelling data base and 1t is be'leved that the
model provides a useful tool for increasing our understanding of the
phystcal mechanisms responsible tor void swelling and for explcring
the sensitivity of swelling to parameters which may be of interest but
which are not easily investigated experimentally, For example, the
model will be used to examine the influence of tne He/dpa ratio in tnre

range of values which will be observeg in & DT fustcn reactsr. In
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this sense, theoretical models provide a complementary tool to experi-
mental fnvestigation and nefther ts adequate without the other.

The parameters used to calibrate the cavity evolution model are
summarized in Yable 3.5 and they will be discussed in turn below. The
data set chosen for this calibration was from the RS-1 experiment
which was discussed in Section 2.4. The cdata are from immersion den-
sity measurements of the 20%-cold-worked FFTF first core heats of
tvpe 316 stainless steel. This data set was chosen to minimize
scatter from heat-to-heat varifations and because it covers a broad
dose and temperature range.

Experiments to measure the self-diffusfon coefficient in aus-
tenitic alloys are typically conducted at quite high temperatures
(T = 1000 to 1400°C) (refs. 225,226,265). Extrapolation of these
results to temperature in the range 300 to 700°C {s uncertain since
relatively small changes in the activation energy will lead to
diverging values of the self-diffusion coefficient at these lower tem-
peratures. The value of the activation energy {s known to be sen-
sttive to compositiont*® and typical values range from ~2.6 to 3.2 eV
in varfous austenitic alloys.??%.22¢,268,287 Here an intermediate
value of 2.9 eV has been used with a pre-exponential of 8.0 x 10°* m?
sec”? (refs. 265, 267). The partitioning of the activation energy for
self-diffusion between the vacancy formation and migration energies
influences the results of the present model primarily for temperatures

greater than about 600 to 650°C. Recently, Garner and Wolfer??? have



Tabie 3.5,

Material and irradiatior parareters useq in

calibration ot cavity evolution mozel

Material Parameters

Vacancy energies: Formation, E:

Miqgration, Et
Interstitial migration energy, E?

Diffusivity pre-exponentials:
Vacancy, 03

interstitiail, D?
Recombination coefficient, a
Dislocation-interstitial bias, Z?
Surface free energy, v

Total sink densities:
Disiocation, Py

Cavity, NE

Sudbgrain size, dg

Precipitate-associated cavity
fraction, fp

Precipitate:
Sink Strenqgth, So

Nucieation time, 5

Geometric terms for cavity voiume
and surface area:
Precipitate-2ssociated

Matrix

1.5 ev
1.3 ev

0.5 ev

8.C ~ 10-5 m2/sec
8.0 x 10-% m2/sec
2 » 1928 G, sec!
1.22

1.620 — 7.0 » 10-% T{°C) J/m?

1.99 » 10'® exp[—B.C16 T(°C)] m-2

2,53 » 1026 exp [-0.023 T/2C)] m-?

T <500°C 1.0 « 1075 m
T=550° 125 «12°%n
T=600°C 3.0 10°%m
T =65°C 7.75 » 1i-6nm
T = 700°C 1,10 « 10-*m

[«
py

4.0 » 1N~ m-2
0,16 {7179 = T (°C)] dpa
g3 R2,2%; F = 0,80, FS = 0,434

= 1990 = .
[ 1892 il FS 1.0

[rradiatinn Paraneters

Namage rate, dea

Heliym generation rate, GHe

rascade efficiency, =

fFraction of vacancies ciusteren
N microyning,

Microvord radias, o

IN-% dpa/ser
1.5 < 1070) nefatom/sec

6,332

n,52% am; T - 37670
407 a1 o« 465°%7

180 Am- PR
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Cited measurements of Ej which indicate that E' ~ 1.8 and E* ~ 1.1 tn
nickel:¢%,2%% apd suggest that these values be used for type 316

stainless steel. However, measurements of Ec in both high purity Fe-
Cr-N{1 austenitic alloys and in type 316 stainless steel indicate that
E: ~ 1.3 to 1.4; hence E: ~ 1.5 to 1.6 (refs. 270,271). These latter
values are more appropriate for this study and values of Ee = 1.4 and
!
model are not sensitive to the value of the interstitial migration

= 1.5 have been used. The predictions of the cavity evolution

energy.?’* VYalues of ET measured in pure materials are typically
fairly low, on the order of 0.1 to 0.2 eV (ref. 273), and such values
have normally been used in theoretical studies of void swelling.
However, recent measurements of E? in austenitic stainless steel
fndicate that an activation energy as high as 0.9 eV may be more
appropriate in these complex alloys.27°.27%,37% An {ntermediate value
of ET = 0.5 eV was used in this work with a pre-exponential term of
8.0 x 10°* m* sec~!.

There have been only 3 very limited number of measurements of the
surface free energy in austenitic stainless steels.?**»?%¢ Myrr and
co-workers have reported measurements in type 304 stainless steel
obtained using the method of zero creep deformation of thin wires at
high temperatures.?®*® A linear fit to their data in the range of 1000

to 1400°C ytelds the following expression:

Y(T) = 4.05 - 1.75 x 1072 T(°C) J/m* . (3.62)
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This leads to values of the surface energy between 2.8 and 3.5 J/m?
when extrapolated to the 300 to 700°C temperature range. This is much
higher than the nominal 1.0 J/m® which has typtcally been used in
previous studies of void swelling. A lower surface energy can be
ratifonalized on the basis of the presence of surface-active gases such
as oxygen,?®:27¢,277 pyt the amount of reduction which should be
applied is unclear. This is particularly true in complex alloys where
the presence of oxygen-gettering elements such as carbon, silicon and
titanium appears to strongly limit the influence of oxygen.®?’® The
1.0 J/m* value has been used in the past largely because such a low
value was required in order to obtain reasonable void nucleation rates
from the classical stochastic theory as discussed in Sectfon 3.2.2.
The results of that same section indicated that a higher, temperature-
dependent surface free energy was consistent with void formation via
the conversion of critically sized, helium-stabilized bubbles. The
value used here retains the temperature dependence of Equation (3.62),
but the magnitude 1s reduced by a factor of 0.4.

The parameters which describe the net fraction of the initially
produced point defects which survive {intracascade annealing and cascade
collapse are given in Equations (3.42) through (3.44). Here n = 0.333
and x = 0.8. These values are consistent with the results of detailed
computer modeling of the evolution of the displacement cascade.??,?¢,%¢:
The microvoid radfus, r

m
the model predictions and low temperature swelling data. The tem-

v’ has been used to obtain agreement between

perature dependent values of foy 37€ given in Table 3.5. Predicted



128

swelling fs essentially independent of the microvoid parameters above
about 450°C, but below this temperature the presence of these tran-
sient vacancy clusters reduces the vacancy supersaturation by acting
as a recumbination site for point defects. This use of a variable
microvoid radius is somewhat ad hoc, but it can be thought of as a
surrogate for the other vacancy cluster parameters which may be tem-
perature dependent. For example, the morphology of the stable vacancy
cluster is known to be temperature dependent in face-centered cubic
materials.?%,370,2¢80

Bulk, uncorrelated recombination of vacancies and interstitials
due to point defect diffusion 1s accounted for in Equatfons (3.42) and
(3.43) by the term proportional to what is called the recombination
coefficient, a. The results presented below fndicate that bulk recom-
bination is important only when the total system sink strength {is
fairly low, an > D‘§SJ. This generally occurs only at high tempera-
tures. While most vacancies and interstitials do recombine, this recom-
bination takes place at point defect sinks rather than §n the matrix.
Neglecting the temperature dependence of the extended defects led some
early researchers to the erroneous conclusion that bulk recombination
was responsible for the low temperature swelling cutoff.7%.,313,138
This error was pointed out by Bullough and Hayns’* and discussed in
more detal) by Hayns.?*! Two alternate methods can be used to com-
pute the recombination coefficient. The first is a contfnuum approach

in which both types of point defects are considered to be a small
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permanent sink of radius r, for the opposite defect.***+*> This leads
to a diffusion profile around the sink and
4tra

as —— (0 ¢ ov) . (3.63)
Since 0‘ » Dv' the recombination coefficient can generally be con-
veniently expressed in terms of the interstitial diffusivity only.
The second approach is a discrete atomistic description in which the
recombination coefficient is expressed as a function of the vacancy
and interstitial jump frequencies and a geometric term referred to as
the combinatorial number’ or the recombination cross section.®®?.2°*
This geometric factor is related to the number of atom positions
around a given point defect from which the opposite defect can cause
spontaneous recombination in a single jump. These two approaches have
been shown to yield similar results.?®® Theoretical calculations of
fa lead to values ranging from 0.14 (ref. 284) to 1.07 nm (ref. 283).
Using Equatfon (3.63) and neglecting ov. these estimates of o would
correspond to values of a/D, between 1.6 x 10*° and 1.2 x 10** m~*.
Recent measurements of the recombination volume in high-purity austen-
ftic steels indicate that fa = 0.845 nm, leading to dID1 = 9.25 x 10%*
m-? (ref. 285). A value on the low end of this range has been used in
this calibration, a/0, = 2 x 10** m~2.

With the other parameters fixed, as just discussed, the

dislocation-interstitial btas, Z?. was used as the final calibration

parameter to obtain agreement between the predicted swelling and the
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RS-1 swelling data. Because Z? directly affects the vacancy super-

saturatfon [Equctfon (3.61)], 1t {nfluences the critical anumber of gas
atoms [Equation (3.8)]; hence, it influences the bubble-to-void con-
version times. The steady-state swelling rate can also be shown tc be
approximately linearly dependent on (Z? - 1) (ref. 74). Therefore,
varifations in the assumed bjas have about the largest overall effect
on mode} predictions. Theoretical calculations of Z? suggest a fairly
broad range of possibie values, Z? = 1.01 to 2.0 (refs. 69-75,286).
Unfortunately, 1t 1s not possible to determine a precise value for the
bias from experimental measurements of a parameter such as the
swelling rate because the bias appears as a product with the cascade
efficiency. With the cascade efficiency fixed, as discussed pre-
viously, the btas was used to fit the model's predicted steady-state
swelling rates to rates observed in the RS-1 experiment. Thtis
required Z? = 1.22, which is near the middle of the range of thecreti-
cal values.

The swelling predictions of the cavity evolution model are com-
pared with the RS-1 swelling data®?.*3.'%? {n Figure 3.16. For the
results shown here, two cavity size classes have been used — one
matrix class and one precipitate-associated ctass. The use of more
than two size classes has a minimal impact on the predicted swelling
as long as the total cavity density and the precipitate-associated
fraction remain constant. Although the model is fairly simple, the

temperature ang fluence dependence of the data is well tracked. Both
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Figure 3.16. Comparison of RS-1 swellfing data and predictions of
cavity evolution model. RS-1 data from Bates and Korenko,®® Yang and
Garner,®? and Garner.!'®?
the incubation times and the steady-state swelling rates observed in
the data are well represented by the model.

The incubation time {n Figure 3.16 is primarfly a function of the
rate at which the subcriticail bubbles absorb helfum and the precipt-
tate incubation time. Point defect partitioning to the various sinks
gives rise to a temperature-dependent vacancy supersaturation and crit-
fcai number of gas atoms, as shown in Figure 3.17. The value of m;e

shown in figure 3.17 is for a spherical (matrix) bubble (i.e.,

Fv = 4n/3). Because of the increasing dependence of the critical



132

ORNL DWG. 88C-17130

10‘ I 107

108
[+ o

3

z :

5
2 10° 2
« P4
< -
<«
c 0%k 10 o
o2 5 E
7 - «
3 - 103 ©
E 102 E

1 ] ] | | 10

350 400 450 500 550 600 650 700
TEMPERATURE (°C)

Figure 3.17. Temperature dependence of effective vacancy super-
saturation, S, and critical number of gas atoms, mﬁe. using nominal
model parameters.
number on temperature above about 500°C, two patterns of bubble-to-
void conversion are observed. At 400 to 450°C swelling is due to the
conversion of matrix bubbles to voids while at higher temperatures the
precipitate-associated cavities are responsible for the swelling. The
lag time for bubble-to-void conversion following precipitate formation
increases from about 6 dpa at 500°C to 36 dpa at 650°C. Hence, the
model indicates that, for the set of parameters used here (typical of
commercial austenitic steels), swelling at low temperatures can be due
to helrum accumulation alone, while at higher temperatures the
increased critical cavity size requires void-precipitate associration

in order to observe swelling at doses 1ess than about 100 dpa.
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At both high and low temperatures the early conversion of either
bubble size class tended to prevent the other from converting. This
is due to the fancreasing cavity sink strength which begins to suppress
the vacancy supersaturation. This in turn causes the critical size
for the remaining bubble size class to fncrease at a rate that is
greater than the helium accumulation rate. A typical example of this
phenomenon is shown in Figure 3.18 where the effective vacancy super-
saturation and critical number of gas atoms at 500°C are plotted as a
function of frradiation dose for both matrix and precipitate-
associated cavities. The helfum content of the cavities is also shown.

The change in slope of the supersaturation and critical number curves
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Figure 3.18. Dose dependence of the effective vacancCy super-

saturation, S, and critical number of gas atoms, m;e, at 500°C.
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at about 45 dpa is a result of the conversion of the precipitate-
associated bubbles to voids. The significance of this effect will be
explored further in the next section.

At 700°C the model does not predict void formation out to 100 doa
with the nominal parameters. This i{s shown in the lower of the two
curves labeled 700°C in Figure 3.16. Increased thermal vacancy
emission reduces the effective vacancy supersaturation at such high
temperatures to a very low level. This leads to a large critical
number as shown in Figure 3.17. However, the predictions of the model
at 7C0°C are quite sensitive to small changes in model parameters.
Increasing the vacancy formation energy by as little as 0.03 eV and
slightly reducing the disiocation density or the recombination coef-
ficient raises the vacancy supersaturation to a sufficient degree that
swelltng begins at about 85 dpa as the upper of the two curves labeled
700°C in Figure 3.16 indicates. A somewhat higher value for the self-
diffusion energy i1s consistent with the measurements mentioned
above.***.2¢% A somewhat lower dislocation density would be in agree-
ment with values observed in recrystallized steels and 1s within the
range of observed values for irradiated type 316 stainless steel (cf.
Figure 2.7). The sensitivity to dislocation density may explain in
part the fact that void formation is highly nonuniform in cold-worked
materials. This will be discussed further when the predictions of a

more comprehensive model are described in Section 3.3.2.
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3.3.1.5 Parametric Analysis: Cavity Density and He/dpa Ratio

Because of the interest in the potentfial efiects of the He/dpa
ratio on swelling in austenitic statnless steels, the caltbrated
cavity evolution model has been used to explore the influence of this
parameter. The most systematically observed effect of the He/dpa
ratio is the formation of higher cavity densities at higher helfium
levels.®*»*7 This was discussed in Chapter 2, and ref. 54 indicated
that the total cavity density could be approximately described by a
simple power law, Nz a (Heldpa)p. Simple theory suggests that the
exponent p should be about 0.5 (ref. 109) while experimental obser-
vations typically fall in the range of 0.2 to 1.0 (refs. 54,57,104).
For the present analysis p has been treated as a variable parameter
and the He/dpa ratio has been varied between the low value of 0.35
appm He/dpa 1isted in Table 3.5 to a high value of 70 appm He/dpa.

For austenitic stainless steels the former value is typical of EBR-II
and the latter value is typical of the HFIR. The He/dpa ratio in a DT
fusion reactor first wall falls between ttese two limits (~10 appm
He/dpa). The total cavity density was scaled from the value listed in

Table 3.5,
p

¢ ¢ He/dpa
NC (He/dpa) = NC (0.35) - . (3.54)
The values of the other model parameters remained fixed.
The dose dependence of the predicted swelling with a He/dpa ratio

characteristic of the HFIR and a DT fusfon reactor first wall i§s
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compared to the EBR-II base case in Figure 3.19. Three values of the
cavity scaling exponent are represented at 450, SS0, and 650°C. For
the HFIR simulation, the dose dependence of the He/dpa as described
by Simons®*® 1s included. Incubation times and in some cases steady-
state swelling rates vary as a function of both the He/dpa ratio and
the cavity density. At 450 and 650°C there is a fairly monotonic
decrease in swelling as the cavity density (p) s increased in both
environments. At 550°C the behavior 1s more complex, with peak
swelling near a value of p = 0.5 for the DT fusion case. The sen-
sitivity of the HFIR and fusion swelling predictions at 75 dpa to the
cavity density is shown explicitly in Figure 3.20. The bubble-to-void
conversion pattern is indicated in Figure 3.20 by the labels m,p and
n/c for matrix, precipitate-assoctated and no conversion, respectively.
The EBR-II base case swelling 1s also shown for comparison. Although
the detafls of the swelling behavior are dependent on both temperature
asd the He/dpa ratio, a broad trend of enhanced swelling (relative to
EBR-I1) is observed for p up to about 0.5 to 0.7 for HFIR and p = 0.6
to 0.9 for DT fusion. This enhanced swelling is primarily a result of
reduced incubation times at the higher He/dpa ratfos. In a few cases,
conversion of additional classes of bubbles to voids leads to higher
swelling rates as well., However, at the highest cavity densities,
swelling 1s reduced. The reduced swelling is due to extended incuba-
tion times and in some cases to lower swelling rates. The {ncubation
tines are extended as a result of a higher cavity sink strength,

leading to a reduced vacancy supersaturation; hence, the critical
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number of gas atoms is increased. At the same time, the available
helium must partition to more cavities. Reduced swelling rates are
also the result of an increased cavity sink strength. As discussed in
Chapter 2, the peak swelling rate occurs when the cavity and disloca-
tion sink strengths are nearly equal.” The early conversion of a
high densily of matrix cavities (e.g., p = 0.8 at 450°C) can suppress
the later formation of precipitate-associated voids which would other-
wise cause rapid swelling. Therefore, there may be a critical value
of the cavity density which will give rise to a bifurcation in the
path of cavity evolution. The tendency for the system to follow the
low swelling path for a given value of p is enhanced by high tem-
peratures and a high He/dpa ratio.

In Figure 3.21, the ratio of the incubation time (dose to 1%
swelling), t, and the quasi-steady-state swelling rates (at 7S dpa),
§. for OT fusion relative to EBR-II are shown for p = 0.2, 0.5 and 0.8.
For p = 0.2 and 0.5, the difference between EBR-II and DT fusfon 1is
primarily due to the reduced incubation time. At 550°C, the swelling
rate {s somewhat enhanced as well. For p = 0.8, both the swelling
rates and the incubation times are affected. The magnitude and the
sign of the effect vary with temperature. The explicit dependence of
the predicted swelling on the He/dpa ratio is shown in Figure 3.22 for
p= 0.2, 0.5 and 0.8. The predicted swelling at 75 dpa for 450, 550
and 650°C 1s compared with the EBR-II base case. These calculaticns
indicate nonmonotonic swelling behavior with He/dpa ratfio. Except for

the highest value of p and the highest temperature, the predicted
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swelling appears to peak near the DT fusion He/dpa ratfo. This result
suggests that a simple interpolatfon or extrapolation of swelling data
obtained in efther the EBR-II (0.35 appm He/dpa) or the HFIR (70 appm
He/dpa), or both, may lead to significant errors in predicting
swelling in a DT fusion reactor first wall.

It should be emphasized once again that the specific values of
the predicted swelling are sensitive to model assumptions and param-
eters. However, the general trends which are predicted are a con-
sequence of the physical mechanisms discussed above and not the
details of the model. In particular, the dependence of swelling on
the He/dpa ratio is belteved to be real. The predicted bifurcation
in the cavity evolution path s quite consistent with the observed
swelling of 20%-cold-worked DO-heat in the HFIR and EBR-1], as
discussed in Chapter 2. Finally, type 316 stainless steel has been
irradiated in the ORR in an experiment in which the neutron spectrum
was tallored to yleld a He/dpa ratio of about 10 (ref. 287). Initial
examinations of specimens from this experiment indfcate that swelling
is significantly greater than was observed in the same heats of

material irradiated in the HFIR or the FFTF (He/dpa ~ 0.5).%***

3.3.1.6 Development of Model-Based Design Equations

The results of the previous section have been used to develop a
set of model-based design equations for the swelling of 20% cold-
worked type-316 stainless steel in a DT fusion reactor. This set of

equations complements two data-based design equations which have also
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been formulated.?**.2°®* These two data-based equations arose from the
two different interpretations cf the results of irradiatfoans of 20%
cold-worked DO-heat, as discussed in Chapter 2. One of these equations
emphasizes the results of HFIR irradiation®®® while the other empha-
sizes the EBR-1I results.®®® In developing the model-based design
equations, values of p = 0.2, 0.5 and 0.8 in Equation (3.64) were
used. This attempts to set crude mechanistic 1imits on the predic-
tions. The He/dpa ratio was set to 10 appm He/dpa with a damage rate
of 10-° dpa/sec. The other parameters from Table 3.5 also apply.
Hence, the design equations are appropriate for components near the
reactor first wall.

For temperatures up to 600°C and doses to 100 dpa, the predicted

swelling values, S, were fit using a function of the following form:
S(T,d) = A(T)[d - t(T)] - B(T)[d - ¢(T))® , (3.65)

for d > t, where T is the irradiation temperature (°C), d is the dose
(dpa) and A, B and t are temperature-dependent parameters used to fit
Equation (3.65) to the swelling curves. The parameter A is approxi-
mately equal to the predicted maximum swelling rate and t corresponds
to the dose required to reach 1% swelling. A value of the exponent

a = 1.25 1s required to yjeld the proper curvature in the swelling
curves. Best-fit values of A, B and t were computed using a nonlinear
least-squares regression program for each of the three values of p.

Individual fits for A, B and t as a functfon of temperature were then
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obtained in each case. These functions are given below in Equations
(3.66) to (3.68).

for the p = 0.2 case:

(T - 500)7 | [ (7 - 615)]
A(7) = 1.285 expy — —BIO0 + 0.80 exp ~ 00

=3 -

+ 0.09 exp _(I_;Uggﬂl_ ., (3.66a)

e -

(T - 500)’] ., (3.66b)

B(T) = 0.225 CX{- %00

t(T) = 23.5 exp| - 517535592;] +5.88 + U°(T) . (3.66¢)

0, T < 490°C
() - (T - 490)?

18.6 [1.0 - exp{- "EUUU““}] , T 2 490°C . (3.664)

For the p « 0.5 case:

(T - 450)? | (T - 555)7
'17) = 1,08 ex;{- 1 + 1.12 CX{— S | 1

-

2]
+ 0.04 ex -(I-:ssggz— . (3.€7a)

(T - 485)" | (T - 400)?
B(T) = 0.235 expl - -—-7165—-‘J + 0,035 expl - ——gp— |

T - 540)7 |
+ 0.04 expl - -—(—l-n-o-o-")—‘ , (3.67b)
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t(T) = 8.5 + 16.5 exp[} SI—E,;gQZ;J + 24.5 explf gI—;nggz;J .

(3.67¢c)
For the p = 0.8 rase:
| - l- - 8-‘
A(T) = 1.07 exp l’SISUS;EEziJ + 1.30 exp | - SI'Izgggz'J
L
[(T - 550)2
+ 1.40 exp - 50—  (3.68a)
L .
B(T) = 0.20 exp [ Q-EZ;;?-): J + 0.22 expl - g_;gg';_);

+ 0.20 exl{-- %ﬂ]- AMAX1[0.0, 3.1 x 10~ (T - 550)] , (3.68b)

53.0 exp[- _(r_aa;z_)*' + 42.5 ex;{- g_;sggg)’] :
. |

um - T < 500°C
42.8 + 7.0 x 10-* (T - 500)* ; T 2 500°C .
(3.68¢)
In Equations (3.66) to (3.68), exp(a) = € 1n order to simplify the
notation and the FORTRAN function AMAX1 1s used to prevent the use of
negative values in the last term in Equation (3.68b).
The model-based equations are compared with the two data-based
equations in Figure 3.,23. In the case of the HFIR-based equation, a
50°C temperature shift has been applied in plotting the results since

this equation was developed prior to the discovery that the actual
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Figure 3.23. Comparison of alterrate design equations for the
swelling of 20% cold-worked type-316 stainless steel in a DT fusion
reactor first wall. The curves for the model-based equations reflect
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irradiation temperatures in the HFIR were systematically higher than
originally thought.**+2** The curves shown for the EBR-I1I1-based
equation do not include the helium bubble swelling contribution that
the authars recommended;**® this term would yield a small amount of
swelling at low temperatures (<0.5% at 100 dpa at 300°C).

The comparison shown in Figure 3.23 re-emphasizes the key result
discussed in the preceding section (1.e., that neither EBR-II nor HFIR
may provide a conservative estimate of swelling in a DT fuston reactor
first wall). Dose and temperature regimes are observed in which each
of the three alternate design equations predicts the highest swelling. -
However, the model-based interpolation (at the appropriate He/dpa
ratio) generally predicts much higher swelling than the two data-based

equations.
3.3.2 Description of Comprehensive Microstructural Model

The comprehensive model discussed here 1s buflt on the foundation
of the simpler model just described. The cavity evolution component
of the model 1s identical to that described in Section 3.3.1. Here
the assumption of a time-1independent dislocation density has been
relaxed and an explicit treatment of the evolution of both fFrank

faulted dislocation loops and the dislocation network are included.
3.3.2.1 Rate tEquations with Time-Dependent Dislocation Density

In order for the model to include the time dependence of the dis-

location structure, the rate equations given above for vacancies and
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interstitials [Equations (3.42) and (3.43)] are modified to include
the preseace of di-, tri-, and tetra-interstitial clusters and Frank
faulted dislocation loops. Additional rate equations describe the
interstitial cluster concentrations and the evolution of the faulted
loops and the dislocation network.

The assumptions discussed in Section 3.3.1.3 apply here as well,
along with the following:

1. Only the monodafects are assumed o be mobile. Although the
mobility of the small interstitial clusters can be included in a
simple manner, their mobility has been shown to have no significant
effect on the point defect calculations.**

2. The tetra-interstitial 1s a stable radius for Frank faulted
loop formation. The di- and tri-interstitials may thermally aissociate
by emitting a single interstittal.*?

In Section 3.3.1, parameters related to the total dislocation
density were designated by a suhscript or superscript d where
appropriate. Here, because the network and faulted loop compcnents
are distinct, the letter n will be used in reference to network param-
eters and the letter & for loop parameters.

The rate equatfons are as follows:

dC

v n L
gt = 6, - 86 - ByCs - BiCe - acyC, - ovcv(sv v S,

o vcl g
¢S, 4SS, 4 Sv) . (3.69)



ac d
i
e = "6 + Co(2r] + B2 - B3) + Cu(r, - B]) - BIC

n L c vcl 9
- B;C. - aC'Cv - D‘C'(S' + S' + Sl + S1 + S‘) . (3.70)

dC Cy a a

g~ " 8} 5 + Ca(B] + 1)) - C.(B + B} + 1)) . (3.n)
dc d

gE- = 8iC, + BIC. - C,(B + 8] + 7)) (3.72)
dC,

ar' = B:C, - B;C. - C. t:‘ - (3-73)

In Equations (3.69) through (3.73), the Bi-v and r‘,'., are rate con-
stants for the impingement of point defects on interstitial clusters
of size J and the thermal dissociation of di- and tri-interstitials,
respectively, S:'_v is the faulted loop sink strength, T will be
discussed balow and most of the other terms have already been aefined.

Yariable definitions are summarized in Tahle 3.6,

]
zy,v01 vCi,v
J ] L ] [ ]
Bi.v r . (3.74)
0
d Dy 3
fon "5 exp(- —;-"rl) . (3.75)

0
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Table 3.6. Variable definitions in comprehensive model

Parameter vValue/Units
Lattice parameter, ao 3.58 x 10**
Atomic volume, Q 1.15 x 107** m* (a;/4)

Burgers vector magnitudes

Network dislocation, b, 2.53 x 107'* m saOIVZ
Faulted loop, b, 2.07 x 10™** m aolv3
Diffusivities
Vacancy, Dy m?/sec
Interstitial, D1 m?/sec
Concentrations
Vacancy, Cy e No./atom
Thermal equilibrium vacancy, Cv No./atom
Interstitial, c' No./atom
Di-interstitial, C No./atom
Tri-interstitial, € No./atom
Tetra-interstitial, C. No./atom
Extended defects
Sénk strengths, S{ v m-?

Equiltbrium vacancy concentrations, c£ No./atom
where § = ¢ for cavittes,
= n for network dislocations,
= g for faulted loops,
= g for subgratns,
=« vcl for microvoids,

) 2 R ]
s"v . iﬁt?§7F;7 § zurlulz'.v(rl) . (3.76)

The Z: v(rl) are effective faulted loop bias factors for interstitials
and vacancies. Values for the binding energy of the second and third
interstitial in a cluster (E?,,) and for the combinatorial numbers

(z{ v) in Equation (3.74) will be discussed below.
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The present model distinguishes between the small interstitial
clusters and the larger faulted loops by treating their evolution
differently. The t, term in Equation (3.73) is the lifetime of a tetra-
interstitial against growth to the size of the first faulted loop size
class. If r 1is the radius of the tetra-interstitial and r: is the

radius of loops in the first size class,

rf
drg -,
t.-l e, (3.77)
r. dt
d
T - b, (23(r0 Cy - Zr o fc, - Citr)h (3.78)

in which C:(rl) is the vacancy concentration in equilibrium with a

fauited loop of radius r bl is the magnitude of the Burgers vector

ll
of the faulted loop (bz - aOIV5) and B = Zulzn(rolrc).

[ g Gby 4r
| 4
C:(rl) . C: expl - — (————— tn (—) + Yst . (3.79)
kT 4n(1-v)r, by b,

The first term in the exponential in Equation (3.79) is the elastic
energy opposing loop growth due to the increasing dislocation line
length while the second temm is due to the stacking fault; G is the
shear modulus, v is Poisson’s ratio and vsf is the stacking fault
energy. Here the calculation of the vacancy generation rate using
Equation (3.44) also includes vacancy emissfon from the faulted loops

using Equation (3.79).
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The use of the term C,t,~' in Equation (3.73) permits a mathemat-
ical transition between regions in which alternate descriptions of
interstitial loop evolution are used. As shown in Equations (3.70) to
(3.73). a discrete clustering calculation {is done for sizes up to the
tetra-interstittal. However, this description would necessitate
integrating greater than 10* rate equations if it were used for loaps
up to the maximum size observed experimentally. The evolution of the

larger loops is instead given by equations of the form,

d"% l -1 l -1
ar L] N"‘ti - N‘ti"‘ Y (3.80)
where N: ts the number of loops in a given size class with radius r:

and the t, are given by Equation (3.77) with the approoriate loop

1
radii used as the 1imits of the intearation. The loop size space
between r, and the maximum loop radius is divided into a discrete
number of size classes. This latter discretization provides a prac-
tical description of the continuum distribution. The number of size
classes reauired to preserve the essentfal features of the loop dis-
tribution can be determined numerically. Figure 3.24 is a plot of the
loop density and loop line length at 450“C as a function of the number
of size classes used. These parameters are essentially independent of
the numher of size classes when qreater than about 15 are used.

[t remains to be shown that Equation (3.73) provides a mathematt-

cally appropriate boundary conditfon hetween the two regions. For the

interstitial clusters uo to size four, Fquations (3.69)~(3.73) orovide
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Figure 3.24. Faulted Yooo number density (Ng) and faulted Yoop
line length (pg) as a function of the number of loop size classes.
an exact representation of the ohysical orocesses involved in cluster-
ing. Therefore, the net forward current (J.) obtained from Eguation
(3.73) provides a precise measure of a source term for the region in
which the continuum descriotion is used. This same curreat can also
be exactly calculated for the discretized continuum distribution using
the continuity equation. The continuity eguation yields the following
resuylt:

3 3 - ~r(r + &c)n(r + &c) + r(r)n(r)
5E[n(r)] s - a-F[rn(r)] = <7 . (3.81)




=
(5]
&

Ifrer,, r+68r=rg, n(r) =C, and a(r + 6r) = C;, then Equation

(3.81) yflelds:

3, - —— (3.82)

CQB
R RN {z5(ra0,C, - Zp(ra0 L€, - “Er)I} . (3.89)

where Equation (3.78) has been substituted for ;(C_). Alternately,
J+ from Equation (3.73) 1s given by C t ~'.

]
- L L L -
Cat;* = Cu/ {23 (r00,C, - Z(r 0 [C, - C (r) ]}t dr, . (3.84)
r

C.8 1
C.t:' . ;

; [z3(ra0,C, - Z(r )0 [C, - Ch(r)I} . (3.85)
[] (r -r

where the integral has been approximately evaluated by the values of
the integrand at the lower limit times dr. In the limit as rf
approaches r_ (the radius of the penta-interstitial), Equations (3.83)
and (3.85) are equal by inspection. This equality is subject to the
assumption that the integrand in Equation (3.84) is only a weak func-
tion of Mo This condition §s met by noting that DVCC(rl) ~ 0 for
small loops and that in the present model the bfases are not size
dependent for the smallest loops. Finally, it is worth noting that
the values in Figure 3.24 for 32 sfize classes correspond to the case

where rf « Iy,
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The model for the evolution of the dislocatfon structure includes
four components, two of which are solely due to the irradiation and
two of which are thermal. The thermal components are a high tempera-
ture climb source term (Bardeen-Herring sources) and a thermal annthi-
lation term due to stress-directed preferential thermal emission of
vacancies. Models of this type have been developed for the study of
creep processes.**?.%*3  Network dislocations can be recovered by
climb and glide processes leading to annihilation. The present model
assumes that climb ts the rate controlling process. The climb veloc-
ity of an edge dislocation subject to a stress, o, is given by Nix et

al.?** as
) 2w Q e
Ya " mlr,Ir) 6 kT 050 - (3-86)

Adopting the model of Gibbs,*°®* the stress is assumed to be an finter-
nal (back) stress due to a population of itmmobilized dislocations

o = AGb p,t/* (3.87)
where A 1s nominally 0.4 and Py fs the density of pinned dislocattions.
The average climb distance is taken as the mean dislocation spacing

d ., = (upn)"/' . (3.88)
Using Equations (3.86) to (3.88), one obtains a lifetime against annt-

hilation due to this climb-glide process as

dc] . 2"’/’ QGDst
th s " |A
cl

(3.89)

1n(ro/rc) kT
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In Equation (3.89) Ap;” has been set to A'p;" and the parameter A’
was used to fit thermal recovery data.

The dislocation network can also be regenerated as the result of
sources that act by dislocation climb and from the emission of dis-
locations at precipitate interfaces.'*’ [t would be difficult to
model these dislocation generation processes in detail. As a first-
order approach, a model was developed for the generation of network
dislocations by the so-called Bardeen-Herrinag sources.*® Bardeen-
Herring*® sources for network dislocations are similar to the
Frank-Read source except that the former are climb-driven while the
latter are glide-driven.®® The source is shown schematically in
Figure 3.25 in which a pinned dislocation segment is bowed due to an
applied stress. After climbing a sufficient distance, the source will
collapse leaving a dislocation loop and the original line segment once °
again able to generate succeeding lcops. For simplicity, the source

may be assumed to generate 2muiL of new disiocation line leagth after

ORNL-DWG 85-16835

Figure 3.25. Schematic drawing
of Bardeen-Herring dislocation
source (after ref. 62).
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climbing a distance L. The time to generate this new line length

(tgen) ts defined by analogy to Equation (3.89). The climb velocity

is given by Equation (3.86) and the generation rate fs then

ZlLvo
P, 2aL cl
RO« T = S ’ (3.90)
th tgen 0 L 0
pn [+] .
Rth - Zuvcl So . (3.91)

in which SD is the thermal source density. In cold worked materials
the subgrain structure as well as the network dislocations provide
potential sources of this type. The thermai source density was also
used as a fitting parameter.

The thermal dtslocatton source and annihilatior terms were
calibrated using tensile data obtatned at 450, 550 and 650°C for AISI
316 stainless steel. This data included yield strength measurements
(2% offset) for both 20% cold-workec and solution annealed material es
well as 20% cold worked material aged for 4000 hr at the test tem-
perature.'*? Assuming that the hardening increment due to network
dislocations varies as (pn)'/' (ref. 296) and that this is the primary
cause of the increased yield strength of the cold-worked materfal rela-
tive to the solutfon annealed material, the ratios shown in Table 3.7
are obtained from the data. The model's predictions for these same
ratios are also listed. These were obtained by computing the disloca-
tion evolution with dea = 0 in the model. These values are also con-

sistent with transmfission electron microscope observations on the same
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Table 3.7. Results of thermal dislocation evolution model

Dislocation Density Ratio: Cold Worked + 4000 hr at 7

~As Cold-Worked
Test Temperature
T (°C) Data Model
450 0.73 0.99
550 0.41 0.41
650 0.054 0.053

heat of steel after thermal aging. The parameters used to obtain
these results are listed in Table 3.8. They are discussed further in

the section on Model Calibration.

Table 3.8. Thermmal dislocation evolution parameters

Modiffed back-stress term, A~ 0.05

Temperature Source Density
(*C) Sp
550 2.0 x 10! m-?
600 9.7 x 10'* m~?
650 1.2 x 10** m-?
700 2.0 x 10** m™?

Under irradiation, the growth and unfaulting of Frank loops pro-
vide an additional source of network dislocations. The model assumes
that the maximum loop size is governed by the geometrical constraint
that the loop unfaults upon contacting another loop or network dislo-
cation;*** hence

£ -
fung * (o) (3.92)
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where Py fs the total (f.e. loop l1ine length plus network) dislocatton

density. As the loops grow into this stze class, they are no longer
| SN )

unfMunt
added to the dislocation network. The time constant for this process

considered Frank loops and a dislocation l1ine length 2ur is
is given by Equation (3.77) with the appropriate 1imits of integra-
tion. The rate at which nzw Jislocation line length {is generated by
this mechanism {s:

Rp"

L L __
frr © z"unl’“unft - ‘ (3.93)

unf

Network dislocations can also be annfhilated by bias drtven climd
of point defects generated by irradiation. The climb velocity for
this process is:

frr _ 1 (.0 n n
‘o =5, %¢ - 10,6, -c1 . 3.98)

where the superscript n denotes the relevant parameter for netwnrk
dislocations. By reasoning similar to that which leads to Equation
{3.89), the dislocation lifetime for this process is:

T = n (z".c, - 2" (c. - ¢ (3.95)
irr (upn)l73 § 1 | - v vV v) ° *

The 1ifetimes given fn Equations (3.89) and (3.95) are added using an
electrical resistance analog to yield the total 1lifetime time of net-
work disio.ations:

iy (t;;r + tia)" . (3.96)
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With this formulation of ty, the shorter of the two dislocation life-
times primarily determines the rate of dislocation annihilation. This
finally leads to a rate equation describing the evolution of the

dislocation network as

dpp o L 2 -1
. [ 2'(vclso + runf"unf) - pntT . (3.97)

The therma) dislocation evolution parameters in Equation (3.97)
could be expected to be altered by irradiation. For example, the
Bardeen-Herring source density is 1ikely to be dependent on the
neutron fluence and the thermal climb velocity could be altered to
reflect the {rradiation-induced point defect currents. However, since
the thermal distocation model was calibrated independently of the
irradtation, these parameters have not been subsequently modified for
the work discussed here., This component of the dislocation evoluticen
macel should be viewed as being in a somewhat preliminary state of

development.
3.3.2.2 Calibration of Comprehensive Model

The sensitivity of the comprehensive model to parameter varia-
tions will be discussed fn some jetafl in the next section. In order
to provide 3 base case for purposes of comparison, the RS-1 swelling
¢ata was used once again to provide a calibration point for the
swelling predictions., The predicted dislocation parameters were com-

pared with the microstructura)l data ciscussed in Chapter 2. The base
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parameter set was obtained by starting with the values in Table 3.5
where applicable and adding the parameters which the dislocation evo-
lution niodel required. In some cases, adjustment of the parameters
from Table 3.5 was required. These adjustments and the choice of
values for the additional parameters will now be discussed. Table 3.9
Tists the values for the modified and the new parameters.

The parameters in Table 3.9 which have been changed from the
values in Table 3.5 include the vacancy formation en2rgy (E:). the
interstitial migration energy (é?). the recombination coefficient (a),
the surface free energy (Y) and the vacancy cluster parameters (X and
rmv). The values for all these parameters still fall within the range
of "typical” values as discussed in Section 3.3.1.4. The changes
generally reflect better agreement with values measured in austenitic
alloys and also indicate the interrelationship of the various param-
eters. For example, the increase in E: required that both v ard a
also be increased in order for the model’s predictfons to track
observed data trends. As a result, all three of these parameters are
nearer to their theoretical values. The increased interstitial migra-
tion energy 1s a result of a new dependence 7 this more comprehensive
model. As discussed above, the results of the simple theory are not
dependent on Em. However, the swelling predictions of the present

i

model are dependent on ET via 1ts influence on the predicted faulted

loop density and the subsequent effect on the network dislocation den-

sity. The sensitivity of the model's predictions to ET will be shown
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Material and irradiation parameters used in

calibration of comprehensive model

Material Parameters

Migration, e

Vacancy energies: v

Formation, E:
Interstitial migration energy, EY

Bind:.ng energies: b
Di-interstitial, Ez

Tri-interstitial, Eg

Interstitial/vacancy combinatorial
nusber for interstitial clusters

Recombination coefficient, a
Surface free energy, v
Stackfng fault energy, \
initial dislocation density, on(O)
Interstitial bias
Network dislocation, Z?
Faulted loop, l:
Poisson’s ratio, v

Shear modulus, 6

1.4 eV
1.6 ev
0.85 e¥

1.35 ev
1.75 eV

= 63, 22 = 90, z: - 110, z: . 127

1
i

zl 3. ~.
z 33, z, 38, 2, 42

2 x 1021 0, sec-!

3.24 -~ 1.4 x 10-3 T(°C) J/a2

1.5 x 10-2 J/m2

3.0 x 105 m~2 ~ 20% cold worked
3.0 x i0!3 m-2 ~ solution annealed
1.25

1,50

0.3

Temperature-dependent value from
ref, 297

Irradfation Parameters

Cascade efficiency, n

Fraction of vacancies collapsed
into microvoins, x

Microvoid radius, rmv

0.333

0.6

T =35° 7.0 21010 m
T = 400°C 7,5 x 10-10 m
T 5450°C 8,0 = 10-/0m
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below. Briefly, the use of the lower, pure materfal value for ET
results in faulted loop densities which are much lower than {s experi-
mentally observed. This reduzed loop density leads to a lower network
dislocation density since the source term is reduced. The predicted
swelling car be efther increased or decreased, depending upon the dose
and temperature at which the comparison is made. The value of ET = 0.85
given in Tabla 3.9 1s in agreement with recent measurements of this
parameter in austenitic steels.2?®:.27%,27% (pe possible explanation
for this higher interstitial migration energy in the alloys is the
effect of solute trapping.*?’® The fact that the model requires such

a value for ET is encouraging. As the model became more complex,
through the introduction of additional physical mechanisms, more param-
eters were introduced. However, the model also became somewnat
"stiffer®” with respect to arbitrary parameter choices. For example,
reference to Equation (3.61) indicates that relative changes in Z?

and n can be used to offset one another in a simple model. This is no
longer the case in the present model since the various sinks have dif-
ferent dependenc:es on these parameters. The cavity and dislocation
evolution are not independent, but are coupled in a complex way via
their mutual effect on the point defect concentrations.

An example of this coupling is shown in Figure 3.26 where the
dose dependence of swelling 1s plotted for varfous assumed dislocation
densities at 400 and 550°C. For both temperatures the results of the
present model with the time (dose) dependent dislocation density are

compared with results obtained with three time-independent values.
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Figure 3.26. Comparison of predicted swelling at 400 (a) and
550°C (b) with dose-dependent and various constant network dislocation
densities.
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The values of 6.37 and 1.95 x 10'* m~? are the "steady-state® values
which evolve in the present model at 400 and 550°C, respectively. The
other two values (5.0 x 10** and 3.0 x 10** m™*) are used to help show
the sensitivity of the predicted swelling to what has been termed a
typical steady-state value in this temperature range’’ and the as-cold-
worked value. Significant varfations in the incubation time and swell-
ing rate are observed in Figure 3.26. The behavior at 400°C is par-
ticularly complex. This effect 1s due to the balance of point defect
partitioning between the network dislocations and the other microstruc-
tural sinks; in particular, the small, highly pressurized helium
bubbles. When the dislocations are the dominant sink, increases in

the dislocation density reduce the vacancy supersaturation [see
Equation (3.61)]. This increases the critical bubble size and extends
the incubation time for void swelling. The influence of the dislocation/
interstitial bias 1s less significant because most point defects are
recombining at the dislocations. On the other hand, when dislocations
are not the dominant sink and a high gas pressure reduces vacancy emis-
sfon from the bubbles, an increased dislocation density will result in
an increased supersaturation. This 1s shown in Figure 3.27 where the
effective vacancy supersaturation, S [Equation (3.3)], 1s plotted as a
function of the dislocation density for 400 and 550°C. The nonmonoton-
ic swelling behavior with dislocation density at 400°C shown in Figure
3.26(a) is a result of the maximum in the effective supersaturation at

~1 x 10** m~? shown in Figure 3.27. This result emphasizes the
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Figure 3.27. Effect of assumed network dislocation density on
the effective vacancy supersaturation at 400 and 550°C.
importance of using appropriate temperature-dependent values for the
various sink parameters in modeling studies.

There are several parameters used fn the present work which have
not been required in more simple models. These include the thermal
dislocation evolution parameters in Equations (3.89) and (3.91) and
the parameters used in the rate equations for interstitial clusters —
Equations (3.69) through (3.75). The choice of the values for inter-

stitial clustering parameters was gquided by the results of more
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detailed clustering calcuiations, 2®-%2.123,180,207,200 |j Fquation
(3.74), the values chosen for the combinatorial numbers (z{_v) depend
on the geometrical configuration of the point defects and the adjacent
atom sites. For example, Hayns'**® follows Damask and Dienes®*®*® and
uses a value of 84 for the interstitial-interstitial (z;) com-
binatorial while Olander” suggests a value "between 100 and 200." A
more detailed analystis led Johnson*® to a value of z; = 56. Here the
combinatorial numbers were calculated .o that the values of the tetra-
interstitial sink strength obtained from the combinatorial analysis
was the same as 1f it had been calculated assuming the tetraintersti-
tial was a faulted loop. This led to z; « 63, as shown in Table 3.9.
Varying z; in the range of 56 to 84 and scaling the other combinator-
ial numbers appropriately did not have a major influence on the pre-
dictions of the model. The last interstitial binding energies shown
in Tanle 3.9 for the di- and tri-interstitials are in agreement with
theoretical values of these parameters.*!:*** Varying these binding
energies within a reasonable range of values influences the tem-
perature dependence of the predicted 1oop density. The network dis-
location density and cavity swelling are affected to a lesser degree
as shown in the next section. The predicted dislocation density under
frradfation is sensitive to the thermal dislocation evolution parame-
ters (Table 3.8) only for temperatures above about 550°C when faulted
loops cease to contribute significantly to the dislocation network.

To a first approximation, the source density, SD' should be about
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ecual to L-? where L is the mean spacing of dislocation pinning

points. If other dislocations provide the primary pinning sites, then
L should be roughly proportional to pa‘/'. In this case, the maximum
and minimum values of SD given in Table 3.8 would correspond to pinned

dislocation densities of 1.6 x 10'* and 7.4 x 10*? m-2.
3.3.2.3. Predictions of Comprehensive Model

This section describes the predictions of the comprehensive model
using the parameters discussed above (Tables 3.5, 3.8 and 3.9). The
equations for the small finterstftfal clusters [Equations (3.71) through
(3.73)] are coupled with the point defect equations [Equations (3.69)
and (3.70)] so that the simple, algebrafc solutfon presented in
Section 3.3.1.3 cannot be used here to calculate the point defect con-
centrations. Instead, a numerical solution has been implemented using
the method of false-position. After obtatning the point defect and
interstitial cluster concentrations at steady state, the rate
equations for the various extended defects were integrated using the
LSODE subroutine package.?*®

Predicted values for void swelling, network dislocation density
and faulted loop density are shown in Figure 3.28(a-c) as a function
of irradiation temperature at SO and 100 dpa for 20% cold-worked
materfal. The temperature range shown in Figure 3.28 includes the
operating temperatures of fast reactor core components. These predic-

tions compare well with fast reactor irradiation data as shown in the
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Figure 3.28. Temperature dependence of model predictions of

swelling (a), network dislocation denstity (b) and faulted loop density
(c) at SO and 100 dpa.
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next three figures. The swelling data shown in Figure 3.29 once agaia
fs from the RS-1 experiment {n the EBR-II.*?.*?.'%* Figure 3.29(a)
compares swelling data in the range of 40 to 60 dpa with the predic-
tions ~f the model. This intermediate fluence is just beyond the
swellting incubation dose, so the predicted swelling 1s highly depen-
dent on dose. This can be seen by comparing the theoretical curves
for 45 and 50 dpa in Figure 3.29(a). The predicted swelling {ncuba-
tion doses are quite consistent with the data. A comparison of the
theory and the RS-1 data at high dose s shown in Figure 3.29(b). The
fact that there is good agreement between the theory and the data at
~70 dpa indicates that the predicted swelling rates (~1%/dpa in the
peak swelling region) are consistent with observation also. The model
predictions of swelling at temperatures greater than 650°C shown in
Figures 3.28(a) and Figure 3.29 are also consistent with recent
observations.*®*? The influence of transient vacancy clusters reduces
low-temperature swelling here in the same way as it did in the earlier
cavity evolution mode!. The clustering fraction (x) has been reduced
from 0.8 to 0.6 and the cluster radii have been slightly increased.
This results in the microvoids being less important than they were in
the more simple modei. It appear. that the dynamic nature of the
dislocation structure in the present mode! helps to suppress the
vacancy supersaturation at low doses and low temperatures. Hence, the
higher clustering fraction in the cavity evolution model acted as a

surrogate for the inadequately represented dislocation rvolution,
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There 1s less data with which to compare the model's predictions
of dislocation and faulted loop deasities. Figure 3.30 compares dis-
location densitties for M316 stainless steel irradfated in the Dounreay
Fast Reactor and the DO-heat of 316 stainless steel irradiated in the
EBR-II.'**,272 The agreement 1s quite good. The results are also
consistent with other reported values for AISI 316 stainless steel
frradiated 1n the €BR-I11.7* Predicted faulted loop densities are com-
pared with data from several sources in Figure 3.31. The data are for
AISI 316 stainless steel irradiated in both the solution-annealed and
cold-worked conditions at doses between about 6 and 16 dpa (refs. 78,
91,150,169,170). The data from ref. 169 include varying stress
levels. The predicted curves reflect the peak faulted loop density
for both solution-annealed and 20% cold-worked starting conditions.
The data are reasonably well represented by the predictions except at
low temperatures where the loop density is somewhat low.

Although the thermal dislocation evolution model was calibrated
independently, the predictions of the model for fast-neutron-
frradiation conditions can be sensitive to the thermal dislocation
model parameters. This sensttivity is shown in Figure 3.32 where the
thermal source density, SD' has been varied from the nominal value
which was determined during the themal calibration. Fcr temperatures
greater than 550°C, the curves labeled "Low So' and "High So' in
Figure 3.32 were caiculated with a 10% decrease and increase in this

parameter, respectively. for 550°C and below, the value was varied by
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Figure 3.32. Influence of the thermal dislocation source density
(Sp) on the predicted network dislocatfon density (a) and void swelling
(b) at 50 and 100 dpa /see text for range of parameter variations).
a factor of 10 with 1ittle effect. This is a temperature regime in
which 1ittle thermal recovery occurs. However, at about 575 to 625°C,
the predictions are quite sensitive to So. This is a temperature
range in which the microstructure of the materfal begins to recover in
the absence of irradiation. This occurs largely because of increased
thermal vacancy diffusion. Under irradiation, the vacancy supersatura-
tion decreases in this temperature range for the same reason. Hence,
the behavior of the materfal under frradiation begins to appear nore

like the thermal behavior, and therefore the sensitivity of the model
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predictions in this transition regime is not surprising. The tempera-
ture range over which this transition occurs is known to be dependent
on alloy composition.'”? Therefore, the predictions of the present
model at the higher temperatures reflect the specific heat (DO) which
was used to calibrate the thermal dislocation evolution model. The
sensitivity of the predicted swelling shown in Figure 3.32(b) to the
network dislocation density may explain in part the observation that
swelling is fairly heterogeneous in cold-worked materials.

During the calibration, the mode! was also used to compare alter-
nate descriptions of the faulted lcop/interstitial bias factor, Z%.
If interstitial absorption at faulted loops is diffusicn limited, the
long-range strain fields associated with the loop would give rise to
an interstitial bias that was dependent on the loop radius.”®»'? On
the other hand, if interstitial absorption was reaction-rate limited,
a constant bias factor would be obtained.!?” The temperature depen-
dence of the predicted faulted loop density at 50 and 100 dpa and the
maximum faulted loop density are shown in Figure 3.33. Results are
compared for the size-dependent bias of Wolfer and Ashkin?® and the con-
stant value of Z% = 1.50. The calculated size-dependent bias has been
modified so that it asymptotically approaches the value of the network
dislocation/interstitial bias as the loop radius becomes large and at
small sizes a maximum value of 3.5 was used.'?? The predictions using
the size-dependent bias are clearly too high at the higher temperatures

when compared to the data shown in Figure 3.31. This result is in
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Figure 3.33. Comparison of predicged faulted loop deniities
obtained using a constant faulted loop/interstitial bias (Zi = 1.5)
and a size-dependent bias (from ref. 70).
agreement with an analysis of loop growth in nickel during electron
irradiation performed by Yoo and Stiegler.'?’

The fluence dependence of the model predictions at 500°C is shown
in Figures 3.34(a) and (b) for 20% cold-worked and solution-annealed
material, respectively. The coupling of the evolution of the various
microstructural features is clearly seen. After an initial transient,
the microstructure reaches a state which is independent of the initial
condition. The incubation time for swelling is not primarily asso-
ciated with the dislocation transient but rather with the time

required for the cavities to accumulate the critical number of helium



178

(a) OF*. - N5 B85-46832
80 . v s -
TEMPERATURE =500°C
20% COLD WORKED N
A ﬁ 4
- c— . - — - c—— 2 | 'ozo
2 0° ~ a
— 1] L]
> - E £
b c ~
q [ Q 4
I' : 10"
fT :
| o o
0 20 40 60 80 100
DOSE (dpa)
(b) CANL-DWG 85-16840
80 T ’ T 5
TEMPERATURE = 500°C 10*!
SOLUTION ANNEALED 1
;E — 1020 -?
> €
3 >
10"
-3 10'
G 20 4C 60 80 [ [Fs)
OO0SE (dpo)

Figure 3.34. Dose dependence of predicted swelling, network dis-

location density and fauited loop density at 500°C for 20%-coid-worked
(2) and solution-annealed material (b).



179

atoms. Following the initiation of void swelling, additional recovery
occurs as the cavity sink strength begins t2 increase. A regime in
which the swelling rate is approximately constant and fairly high
occurs when the cavity and dislocation sink strengths have similar
values. When such parity occurs, the maximum theoretical swelling
rate is observed.”® Although it is not shown in Figure 3.34, at high
doses the cavity sink strength exceeds the dislocation sink strength
and the swelling rate begins to decrease as predicted by theory.’*

The near coincidence of the values for the solution-annealed and cold-
worked material at low doses may be somewhat artificial. The model
does not include an explicit cavity nucleation calculation and the
same inftfal cavity densities were used for both materials. Some data
indicate that void densities at low doses are higher for solution-
annealed materfal,'”® and neglecting this difference may influence the
model's predictions at low doses.

The evolution toward a saturation microstructure has been
observed.”®»77,3%® Th{s was discussed in Chapter 2. The predicted
low dose peak in the faulted loop number density in solution-annealed
materfal has also been observed;'’® however, Brager and Straalsuna
have reported similar high values at low doses in 20% cold-worked
stainless steel,’*! in conflict with the predictions shown in
Figure 3.34. Note that on the dose scale of Figure 3.34(b) the early
transient §n the faulted loop density occurs very quickly. The actual

value of the predicted loop density 1s zero when the dose is zero.
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While the initial recovery of the network dislocation density in the
20% cold-worked material appears to be in agreement with the avatlable
data,’?.'*! the initfal transient appears to occur too quickly in the
solution-annealed materfal.”” The thermal dislocation source term may
be the cause of the too rapid buildup of the network dislocatiun den-
sity for the solution-annealed simulation. The source density (So)
values were developed for 20% cold-worked material and implicitly
reflect a near-steady-state value for the network dislocation density,
as discussed above. Hence, for the solution-annealed matertal, the
values of So may be tco high at low doses. Explicit dislocation den-
sity dependence in So may be required to improve the agreement with
the solution-annealed data. The simple dislocation recovery model
described above could also be responsible for some of the deviations
from the data. This model implicitly assumes that all of the disloca-
tion tine tength 1s homogeneously distributed in the materfal. In
fact, the as-fabricated, cold-warked microstructure 1s quite heterog-
eneous with two primary features: a coarse distribution of microtwins,
stacking faults, and deformation bands along with a finer distribution
of network dislocatfons.'®® These two features are reported to have
different thermal stabflfties with the coarse structure stable up to
the recrystallization temperature while the fine distribution anneals
out at much lower temperatures. The use of a single “"effective® climb
distance for network dislocation annihilation may be insufficient to
account for the varying thermal stabilitfes and spatial orfentatfion of

the dislocations in the materfal.
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3.3.2.4. Sensitivity of Comprehensive Model to Parameter Vartations

The previous section has demonstrated that the model can success-
fully predict a variety of fast reactor data when reasonable input
parameters are used. The sensitivily of the predicticns of the model
to small changes in the values of key parameters will now be examined.
The general trend of these results is consistent with the key concept
discussed above (viz., that void swelling and microstructural evolu-
tion are primarily controlled by point defect partitioning). In the
context of the rate theory, the point defect sink strengths determine
this partitioning. As a result of their mutuar influence on the point
defect concentrations, the evolution of any one sink 1s coupled to the
others. The primary example of this coupling is that of the cavities
and the dislocations, but the other sinks can also play a significant
role. To help demonstrate this coupling, the influence of the multiple
sink strength corrections on the predicted void swelling and network
dislocation density will also be examined.

In each of the examples shown below, the influence of a specific
parameter variation will be demonstrated by comparing the predicted
swelling, network dislocation density and faulted loop density with
the results obtained using the basic parameter set discussed in the
previous section. These latter values are denoted in these figures hy
the designation "base case.” Because the swelling incubation dose
is the parameter that limits the engineering use of materials, the

work discussed in Sections 3.2 and 3.3.1 emphasized those factors that
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fafluence the {ncubation dose. In the results that follow here, more
emphasis 1s placed on the behavior of the model predictions at higher
doses. Varfations in the swelling shown at 50 dpa do reflect changes
n the incubation behavior since the incubattion dose is in the range
of 35 to 50 dpa for the base case parameters. The results shown at
100 dpa provide a measure of the model's sensitivity to parameter
variations at a dose well beyond the incubation dose. This limit 1s
useful to determine which parameters influence the swelling rate and
to explore the coupled evolution of the microstructural features {n
the “"steady-state” regime.

The influence of the interstitial migration energy, E?. on model
predictions is shown in Figure 3.35(a-c). The faulted loop density
shown in Figure 3.35(c) s the maximum value observed out to 100 dpa.
The values of the swelling and network dislocation density are at the
doses shown in the figure. These results were mentioned above and the
dependence of swelling at intermediate temperatures [Figure 3.35(a)]
is a result of the variation in the faulted 1oop density which in turn
has a strong effect on the network dislocation density [Figure 3.35(b)].
The complex temperature dependence of the effect on void swelling at
100 dpa is in agreement with the arguments advanced above when
discussing the impact of various dislocation densities on the vacaicy
supersaturation (cf. Figure 3.27). At low to intermediate tem-
peratures, dislocations are the domfnant sink initfally. In this tem-

perature regime, a reduced f? Yeads to a lower dislocation density, a
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higher vacancy supersaturation and therefore a reduced incubation time.
Increasing ET has the opposite effect and the swelling predicted at

56 dpa is shifted accordingly. However, once swelling begins, the
fncreasing cavity sink strength approaches the value of the disloca-
tion sink strength and a higher swelling rate is observed with the
higher distocation density at low temperatures due to more effective
partitioning of the vacancies to the cavities. At intermediate tem-
peratures, lower cavity densities lead to a lower cavity sink strength
at a given swelling and so the high dislocation density does not pro-
mote the more rapid swelling seen below 450°C and swelling 1s greater
for the lower dislocation density. Above about 600°C, the faulted
loop density falls rapidly and the predicted swelling is not dependent
on EY.

The di-interstitial dinding energy, Ef. has an effect on the pre-
dicted microstructural parameters which is similar to the interstitial
migration energy. The results obtained when E? is varied about its
nominal value of 1.35 eV are shown 1n Figure 3.36(a—c). The influence
on the swelling incubation time and the peak swelling rate is once

again due to changes in the faulted Toop evolution. The influence of
b

50 IS relatively minor, as shown

vhe tri-interstitial binding energy, E
in Figure 3.37(a-c). At much lower values of EE (s 1.2 ev), the pre-
dicted loop density s again too Tow and the response of the model
begins to be similar to that shown for E?. For higher values of E?

little change from the base case 1s observed.
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The effective vacancy supersaturation is inversely proncrtional
to the self-diffusion coefficient [Equation (3.3)] and the critical
number of gas atoms for bubble-to-void conversion 1s inversely propor-
tional to the square of the natural logarithm of the supersaturation
(Equatfon (3.8)]. Therefore, the self-diffusion coefficient has fits
most direct effect on the swelling incubation time. The sensitivity
of the model to changes in the activation energy for self-diffusion fis
shown in Figure 3.38(a-c). The influence of both the absolute value
of ESD (2.9 and 3.0 eV) and the partitioning of the self-diffusion
energy btetween vacancy migration and formatfon are shown (ESD - E?

+ E:). As expected, increasing the self-diffusion energy increases
the maximum level of swelling and increases the peak swelling tem-
perature. For a given self-diffusion coefficient, increasing the
vacancy formation energy relative to the vacancy migration energy
increases the predicted swelling at high temperature. In both of
these two cases the primary influence of the changes in the self-
diffusfon parameters 1s to alter the swelling incubation time rather
than the swelling rate.

For the case of the increased self-diffusion energy, a higher
effective vacancy supersaturation is obtained under frradfation since
the self-diffusion coefficient is reduced [see Equation (3.3)]. When
the self-diffusion energy is held constant and the vacancy migration
energy is reduced, the higher vacancy diffusion coefficient leads to a
lower vacancy concentration under irradfation. Bulk recombination s

therefore reduced and a somewhat increased supersaturation 1s also
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obtained at the higher temperature where bulk recombination is respon-
sible for annihilating a significant fraction of the point defect;.
These higher supersaturations reduce the critical number of g2s atoms
required for bubble-to-void conversion [see Equation (3.8)]. The
dislocation climb velocity §s also a function of the self-diffusion
coefficient [Equations (3.86) and (3.94)]). Therefore, the temperature
dependence of the predicted swelling can be further altered because of
the coupled evolution of the cavities and dislocations. Generally
higher dislocation densities are predicted as a result of the reduced
supersaturations. At low temperatures this higher dislocation density
helps to promote swelling while at high temperatures swelling is
reduced as discussed in Section 3.3.2.2.

The model is, of course, quite sensitive to the network
dislocation/interstitial bias, Z?. This is shown in Figure 3.39(a~c).
Because the dislocation climb velocity increases with Z? (Equation
(3.94)], the network dislocation density is reduced when the bias is
fncreased. This leads to enhanced loop formation which helps to mini-
mize the recuction in the network. Swelling is increased with a higher
bias as a result of both a reduced incubation time and an increased
steady-state swelling rate. The bias effect is greater at the higher
temperatures where the dislocations become the dominant sink in the
system. The low swelling at high temperatures with a bias of 1.20 fis
a result of an unrecovered dislocation network suppressing the vacancy
supersaturation, The effect of the network dislocation/interstitial

bias can be compliex. This 1s shown in Fiqure 3.40(a) where the
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vacancy supersatucation has been plotted as a function of the bias;
note that the nominal value used here is 1.25. The supersaturation
fnitially increases with bias, and the expected changes in the micro-
structural parameters and the steady-state swelling rate are observed
{Figure 3.40(b—e)]}. The rapid reduction in the supersaturation for
bicses greater than about 1.3 1s due to the conversion of & large
number of matrix bubbles to voids. This "over-nucleatfon® (compared
with the base case) leads tc additional recovery of the dislocation
network and a reduced swelling rate. Without the additional
dislocation recovery for Zf > 1.3, a somewhat greater swelling rate
than that shown in Figure 3.40(e) would have been observed.

The model is less sensitive to the Frank faulted loop/interstitial
bias as shown in Figure 3.41. Varying the strength of this btas
(Z: - 1) by a factor of 20% results in a maximum change in the peak
fauited loop density of about 40%. The higher loop bias leads to a
reduced loop density and a higher network dislocation density because
the loops grow and unfault at a higher rate. AL intermediate tempera-
tures the lower loop bias leads to enhanced swelling because of the
lower dislocation density; this result 1s similar to the case for an
increased Z? discussed above. At lower and higher temperatures the
opposite dependence on Z: is observed; swelling is higher for the
higher loop bias. At 550°C, network dislocations are the dominant
sink and the reduced network dislocation density with 2: = 1.4 leads
to a somewhat shorter fncubation time and an fnftially higher swelling

rate. At 650°C, network dfslocations are not dominant once recovery
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has occurred and the higher dislocation density with Z: = 1.6 leads to
a higher swelling rate. Comparing the predicted temperature depen-
dence of swelling 1n Figures 3.39(a) and 3.41(a) f1llustrates the dif-
ferences between varying Z? with a constant network dislocation density
and varying the dislocation density with a constant Z?. The predictec
network dislocation density is very similar for the case of Z? = 1.3

in Figure 3.33(b) and Z{ = 1.4 in Figure 3.41(b); yet the predicted
swelling 1s quite different.

The dependence of the model on the cascade efficiency (n) is
similar to the dependence on Z?. The effect of a 20% increase or
decrease in n is shown in Figure 3.42. This general similarity is
predicted by relations such as Equation (3.61) for the case when dis-
locations are the dominant sink. However, this simple equation neglects
the influence of Z? and n on the dislocation density. Therefore, some
differences are observed between Figures 3.39(2a) and 3.42(a), even in
the intermediate temperatv-e range where the network dislocations are
dominant. At the highest and lowest temperatures, these differ=nces
fncrease. Overall, the predicted dependence on Z? anag n s too
simiiar to permit the model to be used to discriminate between the two
parameters when fitting experimental data.

The major effect of the surface free energy (Y) is to influence
the swelling incubation time as predicted by Equation (3.8). In addi-
tion, at low temperatures the surface free energy fnfluences the life-
time of the transient vacancy clusters by determining the rate at

which they emit vacancies [Equation (3.53)]. This affects the vacancy
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supersaturation which in turn also alters the critical number of gas
atoms needed for bubble-to-void conversion. In order to separate the
direct surface energy effect on the critical size from the indirect
effect of the vacancy clusters, the results shown in Figure 3.43 were
obtained by varying the surface energy of the cavities while the sur-
face energy of the vacancy clusters remained at the nominal value.
Although this use of two differeat surface energies was for the sake
of convenience, it may be physically realistic. If the surface free
energy is reduced as a result of adsorbed gases or solute segregation,
the appropriate value of the surface energy for the transient vacancy
clusters is less likely to be affected. This same argument suggests
that the actual surface energy could be time (dose)-dependent. Com-
pared to Figure 3.43(a), the use of a single surface energy results in
increased swelling below 500°C when Y = 0.9¥(T) and reduced swelling
below 500°C when v = 0.7y(T). At low temperatures, the variations in
vacancy supersaturation (due to altered vacancy emission from the
vacancy clusters) have a greater effect on the critical size than do
the direct variations in the surface energy. Because the surface
energy affects primarily the fncubation time in efther case, the
results shown in Figure 3.43(a) at 50 dpa are somewhat more sensitive
to vy than the results at 100 dpa. Of course, the conversion of a
higher density of bubbles to voids with the lower vy can lead to a
reduced steady-state swelling rate. Although the surface free energy

can have no direct effect on dislocations, the fact that the evolution
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of the varfous sinks §s coupled leads to an indirect effect. The
changes in the cavity evolution are reflected in slightly altered
values for the dislocation parameters as shown fn Figure 3.43(b) and
(c). The greatest effect s on the network dislocation density between
450 and 550°C.

The fact that bulk recombination fc not important at low to inter-
mediate temperatures has already been discussed. This s demonstrated
in Figure 3.44. Here the recombination coefficient (a) has been
varied by a factor of 4 from the nominal value. Below S50°C, no
influence on the predicted swelling is observed in Figure 3.44(a).
Above 550°C, the effect increases so that at 700°C the predicted
swelling with the lowest value of a 1s more than double that of the
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base case. The network dislocation density shows even less influence
of the recombinatfon coefffcient — less than a factor of 2 at 700°C
and no effect below 650°C. The faulted loop density is not shown in
Figure 3.44 because there was essentfally no change in this parameter
with a. Ti.se results indicate that previous modeling work which has
frequently neglected bulk recombtnation did not incur any significant
error as a result, at least for temperatures up to about 600°C.

The tinfluence of the transient vacancy clusters (microvoids) at
low temperatyres s {llustrated in Figure 3.45. These clusters reduce
the effective vacancy supersaturation by acting as a neutral recombina-

tion site. The fractfon of the cascade-produced vacancies which survive
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intracascade annealing and collapse to form microvuias (fvcl) deter-
mines the degree to which the effective vacancy supersaturation is
reduced. The effect is primarily on the incubation time for bubble-
to-void conversion and is significant only at temperatures less than
about 500°C. At higher temperatures, vacancy emission 1imits the
microvoid lifetime. Because of the steepness of the swelling curve
between 400 and 500°C in Figure 3.45, the apparent effect is somewhat
minimized. At 450°C, the difference between the highest and lowest
swelling at 100 dpa is about 7%, or 20% of the absolute swelling
value which is predicted with the base case parameters.

The subgrain size has a significant influence on the predicted
microstructural evolution, particularly at the higher temperatures.
This effect is shown in Figure 3.46(a-c) for both 20% cold-worked and
solution-annealed material. The subgrain diameter was increased from
the nominal temperature-dependent value given in Table 3.5 to a con-
stant, larger value nf 10~* m in order to obtain the comparisun Shown
in Figure 3.46. For the nominal values of the subgrain diameter, and
depending upon the temperature, only about 2 to 15% of the total num-
ber of point defects are absorbed in the subgrain structure. Although
this is a small fraction, the amount is significant because the pres-
ence of this neutral sink permits the more efficient partitioning of
vacancies and interstitials to different sinks at low doses when the
cavity sink strength is low. Specifically, in the absence of this
neutral sink, the network dislocation density remains fairly high out ,

to >50 dpa since the absorption of nearly equal numbers of vacancies
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and interstitials by network dislocations results in 1ittle net climb
and therefore little dislocation annthilation in the present model.
This suppresses the vacancy supersaturation and leads to extended
incubation times above 450°C. Below 450°C, the behavior is more com-
plex. As discussed above, the higher dislocation density can lead to
higher effective vacancy supersaturations at low temperatures. This
tends to reduce the swelling incubation time. In addition, at low
temperatures the critical number of gas atoms for bubble-to-vaid con-
version is small (see Table 3.4). This makes the swelling incubation
time more sensitive to changes in the sink structure at these tem-
peratures because of the partitioning of helium to the various sinks.
This can change the bubble-to-void conversion dose for a given size
class as well as the number of sfize classes that convert to voids.
The swelling rate at high doses is also affected since both the dis-
location density and the void density are altered. This influence of
the subgrain structure is similar to that observed in fast-neutron-
irradiated aluminum and reported recently by Horsewell and Singh®*!
and van Witzenburg and Masten*roek.?’*®* The influence of the subgrain
structure on the peak faulted loop density is less severe. The higher
network dislocation density slightly suppresses loop formation in the
20% cold-worked materfal and in the solution-annealed materfal at low
and high temperatures. At intermediate temperatures in solution-
annealed material, the peak loop density is somewhat higher. This s
due to the fact that the loops grow more slowly (for the same reason

that the network dislocations climb more slowly) and build in the
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dislocation network at a slower rate. Solution-annealed material
typically has a fairly large grain size; therefore, the smaller sub-
grain sizes given in Table 3.5 would be inappropriate for this material.
The fact that the model may not adequately represent solution-annealed
material has already been discussed and these results are shown here
only for purposes of comparison.

The calculation of the multiple sink correction terms to the
point defect sink strengths of the cavities and the subgrain structure
was discussed in Section 3.3.1.3. The degree to which these correc-
tion factors influence the results is shown in the next four figures.
None of the correction terms examined in these figures showed any
significant influence on the peak faulted loop density, so only the
swelling and network dislocation results are included. In order to
show the sensitivity of the model to the alternate expressions for the
cavity and subgrain sink strengths, no attempt was made to recalibrate
the model when the various expressions were used. Because some recaii-
bration could certainly permit the results to more closely track the
base case predictions, these results should not be used in a simple
way to judge ho. appropriate is any one formulation of the sink
strengths.

In Figure 3.47, the effect of neglecting the multiple sink
strength correction term to the cavity sink is shown [see Equation
(3.46)]. This results in a reduced cavity -ink strength at ary given
swelling and should yield a2 lcwer swelling rate. Little change is <s¢n

in the bubble-to-void conversion time because for small cavities tte
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Figure 3.47. Effect of neglecting the multiple sink correction
to the cavity sink strength on the predicted swelling (3a) and network
dislocation density (b).
correction term approaches 1.0. The large changes shown in the pre-
dicted swelling at 100 dpa are due to the same point defect partition-
fng effects which have been discussed previously. Although the neglect
of the correction term would lead to a reduced swelling rate for a
given microstructure, the dislocation density is altered by the reduc-
tion of the cavity sink strength. The swelling can then be efther
fncreased or decreased, depending on the temperature and the sign of
the change in the dislocation density.

Including the effectively bfased cavity sink strength correction
terms yields the results shown in Figure 3.48. Here the correction
terms reflect the fact that the total system sink strength for inter-

stitials is greater than that for vacencies. Two analogous equations
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Figure 3.48. Effect of including the bfased multiple sink cor-
rections to the cavity sink strength on the predicted swelling (a)
and the network dislccation density (b).
replace Equation (3.46) and Sf > S:. Once again, the correction temms
approach 1.0 for small cavities and 1ittle change in the fincubation
time is observed. The steady-state swelling rate is reduced as a
result of the higher cavity sink strength for interstitials. The
effect is smallest at low temperatures where the high void density
yields smaller radii for a given level of sweliing. This reduces the
degree to which the predicted swelling fs dependent on the irradiation
temperature. The fact that cavity growth still occurs when S? > 55
is due to the higher bias of the network and faulted loop disloca-
tions. The network dislocation density 1s once again altered by the
modified cavity sink strength. Somewhat higher network dislocation

densities are adssociated with the lower swelling levels.
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The sink strength of the subgrain structure is inherently a func-
tton of the other sinks in the system [see Equation (3.48)). Wnen thts
sfak strength §s corrected to reflect the system bias, the resuylts
shown in Figure 3.49 are obtained. The importance of the subgrain
Structure at high temperatures was discussed above and was shown in
Figure 3.46. A simflar influence s seen here. When the subgrain
structure fs a neutral sink, it permits point defect partitioning to
drive dislocation recovery. Thts increases the vacancy supersatura-
tion, thereby decreasing the critical number of gas atoms sufficiently
to permit bubble-to-void conversion. When the subgrain structure s
no longer neutral, dislocation recovery and votd swelling are delayed.
The coupling of the cavity and dislocation evolutfon leads to a cer-

tain degree of synergism sfnce the conditfons that yfeld the lower
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Figure 3.49. Effect of including the biased subgrain sink
strengths on the predicted swelling (a) and the network dislocation
density (b).
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supersaturations also lead to slower bubble growth and therefore delay
the time at which the bubbles would provide a significant neutral sink
st-ength.

Finally, in Figure 3.50 the results are shown which were obtained
with both the cavity and the subgrain sink strengths reflecting the
system bias. The predicted swelling generally lies between the values
shown in Figures 3.48 and 3.49. The strongest effect is once again
observed at nigh temperatures where the lack of sufficient dislocation
recovery has suppressed swelling out to 100 dpa. The fact that these
results should not be used as a basis for uetermining the relative
validity of the various expressions for the cavity or subgrzin sink

strengths has already been mentioned. The point which 1s significant
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Figure 3.50. Effect of including both the bilased subgrain sink
strength and the biased muitiple sink correctfon to the cavity sink
strength on the predicted swelling (a) and network dislocation density

(b).
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is that which is independent of the detalls of the sink strengths —
namely, that the tendency of a material to exhibit void swelling s
jargely determined by the balance of the microstructural sinks and

point defect partitioning.
3.3.2.5 Extrapolation of Comprehensive Model to Fusion He/dpa Ratio

A simple extrapolation of the cavity evolution model discussed
fn Section 3.3.1.5 indicated a complex dependence of swelling on the
He/dpa ratio and the cavity density. A similar extrapolation was
carried out using the comprehensive model and the results are shown in
Figures 3.51 and 3.52. Here the model has been used to predict
swelling at conditions which would be characteristic of an austenitic
stainless steel, OT fuston reactor first wall (i.e., 10~* dpa/sec and
10 appm He/dpa). The influence of the cavity density was explored by
again assuming the simple power law dependence of the cavity density
on the He/dpa ratio [Equation (3.64)].

The predicted swelling, network dislocation density and maximum
faulted loop density are shown in Figure 3.51 for a value of p = 0.5.
The general trends include a reduced incubation time at all temperatures
and enhanced swelling at high doses for both low and high temperatures.
At intermediate temperatures, the predicted swelling for fusion is
reduced at high doses. Related changes are observed in the predicted
values of the dislocation parameters. The higher cavity density leads
to a8 greater neutral sink strength, This enhances dislocation recov-

ery 5o that the predicted dislocation density at 100 dpa 1s lower out
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Figure 3.51. Model predictions of void swelling (a), network
dislocation density (b) and peak faulted loop density (c) for fusion
conditions with p = 0.5. Base case is from fast-reactor calibration.
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Figure 3.52. Effect of cavity density on predicted swelling for
fusion conditions at 50 (a) and 100 dpa (b).
to about 650°C. There is some support for this prediction of a lower
network dislocation density in thc reported vatues for core heat of
AISI type 316 stainless steel (DO heat) which has been irradiated in
reactors which generate both low (EBR-II) and high (HFIR) levels of
helfum.*® The explicit temperature dependence of the predicted
swelling on the cavity density is shown in Figure 3.52. The details
of the predicted swelling are complex and no doubt model dependent,
but the major trends observed in Figure 3.51 are maintained.

Two prominent features of the predictions in Figures 3.51 and
3.52 are a reduced incubation at all temperatures and enhanced low

temperature swelling. Similar predictions were made with the cavity
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evolution model. The potential stgnificance of these precictions lies
in the fact that only a very limited amount of dimensional instability
can be accommodated in typical fusion reactor designs;®»2?* therefore,
the incubation time is a parameter of more ‘nginecring significance
than the peak swelling rate. Further, reczat conceptual reactor
designs have tended to move toward lower operating temperatures where
fast-reactor-irradfatfon data have indicated relatively lfittie
swelling.®,282,23¢,303 These expectations of low swelling at the DT

fuston Ke/dpa ratio may prove unwarranted.

3.4 Summary

The theoretical work presented in this chapter has emphasized the
major role of microstructural sink balances and point defect partition-
ing in determining the path of microstructural evoluttion and vo'd
swelling. This indicates the need to use values for the microstruc-
tural parameters which reflect their temperature and dose dependence.
The neglect of the temperature dependence has been shown to lead to
particularly misleading results since different c<inks are dominant in
different temperature regimes. The influence rf even a relatively
minor, neutra’ sink such as the subgratn structure has been shown to
be important under certain conditfons. The fractions of the total
number of vacancies tnat survive intracascade annealing (n dea) at
100 dpa which have been absorbed at the various sinks are shown in
Figure 3.53. The curve labeled “cavities” in Figure 3.53 includes

both bubblies and voids. An analogous plot at the dose of the first
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Figure 3.53. Fraction of total vacancies lost to various point
defect sinks at 100 dpa, 20% cold-worked material.
bubble~to-void conversion would yield <1% vacancy absorption at the
cavities with the network dislocation fraction proportionally higher.
A plot of the fractional interstitial absorption would be similar to
Figure 3.53. 7he relative fraction of net vacancy and interstitial
absorption at 650°C and 100 dpa is detailed in Table 3.10. A compar-
ison of the cumulative (to 100 dpa) and instantaneous (at ~100 dpa)
fractions gives an indication of how the sinks have evolved in time.

The effect of the dislocation/interstitial bias is seen in that the
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Table 3.10. Net point defect aksorption
fractiens at 650°C and 100 dpa

Fractional Absorption, %

vacancies Interstitials

Point Defect Sink Cumulative Instanta- Cumulative Instanta-

neous neaus
Bulk recombination 14.51 23.04 14.51 23.04
Vacancy clusters 0.42 0.64 0.42 0.64
Bubbles 3.96 6.05 3.96 6.05
Voids 21.52 57.35 20.71 56.19
Subgrains 6.77 6.90 5.98 6.71
Dislocation network 52.84 6.06 54.42 7.37

voids and subgrains absorb a net excess of vacancies while the dis-
location network absorbs more interstitials. Table 3.10 reflects the
fact that at any instant in time, stable bubbles absorb equal numbers
of vacancies and interstitials. This verifies the need for a gas
influx to drive bubble growth. The increase in bubble volume is so
small that the cumulative net vacancy absorption is not seen in the
first three significant figures in Table 3.10. Bulk recombination
consumes equal numbers of both defect types, and the transient vacancy
clusters are also shown to be a rccombination site.

The importance of minor sinks and small changes in the point
defect partitioning behavior can be pointed out by noting how small a
fraction of the total defects produced finally survive and contribute
to void swelling. The predicted swelling for the case summarized in
Table 3.10 represents the net survival of only 0.29% of the initially

produced vacancies (100 vacancies/atom). While 10.53 vacancies/atom
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were initially absorbed at voids, 65.53% were lost to re-emission and
31.75% were recombined due to interstitial absorption. At lower tem-
peratures the relative fractions of void-absorbed vacancies which are
re-amitted and recombined are reversed, but only a similarly small
fraction of the total survive. For example, at 450°C and 100 dpa,
98.23% of the 11.04 vacancies/atom that are absorbed at voids are then
1ost to recombination, while only 0.26% are lost to emission. Ttre
sensitivity of the predicted swelling to a number of irradiation,
material and microstructural parameters has been shown to be due to
the way these parameters alter the system sink balance. The sink
balance in turn determines the net number of vacancies that survive
and cause swelling. Because such a small fraction of the total gener-
ated survive, small changes in the absolute number of vacancies which
survive can give rise to large changes in the predicted swelling.

The important role of transmutant helium in promoting void for-
mation has been demonstrated by comparing the characteristic times for
void formation from two alternate nucleation paths. The first path
was classical nucleation due to stochastic fluctuations in the vacancy
cluster population, and the second was bubble growth driven by helium
accumulation. Part of this work inciuded the development of a simpli-
fied procedure and the necessary analytical solutions to permit the cal-
culation of the bubble parameters while using a hard-sphere equation of
state for the helium. With material parameters typical of austenitic

stainless steels, the role of fluctuations was shown to be significant
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only when the bubbles were near the critical size for bubble-to-void
conversion. The model of cavity evolution developed and used here has
therefore included only the helfium accumulation path.

The development and use of two models of microstructural evolu-
tion under fast-neutron {rradiation have been described. A computer
code that incorporates these two models is listed in Appendix A. The
models share a common foundation in the chemical rate-theory descrip-
tion of the relevant physical processes. Similar treatments of helfum
partitioning and the effects of cavity-precipttate association are
included in both models. The inftial model developed focused on
cavity evolution. Other components of the microstructure were treated
in a parametric and time-independent fashion. 1In spite of this simpli-
ficatfon, the model was able to predict the observed swelling behavior
of fast-reactor-irradiated 20% cold-worked type 316 stainless steel.
This matching of data and theory was obtained whiie using reasonable
model parameters. The calfbrated model was then used to explore the
influence of the He/dpa ratio on void swelling and a surprising result
was obtained. The model predicted a peak in the swelling versus He/dpa
ratio curve near the DT fusion relevant value of 10 appm He/dpa.
Recent results from an experiment in which the neutron spectrum was
modified to yield this He/dpa ratio 1n a fission reactor appear to
confirm this prediction.?®® Slightly over 1% swelling was measured in
a 25% cold-worked, titanium-modified type 316 stainless steel at 500°C

and only 12 dpa. Such a level of swelling in this material would not
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be observed in 3 fast fissfon reactor (~0.3 to 1.0 appm He/dpa) untt!l
greater than 75 dpa (ref. 153).

This cavity evolution model was then incorporated into a more
complex microstructural model. The comprehensive model included the
explicit dose-dependence of the dislocation network and of frank
faulted dislocation loops. A model which described the evolution of
the dislocation network under thermal annealing was also developed and
fncluded. Data from fast-reactor frradiation experiments were once
again used to calfibrate and determine the validity of the microstruc-
tural models. The cumprehensive model was able to simultaneously pre-
dict values for swelling, network dislocation density and faulted loop
density which were in substantial agreement with the data. The
required model parameters were shown to be in agreement with measured
values where such measurements are available or to be consistent with
the expected range of values for those parameters which have not been
directly measured. The comprehensive model has exhibited new or
altered sensitivity to certain model parameters when compared with
the cavity evolution model. This led to some parameter changes (e.g.,
ET) in order for the two models to predict similar swelling while per-
mitting the comprehenstve modei to match the observed dislocation den-
sities. This modified parametric sensitivity is believed to be
physically meaningful because the model demonstrates the complex way
in which the evolution of the varfous sinks is coupled. The predic-

tions of the more simple theory neglect this interaction and this has
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been shown to lead to erroneous conclustons in certain cases. After
fnvestigating the parametric dependencies of the comprehensive model,
it was also used to predict the swelling behavior of a 20% cold-worked,
DT fusion reactor first wall. The key results here were a much
reduced fncubation time for void swelling at the fusion He/dpa ratio
and enhanced swelling at the lower temperatures. Taken together with
the predictions of the cavity evolution model when it was used to
explore the He/dpa ratio dependence of swelling, these results indi-
cate that the consideration of swelling in fast reactors can lead to

nonconservative estimates of swelling in DT fusfon reactor components.
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CHAPTER 4
EXPERIMENTAL

The experimental work that was undertaken to complement the theo-
retical modeling discussed previously is described here. This compo-
nent of the work involved the examination of irradiated specimens of
a model austenitic alloy by transmission electron microscopy (TEM),
immersion density and microhardness. The austenitic alloy was origi-
nally prepared at the Oak Ridge National Laboratory and was designated
P7.*** The major constituents of the P7 alloy (in weight fractions)
are: 0.17Cr-0.167Ni-0.025M0, with less than 0.001 of any minor ele-
ment and the balance iron.*®** These weight fractions are similar to
that of an AISI type-316 stainless steel with the exception of the
nickel, which would have a nominal concentration of 12% (ref. 160,
Vol. 1). In order to study the behavior of austenitic steel without
the compliicating effects of carbide precipitation, the weight fraction
of carbon in P7 was reduced to ~10-* (ref. 304). This preparation
resulted in a high level of residual oxygen in the alloy, ~1000 appm
(ref. 188). The high swelling of P7 observed ir. 2 variety of charged-
particle and neutron frradfatic experiments®',388,103,200,300-308

appears to be partly a result of this high oxygen content.*’

4.1 Irradfation Conaitions
The material examined here was irradiated in two reactor experi-

ments. The first experiment was the MFE-I! experiment in the ORR.?°*
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The P7 was irradiated in the form of TEM disks, 3 mm in diameter and
0.254 mm thick, in both the solution annealed (SA) and 20% cold-worked
(CW) conditions. Some specimens were uniformly implanted with helium
at room temperature and subsequently annealed for one hour at various
temperatures prior to irradiation. These preirradiation treatments
were designed to permit the observation of the influence of various
inftial microstructures on the subsequent response of the material to
neutron irradiation. Early work had shown that helium preinjection
suppressed void formation in the EBR-II and that postinjection
annealing at 750°C had enhanced void swelling relative to uninjected
controls.?*® The experimental matrix planned for alloy P7 in the
MFE-II experiment §s shown in Table 4.1. None of the 20% cold-worked
specimens were annealed following their helium implantation in order

Table 4.1 Planned Experimental Matrix for Alloy P7
in the MFE-1I experimentd.b

Hel{ium Irradiation Temperature (°C)
(appm) 450 550 650
SA 0 n.a. n.a. n.a.
10 n.a.,600, n.a.,700, n.a.,700,
700,800 750,800 800,900
30 n.a.,600, n.a.,700, n.a.,700,
700,800 750,800 800,903
20% CwW 0 n.a. n.a. n.a.
10 n.a. n.a. n.a.
30 n.a. n.a. n.a.

3Temperatures are one hour, post-helium-imglentation anneal:~;

temperatures.

n.a. denotes not annealed.
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to prevent recovering the as-cold-worked dislocation structure. The
MFE-1] experiment was planned to reach a total exposure of 10 dpa.
This would have resulted in the generation of about 138 appm He in
alloy P7 by neutron-induced transmutation reactions.

The helium implantations and postinjection heat treatments for the
MFE-11 frradiated specimens were carried out at the Argonne National
Laboratory,?®® but no unirradiated controls were maintained. There-
fore, as part of this work, helfum implanted and aged control speci-
mens were prepared. Strips of 20 and 24% cold-worked P7, 0.254 mm
thick, were obtained from archival material, TEM disks (3 mm diame-
ter) were mechanically punched from the 0.254-tm-thick sheet and sub-
sequently laser engraved for identification purposes. The 24%
cold-worked disks were solution-annealed at 1050°C for one hour.
Helium implantations were carried out at the Crocker Nuclear Labora-
tory on the campus of the University of California at Davis, using
their 1.93 m 1sochronous cyclotron. Approximately uniform through-
thickness helium levels were obtained by passing a 57 MeV alpha-
particle beam through a rotating graphite wheel.?!! The thickness of
the graphite degrader varied linearly from 0.508 to 1.27 mm to yield
alpha particles with energies uniformly distributed between 0 and 38
MeV on the target materfial. Calculations with the EDEP code®’? indi-
cate that the range of a 38 MeV alpha particle in P7 should be
~0.22 mm so that all of the particles should be stopped in the target.
EDEP calculations also indicate that helium implantation to a level of

30 appm would result 1n about 10-? dpa.
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The helium implantations were carried out at near room tempera-
ture in order to prevent helium diffusion. Temperature control! was
achieved by mounting the disks {n a water-cooled fixture that con-
sisted of two blocks of aluminun. To accommodate the TEM disks, the
base block had recesses 0.25 mm deep milled in a close packed array on
3.36 mm centers. The recesses were 3.05 mm in diameter. The cover
block had 2.54 am holes drilled in corresponding positions to expose
one face of the specimens to the beam. Good thermal contact with the
base block was provided by the use of a thin (0.1 mm) layer of pure
fndium between the block and the samples. The indfum fofil was very
malleable and deformed to fill the recess below the sample when the

cover block was bolted to the base block. Figure 4.1 is a schematic
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Figure 4.1, Cross-section view of a single segment of ‘he fir-
ture used to clamp TEM disks during helfum implantation.
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drawing of one segment of the mounting fixture. The indium foil also
provided a crude temperature monitor since it melts at a low tempera-
ture, ~156°C. A limited amount of indium melting was observed behind
some of the samples when they were removed from the fixture. Typi-
cally a small circular area less than 1 mm in diameter at the center
of these disks had been wetted by melting indium. This indicates that
the maximum specimen temperature during the helium implantation was
$200°C. TEM observation of the as-implanted specimens confirmed this
low temperature.

Following the implantation, the relative heljum level of each
disk was determined by autoradiography and densitometry. The absolute
helium level was determined from the total cyclotron beam current.

Oue to the nonuniform cross section of the cyclotron beam, the actual
helium levels in the 10 appm set of specimens varied from 5.3 to

15.8 appm He and the 30 appm set varied from 16.5 to 39.1 appm He.

The helium levels of the MFE-11 irradiated specimens exhibited a
similar range of values. Prior to the postimplantation anneals, the
specimens were individually wrapped in 25-pm-thick tantalum foil to
prevent oxidation. The wrapped specimens were encapsulated in quartz
tubes. The tubes were vacuum evacuited to a pressure of ~1.3 x 10°? Pa
and back filled with helium to a pressure of ~5.3 x 10* Pa.

The second set of neutron irradiated specimens examined here were
obtained from an in-reactor fracture experiment by Bloom and Wolfer.’°®*
This novel experiment fnvolved the use of a "driver” tube made from

the high swelling alloy P7 to strain tensile specimens made from lower
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swelling engineering alloys. The tube used in this work (designated
X3) was irradiated at 650°C to a total dose of 12.5 dpa in the
EBR-11.2°* Only about 4 appm He would have been generated during
this trradiation. The measured density decrease in this specimen was
4.7% (ref. 305), and Farrell and Packan later measured about 6% void
volume by TEM.’** The potential influence of the high oxygen content
of alloy P7 is evident in the results of Bloom and Wolfer®®® where
they show greater swelling fn P7 than in a similar “"pure 316 stain-
less steel” (the MS heat). The MS heat was also fabricated with a
low level of carbon, but the weight fractton was only reduced to

S x 10°* (ref. 313). Although no oxygen analysis has been reported
for the MS-heat, 1t is reasonable to assume that this heat would have
had a lower level of oxygen than the P7 heat because the high oxygen
level in P7 was a result of the treatment used to eliminate carbon.
Material from the X3 driver tube was used in a postirradiation
annealing experiment to study the kinetics of void and dislocation

recovery.
4.2 Specimen Preparation and Examination Procedures

Specimens were prepared for TEM examination in a Tenupol twin-jet
electropolishing unit. A solution of seven parts methanol to one part
sulfuric acid (by volume) was used as the electrolyte. The polishing
conditions were an electrolyte temperature of -20°C and an applied
voltage of 17 V dc leading to a polishing current of ~120 mA, A typi-

cal P7 specimen with an initial thickness of 0.254 mm required 7 to
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8 minutes to polish. Because of the residual radioactivity in the
reutron irradtated specimens, all sample preparation was done in a
specially designated laboratory at the Oak Ridge National Laboratory
(ORNL).

Several transmission electron microscopes were used to examine
specimens in this work. The JEOL 200 CX at the University of
California, Santa Barbara (UCSB) and the Philips EM430 at ORNL were
used most extensively. These microscopes were operated at accel-
erating voltages of 200 and 300 keV, respectively. To a lesser degree,
the JEOL 100CX (at 120 kev) and the Hitachi HV-1000 (at 1000 keV) at
ORNL were alsoc used. Standard TEM techniques'??»3!* were used to
characterize the observed microstructures. Typical jnvestigations
fnvolved tilting the specimens to obtain appropriate, low-order g
vectors [e.g., (111), {200) or (220)] to photograph the various
defects. Fairly strong diffraction conditions were employed to image
the aislocation structure (s ~ 0). Cavities were normally imaged in
absorption contrast with s >> 0. A through-focus series of images
were used to verify that the spherical defects were cavities.'7?,31*
In some of the micrographs shown below, cavities are shown underfocus
(dark Fresnel fringe outside, bright inside) while in others they are
shown overfocus (11ght Fresnel fringe outside, dark inside).

Foil thicknesses were obtained by either stereomicroscopy, thick-
ness fringes with s = 0, or the use of a new x-ray technique.?*® This
latter technique was developed by Kesternich?'® and requires the use

of a standard specimen of known thickness to obtain a calibration
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curve of specimen thickness versus emitted x-ray intensity. For
thicknesses up to several hundred nanometers, Kesternich has shown
that the x-ray fintensity is linear in specimen thickness.*'* The
calibration specimen for this work was an austenitic stainless steel
disk supplied by Kesternich. All x-ray measurements were made with
the specimen tilted (drum t1lt) toward the x-ray detector by 20°. A
standard beam current was obtained by adjusting the first condenser
lens and the gun tiits until the camera exposure meter indicated a
20-sec exposure time with the beam at crossover and passing through
the hole in the TEM specimen. The average x-ray count rate (less
background) was determined by integrating the total number of counts
between 4:2 and 20 keV for 10 sec (detector live time) using the
EDAX energy dispersive x-ray detector on the EMA30. The error in
thickness measurements obtained in this way should be less than 5%
(ref. 315). Magnification calibrations for the various microscopes
were obtained by photographing a czlibration grating with a known
spacing of 2160 lines per mm.

Defect densities and sizes were measured on positive prints with
a total magnification of 1 to 5 x 10°. Normally SO to 100 defects of
the type in question were measured on any one print to obtain the
size distributions discussed below. An electromagnetic digitizing
pad was coupled to a microcomputer and used to measure the defects.
Areal densities were converted to volumetric densities using the

measured foi) thicknesses.
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Specimens fcr the postirradiation annealing experiment were cut
from the X3 driver tube in the form of 0.51-mm-thick slices. Disks
3 mm in diameter were then punched from these sitces. The disks were
ingividually wrapped in tantalum foil and encapsulated in quartz tubes
as discussed above. A series of isothermal anneals at 750 and 900°C
were performed for times up to 210 hours. An isochronal annealing
curve for 1 nour anneals between 600 and 1042°C was also obtained.
After annealing, the specimens were mounted in Araldite GYS02 epoxy
resin for microhardness measurements. The mounted specimens were
mechanically polished to a high gloss using successively finer abra-
sives; the final polishing step was with 0.5 pm alumina powder.
Standard diamond pyramid microhardness (dph) measurements were made
using a Kentron microhardness tester at loads of 500 and 1000 g.
tach indent was measured 8 to 10 times using a 16x filar eyepiece
and a 20x objective lens. The operatfon of the Kentron unit was
checked before each use by measuring the microhardness of a Tukon
reference block which had a hardness similar to the irradiated P7;
the dph of the reference block was 169 to 172.

Following the microhardness measurements, the mounted specimens
were repolished to remove the indents. The specimens were then
removed from the epoxy mount using successive soakings in methyl
chloride and 90°C N-N dimethyl formamide. For some specimens, addi-
tional mechanical abrasion was used to remove the last of the epoxy.
The density of the specimens was measured by immersion density. The

net weights of the specimens were obtained in a bath of a commercial



227

fluorocarbon (3M Company, Fluorinert FC-43). Experience with this
microdensitometer at ORNL indicates that the absolute error in the
density of a TEM-disk-size specimen 1s less than 10~*. The density
of selected specimens from the MFE-II experiment was also measured

fn the microdensitometer.
4.3 Experimental Results

4.3.1 Helium-Implanted and Aged MFE-II Controls

The unirradiated control specimens were examined by transmission
electron microscopy to determine the preirradiation microstructure of
the specimens that had been irradiated in the MFE-II experiment.
Verification of the level of helium implanted was obtained for two
specimens that had calculated helium concentrations of 5.3 and 39.0
appm He. The helfum content of these specimens was determined by
vaporization and mass spectrometry to be 7.12 + 0.13 and 51.6 + 1.2
appm He, respectively. Two ~1 mm disks were punched from both speci-
mens to permit redundant analyses to be performed. These two mea-
surements agreed within <4%. The mass spectrometry was performed by
the Energy Systems Group of Rockwell International.?!® The 30% dif-
ference between the calculated ard measured helfum levels has not
been resolved. This discrepancy is of no consequence to the present
work since the influence of varfations in helfum content at these
levels was not under examination. Values for heljum concentrations
quoted below have been increased by 30% from the nomiqal calculated

values.
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The as-implanted microstructure of both the solution annealed and
20% cold-worked specimens consisted of a high density of small “"black-
dot" clusters. In the case of the cold-worked specimen, the as-cold-
worked microstructure also remained. These abservations confirm the
fact that the specimen temperatures remained fairly low during the
helium implantation. A representative micrograp: of the black-dot
damage is shown in Figure 4.2. This is typical of helium implanted
materials as discussed in Chapter 2.%%,!*%,1%7,15%8  The work of
Maziasz indicates that most of the black-dot clusters are small
interstitial loops.**®

During thermal annealing, the as-implanted microstructure of the

soiution annealed material evolved to yield larger Frank faulted

YE-13579

Figure 4.2. Black-spot
damage observed in solution-
annealed P7 after room tempera-
ture helium implantation to
~40 appm He.
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interstitial loops and smali neltum bubbles. The temperature depend-
ence of these two defect types is shown in Figure 4.3. These data
are summarized in Table 4.2. When mulitiple measurements were made on
the same sample, the data plotted in Figure 4.3 are a volume average
of the individual measurements. The heltum levels in the specimens
annealed for one hour at 600G, 700, 750, 800 and 900°C were 32, 44,
37, 47 and 41 appm, respectively. The observed bubble and faulted
loop densities are generally consistent with the earifer work
discussed in Chapter 2.%%.1%%,187-1¢0

Table 4.2. Summary of bubble and faulted loop microstructures

observed in solution-annealed P7 after
helium implantation and annealing

One-Hour Defect Density, m™? Average
Helium Annealing Radiy:, nm
Implanted Temperature Bubble Loop
(appm) (°C) Bubble Loop
32 600 n.o.2 2.59 x 10** n.o. 3.46
44 700 8.25 x 10** 2.32 x 10** (.82 24.7
37 750 6.33 x 10%* 1.49 x 10** 1.09 25.4
47 800 6.66 x 10%! n.o. 1.57 n.o.
41 900 2.15 x 10! n.o. 1.99 n.o.

3n.0. denotes not observed.

Representative micrographs of the annealed specimens are shown in
Figures 4.4 and 4.5. The faulted loops coarsen and grow for tempera-
tures up to 750°C. The fact that the loops are faulited s confirmed
by imaging the loops in bright field with the stacking faults visible
(91200 OF §,,,) ana by dark field images using the <111> sateliite

streaks near the g,,, refiections,*’?,2!% The number of interstitials
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Figure 4.4, Faulted Ynop microstructure observed in sclutisn-

annealed P7 after annealing for one hour at €30 (a,b), 700 (¢,d4), and
750°C (e,f). A bright field and carv field £2ir i< shown for each

temperature, Level of helium .rplantatinn 1o ~40 annm.



Figure 4.5. Bubble microstructure observed in solution-anneated
P? after annealing for one hour at 700 (a), 750 (b), 800 (c), and
900°C (d). Level of helium implantation is ~40 appi.
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contained in the faulted loops was calculated assuming close packing
on f111] planes. The fnterstitial content of the loops is 2.13 x 10-*
per atom after the 600°C anneal, 9.92 x 10* per atom after the 700°C
anneal and 6.44 x 10~* per atom after the 750°C anneal. The fact that
the interstitial content of the loops increased during thermal
annealing suggests that small helfium-vacancy clusters may be effec-
tively overpressurized and are absorbing a net vacancy flux until

they reach equilibrium.*®»2** These small clusters remained invisible
after a one-hour anneal at 700°C.

Several observations by other researchersi®*®-3%® of apparent
enhanced faulted loop stability during thermal annealing following
helium implantation were discussed in Chapter 2. Shiraishi et al.?!?
have recently reported a simflar effect in type-316 stainless steel
that had been frradfated to a low dose in a reactor with a primarily
thermal neutron spectrum. By varying the concentration of boron in
their steel, they were able to vary the amount of transmutant helium
generated during the irradiation. In the specimens that had higher
levels of boron, leading to 11 to 490 appm He, they otserved faulted
loop and bubble growth during a 30-min oostirradiation anneal at
750°C. However, in a specimen with only S appm He, the radiattion-
produced defect clusters annealed out. This result s also consis-
tent with the early work of Barnes and Mazey.?’!* Using a cyclotron-
produced beam of alpha particles, they implanted helfum into a stack
of thin copper foils., ODuring postimplantation anneals at 350°C, they

observed that small dislocatfon loops and black spot damage annealed
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out in most of the foils. But in the foil in which the helfum came
to rest, the growth of fauited loops and small bubbles was observed.

The bubble distributions are characterized by growth at an approxi-
mately constant bubble density up to 800°C. Above 800°C the distri-
bution coarsens and the density is reduced. This evolution of the
bubble size distribution §s shown in Figure 4.6. The helium content
of the bubbles in the annealed specimens was calculated assuming that
the bubbles were in mechanical equilibrium with the solid at the
annealing temperature. The hard-sphere equation of state described

in Chapter 3 was used to compute the gas pressure. The value chosen
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for the surface free enargy has a large influance cn the calz l2tes
helium conteat. When the temperature-dependant surface fres enzrz;
used in Chapter 3 is applied here, about ane-thira aof the i-glanted
helium appears to be in the bubbles after the 73G°C anneal, acsut
two-thirds after the 750°C anneal, and essentially ail of the heliu—
is accounted for in the bubbles for the 8C0 and SC3°C arnnzals
The subble and loop distribufions are sensitive toc the ieyzi =f
telium implanted as well 2s the annealing temperature. The spzcimen

shown in Figure 4.7 was implanted with ~65 appm He and then znarealed
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for one hour at 850°C. The data shown in Figures 4.3, 4.4 and 4.5
would indicate that no loops should be observed and that ~4 x 10%*
bubbles/m® with an average radius of 1.8 nm should be observed.
Instead, the higher helium level has resulted in a lower than
expected bubble density, 1.8 x 10*'m™*, and a larger than expected
average size, 2.6 nmm. A number of large faulted loops also have sur-
vived. The loop density is ~8 x 10*®* m~* with an average radius of
120 nm. The radius of the largest loops observed in this specimen
exceeded 200 nm. All of the loops and many of the dislocatfon line
segments were well decorated with bubbles as the example in Figure
4.7(b) indicates. The average size of the bubbles on dislocations
and the loop perimeters was about 30% greater than the average bubble
size in the matrix. This fact, along with the unusual loop stabil-
ity, provides addittional support for the concept of sympathetically

coupled growth of bubbles and Frank loops that was mentioned above.

4.3.2 Results of the MFE-II Experiment

The MFE-II experiment failed to reach the planned damage level of
10 dpa. The peak damage for P7 alloy TEM disks was about 4.7 dpa
with 65 appm He generated during the frradfation.?!® The actual
frradiation temperatures also deviated from the design values; the
temperatures achieved in the experiment were 350, 550 and 600°C.3?°
Finally, a number of specimens were lost when the experiment was dis-
assembled. Because of these facts, the value of the experiment was

severely limited. The low exposure produced fnsufficient swelling at
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most of the frradiation conditions to determine whether the various
post-hel fum-implantation heat treatments had a significant impact.
The initial examination of the specimens indicated that the incuba-
tion time for void formation was shortest at 550°C and that little
information could be obtained from the 350 and 600°C irradiated spec-
fmens. Therefore, the discussfon below will emphasize the results

at 550°C. The TEM observations of the specimens irradiated at 550°C
are sumarized in Table 4.3. Brager and coworkers have also examined
a few specimens of alloy P7 from the MFE-II experiment.??!-?%3 Thetr
results will be referred to for purposes of comparison when 1t is
appropriate.

Table 4.3. Summary of microstructures observed in alloy P7
after irradiation to 4 dpa at 550°C in the MFE-II Experiment

Cavity Parameters

Hel{um Post-Helium Dislocationd
Implanted Implantation Densfty Radius Volume Density
(appm) Anneal T (°C) (m~?) (nm) Fraction (m=?)
(%)

20% Cold-Worked
0 -- 1.2 « 102t 2.9 0.0 1.2 x 10**

Solution-Annealed

0 -~ 2.3 x 102* 10.8 0.19 3.3 = 10?2
50 -- not observed <10~? 1.7 = 10%?
36 750 ~6 x 102 1.2 <10-? 1.5 x 10%?
42 750 9.9 x 10?* 1.8 <10°'b 1,5 x 10*?

6.8 x 102* 11.7 0.49¢€
17 800 ~6 x 102} ~1.2 <10-? 1.9 x 10*?

asee text for information on 100p component.
bgubbles throughout grafns (see text).
Clocal reqgion near grain boundary (see text).
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The microstructure of the specimens irradiated at 350°C was pri-
marily comprised of small Frank faulted loops. This is shown in
Figure 4.8 (a) and (b) for the solution annealed material that was
irradiated without helium preinjection. The average loop radius was
7.0 nm and the loop density was 3.7 x 1022 m~*. No cavities were
observed, but the residual strain contrast from the high density of
faulted loops could have obscured bubbles with radii less than about
1 to 2 nm, The specimen that was irradiated in the as-helium-
injected condition was similar. Cavities were observed in a specimen
that was annealed at 800°C following implantation of 37 appm He.
This specimen is shown in Figure 4.8(c). The cavity size distribu-
tion in this specimen is nearly unchanged from the unirradiated
control [Figure 4.5(c)]; the cavity density was 7.7 x 10?! m~? and
the average cavity radius was 1.28 nm. The fact that the density is
slightly higher and the average radius slightly smaller than in the
control specimen is consistent with the different levels of helium
that were injected. Calculations using the models discussed pre-
viously predict that the critical bubble radius should be about 0.8
nm for the 350°C irradiation. The observation of an apparently
stable bubble distribution with a mean radius larger than 0.8 nm
indicates either that the low temperature irradiation conditions are
not well modeled or that the supercritical cavities are growing very
slowly at this temperature. The mode! does predict that voids will

grow very slowly after being formed at 350°C and a prolonged, low-



Figure 4.8. The microstructure of solution-annealed P7 observed
after irradiation to 4.7 dpa at 350°C. Parts (a) and (b) are a
bright field and dark field comparison of a specimen irradiated with

no helium preinjection and (c) shows a specimen that was preinjected
with 37 appm He and aged for one hour at 800°C.
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swel1ing transient regime at this low temperature is consistent with
the data shewn in Figure 2.10.

The specimens irradiated at 600°C also showed little swelling.
Cavities were observed in the solution annealed material that
received no helium preinjection and in a specimen that had 32 appm
He imglanted followed by an 800°C anneal. These two specimens are
showr at high magnification in Figure 4.9, 8oth cold working and
heiium treinjection without a subsequent anneal suppressed the for-
matien of visible cavities. The cavities in the specimen without
helium preinjection [Figure 4.9(a)] appear to be helium-stabilized

bubbles. The bubble density is 7.5 x 10?! m~? and the average bubble

YE-13581

Figure 4.9. The microstructure of solution-annealed P7 observed
after irradiation to 4.7 dpa at 600°C. A specimen irradiated with no
helium preinjection is shown in (a), and (b) shows a specimen that
was preinjected with 32 appm He and aqed for one hour at 800°C.
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radius 1s 1.2 nm. This distribution is consistent with all of the
transmutant helium (65 appm) being contained in the bubbles. The
theory predicts tnat the critical bubble radius for these irradiation
conditions could be as large as 16.0 nm so that the lack of void
growth is not surprising. The bubble distributicn fn the specimen
that was helium implanted and aged prior to irradiation [Figure
4.9(b)] has not changed apprectably. It is similar to both the
unirradiated control [Figure 4.5(c)] and a corresponding specimen
frradiated at 350°C (Figure 4.8(c)]. An interesting observation in
the specimens irradiated at 600°C was the presence of a large number
of stacking fault tetrahedra. These were also observed in some of
the 550°C frradiated specimens and will be discussed further below.
The specimens frradfated at 550°C showed the highest swelling
and the greatest varfation in their behavior. The microstructure of
the solutfon annealed specimen that was frradiated at 550°C without
helium preinjection is shown in Figure 4.10. The dislocation struc-
ture 1s shown in Figure 4.10(a) and consisted of a low density of Frank
faulted loops with ~100 nm radif§ and a loose dislocation network.
The network dislocation densfty was ~3.3 x 10 m~* and the loop den-
sity was s10'° m-?, The cavity distribution was approximately bimodal
as shown fn Figure 4.10(b) and (c). The cavity density was 2.3 x 10*°
m~? and the average radius was 10.8 nm. The cavity distribution is
plotted in Figure 4.11. The cavity volume fraction observed in this
spccimen was 0.19% and was primarily due to the fairly uniformly

distributed population of octahedral voids shown in Figure 4.10(b).
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Figure 4.11. Observed cavity distribution in solution-anrealed
P7 after irradiation to 4.7 dpa at 550°C.
These voids had an average equivalent radius of 18.7 nm. The large
number of smail grain boundary bubbles and matrix bubbles is shown fn
Figure 4.10(c). The measured immersfion density change was -0.054%.
Brager and coworkers have reported somewhat higher cavity densities
and smaller sizes in a nominally fidenttcal specimen,??:-3%3 They
report a cavity voiume fraction of 0.08% and an immersion density
change of -0.15%.°%!,??®* The systematic error in the immersion den-
sity measurements used here is $0.1% for a TEM-disk-sized specimen’?®

and Brager et al.’?? report a similar degree of accuracy.
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Therefore, the immersion density and cavity volume fraction measure-
ments are in reasonable agreement.

The critical bubble radius appears to be about 4.5 nm in
Figure 4.11. Using the comprehensive model and the nominal model
parameters discussed 1n Section 3.3.2, the predicted critical radius
is between 3.9 and 4.3 nm. The range given in the predicted values
of the critical radius reflect the fact that there 1s some uncer-
tainty about the damage rate experfienced by these specimens in the
MFE-11 experiment. No dosimeters were included in the capsules that
contained the TEM disks.*!*s*?®* The two values given here repre-
sent damage rates of 2.5 and 2.0 x 10~7 dpa/sec, respectively. The
good agreement between the observed critical radius and the values
calculated with the nom’/nal model parameters is probably somewhat
fortuitous. Small changes in efther the assumed self-diffusion
ene~gy or the surface free energy will significantly alter the pre-
dicted values [see Equation (3.81)]. The predicted critical radi:s
fs aiso sensitive to chani2s in other model parameters because of
their ‘nfluence on the vacancy supersaturation as discussed in
Chapter 3.

The specimen irradiated in the 20X cold-worked condition at $550°C
with no helium pre-injection exhibited a somewhat higher density of
smaller cavities than the solution annealed specimen. Cavity for-
mation was also less uniform from grain to grain in the cold-worked
material. Typical microstructures at an intermediate and high magni-

fication are shown in Figure 4.12 and the cavity distribution is
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Fiqure 4.12. The microstructure of 20% cold-worked P7 observed
after irrediation to 4.7 dpa at 55C°C with no helium preinjecticr.
The disiccation structure 15 <hown in (1) and the cavities are chown
at higher magmification in (bj.
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plotted in Figure 4.13. The ave-age cavity density in the votded
regions of this specimen was 1.2 x 10** m~* with an average radius of
2.91 nm. The cavity volume fraction was 0.049%. The network dislo-
cation density was 1.2 x 10** in the voided regions and no faulted
loops were observed. These results are generally similar to the
values reported by Brager et al.**!-2!? for a similar specimen. They
report a larger average cavity radius (8 nm), a cavity volume frac-
tion of 0.03% and an immersion density change of -0.22%.%**.?** This
immersion density change seems inconsistent with the measured cavity
volume fractions, but no similar specimen was avatlable to pemmit an

additional measurement as part of this work.
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fFigure 4.13. Observed cavity distribution in 20% cold-worked P7
after frradiation to 4.7 dpa at 550°C.
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Although the swelling values measured in the two specimens are
very similar, a comparison of the cavity distributions observed in
solution-anneaied (Figure 4.11) and 20% cold-worked (Figure 4.13)
specimens indicates that the initial cold work has extended the
swelling incubation time. While the larger cavities in the cold-
worked specimen are clearly voids, the shape of the size distribution
in the cold-worked material is nearly exponential. This indicates
that the specimen is stfll in the void nucleation/incubation regime
at this dose. The bimodal distribution in the solution-annealed
specimen is indicative of a more mature cavity population and suggests
that void growth rather than nucleation was the dominant process at
the time the ifrradfation was terminated. It appears that one way in
which the initfal cold working extends the incubation time is by pro-
moting a higher bubble density. This would require the available
helium (~65 appm) to be distributed to more bubbles, thereby delaying
the time for any one bubble to obtain the critical number of gas
atoms.

The calculated critical radius for the cold-worked specimen
ranges from 8.3 to 10.3 rm. This value s much higher than that
calculated for the solution-annealed specimen because the higher dis-
location density suppresses the effective vacancy supersaturation.
Figure 4.13 indicates that the actual critical radius is closer to

5.0 nm. As mentioned above, this predicted value is quite sensitive
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to a number of model para2meters and parameter adjustment within a
1imited range could improve the agreement between the observed and
calculated values. The fact that the dislocations are not uniformly
distributed also makes a direct comparison difficult for the cold-
worked material. The model assumes a homogeneous distribution of
disiocations while the actual dislocation density is very heteroge-
neous; in particular, lower dislocation densities were observed in the
regions in which voids had formed. For a do>c rate of 2.5 x 10°7
dpa/sec, the dislocation density was predicted to be 4.4 x 10** m~?
when the first bubbles converted to voids with a critical radius of
8.3 am. Later, with additional dislocation recovery to a value of
1.7 x 10'* m™* the critical radfus became 5.4 nm. This latter value
is in good agreement with the value suggested by Figure 4.13. This
sensitivity of the critical number to the dislocation density pro-
vides a second mechanism by which cold working can extend the swelling
fncubation time. In light of this sensitivity, the fact that the
apparent critical radif are so similar in Figures 4.11 and 4.13 s
surprisir,. The overlap of the regions of the size distribution that
are less than (bubbles) and greater than (voids) the critical size
makes it impossible to precisely determine the critical radius exper-
imentally. The values of the critical radii quoted above roughly
correspond to the minima in the size distributfons. Since the
distributions are so different, the offset between the actual critf-

cal radius and the minimum in the size distribution may not be the
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same for both specimens. Of course, experimental error may also be
responsible for some shift in the measured critical radius.

The influence of helium implantation before irradiation at 550°C
1s to suppress cavity formation at low doses. The microstructure of
a specimen {rradiated in the as-heljum-injected condition consisted
of primarily unfaulted dislocation loops and a few dislocation line
segments. The loop density was 8 x 10'* m~® with an average radius
of 34 nm. A typical micrograph and the loop size distribution for a
solution annealed specimen, pre-injected with 50 appm of helfum {is
shown in Figure 4.14. No cavities were observed. The preirradiation
microstructure for this specimen was a high density of small inter-
stitial clusters (Figure 4.2) observable only as biack dots. Based
on the evolution of the as-implanted microstructure during thermal
annealing, the implanted helfum was trapped in many small vacancy
clusters. This results 1n a high overall system sink strength for
point defects that enhances point defect recombination, thereby
reducing the effective vacancy supersaturation. The lower super-
saturation inhibits cavity formation; for example, the critical
bubble size is increased {(Equation (3.9)]. [In addition, the high
density of helium/vacancy clusters can be compared to a state of
"over-nucleation.” The number of sites available to which the helium
and vacancies can partition §s too high for any bubbles to grow large
enough to become visible during the subsequent irradiation. There-

fore, the helium remains trapped in many small bubbies that are not
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Figure 4.14, Observed dislocation loop distribution in solution-
annealed P7 after room temperature implantation of 51 appm He and
subsequent irradfation to 4.7 dpa at 550°C.
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visible by TEM. Support for this inference 1s provided by the simi-
lar resylts of Packan and Farrell®!+?°* 3nd the fact that post-
frradiation annealing at 900°C of a nominally identical specimen by
Brager and Garner resulted in the formation of observablie bubbles.???
The work of Packan and Farrell®!,t®2,39¢ guggests that irradiation to
a higher dose would have resulted in a higher void density in this
specimen than in the specimen without helium preinjection.

All of the solution-annealed specimens that were annealed
following helium implantation exhibited generally similar microstruc-
tures after irradiation to 4.7 dpa at 550°C. This microstructure
consisted of a low density of unfaulted loops and dislocation l1ine
segments, helium bubbles and stacking fault tetrahedra. The disloca-
tion loop density was ~1-3 x 10**/m®, about one-third the density of
the unannealed specimen. The average loop size was larger than the
unannealed specimen, F. ~ 120 nm. The typical dislocation structure
is shown in 3 bright field/weak-beam dark fielid comparison in
Figure 4.15. This specimen was implanted with 36 appm He and
anneaied for one hour at 750°C prior to frradiation. The small
triangular defects in Figure 4.15 are stacking fault tetrahedra.

Because of the low damage level attained in this experimeat, the
cavity distributions observed in the helium-implanted-and-aged
specimens were largely unchanged from those that were formed during
the post-helium-implantation anneal. The one exception to this was a

specimen that had been implanted with 42 appm He and annealed for one



252

YE-13595

Figure 4.15. Typical dislocation loop distribution in solution-
annealed P7 after room temperature helium implantation with sub-
sequent aging prior to irradiation to 4.7 dpa at 550°C. This specimen
was impianted with 36 appm He and aged at 750°C. Stacking fault
tetrahedra are visible as smali trianqular defects in the weak-beam
dark field image in (b).
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hour at 750°C. This specimen exhibited voids in a narrow band adja-
cent to the grain boundaries. These vcids are shown at lcow magnifi-
cation in Figure 4.16 (a) and (b). Figure 4.16 (a) shows & regicn
along a straight segment of grain bcundary that has tesn preferen-
tially thinned during electropolishing. Figure 4.16 (b) demonstrates
that this behavior was fairly uniform in this specimen by showing a
grain boundary triple point in another region ¢f the specimen. The
voids form in a band that is about 400 nm in width and the edge of
this band lies about 400 nm from the grain boundary. The local den-
sity of these larger voids is 6.8 x 102° m~? with an average radius
of 11.7 nm. This leads to a local swelling level of 0.49%. Thus,
the local swelling is about two and one-half-times qreater tran in
the specimen irradiated without helium preinjection. The fact th-*%
voids seem to form most easily in a region near, but not immediately
adjacent to, grain boundaries has been reported earlier by Leitnaker
et al. for another model austenitic alloy®?* and by Horsewell and
Singh and van Witzenburg and Mastenbroek fcr pure atuminum,?%!.262
In addition to the voids, this specimen also exhibited a higher den-
sity of small bubbles. This bimodal distribution is shown at higher
magnification in Figure 4.16(c). The average radius of the bubbles
in this specimen was 1.1 nm with a density of 9.9 x 18%' m=?, Tkre
absence of voids in other cpecimens that were subhject to similar
irradiation conditions and levels of helium preinjection may reflect
only specimen-to-specimen variations or a strong censitivity to the

level of helium implantaticn in the 20 to 70 apsm rargje.,  As



254

YE-13593

Figure 4.16. Observation of void formation near grain bound-
aries in solution-annealed P7 that was implanted with 42 appm He and
aged at 750°C prior to irradiation at 550°C. Several grain bound-
aries are shown in (a) and (b) at low magnification, and (c) shows a
bimodal cavity distribution at higier magnification.
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discussed above, such a sensitivity was observed in three specimens
that were preinjected with 47, 65 and 41 appm He and annealed for one
hour at 800, 850 and 900°C, respectively [cf. Figures 4.5(c) and (d)
with Figure 4.7].

The dislocation structure in the grain interfor of the specimen
that developed the voided banas was similar to the other helium-
implanted-and-aged specimens. This structure is shown in Figure
4.17. For purposes of comparison with Figure 4.15, both a bright
tield and a weak-beam dark field image are shown. For this specimen
orientation (foll normal near <200>) the stacking fault tetrahedra
appear as nearly square defects.®®” They are most clearly seen in
the weak-beam dark field image.

The observation of such large stacking rault tetrahedra (SFT)
in these specimens was quite surprising since they have not been
reported previously in austenitic steel that was neutron irradiated
at elevated temperatures. The fact that the defects were SFTs and
not triangle loops was verified by imaging them with G,,, With a foil
normal near both the <113> and <200> poles. In these two orien-
tations the SFT will appear as a triangle and a square, respec-
tively.*?,327 Such a sequence of micrographs is shown in Figure
4.18, along with the appropriate diffraction patterns. This specimen
is the helium-implanted-and-aged one that exhibited a band of voids
near the grain boundaries. Figure 4.18 shows that the voids and
SFTs have grown to a similar stze 1n roughly overlapping regions.

There was some indication that the SFTs were being elimir.ted in the
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Figure 4.17. Dislocations and stacking fault tetrahedra
nbserved in the grain interior in solution-annealted P7 that was
implanted with 42 appm He and aged at 750°C prior to irradfation to
4.7 dpa at 550°C. The stacking fault tetrahedra are visible as smal)
square defects in the weak-beam dark field image in (b), two are
hiqhlighted by small arrows.
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Figure 4.12. Verification of the observation of stacking fault
tetrahedra in solution-annealed P7 that was implanted with 42 appm He
and aged at 750°C prior to irraciation to 4.7 dpa at 550°C. The
sequences (a-c) and {d-f) show the bright field and weak-beam dark
field images and the diffracticn pattern for q,,, near the <110> ang
<100> poles, respoctively,
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vdided band, but the present data are incenclusive with respect to
this issue. The appearance of the SFTs was quite general in this
experiment — they were cbserved in specimens irradiated at 550 and
600°C, with and without helium preinjec*.on, and with and without
post-helijum-implantation heat treatment. The average edge length was
~20 nm and the density varied between 1 x 10!® and 1 x 10?° m~®, The
highest density was abserved in a solution-annealed specimen irra-
diated at 600°C with no helium preinjection.

The only known previously verified observations of SFTs in irra-
diated austenitic stainless steel have been under charged particle
irradiation at low temperatures. Yoshida et al.’?* indicate that
scme small (<1.0 nm) SFTs may be present in an Fe-Cr-Ni ternary
alloy after 14 MeV ncutron irradiation at 25°C. In a later publi-
cation,** some of these same authors state that the defects were too
small to verify their morphology. Sindelar*?’ reported observing a
few defects that appeared to be SFTs near the end-of-range in a spec-
imen of alloy P7 that had been irradiated at 400°C with nickel ions
to a dose of 10 dpa. Kojima et al. performed high voltage electron
irradiations of an Fe-13Cr-14Ni alloy and reported SFTs for irra-
diation temperatures below 325°C (ref. 46). It is not known whether
the SFT is mere commonly present in irradiated austenitic stainless
csteels and has not been reported, or if the present work has for-
tuitously examined <pecimens in a narrow fluence/temperature window
that cermitted their observation. This latter possibility is likely

sirce relatively few neutron irradiation experime.ts have explored
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the dose regime below 5 dca. Certainly these observations lend cred-
ibility to calculations which suggest that, for some conditions and
parameter choices, voids and SFTs should have similar stability.?¢-3*
Assuming that the SFTs form by the Silcox-Hirsch mechanism,??? these
data 2'so confirm the growth of vacancy locps to reasonably large
sizes under neutron irradiation.

In summary, the results of the MFF-II irradiation experiment are
generally consistent with the theoretical concepts discussed in
Chapter 3. One of the key concepts was that helium promotes void
format.an by stabilizing bubbles and providing a driving force for
bubble growth until the bubbles reach the critical size beyond which
gas pressure is not required to permit continued growth. The observa-
tion that the swelling incubation time was longer for the cold-worked
material in which the bubble density was about five times greater
than the solution-annealed material supports this rconcepct, The
higher bubble density provides more sites to which the available
helium is partitioned; hence, the time for any one hubble to obtain
the critical number of gas atoms is extended. The suppression of
void formation by room-temperature helium implantation is in agree-
ment with the arguments advanced and verified with the models that a
high overall system sink strength could extend the swelling incubation
time by reducing the effective vacancy supersaturation. The as-
implanted microstructure also provides a high density of sites to

which helium can be partitioned during the subsequent irradiation so
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that no observable bubbles were formed. If sufficient coarsening
tecok place and near critically sizes bubbles were formed during post-
implantation anneals, the theory indicates that the swelling incuba-
tion time should be reduced compared to that of the unimplanted
material. Although the greatest overall swelling was observed in the
solution-annealed specimen frradiated without heljum implantation,
the local swelling in the voided regfons of one of the helfum-
implanted-and-annealed specimens was three times that in the former.
This also provides support for the concept of voids forming from the
conversion of bubbles that reach the critical radius. More detailed
comparisons between the theory and the MFE-II experiment are {nh{-
bited by the fact that the experiment was temminated after an expo-
sure of only about 4 dpa. At this dose, most of the specimens were
still in the swelling tncubation regime so that any differences that

might have evolved at a higher dose cannot be detected.
4.3 3 Results of Postirradiation Annealing Experiment

Postirradiation annealing studies in austenitic stainless steels
have previously yielded somewhat conflicting results.®?,220-333 The
results of Porter et al.??? agreed with work by Cawthorne and
Fulton®’ and Holmes et al.??° that there were two annealing stages
evident in irradiated materfal. Below about 600°C dislocation loop
annealing leads to softening of the material with tittie change in

density; while above about 700-750°C voids begin to anneal, leading
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to additional softening and an increase tn the density of the speci-
men. Most early studies, such as those by Cawthorne and Fulton,®?
Holmes et al.*?® and Stiegler and Bloom®?! reported complete votid
annealing by about 900°C. Straalsund et al.*?® observed void coar-
sening in the grain interiors while a void denuded zone gradually
grew into the grain. Both Cawthorne??*® and Porter et al.??? observed
a persistent, stable population of large voids after annealing at
high temperatures (~1000-1050°C).

The factors that determine void annealing behavior appear to be
both the void size and the void size distribution with the disloca-
tion network playing a role in some cases.???.7?% The studies that
reported complete void annealing were conducted on specimens frra-
diated to low doses at fairly low temperatures. For such conditfions
the void sizes tend to be fairly small [e.g., Holmes et al. report an
average radius of 7.5 nm (ref. 330)]. Such vnids anneal quickly
because the vacancy emission rate is large. For the case of voids,
where the internal gas pressure is negligible, Equation (3.2) can be
reduced to show that the rate of vacancy emission from a void with

radius, ry, is proportional to exp This exponential term

( ZYQ).
rvki
approaches unity for large voids. For example, taking vy = 1.0 J/m?
at 900°C, this termm s 1.76, 1.07 and 1.01 for voids with radii of

2.5, 25 and 100 nm, respectively.
Thus, small voids emit vacancies much more rapidly than large

voids. The largest voids would tend to have vacancy emission rates
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similar to dislocations and would therefore not be expected to shrink
under thermal annealing. Consequently, for specimens irradfated to
higher doses and characterized by a broader size distribution, coars-
ening of the distribution occurs during annealing as the small voids
shrink and the larger voids grow in an Ostwald ripening process.

Both Cawthorne??® and Straalsund et al.??? report that the coarsening
of the void distribution in their materials was consisteat with the
theory of Ostwald ripening??® developed by Wagner®?® and Lifshitz and
Slyozov.?*? This latter theory also predicts the formation and
growth of denuded zones adjacent to grain boundaries and twins as
observed by Straalsund et al.*?? The data of Porter et al.??? also
appear to be consistent with Ostwald ripening and they report that
the large voids that persisted after 900 and 1054°C anneal were
interconnected by dislocation segments.

This earlier work suggested that the recovery of the radiation
produced microstructure 1n the materfal chosen for the present study
could be reasonably followed by a combination of microhardness and
fmmersion density measurements. Annealing at 600°C and above was
expectea to show only a 1imited amount of recovery of the dislocation
structure because of the relatively high irradfation temperature of
650°C. Therefore, both the softening of the material and the density
recovery would be due to the annealing of the voids and a similar
activation energy should be observed for both processes. It was
expected that these measurements would lead to an estimate of the

activation energy for self-dfffusion in this alloy.
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The results of the microhardness and immersion density measure-
ments from the post-irradiation annealing experiment are shown in
Figures 4.19 and 4.20. Two isothermal anpealing Curves, at 750 and
900°C, and a one-hour isochronal annealing curve are shown. Values
for the as-irradiated condition and unirradiated control material are
also indicated. The error bars on the microhardness data points
(Figure 4.19) reflect the range of 8 to 10 measurements and the symbols
indicate the average value at each condition. Additional data points
are included to show the scatter in measurements on auplficate speci-
mens (one hour at 600°C) and the effect of 1000 rather than 500 g
loading (as-irradtiated and one hour at 900°C). These microhardness
data are seen to be very systematic and a least-squares polynomial
fit to the data 1s also shown. For the immersion density data in
Figure 4.20, the error bars reflect the observed scatter in repeated
measurements on a single sample, approximately $0.1%. The two values
shown at 600°C in the {sochronal annealing curve again indicate
measurements on nominally duplicate specimens. Here the apparent
specimen-to-specimen scatter 1s quite large, lead.ng to significant
uncertainty in determining a "best fit" to the data.

Following the example of Jostsons et al.,?’® these data were
analyzed using the method developed by Meechan and Brinkman.??*® This
analysis requires only the use of a single isothermal annealing curve
and an {sochronal annealing curve. For fnitially identical speci-
mens, equivalent changes in the measured property (immersion density

or microhardness) are observed after a time T during the fsothermal
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frradiation annealing experiment, one hour isochronal annealing curve
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material was P7, irradiated to 12.5 dpa at 650°C in the EBR-II.
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anneal at T1 and a temperature Ta during isochronal anneals for a
time ta' This occurs when an integal parameter defined by Meechan
and Brinkman as the temperature-compensated time?®® is equal for the

two annealing conditfons. For this condition they show that:
n ta - Ealkfa = In Y - EaIkI'. {4.1)

where Ea fs the activation energy for the process responsible for the
property change. Therefore, a plot of In T, versus Ta" should yield
a straight [ine with a slope equal to Ealk {f the recovery process is.
characterized by a single activation energy. Regions of curvature in
this plot indicate that more than one process §s responsible for the
property change.

The results presented here were obtained using the 900°C {sother-
mal annealing curve because it provided the best overlap with the
isochronal annealing data. Figure 4.21 shows the in T, versus Ta"
curves obtained from the data in Figures 4.19 and 4.20. The micro-
hardness data in Figure 4.21 (a) shows a fairly straight line from
about 925°C to 1000°C. The apparent activation energy obtained from
Lhese data is 4.3 eV. The immersion density data shown in
Figure 4.21(b) are less systematic and more difficult to interpret.
This result 1s expected from the data scatter in figure 4.20. 1If
Figure 4.21(b) 1s a relfable inafcator of the annealing behavior, the
constantly changing slope would fndicate that multiple mechanfisms are

at work. Two regions of near linear behavior are visible. The slope
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of the lower temperature 1inear regfon yields an activation energy of
2.0 eV whi'2 for the higher temperature region an activation energy
of 4.5 is calculated. This latter value is similar to that calcu-
lated for the recovery of the microhardness.

The activation energy of 4.3 to 4.5 eV observed in the high tem-
perature immersion density data and the microhardness data is much
too high to be a self-diffusion energy. For materials such as alloy
P7, the activation energy for self-diffusion is measured to be
~2.8 to 3.0 eV, 238,33¢,26¢,287 A TEM study of the annealed specimens
was conducted to verify that the voids remained and to attempt to
gain some insight into the reasons for the apparent stability of the
irradiation-produced microstructure. Representative micrographs from
this survey are shown in Figure 4.22. The density recovery observed
at short times appeared to be due to the more rapid annealing of
voids near the grain boundaries and the gradual growth of a denuded
zone into the grains [Figure 4.22{a)]. This growth of the grain
boundary denuded zones was verified by scanning electron microscopy
of specimens that had been 1ightly etched. Although the grain-to-
grain scatter in the denuded zone widths was too great to permit
quantitative analysis of the process responsible for the growth of
the denuded zones, the growth was easy to observe. Representative
micrographs are shown in Figure 4.23. Within the g-ain interiors,
the votd population appeared to be evolving by Ostwaid ripening as
predicted by the theory??*-2*7 and also observed by

others,?2*,231,333 [Figyre 4.22(b,c)]. As mentioned above, there




Figure 4.22.
alloy P7 irradiated in the EBR-II to 12.5 dpa at 650°C.
dary denuded zones after two hour anneal at 800°C (a), evolution of

the void and dislcoation structure witnin the grains after two hours
(b) and ten hours (c) at 950°C, and after 210 hours at 900°C.

Postirradiation annealing behavior of austenitic
Grair boun-
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Figure 4.23. Scanning electron micrograrhs of grain boundary
denuded zones after postirradiation annealing of austenitic alloy P7
for one hour at 600°C (a,b) and 900°C (c,d).
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is little driving force for large voids to shrink. After about 20
hours at 900°C further recovery was very slow [Figure 4.20(b)].

Even after 210 hours at 900°C [Figure 4.22(d)], a stable void popula-
tion with a density of about 1 x 10'* m~® and an average radius of
100 ma remained. Llarger voids with racdii up to 300 nm were also
formed, apparently by coalescence. This void population accounts for
the ~21 swelling that was measured by famersion density for this
condition.

The high apparent activation energy measured here seems to
reflect the fact that the recovery of the voids and dislocations was
the result of several interacting processes. These processes include
fairly rapid void annealing near the grain boundaries, the growth of
a void denuded zone into the grain interior and void coarsening within
the grains. To the degree that the immersion density data are reli-
able, Figure 4.21(b) also verifies that more than one mechanism {is
responsible for the observed behavior. Some correlated annealing
behavior of the voids and dislocations may also be partially respon-
sible for the high apparent activation energy. Figure 4.22 indicates
that many of the voids were interconnected by dislocation segments.
Evidence of dislocation-void attachment was also seen in the as-
frradiated materfal. Porter et al.??? have reported that they
observed stable void-dislocation arrays after postirradtation
annealing of type-304L stainless steei. They observed these arrays

a‘ter annealing for one hour at temperatures as high as 1054°C. This



272

indicates that such a defect geometry is highly resistant to recov-
ery. One possible explanation for this stability 1s that the dis-
locattons are not free to climb as a result of being pinned by the
voids. This prevents them from absorbing excess vacancies. This
leads to nearly equal vacancy absorption and emission rates for both
the voids and the dislocations. This complexity further limits the
ability of any simple kinetic analysis of this experiment to yie'd

conclusive results.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

An effort has been made to discuss in some detail the implica-
tions of the present work as the results were presented 1n Chapters 3
and 4. Therefore, this final chapter will primarily present a sum-
mary of the work along with some further discussion where 1t is
appropriate. Some unanswered questions which this work has raised
will be described and further work that could help resolve these

questions will be proposed.

5.1 Summary of Theoretical Work

Several theoretical models were presented and discussed in
Chapter 3. These models were built on the foundation of the chemfical
rate theory description of microstructural evolution. Sectfion 3.4 in
Chapter 3 provides a detafled summary of the theoretica! work so only
the key results will be mentioned here.

First, because of the important role that helium 1s thought to
play in promoting void formation, the use of a hard-sphere equation-
of-state (HSEOS) for helium was adopted here.?’* The use of this
HSEOS eliminates the ability to obtain ~losed-form mathematical
solutions for the bubble radfus and the critical bubble parameters.
In order to be able to implement the HSEOS in computer programs
witrout excessive {terative calculations, analytical solutions for

these btvoble parameters were developed that preserve the physfcs of
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the HSEOS. This was confirmed by a comparison of results generatzd
using the exact iterative method and the approximate analytical
solutions.

Next, a direct comparison of the relative importance of two
alternate paths of void formation was carried out. These two paths
were: (1) gas-atded, classical void nucleation due to stochastic
fluctuatioas in the vacancy clusier populatfon, and (2) bubble growth
driven by helfum accumulation. This work concluded that stochastic
nucleation was not a significant void formation mechanism for damage
rates and tempcratures typical of either fast fisston reactors or DV
fusion reactors. It demonstrated that the mechanism of gas-driven
bubble growth to a critical size could account for void formation
under these conditions while using realistic physical parameters in
the calculations. A key assumption in these latter calculations is
that sufficient vacancies are avatilable to allow the bubble to grow
as gas is added. This condition 1s easily met under frradiation-
induced vacancy supersaturations. In addition, the annealing of
helium-implanted materials discussed above indicates that highly
pressurized helfium-vacancy clusters can create vacancies if
necessary.

Two primary models of microstructiral evolution were developed
here. The first was a cavity evolution model in which the other
point defect sinks were treated in a simple time-independent, para-
metric manner. Consistent with the finding of the nucleation work

just mentioned, void formation in this model was treated as the
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result of gas-driven bubble growth te a critical size. The swelling
data from the RS-1 experiment in the EBR-II was used to provide
calibration points for the model. Using physically realistic model
parameters, this relatively simple model was able to predict the dose
and temperature dependence of swelling in 20% cold-worked type-316
stainless steel observed in this fairly large data base. This model
was tnen used in a predictive fashion to explore the potential
swelling behavior of this same material in an irradfation environmment
typical of a DT fusion reactor first wall. The degree to which the
higher He/dpa ratio {~30 times the EBR-II value) will affect swelling
has been the subject of some controversy.®*:%%,20¢

The significant prediction was that swelling may not be a mono-
tonic function of the He/dpa ratio and that peak swelling may occur
for He/dpa ratios of S to 10 appm He/dpa. This result follows from
the effect of higher helium generation rates on the cavity density.
Starting from fast reactor irradiation conditions as a reference
point, for modest increases in the He/dpa ratio the cavity density
increases only slightly. Tnis higher helium generation rate leads to
a reduced incubation time and, in some cases, a slightly higher
swelling rate. For very high He/dpa ratfos the cavity density can
Increase to such a degree that the available helium must partition to
s0 many sites that few cavities reach the critical size. This
extends the swelling incubation time and can also lower the swelling

rate due to enhanced point defect recombination. Hence, swelling is
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maximum at an intermediate He/dpa ratfo. This predictive work led to
the development of a set of model-based swelling design equations for
20% cold-worked type-316 stainless steel in a OV fusion reactor wall.
Recent experimental results appear tc have confirmed this predic-
tion. An experiment was conducted in the ORR in which the neutron
spectrum was tatlored to produce a He/dpa ratio of about 10 appm
He/dpa in type-316 stafnless steels. Slightly over 1% swelling was
observed in a specimen of 25% cold-worked, titanium-modified type-316
stainless steel irradiated to only 12 dpa (ref. 288). Such a level
of swelling would not have been observed in a conventional fast reac-
tor (~0.5 appm He/dpa) or mixed-spectrum reactor (~70 appm He/dpa)
until a dose greater than 75 dpa had been achfeved.'*?® Additional
corraboration of the mechanisms responsible for this swelling peak 1s
provided by an experiment that involved sequential frradiation of the
same specimens of type-316 stainless steel in first the HF{R and then
the FFTF.??°® The initial irradiation in the HFIR was to a dose of
22 dpa and 1475 appm He. For the 20% cold-worked n-lot material the
swelling was less than 0.5% at both 500 and 600°C. Following an
additional 35 dpa irradiation in the FFTF the swelling was 0.5% at
600°C and 1.8% at 500°C. The expected swelling of this material for
a8 60 dpa irradiation in the FFTF only 1s around 10%.2?°® The fact
that much lower swelling was observed is consistent with swelling
suppression due to the formation of a high bubble density during the

HFIR phase of the irradfation.
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The second major compenent of the theoretical work was tne devel-
opment of a more comprehensive mode)l of microstructural evolution.
This model included the cavity evelution model just discussed but
also incorporated models for the explicit dose and temperature depend-
ence of both the dislocation network and Frank faultea dislocation
loops. One crucial aspect of the dislocation loop evolution model
was a scheme for dividing the 1oop size space into two distinct
regions to reduce the number of equations necessary to describe the
loop population. Different physical “escriptions of loop evolution
were used in the two regions and they were joined in a self-consistent
manner. This scheme preserved the essential features of the loop
distribution while reducing the required number of equations from
>10* to about 20. Good agreement was observed between the predic-
tions of the comprehensive model and fast r2actor swelling and dislo-
cation data over a broad range of irradiation temperatures and doses.
A high degree of coupling between the evolution of the various micro-
structural features was observed. The success of the rate-tneory in
this work provides a measure of its potency as an analytical *ool.

The results of extensive parametric evaluations with the compre-
hensive model emphasized the major role of microstructural sink
balances and point defect partitioning in determining microstructural
evolution under irradiation. The results of some of these sen-
sitivity studies are summarized in Figures 5.1 through 5.4, The sen-
sitivity of the incubation time (dose to 1% swelling), the peak

swelling rate, the network dislocation density at 100 dpa, and the
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peak faulted loop density to several key parameters is shown. The
parameters are:

n
Zi’

the network dislocation/interstitial bias;
n, the cascade efficiency;
Z., the faulted loop/interstitial bias;
the fraction of vacancies surviving intracascade
annealing that cluster;
Y, the surface free energy;
t, the bulk recombination coefficient;
ESD’ the activation energy for self diffusion;

E?, the interstitial migration energy; and

b

2,

E the di-interstitial binding energy.

The ratios shown in these four figures were obtained by dividing the
results calculated with a reduction in the indicated parameter with
the same values calculated with the base parameter set from Table 3.9,
The ratios reflect simiiar relative changes in the various parameters.
These figures indicate that the parameters of most general signifi-
cance are n, ESD’ ani Z?. This dependence §s expected from simple
theoretical relationships such as Equation (3.61). However, the
results shown in Figures 5.1 through 5.4 indicate that other param-
eters also have temperature and dose regimes in which they are of
importance. One notable example is the interstitial migration energy.
Because of its influence on the faulted loop density, and through

that on the network dislocation density, ET is very significant at
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luw to intermediat> temperatures. It was pointed out in Chapter 3
that simple void swelling models are not sensitive to the value of ET.
The comprehensive model required a value of ET = 0.85 eV in order to
obtain agreement with fast-reactor dislocaiion data. This is much
greater than the pure metal value used by other workers, but it is in
agreement with recent measurements of this parameter in austenitic
alloys.279,27¢

The fact that the parametric sensitivity varies between the
results shown at 400 and 600°C is partly due to the temperature
dependence of the sink strengths, as discussed in Chapter 3. For
example, the incubation time is much more sensitive to the value of
the dislocation bias at 600 than at 400°C. This is a result of the
fact that at 600°C the dislocations are the major point defect sink
while at 400°C dislocation 1oops and vacancy clusters are aiso sig-
nificant. The predicted microstructures are also more sensitive to
the self-diffusion coefficient at 600°C than at 400°C. At 600°C, the
swelling incubation time exceeded 200 dpa for a 0.2 eV reduction in
the self-diffusion energy; hence, the fractional change is off scale
for the histograms shown here. Two coirelated factors are respon-
sible for this large increase in the incubation time. First, the
higher self-diffusion coefficient leads to a lower effective vacancy
supersaturation [see Equation (3.3)]; this increases the critical
number of gas atoms required for bubble-to-void conversion. In addi-

tion, as Figure 5.3 shows, a higher network dislocation density is
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obtained with the higher self-diffusion coefficient. This further
suppresses the effective supersaturation since the dislocations are
the dominant sink at 600°C.

Finally, it was shown that even minor sinks, such as the
subgrain structure in cold-worked material, can be important if they
promote differential point defect partitioning. Because only a small
fraction of the total defects generated survive, small changes in the
absolute number of vacancies that survive car cause large changes in
the observed swelling. Such additional sensitivity to both sink
strengths and parameter variations is believed to be physically mean-
ingful because it reflects the coordinated evolution of the individual
microstructural components.

The .cmprehensive model was also used to predict the swelling of
a DT fusfon 1 .ctor first wall (10 appm He/dpa). The results corrob-
orated the conclusions drawn from the studies with the cavity evolu-
tion model. Shorter incubation times were predicted for the higher
He/dpa ratio at all temperatures from 350 to 700°C and the swelling
at low temperatures was significantly enhanced. These results are
significant because designs for near-term fusion devices have begun
to emphasize lower operating temperatures "n the belief that swelling
of austenitic materials would not be a ,~oblem for doses up to 30 to
50 dpa.®+33%+3°3 A major conclusion of this work is that making such
a decision based on fast- or mixed-spectrum reactor swelling data may

be erroneous.
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5.2 Summary of Experimental Results

The experimentai component of this work consisted of two major
parts. The first was a postirradiation annealing study that
employed specimens of a model austenitic alloy that had been irra-
dtated in the EBR-II to a dose of 12.5 dpa at 650°C. These specimens
exhibited about 6% swelling. The frradiation-induced microstructure
wvas found to be surprisingly stable. After annealing for one hour at
1042°C the swelling remafned slightly in excess of 3 and 2% swelling
remained even after annealing for 210 hours at 900°C. Recovery of
the microstructure was also followed through the use of microhardness
measurements and a similar stability was obs,erved. The apparent
activation fur recovery obtained by both sets of measurements was
4.3 to 4.5 eV. This is much greater than the measured activation
energy for self-diffusion in this matertal.

No simple explanation was found for this high activation energy.
The stable array of large voids and ‘nterconnecting dislocations that
were observed may in part be responsible. The voids and dislocations
can recover only {if the two defect types can exchange vacancies. The
dislocations must absorb excess vacancies and climb. This climb is
inhibited when the dislocations are pinned by voids. In addition,
the voids coarsened by Ostwald ripening and coalescence, leading to a
pooulation of large voids. Voids with radii up to 300 nm were
formed. Voids of this size are nearly equilibrium defects and emit

vacancies at a rate similar to the dislocations. Because there is no
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substantial driving force for a net vacancy exchange, both defect
types remain stable. The apparent correlated evo.ution of the voids
and dislocations during postirradiation annealing is consistent with
their behavior under irradiation. The theo-:tical models that were
developed for this work verify the importance of this coupling. In
this light, 1t is not surprising that their behavior would also be
compliex during postfrradiation annealing.

The second component of the experimental work was the examination
and analysis of alloy P7 after irradiation in the ORR 1n the MFE-II
experiment. This experimeat fnvolved the irradiation of solution-
annealed and 20% cold-worked P7 at 350, 550 and 600°C. The firra-
diation dose was 4.7 dpa with 65 appm He generated by neutron-induced
transmutation reactions. Some of the specimens were preinjected with
10 to 40 appm He and subjected to post-helium-implantation anneals at
temperatures between 600 and 900°C prior to the !-radiation. In
order to provide unirradiated control specimens for the MFE-II
experiment, additional TEM disks were implanted witﬁ helfum to simi-
lar levels and similarly aged. These control specimens were also
examined by TEM in order to characterize the prefrradiation
microstructure.

The microstructure of the as-helfum-implanted material was com-
prised of a high density of "black-dot"” defect clusters. Under ther-
mal annealing this evoived to produce two primary defects. For
annealing temperatures between 600 and 750°C a population of frank

faulted loops was formed. This population was observed to grow and
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coarsen with temperature. At 800°C and above, no loops were
observed. Helium bubbles becume visible after anrealing at 700°C.
The average bubble radius increased with an approximately constant
density for temperatures up to 800°C. Above B00°C the distribution
coarsened. The calculated helium content of the visible bubbles
accounts for about one-third of the implanted helium after 700¢C
annealing, two-thirds after the 750°C anneal, and essentially all the
heljum after annealing at 800 to 900°C. The interstitial content of
the faulted loops appeared to increase dvring the lower temperature
anneals. Interstitial loop growth may be driven by the demand of
small, overpressurized helium-vacancy clusters for additional vacan-
cies. The coupling of the evolution of the bubbles and loops during
thermal annealing is fllustrated by their sensitivity to the level of
helium implantation. Increasing this level from ~40 to 65 appm
resulted in the stability of Frank loops under annealing up to 850°C.
A lower than expected bubble density also resulted, in part because
of the formation of larger than expected bubbles that were found
decorating these loops. The evolution of the faulted loop and bubble
microstructure observed here is consistent with and supplements simi-
lar work by others,*®+!%8,187-160 [n particular, Maziasz*® has also
noted the relationship between the growth of apparently over-
pressurized bubbles and Frank faulted loop growth.

The overall behavior of the specimens irradiated in the MFE-II]
experiment was similar at all three temperatures. It was not possible

to determine the detailed influence of the varicus preirradtation



288

heat treatments because of the low total damage level. The com-
parisons were particularly limited for the 350 and 600°C irradiatfons
because of the longer swelling incubation time at these temperatures.
For example, at 350°C cavities were vistble only for the solution
annealed specimer that had been implanted with 37 appm He and aged at
820°C prior to irradiation. This cavity distribution was little
changed from the as-aged condition. Simflarly, at 600°C cavities
were observed in only two solution-annealed specimens. The first had
been implanted with 32 appm He and aged at 800°C and the second was
irradiated with no helium pretnjection. In both of these specimens
the cavities z2ppeared to be helium bubbles. The lack of void growth
at 350 and 600°C is consistent with the theoretical predictions of
the model developed here. At 350°C, the model predicts a smal! cri-
tical bubble radius, but also a very slow void growth rate. At
600°C, the model predfcts a critical bubble radfus that {s about
eight times the observed average bubble rzdius so that no voids have
formed by 4.7 dpa. At both 350 and 600°C efther inftial cold-working
or helium preinjection without a subsequent anneal led to the
suppression of visible cavity formation.

For this low dose, the maximum swelling temperature for P7
appears to be near 550°C. Bloom and Wolfer found a similar value for
specimens {rradiated in the EBR-II.?** Voids were observed in
solution-annealed and 20% cold-worked specimens that had recefved no

helium preinjection and in a specimen that had been implasted with
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42 appm He and aged at 750°C. This latter specimen exhibited voids
only along a fairly narrow band near the grain boundaries. This
corroborates the observations of Leitnaker et al.?** and Horsewell
and Singh?** that voids form first and appear to grow fastest in a
region that {s near, but not immediately adjacent to grafn bound-
artes. This enhanced swelling near grain houndaries may also explain
why Bloom et al. observed much higher swelling in a very fine-grained
type-316 stainless steel than in solution-annealed material.?*® The
cavity distributions in several other helium-implanted-and-aged spec-
imens irradiated at 550°C showed 11ttle change as a result of the
frradfation. Helium preinjection without subsequent heat treatment
resulted in no visible cavity formation after 4.7 dpa irradfation at
550°C. This result is the same as observed at 350 and 600°C and ‘
lends support to the suggestion by Packan and Farrel1'?? that cold
preimplantation of helfum not be pursued further as a method of simu-
lating high He/dpa ratios.

A comparison of the solution-annealed and 20% cold-worked speci-
mens irradfated at 550°C indicates a somewhat shorter incubation time
for the solution annealed materfal. The measured cavity volume frac-
tions are 0.19% in the annealed specimen and 0.05% in the ccld-wurked
specimen. It is difficult to conclude much from such low levels of
swelling. In fact, Brager and Garner concluded from their examina-
tion of similar specimens that cold-work has essentially no effect on

the swelling of P7.7** However, the shape of the cavity distributions
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indicated that the cold-warked specimen was still in the facubation
regime while the solutton annealed specimen appeared to be in a more
advanced stage of microstructural evolution. Specifically, the solu-
tion annealed specimen exhibited a bimodal cavity distribution with a
critical cavity radius of about 4.5 nm and the cold-worked specimen an
approximately exponential distribution. In addition, the cavity den-
sity in the cold-worked specimen was five times that in the solution-
annealed. This is believed to be the result of the high initial
disleccation density providing many preferential nucleation sites by
acting as traps for helium. Similar behavior was also reported for a
commercial type-316 stainless steel frradiated in the HFIR.** This
result emphasizes the important role of helium in void formation.
Finally, a significant new observation was that of a high density
(10** to 102° m~*) of stacking fault tetrahedra in an austenitic
stainless steel that was neutron-irradiated at elevated temperatures.
These SFTs had an average edge length of about 20 nm and were
observed in a varfety of specimens. This observation §s consistent
with the low stacking fault energy of the austenitic stainless steels
and lends credibilfty to theoretical calculations that indicate this

defect should be stable 1n these materials.

5.3 Unresolved Issues and Future Directions
A major simplification in the models developed here is their
limited treatment of the effects of solute segregation and precipita-

tion. Both of these phenomena are known to be sjgnificant factors
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that influence microstructural evolution. Some of the influences of
solute depletion can be thought of as being approximately accounted
for in the theory by the use of effective diffusfon and bias parame-
ters that represent essentially time averages of the actual parame-
ters. The success of the present throry indicates that the major
role of what has been termed microchcmnical evolution®?® may be to
influence these parameters as opposed to being a controlling mecha-
nism in void swelling. The details of precipitation under irra-
diation are extremely complex*®*® and worthy of further theoretical
ifnvestigation. Several ways in which precipitates can affect void
swelling were mentioned in Chapter 3; only one has been investigated
here. One potentially useful extension of the present work and that
done by others'’®»177,2%3 ywoyld be to perform a detailed comparison
of The relative importance of these various mechanisms.

Further development of the corprehensive model s required to
enhance 1ts usefulness for low temperature irradiation simulations.
The predicted faulted loop density is too low below about 400°C.
This seems to indicate that the mojel does not adequately balance the
relative contributions of the dislocation network and the faulted
loops at low temperatures. The problem appears to be one of loop
stability rather than one of loop formation. The model for the evo-
lution of the dislocation network under irradiation should alsc be
refined. The equations and parameters in the thermally activated

components of this model do not currently reflect an appropriate
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influence of irradiation. For example, under irradiation, the ther-
mal dislocation climb velocity should be replaced by the btas-driven
climb velocity and the thermal source denstity should be dependent on
the evolving microstructure. In order to maintain the calibration in
the absence of irradfation, the terms in the present model need to be
1imiting cases of any new formulation. A further refinement of the
comprehensive model would be to include an explicit clustering calcu-
lation for vacancies and helium to provide an input to the cavity
evolution component of the model. This calculation could replace the
current temperature-dependent cluster density that s treated as an
input parameter.

Both the theoretical and the experimental components of this
work have indicated that grain boundaries and hence the grain size of
materiais may significantly influence microstructural evolution under
frradiation. Work by others*®!.3®2,31¢,388 3150 corroborates this
conclusion. Further investigation of the dependence of swelling on
grain sfze may suggest ways to help extend the swelling incubation
time. The comprehensive model developed her2 provides a theoretical
tool for this investigation. The use of specific preirradiation
thermomechanical treatments to tailor the grain size would permit
experiments to be carried out to examine this varfable. Finally,
additional investigation of the alternate mathemaiical formulations
of the point defect sink strenqgths s warranted. To date the compre-
hensive model has been used to examine the influence of assuming

surface-limited or diffusion-limited kinetics on the faulted 100p
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evolution and the effect of multiple sink strength correcttion terms
oa the nominal model predictions. More detailed analysis of various
point defect sink strength formulations could shed further 1ight on
their range of applicability. It 1s only with a comprehensive model
that such deterainations can be made.

The model's predictions of swelling at the DT fusion He/dpa ratio
are dependent on the assumed scaling of the cavity density with the
Fe/dpa ratio. %Suidance for the present work was provided by charged
particle studies in which the He/dpa ratio could be varied, and to 2
lesser degree by comparisons of cavity densities from experiments in
the EBR-II and HFIR. In order to verify this scaling, an experiment
has been planned for irradiation in the HFIR in which the fraction of
the varifous nickel isotopes will be tajlored to yield several dif-
ferent He/dpa ratios in a single reactor environment. This experi-
ment will also provide a direct test of the model's predictions for
fusion because the He/dpa ratio in one of the alloys in this experi-

ment 1s 12 appm He/dpa.
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APPENDIX A

COMPUTER CODE MICROEV

This Appendix contains the listing of a computer code called
MICROEV that implements the major microstructural models discussed
in Chapter 3. The code was written to conform to the FORTRAN-77
standards and has been successfully compiled and executed on a
number of different computers using various FORTRAN-77 compilers
without difficulty. Numerous comments are included in the code to
describe the input parameters and the execution sequence.

A sample data file for MICROEV follows the code listing. The
first Tine of data read by MICROEV contains only a parameter called
*ictr”. The value of ictr determines the number of twenty-line data
files that will subsequently be read. Each twenty-line data set
describes the irradiation conditions and material parameters for a
given run. The input parameter called "iclflg” is read as the first
number on the fifteenth line of each twenty-line set of data. The
value of iclflg determines whether the calculations will be done
using only the cavity evolution mode! with a constant dislocation
density (ic1flg=0) or if the comprehensive model with simultaneously
evolving dislocations will be used (icl1flg=1). The sample data file
included here is for a fast reactor irradiation to 100 dpa at 500 C

with ic1flg set to 1 so that the comprehensive microstructural model
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is used. Several representative output parameters from this run

follow the data file.

A.1 Listing of Computer Code MICROEV

3
"

€CCCLECECECCCECCCCCeeeeceececeeeceeceececeecceeeeceecccecceeccecceeccce
MICROEV MICROEV
A Theoretical Model of Microstructural Evolution
Roger E. Stoller, January 1987

This code is written to use the Livermore Solver of Ordinary
Differential Equations (LSODE) to intgrate the differential
equations. With appropriate changes to the code, an equivalent
integrator could be used.

*nclass' size classes of spherical sinks are allowed to grow and
shrink. The defects may convert from bubbles to voids based on
the amount of helium they contain. The conversion criterion
is that the helium content exceed the critical mumber computed
using the master curve solution obtained from the Brearley and
Macinnes hard sphere equation of state (J.N.M. 95 (1980)).

The bubble radius is also computed using the opriate master
curve. The helium generation rate can either constant as
input (hfrflgﬁ.ﬁ) r time t to simulate the hfir
(hfrfir.eq.1 heg rr=3.5¢-12). The cavities in class 1
collect helium by a gislocaton trapping mechanism while they
are bubbles; after conversion they capture helium with their
own cink strength only. ‘hefrac’ is a parameter multiplying
the dislccation sink strength to obtain the dislocation sink
strength for helium (both before and after class 1 converts).
the cavities in classes 2 - (nclass-1) are pure matrix cavities
while class nclass can be either pure matrix or precipiate
assisted. For ppt-assisted, these cavities cottect helium with
the ppt. sink strength (pptsnk) for times greater than the ppt.
nucleation time (ppttau). For pure matrix cavities, input
ppttau.gt.stop and pptcon.lt.0, To deal with cases when the,
vacancy supersaturation (sprsat) is less than 0. bubble radii
are computed for sprsat=0 (ie. equilibrium tubbles).

For icifig.ne.1, the code uses a constant dislocation density
(disntd) as input; while for |clflg.:3.1 a rate-theory based
model of dislocation evolution is used., °‘lclass’ size classes
of faulted toops grow and unfault to nrovide a source of network
dislocations. This network is simultaneously annihilated via
climb which is both thermally and irradiation induced. The
faulted loop bias factor can either be input as a parmaeter

or Wolfer & Ashkin's size dependent biases (J.A.P. &6 (1975)
and later erratum) can be used. The alternate sets of code
Lines with '21l-r* in columns 73-80 need to be interchanged to
use the alternate biases. These Lines are in the main routine,
the subroutine grow and the function subroutine fcnipg.

Transients vacancy clusters as microvoids are also included,
The clusters can computed either at steady-state or using

a time-dependent calculation. The alternate sets of code lines
with *ssvcl’ in columns 73-80 need to be interchanged to alter
the solution method. These lines are in the main routine and
in the subroutine grow.

when computing the puint defect calcuiations the input parameter
‘pptflg® spectifies whether or not the precipitate sink strength,
‘pptank’ 1s used. In this version of the code, p?ulg=0 ts the
recommmended value so that ppsink=0. There are alternate lines
of code in the subroutine pntdef to determine whether the full
miltiple sink correction is applied to the subgrain sink strength
(kshg1) and the cavity sink strength (cfaci). The lines of code
that need to be interchanged in pntdef are marked with ‘subg-i'

NAAAOAONAAAOANNANANANOANAAONNANNLOANANONNOAANANNONANDNNNNNNDANNONANND
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and 'cfac-i’ respectively in columns 73-80.

Temperature changes can be called for by setting tmpchg.gt.0
(¢
which the changes are to occur are then required.

to 9) on input. New temperatures and the dose (dpa) at

c€cecececcececeeccccceccececececcceccceccccececesccececceccccecceccccccecccccccccec

implicit real*8 (a-2)

external grow,cumsub

common /intgr/ wlfl?(S) flpcls, hfrflg,iclflg, jtemp,lclast,
lclas%,lc as.fz.,lms ,l?(s‘l,n:la?s,mtﬂs,meq,rplt,mlusl,
ngens1,ngmns2, outsw pfact, pntcls pptflg,
tempro, titlel(20), title2(20) tmpchg vc?cls,vdflg(S)

common /cavprm/ bbconv(5) LCvsnkl  cvsnkv, comprs(5),
cfaci(5),cfacv(5),cvsnkd, cwi(5), delhe(5), fs(S), fv(5), gamma(5},
helium(S),mpa(5),ncritr(5),press(5), rhohe(5),
ttconv(5), vdsnk, vdsnkQ, voidcn($), voidrd(5)

common /disprm/ avlgrd,bllo,beo,vao,bv}o,b:‘q,vao,lgv‘o,
c2dis, c3dis, cvl(43),cwn,dicon,displd,disnd,disntd,distot,
ec2dis, ec3dis,irrann, irrsrc, | 45), lprad(45) ncrate,mmilp,
ilpmax,prat1, prat2, prmt3, prmt ,rate(45) rc, rhosnk, ro
twi-x,snkerr,snkneu,st*tst,srcden,stgk?t,§tfq|?,tgul, . i
tetcon, thrann, thrsre, tricon 2ii(45),2il0,2in,2i1,2i2, 213, zi4,
zvl (453, 2vi0, zvn, 2v2| 23, 2vé ) o

conmon /defprm/ alpha,ac bvectd bvectf cvcls cvemit diffi diffyv,
ef eim,en fracls, gamve],genvcl, intcon, intgn2, intgnr, kt,
mumvac, nuave |, omeqa, radvel , sprsat  tauvcl , vaccne vaccon,
vacgnr, vclsnk cilo,cihi, cvgues, iflux, vflix,detflx

common /balrl/ e,b\bﬁle cavﬂe,clster, (50) ,diffhe,

CWVSHBWN = W= W 2

W -

emvcl emvoid, floop,gasd,graind,grndd, grrmax, grntau, hefrac
intbbl, intflp, intnet, int t,mtrec,mtsb?,intvcl,mtvd,kségi,
hegnrQ, hegnrr, ksbgv,mtrxhe ntdhe,py , pltflg, pptcon, pptrad,
pptsnk, ppttau, precip, pratdt,pratow, recomb, stop, stress,
subghe, subgrn, swell, swlcmp, switol, taup, tautol, tc(10) temp,
time,t ,totdos,tsm‘:i tsm‘v,tvdvac,vdemt vdrecm,voids
cosmon /mscoef/ aO,a‘l,aé,a},a‘,aS,ab,a?,aB,a@,MO,
L ,b3,b‘-,b5,b6,b7,b8,b9,b'|0,
c0,¢1,¢c2,c3,¢4,¢5,¢c6,c7,c8,c9,c10
integer outsw,pfact pptflg nplt _nclass flpcls,netcls,vclcls,
bolflg, vaflg, i, ),k title ,tlt(ez,hfrf;!,nplusl tmpchg, tempno,
noeg ngmsl ngms2 (class,lclast,lcla ,lmsl,(plﬂ,

pntcls sulflg iclflg, jtemp,ict,ictr,

oeq(‘l),iwork(?O),cnvc k (1mns1, Liplst, cavflg,

_1tol 1task,istate, iopt (ru,llu,-f i )
dimension rwork(2978),y(50),rtol(1) atol(50), idealr(5), idlrad(3),
*swiptt(110,2),dntplt(110,2),dtppl1(110,2),

* dreplt(110,2), lnmple(110,2) .

format(' For this run, p-cav=',14.2,"' cavity density=",{5.2,
1 times EBR-2 value')

format(8410.2)

format(8110)

format(6g12.4)

format(20a4)

format(’ **** input edit ****')

format(*1*)

format(/,30x,'%X swell vs. dose in dps',//)

format(/,30x,’disntd (cm-2) vs. dose in dpa’,//)

format(/,30x,'displd (cm-2) vs. dose in 3

format(/,30x,'mmilp (cm-3) vs. dose in dpa',//)

format(/,30x,'distot (cm-2) vs. dose in dpa’

format(/,* dose=',1pd8.2,' (',d8.2 ' secs)’, 2x,'swells’ d9.2,

1 2x,‘sulrates’,d9.2,2x_ 'sprsatst,di2.6)

format(’ vaccons’ 1pd12.6,' intcons* d12.6,2x,'detfixs’,d70.4,
1 2x, 'vacgnrs! d‘lO.‘,Zx,'mk.ratio(dil(/cnvgl' ds.2)

format(' cvsnkvs' 1pd9.2 2x, 'vdsnks', d9.2,2x, Sbbsnks',d9.2,2x,

1 'cvsnk0=* d9.2 2x, ‘vdsnk0s®,d9.2 2x; *bbsnk0=',d9.2)
format(* zin=', 15,2, 2x "distots’, fpdd.2,2x 'ks%v-',dv.z,h,
1 'ksbgis* , d9.2,2x,'graindgs’,d9.2,2x, ‘pptsnks’ d¥.2)

formet(’ hegnres' 1 .2,2x, 'appmhes’ 9.2
1 2x, 'mtrxhes’,d9.2,2x, ‘cavhes',d9.2,2x, 'subghes',d9.2,

2 2x,'ntdhes’,d9.2)

format(’ vclsnk=’ 1pd10.3,2x, 'mmvciz’ d10.3, 2x,'tauvcl=*,d10.3,
1 2x,'genvcls’,d10.3,2x, + derys’,d10.3,8x,2x, 'sschk=*,d10.5)

1 2x,'genvcls’ d10.3,2x, 'sschks’,d10.3) )
format(/, ' bflg vmdrd',‘x,'voidcn',Sx,'dr/dt',Sn"ncrlt',Lx,
1 'helium’ Sx, 'delhe’ Sx, 'press’, &x,'comprs’ bx,'cvv! Bx,

2 'cfac(for v,i)!)

format(i4,1p8d10.2,d11.3,2d10.2)
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C

disloc,doschg(l ),doschk,eﬁe-ig,ewbl ,emdis ,e-f[p,e-upt,e-stbg,

ssvel
ssvcl
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928
929

933
932
933
934
935

937

956
957
958

959
960

c
(4
(<

formt(/ ¢ 2> mf,

T 12,3
format(5x
formas(’
1 ‘secs*,t69,t
format('
1 temt, 169, 'x
format(* for
format(/,"*
format(’
1 dpal / 3
format(*
format(*
format('
L] l /'l
2 . :pan l
format(’ " ista
1, # grow cal
formt(/ ¢ for
10, radius set

12.3)

format(* »>> initia sprsat calculauon- i,

1 14,1p2d13.4)
forllat(/ '

1 2x, grnd}“ pd9.

format(® eim=
{ 'diffi0=2,¢5.
format(®
1 2x,*voidcn=",
format(‘

1 ‘'prmté=’
format(f7.

fS.

format(// ’
1 c to!

format(*’ emvou
1 2x,emvci=’,d

format(‘ recmb, ratlos vacrec-

1 tintrec=',d9.

at'

time,
)

=, 12,6x,
z2*)

xt)
class=' 13,*

te=',12,",
ls=¢, 7.’
class

to'1pd

*,£5.2,2x%
2, 2x 'di f

195a%0.2.7
2./

13}
3, 1p‘5d11 AR
.t cba the temperature changed from* 6.1,

cl
d—l

last dt,

‘y(i)=*, 1od14.6,6x, 'Cery(i)=" d16.6
‘conversion time, bubble class='

322

densnty‘ 1
,f?

.3,

# patdef ca
v‘l » lmtral radius calculatmn failed*,

'intgnds* ,d9.2,2x, ‘casef fz*
prmtizt, §5.2 kx,'prnt2=' £5.2,4x,'prat3=* 5.2, 4x,

at

next dt =°,

.i2,te2.1pd10.3, :55

t av 0 7.3,
pd10-3)

bubble did not convert®)

At appronmately X swell (° 1pd9 2,'X) dose=' d9.2)
maximm swelling rate=* 1pd10.3,
final swelling=',f7.
catculated dose (dpa):=',1
dose for initial bubble’ dlstrllmtlon-' 1pd10.3)
maximm swelling rate=*,1pd10.3
maximum faulted |
final swelling=’',f
# isode st

dpa at *,0pff.3

%/dpe at *
' dpa.’,t68,

Tet 18y

velsnk, sprsat=!,

temp=' _£5.1,2x, ':!lsno =* 1pdB.1,2x, " 'zin=* 0pf5.3,
2:, gramd:' ')

Tevar' £5.2,2x, 'evf=",5.2,2x,
fv0=+ f§ 2)
alfodiz! " 1pd9. 2 21

'enst.bg" d10.3; x eq:pt=' d10.3)

2,2x, ‘tsinkiz

2 ‘rhosnk=* d‘).Z

format(*
1 v 2i3=4,$6.0,
format(*  di-1
1 *tetra- mt"
format(/, éx,

1 'cv(loop)' 6x
format('

' Zie=' f
nter=*
d10.4,
oop rad

vansdt’, Fx,

format(® °* 1pZd12 3 ,0p218. ‘ 1p3d
format(® * 1p2d12 3, 09218 4 pd12 3 Gx,

format(/,’ dlsntd:'

1% irrsrcs’,d
format(' numi
1 a11.4,2x, 'emf
format(’ do:

04'
11.4, Rt

lp-' ‘d11.4)
se’

2.5

irraon=+ ,d11.4,
thrsre=*,d11.4,"

1 ‘numi lp’,5x, 'dlstot' R ETR T

format(*
format(/,"

>>>3> in dlsode

ox,'

dose' bx, 'suell' 4: 'rz' 6

3x 'loop den,* lu
rate')
,ip2a2.3 Opéfa 4 1pd12 3

di1.4,2x,

1
gd‘? ~sw-‘v-' d9.2,2x,

eCZdls v o$5.2.° ec3dls-' 5.2, 2i1=",$6.0," 2i2=",£4.0,
' zv2="’, 't 0 ’ zv} =t 4, 0 ' oavh=',f4 . 0)
ipdlo &,2x, ' Cri-inter=

ncl rate’,

“ard.a 2k

'tauh' 'd10.3)

it Sx 'zvi’,bx,

'd33

x,'swell’ éx 'dlsntd' Sx,'displd®,5x,

1)
rwork(13, 11,12)=',1p3e11.2)
CCCECEECEeeceeeecCeCCereEeeteeeeecciceceeieCeecCecceeeececeeeecccceccee

main program loop for up to ictr data decks

bubble radius at conversion, class=',i2,t42,1pd10.3 54,

m.',téﬂ ‘zz')

£7.3
10.3, a‘:’? 0pf?.3,
‘z2* )

,0pf5.3,

/
igmo .3,2x, ‘embbl=", dw 3,2x, ‘emdisl=*,d10.3,
10.3

thrann-' dail .4,
dery(netcls)-' arl.

4)
1p=* 1pa11 4,2x,'displd=",d11.4,2x, *aviprd="

c
c
(<

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

1001
1002

1003

1004

ad(5,900) ic
urlte(& 900) i
do 9999’ ict=1
do 1001 i=1
rwork(i)=0, a0
do 1002 i=21,70
iwork(i)s0
do 1003 i=1 50
dery(i)=0. o
y(1)=0.d0
do 1004 i=1,45

noeq=0

2572

tr
ctr
ictr



[s AR
ttdos=5.0d0
tauimx =totdes
iipmaz=-1.
tausma=totdes
ratemx=-%V,_
time=0.0c7
protrw=0.
swlati=-1.d0
tautol=-1.c9

8

swlemp=0.
swirat=3.d0
bubbl e=0.0a0
Floopco.0d8
vdrecm=0.0d0
vdemi t=0.0d0
tvdvac=0.
intubl=0.
intflp=0.
gntnet=g.
intppt=0.
intrec=0.0d0
intsbg=0.0d0
intve(=0.0d0
lntvd=0(.’06déiJ
appmhe=0.
mtrxne=G.Go0
ntche=0.0c0
intcon=0.¢0
vaccon=0.c<0
vacgnr=0.d0
pntcls=0 .
read(5,902)ti
read(5,902)ti

g

2EEER

323

tled
tle2

[ddddddddddddddddddddddddddddddddddddddd I dddddd S dd LSS TS LSS ST

c
c
c
c
<
c
c
(4
[4
4
(<
c
4
(<
(<
(<
<
c

several switches giving tne user prugram control are
read in initially. their meanings are given here:

tmpchg = t
t

]

herfl
s 1

pfact; a table of intermediate output 18 printed after
every ‘pfact’ converged time steps, pfact = 0 will

L

write(%,706)
write’6 903)
reac(5 $01)
write(d 901)

1)
write(d 901)
read(5,901)
write($,901)
read(5,$01)
write(d, 941)
read(5 5013
write(b 901)
read(5,921)
write(6, 901)
read(s 5o1)
write(b 907)
reac(s,879)
-rite(é@’)‘?)
reac(s v.1)
\-r\!e(é,%'.)

he number of t
empno=tmpchgr1=nunber of temperatures

., constant helium generation rate (ebr-ii)
, time dependent helium generation rate (hfir)

uppress this output

ceeeceeceeececcececececcccecceccececceccceceeeecceececccccccecceeccecccece

em, ef eim, ec2dis, ec3dis, ehemig

em ef eim ec2dis ec3dis, ehemig
aiffvl,di$¢i0, al fodi hegnrr hefrac
diffv0,ciffiQ,alfodi hegnrr hefrac
intgnr, caseff zin,zvn,z1(0,2v(0

intgnr caseff, zin, zvn, zil0,zvl0
tc(1),disntd,stress, stfeng,rc
tc(1),disntd stress stfeng rc
fracis,mmvcl,radvc,gamvel, snkerr
fracls,mumvci, racvcl,gamvcl, snherr
dumrad, srcden, prmt 1, prme2, prmt3, prmtée
aunmrad, srcden, prmt 1 prmtz,grmd,prmk
re\err,aberr‘l,aberré,aberr ,aberré
relerr aberrl aberr2 aberr3, aberré
zi1,zxé,zd,zab,sz,u},va
211,2i2,213,216 202,293,746
oetrad,cotenn, ot tau

Mrrad, pptoon, ppttay

. rature changes which occur
during the run (.le.9) at totdos=doschg,

(<
[4
(<
(<
c
c
[
[
[
C
C
C
C
[«
c
C
c
c
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read(5,901) graind,grnmax,grntau
write(d 901) graind, grnmex, grntau
read(5,901) stop,prntdt,bgdl t0,dtinit, dtmax,dtreen
urite(d, 901) stop(prntdtib?t‘ilto dtinit,dtesx.dtrtrn

read(5 _$00) uf h g,pfact,thhg
write(d 900) potfl ,-f,‘\frﬂ Jpfact, tmpchg
read(5,$00) p?clf?g,lclas1,?cfasz,ncms,cavﬂ;

wri te(&,900) iclflg,lclasl, lclas?, nclass, cavflg
€CCCCCCCCCeCCeeCCCCCCCCCCCCCCCCCCCECCCCCECCCCCCCCCCCCCCCCCCCCCCCccccece
C

[
c read cavity parameters for each class c
c [

€CECCCCECCCECECELCCCCECCEECCCCCCLCCCCCLCCECCCCCCCCCCCCCLCTLCCCECCCeeccee
read(5,901) (voiden(i),i=1,nclass)
write(d, 901) (voiden(i), i=1,nclass)
read(5,901) (fv(i), 1= ,nclass)
write(d 901) (fv(i),i=1,nclass)
read(5,901) (fs(i),i=1,nclass)
write(6,901) (fs(i),i=1 nclass)
read(5,901) (oama(i), 1=1,nclass)
write(6,901) (gamma(i),i=1,nclass)
read(5,901) ¢helium(i), i=1 nclass )
write(d 901) (hellw(15,|=1,mlass )
iftcavflg.le.0) go to 1
read(5,*) pcav
cavfct=(hegnrr/3.50d- 13)**pcav
write(6,898) pcav, ~avfct
go to 2
cavfct=1.0d0
velcls=nclass+1
nplusi=nclass+1
if{iciflg.ne, 1) to 5
lclass=Lclasi+lclas2
flpcls=nctass+lclass-1
velels=nctass+lclass+]
netcls=nclass+lclass
Uimnsi=lclas1-1
L1plsi=iclasi+1
{msgi=lclass-1
lplsiziclavse!
s
i)=1.

5 disn0=disntd

distot=disntd

displd=0.0d0

i Lp=0,d0

hegnri=hegnrr

grnd0=graind

snktst=0.d0

intgnZ=intgnr

intgnr=intgnr*caseff

pi=3.16159265d0
€CECCCCCCCCCCLCCCCCetCCCeeceCClllCcicCCCCCCCCCCC CCCCCCCECCCCCCr.eCeeceeece

N =

c c
c set switches to signal printing of table and plotting c
c c

ceceeccececeeccceeccecceccceecceeceeeccececcccceccceecccccceecceccececccecce
outsw=pfact-1
delout=stops50.0
pltflg=delout

ccececececceccceccccecececcccecccccceccecceccccecccececccccecccececccecceccce

c
c the following are the polynomial master curve coefficients ¢
c ai for ncrit; bi for rcrit; ci for real gas radius c
c Stoller and Od.tte, J.N.M. 131 (1985) c
c c
c c

€CCCCECCCCCCCCCECCCECeeecececeeceecceccceecceeecccececcccceececceccecceccece
a0z 1.1802288d+0
81s-7.9391797d-01
az2= %./059961d-01
a3s-2,7545689d-01
al3 8.2271137:#02

a52-1,6549585d-02
36> 2.10911984-03
a7=-1,73136934-06
a8= 8.8188621d-06
a9:-2.,5326847d-07
a1n=3.1317501d-09
b0s 1,336882540+00
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bbh=-
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3.873346440-01
-3.2338567¢-01
1.6904814a-01
-5.4081633a-52
1.09098474-02
1.41393316-G3

b7= 1.1733084d-04
bB=-6.0190901d-06

b=

1.7369785d-07

p10=-2.155G751d-09
c0=-7.3006237d-33
cl= 4.5820315a+G0
c2=-1.3153813d+01
c3= 4.C631158a+01
ch=-1.1590146a+02
c5= 2.3303617d+02

ch=-

3.0597821d+02

c7= 2.5718364L0+02

8=-1_3349066d+02

c9= 3_8976532d+01

c10=-4.8969485d+00

pptsnk=0.

lf(tme.?e .ppttau) pptsnk=4_*"pi*pptcon®pptrad

nclass

ttconv(l)--1 Q
bbconv(i)=-1.0
press(i)=0.0
delhe(i)=0.0

ncritr(i)=1.0d+8

voiden(1)= cavfct®voiden(i)
if(fs(1) .gt. 9.000) go to &
fs(i)=4."p1

o to 7

6 s(i)=fs(1)%4.%pi

7 if(fv(i) .gt. 0.Nd0) go to 8

fv(i)=4."p1/3.
o to 10

8 v(i)=fo(i)*6."pi/s3.

10 continue
€CCCCCCeCreeCeeiCeCleCCCeCCCCCCCCCCeCCCCCCCCECCCCCCCCCCCECCCCCecCeecceee
c c
c initialization of necesary parameters and variables. c
c c
c IIzboll:z = boltzmann's constant ( ergs/deg. k ) c
c t = kt c
c bvectd = dislocation burger's vector (cm) [4
c bvectf = faulted loop burger’s vector (cm) c
c ? = atomic volume (cm 3) c
c diftv0 = vacancy diffusivity pre-exponentiat c
c diffi0 = interstitial diffusivity pre-exponential c
c graind = grain diameter c
[4 comprs = compressability of helium c
c ao = lattice parameter (cm) c
c shrmod = shear modulus (ergs/cm**3) from nsmh c
4 c
c where it apgears the value 8 524016 represents the atomic c
c density of 316ss divided by 1.0d6 to yield appm c
c c
cccccccccgcccccgccccccccccccccccccccccccccccccccccccccccccccccccccrccccc

30=

omega=ao**3/4.

bvectfzao/osqrt(3.0d0)
bvectd=ao/dsgrt(2.0d0)

if(rc.(t.0.5 .or. rc.gt.5) write(6,*) 'BAD rc value, rc=2*b*
if(rc.1t.0.5 .or. rc.gt.5) rc=2.00"bvectd
if(rc.gt.0, 49) re=rcbvectd
roz1./dsart(pi*distot)

rhosnkz=2, 'pl/dloguolrc)
stckftzomega*stfeng/bvectf
kboltz=1,3806208-16
numvacsé,*pi?radvcti®*3/3. /omega
genvelzintgnr®fracls/nunvac/omega
sf(iclfig .ne. 1) go to i3

{prag(1)= dsqrt(dsqrt(3 d0)/pi)*ao
tprag(iclas?)=zdumrad
tprag(ipls1)=t.d0/prme1/dsgre(distot)
delrs(iprad(iclas?)-lprag(1)) / (imns?
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tmpr=lprad(1)
do 12 E1”-“2,11-'151 .
12 lprad(i)=tmpr+delr®(i-1)
lprad(iclass)=1.0/prmt1/dsqrt(5.d11)
qetljrz( lprad(lclass)-lprad(lclast) ) / lclas2

]
tmpr=\prad(iclasl)
qu? ?;l‘lplsl, lans1
=10
14 prad(i)=tmpredelr=(j)
cececcecececccececceeccececcccceccececceceeeecceececceecceccececccececcceceeccecceece

c c
[ initialize all temperature dependent parameters c
c c
cggcccccccccccccclc‘cc?ccccccccccccccccccccccrcccccccccccccccccccccccccccc

tempno=tmpchg+

goschg(1)=int?r\2'stop'1.01

if(tempno.eq.1) go to 20

read(5,901) (tc(1), =2, tempno)
write(d 901) (tc(ls, l_:é,geqzno)
read(5,901) (doschg(i), i=1,tmpchg)
;;u:(b,oon ;dqsc:gg), 1:},5?1:019)
schg(t =int stop®1.

A (S

jtemp=1, tempno
doschk:c(!gschg() jtesp)
temp=tc( jtemp
tk=tw573,16
tf=t 1.840 + 32.0d0
kt=kboltz*tk
omovkt=omega/kt
diffv=diffv0*dexp{-em*1.602d-12/kt)
diffi=diffi0"dexp(-eim*1.602d-12/kt)
atpha=difti®atfodi
vaccne=dexp( -ef*1.602d-12/kt)
cvn=vaccne*dexp(stress*omovkt)
cvemit=2 *vaccne/3.+cvwn/3.
gasd=3.135d-8%(0.8542 - 0.03996*dlog(tk/9.16d0) )
vf(gamvcl _gt. Z,w)Jo to 23
gamvc | =gamvc | *(4050.d0 - 1.75d0"temp)

23  continue
cvels=vaccne*dexp(2. *gamvc i *omovkt/radvcl)
do 25 i=1,nclass
cvv(i)=vaccne
if(gamma(i) .gt. 2.d0) go to 25
gamma( i )=gasma(1)*(4050.d0 - 1.75d0*temp)

25 continue
shrmod=11.2676-t£*(1,64275d-3+t£*(1.330819d-6-t£*3.567476d-10))
shrmod=shrmod*6.894757d10
if(iclflg.ne.1) go to 28

€CCCECeCCeeeeCCCeelecCCCCeeCeCCCeCCCCCCCCCtCCcCCCCCCCCCCCCeececccecceeece

c initialize some values for dislocation calculation c
c c
< ro=1/C mean dislocation specing c
4 rczeffective capture radius of dislocation c
c ec2dis=dissociation energy of di-interstitisl 4
c e32dis=dissociation energy of tri-interstitial c
c 3
c calculate critical radius and set loop class radii c
c c
c if size dependent loop bias of Wolfer and Ashkin are used, c
c compute root terms for loop bias (zil0, zvl0) c
c 3
c vv and vi are vacancy and interstitial relaxation volumes c
c avk, aik, avg & aig are the bulk and shear polarizabiliies c
c for vacancies and interstitials c
3 3
creececccececceccccceecceccccceccccceecceeeeccececcceeceecccceccccccceecceccec

vvz-0,2%cmegs

vis1 4% omegs

avgs-15,

aigs-150.

avks-150.

3ik=100,

kevs8,617274-5

nus.3
c zltm1=-1./21.'((1.onu)/(1.-nug)"ZMOZL,/kev il-r
c ztemp2s(3,/732./(1-ru))*2%(6.73.)%"2 zil-r

4 zltmp3=3./7.2(2./7.%(1.-2."nu)*3.25/kbol tz)**2 lor



~Jd

20tmph=73./1155.%(1.-2.*rnu)**2/kev
zltmp5=(-530. - 1460. "+ 1371*nu"*2)/11./9./7./5./3 . /kev
2ilO=bvectf**2 * (zitmpl*aig + zlt . .
1 ( zttmp3®vi®*shrmod**2®vi/tk + zitmph®aik + zltep5®aig) ) / tk
zviO=bvectf*=2 *
1 (zltepi®avgezitmpl*(zl tmp3*vv*shrmod**2* vv/th+z | tmpl*avk
Z +zltmp5°avg) )/tk
bilo=zi1*diffi/a0%"2
bi2o=zi2*diffi/a0*"2
bi3o=zi3*diffi/a0**2
bibo=zi4*diffi/ao**2
bv2o=zv2*diffv/ao**2
bv3o=zv3*dif fv/ao**2
bvbo=zvh*diffv/ao**2
c2dis=diffi*dexp(-ec2dis*1.602d- 12/kt)/20"*2
c3dis-di ffi*dexp(-ec3dis*1.602d-12/kt,/a0**2
do 27 i=1 lpts1
zit(i)=zilo
wvl(i)= zvlD A 3
c 2il(i)=cmin1¢3.5d0, (zin + 2ii0/lprad(i)**2) )
< wvl(i)= zwm + 2zvl0/lprad(i)**2
Linetn=shrmod*bvectf*omega/2.8/pi/lprad(i)*
1 ditog(4.a0* prad(i)/bvectf)
dedm=dmin1(30.0d0, L inetrmstckft)
27 cvl(i)=vaccne*dexp(-dedm/kt)
28  if( jtemp.gt. 1 ) go to 285
€CCCCCELECCCCCCeeCeCCCeCeCeCCCCCCCCeCCCCeCeCeeCeeeeeeeeceeCeeeeeeececeeece
c

onANOOD

compute initial bubble radius and pressure
equation of state from:
brearley L macinmnes, j.nuc.mat,(95),1980

c
c
c
c 1 idrd f i

c . compute voidrd for zero supersaturation

c 2. compute ci and cv with approx. voidrd and vcisnk. then
c recompute vclsnk (std. st. approx.) and then new ci, cv
c to obtain better guess of sprsat.

c 3. recompute voidrd using master curve with new sprsat

c
c

do 40 i=1,nctass

]-
rad=2.0d-8 i

30 [hq=?ellm(i)/fv(l)/rad“'3

:]0
{f(j: t.100) go to 35

yz=pi*gasd®**3*rho/6.d0
2=(1. + yz + ;z"z - yz**3) / (1. - yz)**3
if(yz .gt, 0.5) 2=3.0573d-1*dexp(yz*/.5d0)
radprt=heliun(i)*kt/2./gamma(i)/fv(i)/rad**2
voidrd(i)z( helium(i)*gasd**3/8./

1 (1.-(radprt®* (1.4y2*yz**2-y2**3) )**(1./3.)) )**(1./3.)
if( dabs(voidrd(i)-rad) .lt. 1.d-6"rad ) go to 40
rad=voidrd(i)
go_to 30 L .

35  voidrd(i)=2.50d-8%dsqrt(3.*hel ium(i)*kt*1.d+16/8./pi/gamma(i))

write(6,940) i,voidrc(i;

40  continue
€CCCCCCCCCCCCCCCeCCCCCCCECCCCCCCCeCCCeClCCCeeeeeeeeeeeCeCCCteccceccecceee
c 2’ (221222 21

velsnk=dmini( 1.d13, fracts*intgn2*3.86d32"dexp(-0.0672%tk) )
write(6 *) ¢ -->> yclsnk initialization=',vclsnk
sprsat=1.,d0
tmpspr=sprsat ] )
cvsnk0=fcnsnk (voidrd, voidcn,nctass, fs,pi,bbl flg,bbsnkd, vdsnk0)
1=
cilosl.a-15
¢ihi=1.0d-07
cvguessS .4-08

42 call pntdef

iziel

tauvci=dmax1(0.0d0, o

1 -radvcl®?2/3./(diffv"(vaccon-cvcls)-diffi®intcon))
numve [sgenvel *tauvel
velsnkzé *pi*numvet *racdvel
1#( dabs((tmpspr-sprsat)/sprsat) .lt. 1.d'3) go to &3
tmpspr=sprsat
go to &2 .

43 write(6,941) i,scisnk,sprsat

AN ON
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CCCCECCCECCCCECCCECECCCCCCECECCCCECCCCCC 'CCCECCCCLECCCCECCCCCLnCrCeeecee
c . (2 2222242714 Cc
lns=dlog(sprsat)
do S0 i=1,nclass
if(sprsat.le.1.00001d0) go to 46
tmp=gamma( i )*omega/lns/kt
y2=helium(i)*omega/lns
p2=2./3.*tmp .
angle=(1.d0-27.d0%y2/16./fv(i)/tmp**3)
theta=dacos(amgle)/3.
idlrad(1)=p2*(1.+2.%dcos(theta))
idirad(2)=p2*(1.+2.%dcos(theta+2.*pi/3.))
idlrad(3)=p2*(1.+2.%*dcos(theta*4_ /3.%pi))
idealr(i)=1.d30
do 44 j=1,3
if(idlrad(j) _.lt. 0.d0) go to &4
idealr(i)=dmini(idealr(i),idlrad(j))
44 contirue .
rs=(idealr(i)*kt/gamma(i))**(1./3.)*1.d7
£3=zcOers*{clors®(c2ers*(c3ers(cbers®/cSers(cbers”
1 (c7+rs*(cBers*(cP+rs*c10)))))))))
voidrd(i)=idealr(i)/f3 3
46 rhohe(i)=helium(1)/fv(i)/voidrd(i)**3
yz=pi*gasd**3*rhohe(i)/6.d0
comprs(i)=(1.d0+yz+yz**2-y2**3)/(1.d0-yz)**3
if{yz .gt. 0.5) comprs(i)=3.0573d-1*dexp(yz*7.5d0)
press(i)=zrhohe(i)*kt*comprs(i) N A . L
cvv(i)=fcnovv(kt, omega, vaccne ,gamma( i), voidrd(i) ,press(i),i)
50 continue . . .
cvsnkO=fcnsnk(voidrd,voidcn,nclass, fs,pi,bblflg,bbsnkD, vdsnk0)
CCCECCCECCCCECCCrCCCeCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCECLECCCCCCCCCCCCeee

c c
c compute bubble nucleation dose c
c c
€CELCCCECCCECCECECCCECCCCECCECCECECCCCCCCCCECCECCLCCECCCCCCCCCCCCCCCCere

tauno=0.

cavhe=0.0d0

do 60 i=1,nclass

1
cavhe=cavhe+voiden(i)*hel ium(i )/8.524d+16
60 tauoc=tauno*voidcn(i)*heliun(i)
taup=taupo*omega/hegnrr*intgnr
CCCCECCCCECCCCRLECCCCECCCCCCECLCCLCECCECECCEECCCCCLCCCCECCCCCLCCCCECCCEe
[

c comoute initial point defect concentrations using the

c values of voidrd and vclsnk comouted above. make initial
c calls to const and table.
c
c

anannn

cccccccffcccccc?ccccccccccccccccr:ccccccccccccccccccccccccccccccccccccc
ca tde

tauvcl=dmnax1(0.0d0 ssvel

[
c 1 -radvc(*#2/3_7(diffv*(vaccon-cvels)-diffivintcon)) ssvel
c
[

numvc [ zgenve [ *tauvel ssvel
velsnkss . *pi*numve *radvel s<vel

hespr=dmax1(1.d0, sprsat)
di ffheshespr*dexp( -ehemig*1.6.2d-12/kt)
snkrat=rhosnk*distot/cvsnkyv
call const(aberr1,aberr?, aberr3, aberré,caseff relerr)
call table(snkrat, swirat)
if(time .lt. 1.0) go to 250
70 if(iciflg .eq. 1) go to 85
80 tplsdt=time+tdtrtrn
€CCCCCCCCCECCCCtCClCLECeCCCCCCCLLCCCCCCChLECCCCLCCEhCCCCCCCECCCCCeeeeee

c c
¢ for the case with no egquations to integrate, subroutine c
[4 bgrow takes individual time steps. c
4 c

[dddddddd ddddJddddd A A A A S S LA A DA A A A AR AL A AR A AL S S S A A A A A A A A A AR A A A LA A o of
call bgrow( bgdlt0 dtmax
1 disntd, rhosnk, tplsde,bbl flg,vdflg, envehk hfrfig,netass)

go to 12 .
85 if(time .(¢. 1.0) tplsdt=timeesdtrtrn
[dddddddddd Al Add I A A A Ad A J A d AL A A A A A AR A K AL A A T A LA LA AT AAAA A A A A AA A A A S Lo o] o4
c c
c initialize values for use by disode c
c [
CCCCcCQCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
istate=1
itasks]

1tnl=2



(78]
N
0

iopt=1
rwork(5)=dtinit
rwork (6)=dtmax
iwork(6)=100C0
rtol(1)=ralerr
Lrusz2972
Liw=70
crntim=time

c noeq=0

noeg=1
i_f_((,u:lflg .eq. 1) noea=noeqgeiclass

l-

do 90 i=1,nclass
if(bblflg{i).ea.1) go to 90
noeg=noeq*1

j:"‘l
y())=voidrd(i)
atol( j)=aberrl
90 dery(1)=1.4-18
if(iclflg .ne. 1) go to 100
k=nclass
do 95 i=2,lclass
k=kel
,‘:qu
y(1)=lpmm(i)
atol(")=aberr2
95 dery(k)=1.d-17
y(j+1)=disntd
atol(j+1)=aberr3
dery(netcls)=1.d-16
100 continue
nomns 1=noeq- 1
ngms2znoeq-2
y(noeq)=rmvcl
atol (noeq)=aberré
dery(vclcls)=1.4-15
neg(1)=znoeq
cnvchk=0
if(time .gt. 1.0) call table(snkrat,swlrat)
€CCECCCCCCCCECECCCECCClrCCrCCClrarCCeCerrCCrnCCCrCrcCCCtCeCcecececececececsece

c
4 call dlsode to integrate the rate guations for cavities and 4
c dislocation loops and network (if iclflg=1) c
c c

€CECCCCECCCCCCECCCCCCCrECCCECClCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
120 call lsode( grow, neq, y, crntim, tplsdt, itol, rtol, atol,

1 itask,istate,ioot, rwork, lrw,iwork,liw, dumsub,mf)
€CCECCLCCCCCCCLCI.CECCCECCCLCACECOrrCCrCCChCaCCararareCrcCerceeccecceccee

c c
c update heliun level, vacancy acrounting and bubble radii [
c c

CCCCCCCCEECCCCCCECCCCCECCCCCCCECCCCCCCCECCCCCCCCECCCaCCaCeCCeCeceeeecece
call -vacent(dtrtrn, bblflg,iclflg, lclass nclass,pp!flg vdflg)
catl helprt(dtrtrn,disntd,omega,rhosnk,ﬁblflg vdflg, frflg,nclass)
call bt.brpd(bblflg,vdflg.cnvchk,dtrtrn,nclasss
timezcrntim
CCCECrCECCECCCCCCCCCCECCCCCCCCCCCECCCECCCCCCCeearcececececeeeceeeccececeeee
c

c
c check for error state uoon return, terminate if istate<-1 c
c c

€CCCCCECECCCCCCEECECECECECECECELC ECCCECECCCCCECCCLCECCCLCCCLECCCrECcCCece
if(istate .le. -2) go to
if(istate .eq. 2) 30 to 125
write(6,927) mf,rwork(13), rwork(11),rwork(12)
write(6,939) istate, ivork(11),iwork(12) pntcls
istates

125 totdossintgn2®time
swlrats0.
do 130 i=Y,nclass
swiratsgswirat+3.*fv(i)*voiden(i)®voidrd(i)?*2%dery(i)*'00./intgn2
mpa(i)spress(i)®l.4-07

130 continue
if(swlrat.gt.ratemx) tausmxstotdos
ratemxzdmaxi(ratemx, swlrat)
if(time.?e.pottau) potsnkal, *pi*pptcon®pptrad
if(time, !£rntm) go to 250
write(d 960) rwnrk(13),rwork(11), rwork(12)
ssehksvelsnk?(diffi®intconediffv®{cvrls- varcon))
varrecsalpha®intron/diffv/tsinky

ssvel
ssvcl

ssvcl
ssvcl
ssvel



(48]
(v
(]

intrec=alpha®vaccon/diffi/tsinki
srkrat=rhosnk*distot/cvsnkv
swel l=fentrv(voiden, voidrd, fv nclass)*100.
write(6,918) totdos,time,suel( swulrat,sprsat
write(6,919) vaccon,intcon,degflx,vaggnr,snkrat
write(6,949) vacrec,intrec,tsinki,tsinkv,chosnk
wurite(6,948) emvoid, embbl,emdisl, emvcl, emsubg, emppt
write(6,920) cvsnkv, wdsnk, bosnk, cvsnk0, vdsnkD, bbsnk
write(6,921) zir,distot,ksbgv,ksbgi,graind, pptsnk
write(6,922) hegnrr,appmhe,mtrahe, cavhe sl.ég e,ntdhe
write(6,923) vclsnk, mumvcl,tauvcl,genvcl , dery(velcls),sschk ssvel
c wurite(6 923) veclsnk,numvcl, tauvci,genvel, sschk ssvcl
if(iclflg.ne-1) go to 160
wurite(6, ) disntd, irrann, thramn, irrsrc, thrsrc,dery(netcls)
urite(6,951) dicon, tricon, tetcon, ncrate, tauk
write(6,957) numilp,displd,aviprd, emflp
'r!tefg'gssg’ tprad(1),1 1),zil(1),2vi(1),cvl(1)
write ) lprad(1), lprum(1),zil(1),zvi(1),cv
do 150 :-—-g,lclass
j=nclassei-i N i . . .
150 ‘untef@ 954) lprad(i), (pwm(i),zil(i),zvl(i),evi(i), dery()),
rate(i
write(6 955) lprad(lplst), lpnum(ipls?),zil(lplsl),zvi(liplst),
1 evitlplsl), rateCiptst)
160 write(6,925) B . )
write(6,926) (bblflg(i), voidrd(i) voidcn(i),d=ry(i),ncritr(i),
5 he%tunil),tiielhe(l),upa(l),cmprs(l),cw(|),cfacv(1),cfac1(1),
i=1,nclass

prntrw=prntrwesprntdt
€CCCCCCCCCCCECCCCCECCCCCCCECCCCCECCCCeeceeeeccececeeccceccecececceccecceee
c c
c update array containing microstructural data for plot at end c
c c

€CECCCCCCCCCeeCCCeCCeeeeCCCCecCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCececcceece
250 if ( time .ge. 0.999999*stop ) go to 255
if ( time .{r. pltflg) go to 27
pltflg=?ltflg+del0ut
255 npltznplest
sulplt(nplt, 1)=totdos
swiplt(nplt, 2)=fentvv(voiden,voidrd, fv,nclass)* 100,
ifCiclflg.ne.1)go to 257
dntplt(nplt, 1)=totdos
dipplt(nplt,1)=totdos
dttplt{nplt, 1)=totdos
Lreplt(nplt,1)=totdos
dntplt(nplt,2)=disntd
dipplt(nplt,2)=displd
dttplt(nplt,2)=distot
Lrmpl t(npl t,2)=numilp
257 |f(swlplt(n?lt,2).lt.1.0 .or. tautol.gt.0.d0) go to 260
sultol=swiplt(nplt,2)
tautol=totdos
260 continue
if( time .ge. 0.999999'5!078 ) go to 290

c270 if (time _[t. 1.0) go to ssvel
270 if (time .tt. 1.0) go to 85 ssvel
ccecececeecceeecceeceececececceececcccecccecececccecceecceccceccececcccececeeccee
c c
c check for temperature change and adjust if appropriate c
c c

€CCECECCCCCCCEECECCCCCCCCCCCCCCCCCCECCCECEeCececeececceecceccecececcceccccee
if(totdos.t.0.999d0"doschk) go to 285
go to 330

285 continue
if(noeq.eq.0 .and. cnvchk.eq.0) go to 80

tplsdt=timeedtrirn

if(cnvchk.ne.0) go to 85

go to 120
€eceeeeceececceeeeeececececeeccceccceecceceeccceceecscceeeccceceeececceccecccecccce
c ¢
c stoping time reached: make final variable printout and c
c plot microstructural parameters vg time c
c c
ceeeececceeceeccccceeeccceeccecceccecceeecceceeccececcecceccecececeeccecceeceee

continue

call table(snkrat, swirat)

swiplt(1,1)=0.

swiplt(1,2)=0.0
wrne(b,éOL)
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(a)
ta
—

sutflgs1

call slet(swipit,nplt, 28,7170, sulfig)

w' i 1e(8,579)
write(5,942) temp,disn0,zin, grﬁﬂﬁlgfafﬂd
url?e(6,943) e:m, em, ef, cifitd giffvd
1¢licifig.eq.1)

1 write{6,95C) ec2dis,ec3cis, 217 ,212,2i2,214 2v2,2v3, 045
arite(s 9~L) alfodi, int caseff (vaiden(i), i1, nciass)
if(icltlg.eq. 1)ur|te(6 5) prnt',prmtz prmts,p-mt-
do 295 i=1,nclass
|Ptmawﬁ)ge00 write(6,929) i ,trconv(i}
if(ttconv(i). -ge. .0.0) write(s,937) i,bbcornv(i)
if(trconv(i).(t.0.0) write(£,932) 1

295 continue
taut=tauzo! ‘tan?
write(6,933) tol, taut
write(6, '935) tautol
write(s 936) taup
ifliclflg.eq.1)

1 write(6,937) ratemx, tausmx,iipmax,tauimx,sweli tctdes
xf(!:lflg .ne 1) urute(é 93~ -a.em:,!austx swel, tetdss
urlge(b 39) istate, iwork(:1), imork(12),pntc’s
if(iclélg ne. 1) go %0 252
write(s 454)
sulfligs=

e t(1,1)=0.
ontplt(1,2)=2isn0
deeole(, 1)=0.

drepte(l, 2Y=disn?
dlpple(?, 1::0.
dtpple(1,2)=0.
lnmplt(l 1)=0.

nmflt(1 2) 0.
L plot(antpit,nplt, 22,110, swiflg)
write(6 906)
catl p(ot(dlpplt rolt,22,110,suiflg)
write(6,907)
write(6, 904)
calt p(ot((rnplt npit, 22,113, sulftg)
"'mf“( ; 22,11G, swi ft
catl ptot(dttple,npt?, i,swiflg)
write(6,909) P
292 write(6,904)
uf(lclf(g eq.urite(6,953) temp
if(ictflg. ne.-)-rrte(b 955) temp
¢én 300 i=1,nptt
lf(lclfig ne.Tlwrite(5,946) swipit(i, 1), swipit(i,2)
3C0 if(iclfig.eq.i)write(d, '966) swiptt{i,1), swipit(1,2),ontple(i, 2),
1 dipplt(i,2), lnmpte(i,2),deepledi, o)
go to

310 write(6,927) mé rwork(13),rwork(11),rwork(12)

urxte(é 939) lsta!e luork(!!) vuork(?Z) pntels

320 o 3206 928) 5

write( ) i,y(i),dery(i)
go tc %90 '

330 urlte(é 927) totdos,temp, tc(jtemps1)
CCCCEECEEECEEEeeCeEceceCCeEecetCCCCeceelcCeCeceeCeecceeecececceeesceeace
c C
c reduce time step if needed for a temperature change run c
c <
CCCCCCCCCECCCCCCCECCeCCCCClieCeClCCCCCCCeCCECCCCECCCCCCCCCCCCCCCCCCercc
c deltazdetta/100.

9991 continue

9999 continue

step
end
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332

implicit real®8 (a-2) .
cosmon /cavprm/ bbcorw(S) bbsnk, bbsnk0, cvsnki, cvsnky, comprs(5),
cfaci(5),cfacv(S),cvsnkd cvv(5), delhe(5), fs(5), fv(5), gamma(5),
helium(5), mpa(5), ncritr(5),press(5), rhohe(5),
tteonv(5), vdsnk0, votden(5), voidrd(5) .
common /defpra/ a(m,ao bvectd bvectf,cvcls, cvemit, diffi diffy,
ef ,eim_en fracls,gamvc(,genvel, intcon, intgn2, intgnr, ke,
mumvac, numvcl , omega, radvel, sprsat, tauvcl,vaccne vaccon,
vacgnr . velsnk,cilo,cihi,cvgues, i flux, vilin, cet flx
common /balri/ e,bdile ca\_v‘te,clster, ery(50) diffhe,
disloc,doschg( ),doschk,eﬂgmg,e-bbl,e-ils ,e-f[p,eq:pt,e-snbg,
emvcl emvoid, floop,gasd,graind, grnd0, grrmax, grntau, hefrac,
intbb[,mtflp,intmt,ln;rt,mtrec,mt ,mtvcl,mtvd,kngl,
hegnr0, hegnrr ksbgv,mtrxhe, ntdhe,pi,pltflg, pptcon, pptrad,
mtsr*,ppttw,precl:;p,p{ntdt,p{nt?,recoda,st?p,s:l{g.;»s,
e, subgrn, swell, sulcap, swltol, taup, tautol, tc temp,
_ time,tk, votdos, tsinki, tsinkv, tvdvac, vdemit, vdreca, voids
integer bblflg(5), vdflg(5),cnvchk, hfrflg, nclass
€ECCCCCCECCCCCCCECCCCCCCCCECCCCCCECCCECCCCCCECECCCCECCCCCCCCCCECCCCCecee
c c

WA =

L LT

PWVH NN =

c update heliums level, vacancy accounting, bubble radii c

c and cavity sink strengths c

c c

cccccccccctl:ccccci:csccccccccccccccccccccccccccccccccccccccccccccccccccccc
t=bgdl t

10  time=time+bgdelt
call vacent(bgdelt, bblflg,iclflg, lclass, nclass,pptflg, vdflg)
call helprt(bgdelt,disntdm,rhosnk, Lflg vdflg,hfrflg,nclass)
call bubrad(bbiflg, wiflg, k,bgdett,nclass
cvsnk0=fcnsnk(voidrd,voidcn, nclass, fs,pi,bbl flg, bbsnk0, vdsnk0)
if(cnvchk.ne.0) return
€CCCCCCCCECCCCCECCECCCCCCCECCCCECCCCCCCCCECCCCCCCCCCCCCCCCCCCECCccceccee
c [
< compute new point defect concentrations ¢
c c
€CCECCEECCCCCCCCTECCCCCCTTCCEECCECCCECCCCCCCECCECCCECCCCCCECCECCCeeccece
if( graind .lt. grrmax ) R
1 graind=(grnmax - grnd0)*(1.0-dexp(-time/grntau))+grnd0
otdint=intcon
oldvac=vaccon
call pntdef
tauvel=dmax1(0.0d0 .
1 -radvcl®*2/3_/(di $fv*(vaccon-cvels)-ditfi*intcon))
mumve l=genvc | *tauvcl
velsnk=4 _ *pi*numvc | *radvecl
hesprzdmax1(1.d0,sprsat)
di ffhe=hespr*dexp( - ehemig*1.602d-12/kt)
€CCCCCECCCCCCCCLECCCCCCCCCECCCCECCCCCCCCCCCECCCCCCECCCCCCEeCeceeccceecece

LA NN, ]

c c
c scale bgdelt and take one time step c
c c

CCLCECCCCECCCCCEECCECECCCEECCCECCCCeeececcceeeeececcececccceccceecccecceee
deltst=dabs(oldint - intcon)/oldint+dabs(oldvac-vaccon)/oldvac
if(deltst.le.1.d-2) bgdelt=dmini(dtmax,1.5d0*bgdelt)
if(deltst.ge.5.d-2) bgdelt=bgdelt/2.
if(time.ge. tplsdt) return
go to 10
end

cceeeeecceccceceeeceecececceecccceccecceecccceecccccecccececcceccccececcecccece
[
BUBRAD

c ¢
c ¢
c subroutine to compute the critical helium bubble parameters and ¢
< check for bubble-to-void conversion. while the cavities are [
c still bubbles the bubble radius is computed here and this value ¢
c is used rather than the one computed by disode. c
c c
c c
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subroutine bubrad(bblflg,vdflg,cnvchk, timdit, nclass)
implicit real”8 (a-2) .
common /cavprm/ bbconv(S), bbsnk, bbsnk0,cvsnki,cvsnkv, comprs(5)
1 cfaci(5) cfacng),cvgnkb cw(S),delhe(S),fs(S),fv(‘),ganlna(SS,
2 helium(5), mpa(5),ncritr(b), press(5), rhoha(5),
3 ttconv(5),vdsnk vdsnk0, voiden(5),voidrd(5) o
common /defprm/ a[pha,ao bvectd bvectf,cvcls,cvemit diffi, diffv,
1 ef,em,em,frncls,gamvc(,genvc(,mtcon,mtgnZ,intgnr,kt,

ssvcl
ssvcl
ssvcl
ssvcl
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numvac, numve !l omega, radvecl, sprsat, tauvel, vacene, vaccon,
vacgnr * velsnk ,cilo,cihi cvgues lfu.x vf;u Selrix
common /Eairiy 3 e, bubble cavhe, cl>'er dcr.\,,) 3i{fhe,
distoc,daschg(10),¢e33chk, ehem!g eﬁ:ol endist eﬂf\D empot, emsuns,
emvcl emvond rloop gasd, gramd grnaQ, grrmax, q'—"a.: hefrac,
inthb mtflp intnet, intopt, intrec, lntsbc ntvet, intve, ks
hegnrQ, hegnrr ksbgv, mtn‘-e niche px cltfla .pptcon, pps.ac
pptsnk,ppttau, precip, prntdt protrw, reconb stop,sfres>
subghe, subgrn, sweil sulcup Suito! ,taup, touto’ tc{1d) tenp,
time, t‘ totdos, tsvn‘x tsm(v tldvag vdemit vdreffn voids
commen’ /mscoef/ aO al aé a3, a«,a5,, 27, 28,a%, 210,
bO,bl b2 b3 b£ bS bé b7, b8 b9 b0,
cQ,cl, c2 c3 ce cS cb, c7 c8 c9 <10
integer cnvchk nclass bb(ft§(5) vdflg(S)
dimension !dea[r(S) idlrad(
do 250 i=1,nclass
oldrad-voxdrd( i)
if{sprsat.le.1.d0) go to 236
lns-dlog(;prsat)
gaﬂua(l )Y*omega/Ins/kt
f'l=a +lns*(alsins?(a2+ins*(a3+ins®(as+ins*(a5+tns*(ab+*ins”
1 (a7+lns*(a8+lns*(a9+Ins"a10)))))N)))
f2=b0+lns?*(bl+ins*(b2+Ins*(b3+ins*(be+ns*(ES5+tns* (bb+Ins*
1 (b7+ins*(bB8+ins*(b9+1ns*b10))))) ))))
neritr(i)=f1"fv(i)*tmp* tap*gamma( i)/kt
rcritr=f2*t
if(bblflg(i).eq.0) go to 250
if(netium(i).ge.ncritr(i)) go to 258
€CCCCCCECECCCCCCCCCCCCCCCICCCCCCCCCLCECTCLCCCCECCCCCCCCCCCLTCCCoCCeeccce
c [
c here compute the ideal gas roots using an analytica2l solution. ¢
c
c

win
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c
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y2=hel ium(1)*omega/ins

p2=2./3."tmp .

angle=(1.d0-27.d0%y2/16./fv(1)/tmp**3)

theta=dacos(angle)/3.

idtrad(1)=p2*(1.+2.*dcos(theta))

idirad(2)=p2*(1.+2.*dcos(theta+l. gx/S 1)

idtrad(3)= p2'(1 +2.*dcos(theta+é./3.7p1))

ideair(i)=1.d30

do 232 j=1.3

lf(xdlrad(J) .{t. 0.d4C) go to 232

ldealr(v)-dmni(ldealr(l) idlrac(j))
232 continue
CCCCCCCCCCCCCCCLCCCCCCCCECCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCTCeeee

c c
c shift the ideal gas radius to fit master curve <
c c

€CCCCCCCCCCECCECCCCECCCCCCCCCCCCCCCCECCCCCCCCCLCCCCCCCCCCCCCrCceceececce
rs=(idealr(i)*kr/gamma(i))**(1./3.)*1.47
f3=cOsrs*(clers*(c2ers™(c3+rs*(cb+rs*(c5+rs*(chHors®
1 (c7+rs*(cB8+rs®(cP+rs*c10)))))1)))
voidrd(i)=idealr(i)/f3

go to 246
CCCCECCCCECCCCCCCCCCCCCCCECCCCCCCCCCLCCCCCCCCCCCCCECCCLCCCCCCECECEeiccee
c ¢
¢ if sprsat.le.0, compute voidrd as if sprsat=0 c
c c

[ddddddddddddddddddddddAddd A S LS dAdd ddddd S S d o SRS f S A A A S A S S S A o Sael o]

r;d voidrd(i)
238 rho heliun(l)/fv(|)/rad"3

i=
vf(, -gt- 100) g0 to 240

yz=pi*gasa®**3*rho/6.40
2=(1, + yz + yz**2 - y1**3) / ;z)"3
if(yz .gt. 0.5) 1=3.05734- l'dnxp(yz' 5d0)

rndprt—hellur(l)'kt/Z lgama(l)/fv(n)/rad"Z
newrad=( helvun(t)'gasd *3,8./
1 (V. -(racprt*(1.+yz yl"Z-Yz"'i) I*™*(1./3.)) )**(*./3.)
if( dabs(newrad-rad) .lt. 1.d-é%rad ) go to 244
rad=newrad
go to 238
240 voidra(1)=1.N1*sidraa
write(4 8900) i,}, time, newrad oldrad helium(1),prsat
2900 fnrmat(‘ 'Ly, txme nnurad 0.drad, hcllun(l) ‘.pl’xaf" 1,0,
12i3,105018.2)
go to 246



L9 ]
[ ]
F-1

244 voidrd(i)=newrad .
246 rhohe(1)=hel ium(i)/fv(i)/voidrd(i)**3

cceeeeecececceeccecececcceccecceccccccceccccececccccceccececcccecccececcececccecccecccccecc
c

aonn

yz=pi*gasd**3*rhohe(i)/6.d0
comprs(i)=(1.d0vy2z+yz**2-y2**3)/(1.d0-yz)**3
if(yz .gt. 0.5) comprs(i)=3.0573d-1"dexp(yz*7.5d0)
press(i)=rhohe(i)*kt*comprs(i) R A .
cvv(i)=fcnevv(kt, 2z, vaccne, gamma( i), voidrd(i), press(i1),i)
dery(i%;évoidrd(t)-o drad)/timdlt

to

the bubble has become a void. change bblflg to 0 and
change other rr-eters to reflect the time, radius,
etc. print the proper message.

LI R NN,
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248 bblflg(i)=0

250
910
912

913 “format(’ ‘.69
end

1 ncritr(i),ides

1
g ‘hag passed the cri

vdflg(i)=1

ttconv(i)=time

bbconv(i)=voidrd(i)

write(6,910)

write(6,911) = = . L . .

write(6,912) time i, voidrd(i} helium(i), delhe(i), rcritr,
(r(l),cwrs(l),sprsat

write(6,911)

write(6,913)

voidrd(1)=rcritr*1.01

cnvchk=1

continue

return

format(//,2x,69(***))

format(* =, t71,'*’)

format(* * at ’,1pd9.3,' secs. the number of helium*,

' atoms in class',i2,' bubbles’, t71,'*" /' * ¢,
tical number. these cavities now',

' grow 8~ voids® ,t71,'%? /. * %4 7x ‘radius=’ Bpf8.3,*' ang’,

& 3x,'helium(i)=*,0pf10.2,2x, 'delhess 19.3,¢71, 47,7, ¢ "%1 7x,
6 *rerites’, 1pd12.5,2x, 'neritr=* d10.3,2x, *idealr=',d16.3,¢71,' ",
57, ",7x,'c:?rs=',?10.3,3x, sprsat=*,d11.4,t71,°'*")

17
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c
[
c
[
c
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W)=

OIS WN = Wil —

WA =
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CONST

c
c
c

subroutine to print out table of constants c

c

c

subroutine const(sberri, aberr2, sberr3, aberrés, caseff, relerr)

implicit real®8 (s-2)

common /intgr/ bblfl?(S) flpcis hfrflg,ictflg, jtemp, lclast,
lcln‘?’,lc ns;,llm ,l?[s‘l,nc:cfs,nettf::s,mnq,mlt,mlm‘l,
ngmnsi, ,outsw pfact cls, .
:m,muzm,dftezd ) tmﬁj‘w?cls,vdﬂg(”

common /cavprm/ bbconv(5) bbsnk 6,cvsnkl,cwnkv comprs(5)
cfu;i(sg cfacy 5),cvgnk6 cw(g),delhe(S),f;(S),fvd),gm(Bs,
helium(53, mpa(5),ncritr(5),press(S), rhohe(s),
ttconv(S ), vdsnk, vdsnk0, voiden(5), voidrd(5)

common /di aviprd,bilo,bi2o0,bv2o,bi3o,biso,bv3o,bvéo,
c2dis,c3dis, cvl(43),cwn,dicon,displd, disnd,disntd,distot,
chdu,echu,|rrm,|rrsrc,lpvm(655 Lprad(45),ncrate, numi lp,
j (pmax, prmt1,prmt2, prmt3, prté, rate(45) rc, rhosnk, ro shrmod,
tauinx, snkerr, snknew, snktst, srcden stgk’t,stfep?, o,
tetcon, thrann, thrsre.tricon, zi1(45%,2i10,2in,zi1,2i2,2i3,2i6,
zvl(Ass,zvlo,zm,zvz,zﬂ,zvf-

common /defprm/ alphs,ao bvectd bvectf,cvcls,cvemit, diffi diffv,

ef,eiu,n,fruls,gmc(,gmvc(,intcon,intgn?,intgnr,kt,
mumvac, numvcl  omega, radvcl, spraat tauvcl,vaccre vaccon,
vecgnr,velsnk,cilo,cinf, cvgues, iflux, vfiux, delslx

common sbelrl/ oggme,bu:ﬁle ca\_/fs ,cluer,dgrr(SO) diffhe,
disloc,doschg( ),doschk,cﬁgmg,nbbl,emdu ,enl(p,enppt,mcbg,
emvcl emvoid, floop, gasd, graind,grnd0,grrmax, grntau, hefrac,
intobl, intflp, intnet, intppt, intrec intsbg, intvcl,intvd,ksbgi,
hegnr0, hegnrr, ksbgv,mtrxhe,ntahe,pi ,pltflg pptcon, pptrad,
pptsnk, ppttau,precip,pratdt ,pratnu, recomb,stop,stress,
subghe, subgrn, swell,swlcmp,switol, taup, tautol, tc(10), temp,
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100
110

120
130
140
150
160
170
180
200
19
194
210
212
214
216
218
220
230
240
250
260
85
290
360
31
320
330
332

~N
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6 time, tk,totdos,tsinki, tsinkv, tvdvac,vdemit, vdrecm, voids
integer outsw,pfact, tflg,mlt nclass, flpcls, netcls, velels,
* bolflg,vdfig,i,titlel, titie2, hfrfig nphs',thh?,telw\o.
*  noeq, ngans 1 ntp\sz,lc[ass,lchsl,lc[asZ,lIns!,lp s1,
b mtc[s lclf[g,item
formevc*ts t89,°1° /.33x,’t able of constants',t39,
1 v8e,7,33x,"° *,t89,0010)
format(t89, 7> 7 T89 “T*)
formet(® interstitial generation rate’,t42,1pd15.5,
1 t60, *intgnr® t70, 'dpa/sec’ t89,'!°* I:
2 ' cascade ef :cierty',g‘Z,d‘lS.S,tbﬁ, csseff t70,%----- ',t89,01)
formst(* helium generation rate’,té2 1pd15.5, t60,
1'hegnrrt 170, *he atom/atom/sec',t89,%14)
format(® recombination coefficient’, té2, 1pd15.5,
1 t60,'alphs’,t70, /sec’ 189, °)
format(® vacancy diffusivity’ t42,1p15.5,t60,
1 *diffve,t70, ‘cr*2/sec’ t8Y i1°)
format(® interstitial diffusivity', t42,1pdi5.5,t60,
1 diffi®, 70, ‘em**2/sec’ 189 '11)
format(* helium atom ditfusivity’ t42,1pd15.5,160,
‘l"dl"he',!?ﬂ,'cn"Z{se:é,:mi;!;s s .
ormat(’ temperature’,t42, 1pdi>.5,t60, ‘temp’,
1 t70,'deg ¢’ ,t89,%1')
format(*® kt’', t42,1pd15.5,t60 'kt’, t70 ‘ergs’ t89,°!¢)
format(® stopping time', 142, 1pd15.5, 0, *stop’,
1 t70, secs*,t89,'1°
formet(® grain diameter®, t42, 1pd15.5,t60, ‘graind®,
117, 'cm’,t89,81)
format(® defect free eq. vacancy concentration’, té2, 1pd15.5,
1 t60, *vaccne® ,t70, °-----*,t89,°t")
format(® energy of motion (vacancy)’,té2, 1pd15.5,t60,
1'em’,t70, "ev’,t89 1)
format(* ene;gy of motion (interstitial)’® t42, 1pd15.5,
1 t60,'eim’,t70,'ev’ t89,°1")
format(® energy of formstion (vacency)’',té2, 1pd15.5,
1 t60,'ef’,t70, *ev* ,t89,"1")
format(® egq. vac. conc. near network dis.*, té2,1pd15.5,
1 t60,'cwn*, t70,"----- *,t89,01°) A
format(® network dislocation/int. bias', té2,1pd15.5,t60,
1 *zin',t70,'----- '.189,010)
format(* network dislocation/vac. bias',fté2,1pd15.5,t60,
1 *zwn*, 70, - ---- ',189,°1%)
format(* frank loop, int. bias root ters’,té2, 1pd15.5,t60,
1f-zilo',t;o,- ----- “t8%,'1) (2 10415.5. 160
ormat(* frank loop, vac. biss root ters’,t .9,t60,
1 "zvi0*,t70,*----- ', 89,01 . +1pd
format(’ initial dislocation network density’, t42,1pd15.5,
1 160, ‘disntd® 170, " /cm®®2" t89,*1*)
forgt(' lattice parameter®, té2,1pd15.5,t60, 's0’,¢70, 'cm’,
t89,'t%)
1fonggt(' atomic volume',th2,1pd15.5,t60, 'omega’,t70, ‘cw**3’,
t89,'1°)
1forvg)t(' frank lLoop b-vector?’,té2,1pd15.5,t60, 'bvectf’, t70, 'ca’,
ta%,' 1)
1forgt(' dislocation b-vector’,té2, 1pd15.5,t60, ‘bvectd’ ,t7C, 'cm*,
t89,°1°%)
1fongst(' stress®, té2, 1pd15.5,t60, ‘stress’, t70, ‘ergs/cm**3’,
89,1 ')
format(* suckiza fault energy’,
1 t62,1pad15.5,t60, 'stfeng’ t70,ergs/cm*®2’ t89,'4")
format(®' shear mocdulus’,
1 t42,1pa15.5, 160, *shrmod’ ,t70 'er,slct"B',tB? ")
format(- fv(i), 1 to nclass®,th2,3710.4,t89.1+)
format(*' fs(i), 1 to nclass’, e, 3104 t89, *4')
format(* gamma(i), 1 to nclass (ergs/ca**2)’ 42 3£10.1,t89,°1')
format(' frac. of vacancies in cluster',t‘Z,ipdﬁ.S,tbO,
1 *fracls', t70,%----- v,t89 ')
format(' vac. cluster radius’, té2,1pd15.5,t60,
1 'radvcl’ ,t70,'cm’ ,t89,'1")
formet(' vacancies/cluster® 142, 1pa15.5,t60,
1 ‘rumvac?, 70, ¢ ----- 1,089,000
format(® cluster surface ene 8y' te2, 1pd15.5, 160,
1 tgamvcl’, t7C, ‘ergs/cm*®2’ 18 he
format(’' eq. vac, Cconc. near c(str',tLZ,‘lpd‘lS.S,!bO,

1 'evclis’ !70,' ..... ',Y89,'!')
format(td9, ' /089, 01¢ 789,41,/ tS 'program parameters’,
1 tag’n||,/,'5’l .................. ' tég LR

1forg$t(' constant dislocation density used, no frank Loops’,
te9, 1)
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33« format(' ful! cisiocation evaolytion used* t89 ')
363 fsrmat(r relative error limit i (sode ='_7pd12.3,t89,'!"!,
; ’ :rac. change tn sink strength between pnidef catis=*,di2.3,
:\‘q'l.l)
formar(? zbsclute error limits in !sode (aberri-aberrd)=¢,
TOot83, M, 5k, 1phal2 3, 189, 10)
sormat(* print factsr (aterations per plot) =% 35 t89, 1)
format(tEY 10 /289 *4t /¢ comments:®,t89,'1)
farmat(2-as, tay, 10l y,28al, 7,189, 041)
-rite('),‘.l")
wWrite(s,z2)
uritel8 30 intgn2, ceseff
téenfréig.ea.’) hegnrr=hegnrG/C.45%(1.+1C0.* (1. -dexp(- totdos/$.)))
writels, oClhegnrr
~rite(&,50)alpha
wrrte(6,00)diféy
write(6,7C)diffi
w-ite(6,80) diffhe
write(o,%G)temp
write(6, 1007kt
write(s,110)stop
write(6,120)graind
write(é, 130)vaccne
writel(6,150) em
write(s,15d) eim
write(6,160) ef
write(6,17C)cwvn
write(s, 180)2in
write(6,192) 219
write(é, 194) zvl0
write(6,2C3)2vn
write(s,210)disntd
write(6,212) ao
write(4,2'4) omege
write(é,216) bvectf
write(6,218) bvectd
write(6,220)stress
write(&,230;:stfeng
write(6,240)shrmog
write{5,253) (fv(i),i=1,nclass)
write(s,240) (fs(i),i=1 nclass)
write(s,270) (gama(i),1-1,nclass)
write(&,2E0)fracls
write(&,290)radvcl
write(s,390)numvac
write(6,310)gamvct
write(6,320)cvcls
write(6,330) .
if(yc\f[g .ne. 1) write(6,332)
if(lclflg .eq. 1) write(6,334)
write(6,340) relerr, snkerr
write(6,342) aberr1, aberr2, aberr3,aberré
write(6,350)pfact
write(6,390) i
write(6,+C0)tizlel, title2
return
end
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c
c
c
subroutire to calculate derivatives for 'dlsode’ c
c
<
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subfoutine grow(nedq,Ccrntim,y, yprime)
implicit real*8 (a-2) . )
common /lnt?r/ bb{fl?(S) flpcls hfrflqg, iclfig, jtemp, lclast,
tojciasg, telass, imns ,lp[s1,nclass,nctcls,noeq,nplt,nptus1,
2 ramnst namnsl, sutsw, pfact pntcls, tfl?,
3 tempnc. titlel(20),titie2(20), ¢ g velils,vdflacs)
commor /cavprm/ bbconv(5)  bosnk bbsnkd, cvsnk i, cvsnky, comprs(5),
1 cfaci(S),cfacv(S),cvsnkb cvv(ﬁ),dclhe(i),fs(S),fv(G),gamma(S),
2 ha&ium(S),mpa(S),ncritr(ﬁ),prese(i),rhohe(S),
3 treonv(5), vdsnk, vdsnkB, voiden(S), voidrd(5)
comman /disprm/ aviped,bils, bi2o,bven,bi3o, biéo,bv3o,bvéo,
1 cidvs,c3a15,cvi(&5),cvn, dican,displd,disnd,disntd,distot,




w
w
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ec2dis,ecldis, irrann, irrsrc, [prum(45) lprad(45),ncrate nwnlp,
ilpmax,prmt1, prait2, pret3, praté, rate(s5) rc, rhosnk ro,s
tauimx, snkerr,snknew, snl:tst srcden stcktt, stf tauL
tetcon, thrann thrsrc tricon ztl(‘S) 2il0, zm zi 112 113 2i6,
zvt(LS) 2vi0, zvn, sz zv3, 2
common /defpm/ alpha a0, bvectd bvectf cvcls, cvemit diffi, diffy,
1 ef,eim ea fracls gauvc[ envel mtcon lntgnZ mtg\r kt,
ruwvac reavecl onega radvcl sprsat tauvcl vaccne vaccon
3 vacgnr velsnk,cilo,cihi,cvgues f[ux vflux del f{x
common /balrl/ b\bﬁle cavhe,clster,dery(50) diffhe,
disloc doschg(1 ). doschk ,chemig, enbbl , endisl,emf{p, emppt, e-mbg,
emrvel envmd loop gasd, gramd gm:n,grrmx grntau hefrac
intbb mtflp,mtnet intppt,intrec, mtsb? mtvcl mtvd k
egnro hegnrr,ksbgv, atrx e, ntche pt.c.tflg, pptcon pptrad
pptsnk,mttau,preclp,pmtdt,prntm recomb, stop,stress,
subgrn,swel |, swlcmp, swlto?, taup, tautol ,tc(10), temp,
time, tl: totdos, tsinki tsm‘:v tvdvit, vdeit, vdrecs, voids
mte?er 0utsu pfact p?t rYlt nclass flpcls netcls vclcls
flg,vdflg,l,j k m titlel, tltlez hfrfl tust, Lt

noe? ngns 1 nqmsz lclass lclasl tcla lmsl pls
- pntcls icl (g jtemp

neq(1) snkflg
dimension y(50), yprme(éﬁ of(1 )

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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thb\ﬁﬂhﬂd

c c
c update sink parameters from dlsode and compute c
c new point defect concentrations for the next time step c
c c
cccccc;c*ctf:fccgcccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
e

=0

do 20 i=1,nclas

lf(bl;lflg(l) .eG. 1) g0 to 20

=]

voidrd(i)=y(j)

rhohe(i)=helium(i)/fv(i)/voidrd(i)**3

y2=pi*gasd**3*rhohe(i)/6.d0

comprs(i)=(1.d0+yzeyz**2-y2**3)/(1.d0-yz)**3

if(yz .gt. 0.5) comprs(i)=3.0573a- 1'dexp(yz'7 5d0)

press(i)=rhohe(i)*kt*comprs(i)

ew(i)=fencvv(kt , omega, vaccne, garma( i), voidrd(i),press(i), i’
20 continue

nuwclsz(

vclsnk 'pl'nunvcl'radvcl

rvsnk0=fcnsnk(voidrd,voiden, nclass, fs,pi, bbl flg, bbsnk(3, vdsnk0)

if(iclflg.ne.1) go to 50

do 30 i=¢, lclass

-101
f prum( i )=chmax1(y(j),1.d0)
disntdsdmax1(1.d8 Y(j"l))
displd=0.0
mmilp=0.0
do 40 i=2,lclass
d\spld-chspld-Z 0'p|'lprad(‘>'lmn)
numi L p=rumi Lps Lpnum( i)
40 continue
if(numilp.gt.ilpmax) taumx’totdos
i{pmax=dmax1(ilpmax,milp)
dlstot‘dvspld-dlsntd
lprad(lpls1)=1.d0/prmt1/dsqrt(dmax1(distot,1.d8))
zil(lpls1)=zil0
zvi(iplsi)=zvi0
2il(lpls1)=amin1(3.5d0, (zin + leO/lgrad(lplsl)"Z) )
zvi(lplsl)= zvn » zle/lpnd(lplsU
lmetn-shrmod'bvectf'cmg:/? .8/pi/lprad(lpls1)*
1 dlog(é d]'lgrad(lf 1)/bvectf)
dedmsamini (3 inetnestckft)
Cvl(lpls1)-vaccne dexp( - dedm/kt)
aviprd=displd/numilp/2./pi
5C continue
ros1.0/dsqrt(pi*distot)
rhosnkz2, *pi/dlog(ro/rec)
if( graind .it. grrmax )
1 grainds(grnmax - grna0)®(1.0-dexp(-time/gratau))+grnd0
ccecececeeecccecceececceceeceececcececeececceeceececceeeceeceecccecececeeceeccece

30

o0

c c
c check for significant (>snkerr) change in %otal sink strength c
4 to determine how much recalculation to do c
4 [4

ceeeecececececcecccceececcececcccecceccccceccccecccecceecceceecccceecceeccccee

ssvcl
ssvcl

zil-r
2il-r
2il-r
zil-r
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if(pntcis.le.5) go to 53
snknew=disntdrevsradedispldevcisnk
if{dabs(srknew-snktst) .le. snkerr*snktst} snkflig=0
i1f(snkflg.€q.0) go tc 55
snkts t=snknew

S3  call pntdef

c rauvcizdmax1(0.0d40
< t —radvcl*=2/3./(vilux-diFfveevels-iflun))
[4 rumvel = genw-l't.:uvcl
z vclsnk=4."pi*nunvci*radvcl
hesor=dmax1(?.d0, sprsat)
55 dxs‘he-hespr'dexp( ehemig®1.602d- 12/kt)
3 §=
€CCCCaCieCeCeCeeceeccrccCeececceeeccccet ccceceecceceteccecececeeceeeccecceee
c c
c compute cavity radii derivatives c
< 4

ccccccccCccgcccgccc(l:cccccccccccccccccccccccccccccccccccccccccccccccccccc
i=1 nclass
tf(b?lflgu) .eq. 1) go to 100
—j’
nf(v() 8( 0.0d9 ) go to 60
write(d,600) time, i y(\) xprme(w) sprsat, press(i), cogrs(l)
y(l)-dsqrt(Z d0*hel jum(i) cauprs(ls t/gamna(i)/pi/8

stop
60 yprime()=fs(i)/y(j)/3./fv(i) *
1 (cfacv(i)*(vflux-diffvrcvv(i)) - cfau(l)'lflux)
dery(i)=yprime(j)
1C8 continue
CLECCCCECCCCCCCECCCCCCCCCCCECCCCCCCECCCECCCCECCCCeecceceeceeccceecceeceeeee

ssvel
ssvcl
ssvcl
ssvcl

c c

c compute derivative of vacancy cluster density <

[« 4

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCQCCCCCCCCCC(}CCCCCCCCCCCCCCCCCCCCCCCCC
tauvciz-radvel®**2/3. /(vftux-diffv*cvels-iflux; ssvcl
ypr ime{noeg)=genvc! -numvcl ftauvcl ssvel
dery({vclcls)=yprime(noeq) ssvel

if( ictflg .ne. 1) return
ccecececccceccececeecceecccececcceccecceccececeececeececcecececceccececceecceccceee

calcutate gerivative of frank loop number density

c c
c c
c c
c rate(i)=rate of transfer of loops between classes i-1 and i c
c note: lprum(1) assigned in subroutine pntdef c
c a sm?son's rule integration with fixed delta is used to c
c calculate the rates. c
c c
c c

€CCCECCCLECCCCCCECCECCCCCCCCCECCCeCeeceeeceececcecececcececceeecececcccese
lf(snkflg .eq.0) go to 130
do 120 i=2, ipls1

uelsio lprad(}) - tprad(i-1) Y / 16.0
§)=1

kk=jj-1

temprds(prad(i-1)+kk*delh

fof(“)zfcnlpg(teuprd pi,rhosnk,shrmod, stckft,zin, zvn,2zil0,zvl0)

115 dom”'z ’5:2 ¢ fof(jj-1) » 4.%fof( fof(jj+l
empsntenpim © ¢ fof(jj1) + 4.*fof(jj) ¢ fof(ijen) )
rate(v) 3 delh/t ) !

130 k=nclass
do 150 iz2,lciass

G

if( rote(l) .lt. 0.0 ) m=0
if( rate(i) .ge. 0.0) m=z1
if ( rate(lﬂ) At, 0.0 ) st
if ( rate(iet) .ge, 0.0 ) (=9 . .
yprime(j)=rate(i)*ipnum(i-m)-ratefi+1)*lpnun(i+l)
dery(k)zyprime( )
150 continue
CCCCCECLCCCLCCCCCeCCECCCCCCCCECCEC2ECCCCLCLTCCLeCeeeceeeecceceeccececcee

110

¢ ¢
c compute derivative of network dislocation density c
p 4

ceecceecceceeceeccceccecececcecccccceeccecececseeececcecceeccccececcccececcee
lrram-daba(zm'vflux - avn*(vflux-diffvcvemit) )*
rmt3*daqrt(dirntd)/bvectd*rhosnk
thrvel=prmté*shrmod® omega*di ffv*vaccne*rhosnk*dsqrt(disntd)/kt



(V2]
(P8 )
10

tnrannzprat3Tesari(c: snwgjrthrvel
arn-at=thrann + frrarn
thrsec=2.d3%pi*thrvel®*srcden
irrsrc=graxi( 0.42,
1 prmt2*2.0"pi*lprad(lpisi)®raze(ipis])*ipnum(lclass) )
srcrat=ircsrc + thrsrc
yprime( j+1)ssrcrat - annrat®*arsad
dery(netcls)=yprime(j+1}
return )

600  format(éh time=,lpd11.4 &4h i=,12,6h rad=,d11.4,7h dcrr,
1817.4,5h sprsat=,c1i.L,Bh press=,d11.4,%h comprs=,dil.dy
end

[ddddddd dddddddddddddddddd S ddddd e dedod d galed dod Tl od L dof e d ol o o] el o] oL of 2
HELPRT

c
c c
c c
c subroutine 10 generate helium for completed time step and c
c distribute it amoung the various sinks present. c
c c
< c

€CCCCCCCCCCCCEECCECCCECCCCCCCCCCLECCCCCCCCCCCCCCCCCCCCCCCCCCCCEeececeee
subroutine helprt(timdit,disntd, omega, rhosnk, bbiflg, vdflg,
1 hfrflg,nclass)
implicit real*8 (a-2) )
common _/cavprm/ bbconv(5),bbsnk bbsnk0,cvsnki,cvsnkv, comprs(5),
cfaci(5) cfacv(5),cvsnkd, cw($),dethe(5), fs(5), fv(5),gamma(5},
hel ium(5 ,npa(S),ncrltr(ﬂ),press(S)‘rhohe(S),
ttconv(5), vdsnk, vdsnk0, voiden(5), voidrd(5) B
common /balrl/ e, le cayhe,clster,dgrr(SO) diffhe,
disloc,doschg(1 ),doschk,eﬁgmg,eubbl,emdxs ,emf[p,enppt,ensubg,
emvcl emvoid, floop,gasd,graind,grndd, grnmax,grntau, hefrac
intbbl,intflp, intnet,int t,mtrec,intsb?,in'.vcl,intvd,ksbgi,
hegnr0, hegnrr, ksbgv,mtrxhe, ntdhe,pi, pltflg, pptcon,pptrad,
pptsnk,ppttau, precip, prntdt, pratnu, recomb, stop, stress,
subghe, subgrn, swell, swlomn, swltol, taup, tautol, tc(10), temp,
time,t". totdos, tsinki, tsinkv, tvdvac, vdemit,vdrecm, voids
integer bhlflg(S},vdfigiS), hirfig,nclass, i

snktmp=0.0
do fgg-izl nclass

if(i.eq.nclass .and. pptcon.gt.0.) go to 187
snktmp=snktmp+fs(i)*voiden(i)*voidrd(i)*cfacv(i)

187 continue i
snk1=fs(1)*voidcn(1)*voidrd(1)*cfacv(1)
sumk=snktmprhefrac*rhosnk *di sntd+pptsnk+ksbgv
timexp=desp(-dmin1(15.d0, sumk))
if(hférflg .ne. 1) go to 200
hegnrr=hegnr0/0.45%C 1.0 + 120.*( 1.0 - dexp(-totdos/9.0) ) )

200 hegprm=hegnrr/omega )
mtrxhe=hegprm®*(1,d0- timexp)/diffhe/sumk/8.524d16
appmhe=appmhe+hegnrrotimdl t*1,006
temprs=timdit*hegpra® (1.0 - timexp)/sumk
cavhe=0,
do 210 i=1 nclass
!f(l.e?.nc(ass .and. pptcon.gr.0.) go to 208
if(bblflg(1).eq.1 .and, l.eg.!) go to 202
cethe(i)=fs(i)*temprs*voicrd(i)*cfacv(i)
go to 209 . .

202 de'he(i)=fs(i)*temprs*voidrd(i)*cfacv(i)*

1 (refrac*rhosnk*disntd+snk1)/snk1
go "o 209 . )

208 delhe(i)=temprs*pptsni/voiden(i)

209 helium(1)=helium(i)+dethe(i)
cavhezcavhe+hel ium(i)*voiden(i)/8.524d16

21C continue
subgge'-s he+*temprs*ksbgv/8.526416 .
if(bblflg(1).eq.0)ntdhezntohe+temprs*hefrac*rhosnk*disntd/8.524d16

ORI = N =

return
end

[dddddddddldddddddddddddddddddd dddddddddddddddddddddddd dadddd doddeladod o o o
PLOT

plots microstructual data on (ine printer

[aNaNalaNal
noAanNnn
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c

€CCCCCCCecceeccerCeCCCcCCCCtCeCCCCeCCeCCCCCeeecececcccaceececeeccecccccece
subroutine plot(dumvar nplt, numlin, trusiz, swlflg)
implicit real®8 (3-2)
real®é sngl,sx
dimension dmar(l) xlin(11)
mte?er i,i1,ifix, in , inpos(2000), isym(2),k,Line(107),nplt, numtin,
swlflg, trusiz,
data lsynl' s ey

1 format(*® ', 1pd10.3,* "*,61al, "')
2 format(® ', X ter H(P-cro---n v), ")
3 format(' *,7x 7(f10.2))
[3 format(* ° 816 Yo 611,

ymax=-1.ds

ymin=1. d030
€CCCCCCCCeCeCCeeCececCCCeCCCCCCCCCCCCCCCCCCCCCCCCCCECCCCCCeccccceccece
c c
c determine max and min for y values c
c c
ccccccccgcca:acccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

X =U.

xmax=dumvar(nplt)

do 100 i=1,nplt

L=trusizsi

1t(dumvar{l).le.ymax)go to 50

ymax=dumvar (1)
50 1f(dumvar(l). ge ymin)go to 140

ymin=cdumvar(l)

100 continue
€CECECCCCECCCECCCECCCCCCCCCCCCCCCCCCCCCTCCCCCCCCCCCCCCCeeeecceceececcece

c c
c establish integer column positions for the x axis c
c c
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
1,nplt

x= ((duuvar(t) min)/(rmax-xmin))*60.+1.5

sx=sngl(x)
200  ixpos{i)=ifix(sx)

y=ymax

ystep=(ymax- mm)/dfloat(nuulm 1)
xst (max-xmn)/
do 300 i

300 xlm(:)-xmmxstep'dfloat(l 1)*10.
write(6,3)(xlin(i),i=1,7)

wri te(b 2)
CCCLCCCECCECCCCCCCCCCCCCCCEECCCCCCCCCCCCECCCCECCCCCCCCCCCCCCCeCCCececcee
c c
c print ptot c
c c

€CCCCCCCCCCCCeCecCCCCcCCCCCCiCCClCCCCCCLCCCCECCECCCCCECCCCECCCCeececeee
0 ix=) nuulm
do 400 k=1,
400 I|nc(k)-7.ym(1)
do 540 iz),nplt
lztrusize:
if(dabs(dumvar(l)-y).gt.(ystep/2.))go to 500
lvne(!xpos(l)):usym(Z)
590 continue .
1f(swlflg .eq. 0) write(6,1)y, (line(il),il1s1,61)
if(swlflg .eq. 1) write(6.4)y.(line(it),i121.61)
y=y-ystep
continue
W |te(6 2)
nr:r*(b 3)(xlingi),i=1,7)
return
erd

W™
>

cceeeececcceeccceccccccecccecccececceeeccecceccceceeccccceccecececececeecccecece

c
4 PNTLEF c
c 4
(4 computes vacancy and interstial concentraticn 4
[4 method depends on whether or not interstitial c
c clusters are included (iclflg=1) or not (1ciflg=0) c
c (4
ceececeeeceececoceceeccceecceeecccceccecceceecscecceceecececcecececceccce

subroutine pntdef
implicit real®8 (a )


file:///11x_
file:///61a1,'"'
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LY

commer: /intgr/ Bbifig(S) fipels, hfrfig,1ctflg, jtemp, teciasy,
1 LclasZ,l:n:sa,lars?,lp{s!,ncless,netcls,noeq,nplt,ﬁplus',
2 ngmsi,ngmnsZ,cusw, pfact,pntc! ,Eptfl?,
3 terprc,titlel(2d),21t1e2(2d), tmpchg, velcis, vdflg(S)
commen: /2avprm/ bbconv(S) bosnk, boink,cvsnkt, cvsnkv, comprs(S),
1 cfaci(S),cfacv(S),cvsnké va(5),de(ne(5),fs(S),fv(5),gerna(S),
2 hel€um(5).mpa(5),ncritr(s),press(S),rhche(S),
3 ttconv(9), vdsnk, vdsrkG, vorden(5), vordrd(9)
cormen /dissrm/ avlgrd,brIo,bi20,pv20,bl}o,bl&o,bv}o,pvto,
1 c2ais,c3dis, cv/l(43),cvn,dicon,displd,disnd,disntd,distot,
2 ecldis,ec3dis,i~rann, irrsrc, lpnum(4S), Lprad(45),ncrate, numilp,
3 ilpmax,prmtl,prm!Z,prmtS,prmtA,rate(‘g) rc,rhosnk, ro sﬁrmod,
4 tauimx, snkerr,snknew,snktst,srcden stckft,stfeng, tauk, A
S tetcon,thrann, thrsrc,tricon 2it(45),2il0,z2in,zil,zi2,2i3,2i6,
6 2vi(4S5),zviD,2vn,zve,2v3, 2ve o
common /defprm/ alpha,ao, bvectd, bvectf cvels,cvemit, diffi, diffy,
1 ef,eim,em,fracls,gamvc[,genvc(,intcon,intgnZ,intgnr,kt,
2 numvac,numvc!, cmega, radvel , sprsat, tauvcl,vaccne vaccon,
3 wvacgnr,velsnk,cilo,ciki, cvgues, ifiux,vflux,delfix
ccmmon /batrl/ acpmhe, le,cayﬂe,clster,der (50),diffhe,
disloc,deschg(10),doschk, ehemig, embbl , emdi< ,emf[p,emppt,emsubg,
emvcl emvoid, floop,gasd,graind, grndd, grrmax, g nitau, hefrac
\'ntbb(,intflp,intr\et,intﬁpt,intrec.intsb?,mtvcl,ir\tvd,ks i,
hegnrC, hegnrr, kskbgv,mtrxhe, ntdhe, pi, pltflg,pptcon,pptrad,
pptsnk,ppttau,precip, pratdt, pratnu, recamb, stop,stress,
subghe subgrn, swell swlcmp, swltol, taup, tautol,tc(10), temp,
time, tk, totdos, tsinki, tsinkv, tvdvac, vdemit, wirecm, voids
inte?er outsw, pfact ppgflg mplt nclass, flpels, netcls, velcels,
bb flg,vdflg,v,),ﬂ,t\tle‘,t|t(eZ,hfrflg,nplus1 tmpchg, tempno,
* noeq namnst ngmrisé, lclass, lclast, iclas, {
hd pntc!s,lclf( ,jtemp ;1,12
dimension yof( ),fof(i )
pntcls=pntclsel
cvsnkv=0.0d0
cvsnki=0.0a0
vdsnk=0.0d0
bbsnk=0.0d0
pesink=0.0
1f(pptflg.eq.1) pps ink=pptsnk
if(iclfig.ne.1) go to 201
€CCCCCeeececeeecceecceeeCeecccceeceececeeccececceeceeececceccceeccceeeceeeee

MNP W NN

lmnst,iplst,

c c
c when interstitial clusters are included, set initial guesses ¢
c (cihi and cilo) to bracket root for false-position root c
c finding method of calculating intcon. c
c 1. bi1, bi2, b3, bv2, bv3, bvé are impingement rates of c
c point defects on interstitial clusters of various sizes. c
c 2. tauk is life time of tetra-inter. in transit to next c
c loop size class c
c c
c c

ccceeeccccccececeecceeccceccecceceeccceccceccceeccecceceecececceeccececcececcceed

12=0

sdislizzin*disntd

sdislv=zvn*disntd

do 5 is2,lclass . . . i
sdislvasdisly » 2.*pi*zvl(i)*(prad(i)*(pnum(i)

5 sdislizsdisli » 2.'fi'zil(l)'lprad(i)'lpnu@(x)
tsnkv0=dsqre( rhosnk*sdisiv » cvsnk0 » ppsink  vclsnk )
tsnki0=dsqrt( rhosnk*sgisii + cvsnk0 +» ppsink + vclsnk )
ksbgv=6.d0* tsnkvl/graind

4 ksbgi=6.a0%tsnkil/graind
ksbgi=ksbgv
tsnkv=dsqrt{tsnkv0**2+ksbgv)
tsnks:ds?rt(:snkiO"chsbgl)
do 10 i=1 nclass
cfacvlidet.svaidraCiy rsnky )
¢ cfaci(i)sl.»voidrd(i)*tsnki cfac-i
cfaci(i)=cfacv(i) ) cfac-1
tmpvac=voidrd(i)*veiden(i)?cfacv(i)
tapint=voidra(i)*voiden(i)*cfaci(i)
vdsnk=vdsnk'twpvac'fs(i)'vdfl?(1)
bbsnkzbbsnkestmpvac®fs(i)*bblflg(1)
cysnkvzcvsnkyetmpvac®fs(i)

10 cvsnkizcvsnkietmpint®fs(i)
vacgnr=fcnvgr(bblflg,iclflg lclass,nclass,pptflg
tsinkisrhosnk®sdistt ¢ cvsn i*kﬁbQIOVclsn(Oppsin‘
tsinkvarhoanik®sdisly *+cvsnkveksbgvevelsnkeppsink
ciprtizdiffirtsinki

vwn

ubg- i
ubg-1

vdflg)
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130

50

195
200

70

80

342

ciold=cilo
bv2zbv2o®cvgues
bv3=bv3o®cvgues
bvé=bvko*cvgues
cisto=cilo
do S0 k=12

t .

delh( lprad(2) - lprad(1) ) 7 8.0
delh2=delh/2.0

do 95 j=1.17

i=j-

temprd=Lprad(1)+i*delh?

fof())=fcnipg(temprd, pi,rhosnk, shrmod, stckft, zin, zvn,2il0,2v10)

continue

do 100 }=2,16,2 A i
tempsm-tempsm ¢+ ( fof(j-1) + 4.*fof(j) + fof(je1) )
tausztempsa®delh/6 .40

rateé=dmax1(0.d0, 1.d0/taus)

bi1=bilo*cisto

bi2=biZo*cisto

bi3=bi3o*cisto

biézbibko-cisto

part3=bi3/(bvéeratesd)
part2:=bi2/(bv3+bi3+c3dis-bvé*part3)
partizbi1/(c2dis+bi2ebv2-parte*(bv3+c3dis))/2.0d0
cvpart=diffv*part1*(zv2+zv3i*part2+zvé*part2*part3)/ao**2
cvgues=vacgnr / ( cisto®*(alpnascvpart) ¢ diffvrtsinkv )
bv5=vao'cvques

bv3=bv3o*cvgues

bvé=bvio®cvgues

ciprt2=bil + alpha®cvgues .
ciprt3zpart1*(2.0%c2dis ¢ bv2 + part2*(c3dis-bi3-bi&*part3)
yof(k)=intgnr ¢ cisto*(ciprt3 - ciprtl - ciprt2)
cisto=cihi

continue

if( dabs(yof(2)-yof(1)) .lt, 1.0d-30) go to 90
cinew=ciht - yof(2)*(cihi-cilo)/(yof(2)-yof(1))
if(dabs((ciold - cinew)/ciold) .it. 1.0d-6) go to 90

bi 1=bilo*cinew

bi2sbi2o*cinew

bi3=bi3o*cinew

bi4=biko*cinew

t 0.0

delhs( lfrad(Z) - lprad(1) ) / 8.0
delh2:delhs2.0

do 195 j=1,17

i=j-

temprd={prad(1)+i®*delh2

- bi2)

fof( j)=fcnipg(temprd,pi,rhosnk,shrmod,stckft,zin,zvn,2il0,2vi0)

continue

s bedsised fof(j-1 *fof(j) + fof(j*1) )

tempsm=t * ( fof(j-1) ¢ &.*fof()) ¢ fof(y*1)

taukstempsm*deth/6,.d0

rateb=dmax1(0.d0, 1.d0/tauk)

part3=bi3/(bvéerates)

part2=bi2/(bv3+bi3ec3dis -bvé*part3) ]

parti=bil1/(c2dis+bi2ebv2-parte*(bv3+c3dis))/2.0d0

cvpart=diffv*part1®(zv2+zv3*part2+2vé*part2*part3)/ao**2

cvguessvacgnr / ( cinew*(alphatcvpart) + diffv®tsinkv )

bvizbv2o®cvgues

bv3=bv3o*cvgues

bvé=bvéo*cvgues

ciprt2=bi1 + alpha*cvgues e

ciprt3zpart17(2.0%c2dis + bv2 + part2*(c3dis-bi3-bi4*part3)
zintgnr * cmew'(c;grd - ciprtl - cipre2)

1f(yof(1)*ynrew) 60,90,

cihizcinew

i1=j101

11(31 .le. 2) go to 80

cilo=(3.0%cilo*cihi)/é.0

go to 80

¢iloscinew

j =

jezj2e1

11()2 .le, 2) go to 80

¢ih1s(3.0%1hi+cilo)/4.0

cioldscinew

go to 40

-+ bi2)



200

395
400

343

intcon=cinew

bil=bilo®intcon
bi2=bido*intcon
bi3=bi3e*intcon
bié=bi4o*intcon

taﬁsmo.o

delh=( iprad(2) - lprad(i) ) s 8.0
delh2=delh/2.0

do 295 j=1,17

izj-

temprd=lprad(1)+i*delh2

fof(j)=fcnlpg(temprd,pi, rhosnk, shrmod,stckft,zin, zw,2i10,2vI0)

continue

do 300 j=2,16,2 A A i
tempsactempsm + ( fof(j-1) + 4. *fof(j) « fof(j+1) )
tavk=tempsm*delh/6.d0

rate4=cdmax1(0.d0, 1.d0/tauk)

part3=bil/(bvé+ratesd)
part2=bi2/(bv3+bi3+c3dis-bvé*part3) .
parti=bil/(c2dis+bi2+bvZ-parti*(bv3+c3dis))/2.0d0
cvpart=diffv*part1*(2v2+2v3®part2+zvepart2®partd)/ao**2
vaccorevacgnr / ( intcon*(alpharcvpart) + diffv*tsinkv )
dicon=intcon®part1

tricon=intcon®parti*part2

taﬁscso.

delh=( lprad(2) - (prad(?) ) 7 8.0
deih2=delh/2.0

c_lo_3$5 j=1,17

i=j-

temprd=Lprad(1)+i*deth2

fof(j)=fenlpg(temprd,pi, rhosnk, shrmod,stckft, zin, zvn, zil0, 2vl0)

continue
do 400 j=2,16,2 A A i
tempsm=tenpsm + ( fof(j-1) + 4 . *fof(j) + fof(j+1) )
tavk=tempsm*deih/6.d0

rateb=dnax1(0.d0_1.40/tauk) .

Lprean( 1)=cmax1( §.d0, parti*part2*part3*inrtcon/omega)
tetcon=ipnun( 1)*omega
ncrate=| (1)*rates
cilo=0.93*intcon
cihi=1 . 05%intcon
cvgues=vaccon

iflux=diffi*intcon

vilux=di ffv*vaccon
delfix=vflux-iflux

sprsat=del fix/diffv/vaccne

return

cceeeceecccecceccecccceceecceccececococccceccececceceeceecccecccceccececceccceccecccee
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210
230

without interstitial clusters, solve for vaccon and intcon
by solving a quadratic eguation for vaccon and subsitute
for intcon

tsnkiO=dsqrt( zin*rhosnk*disntd + cvsnkO + ppsink + vclsnk )
tsnkv0=dsqgrt( zvn*rhosnk*disntd + cvsnk0 + ppsink + vclsnk )
ksbgv=6.d0*tsnkvl/graind

ksbgi=6.d0"tsnkid/graind

RSDEHksbgv

tsnkv=dsqrt(tsnkv0**2+ksbgv)

tsnkizdsqre(tsnki0**2+ksbg:)

do 210 i=1,nclass

cfacv(i)=1 evoidrd(i)?tsnkv

cfaci(i)=1,+voidrd(i)*tsnki

cfaci(i)=cfacv(i) ) )
tmpvacsvoidrd(i)*voidcn(i)*ctacv(1)
tmpintzvoidrd(i)*voidcn(i)*cfacr(i)
vdsnksvdsnketmpvac*fs(i)*vdflg(1)
bbsnk=bbsni+tmpvac*fs(i)*bblflg(s)

cvsnivacvsnkvetmpvac?fs(i)

cvsnkizcvsnki+tmpint?®fe(i)
va;gnr:fcnvgr(bblflg,|c\Hg,iclass,nclass,eptﬂg vaflg)
tsinkvs zynFrhosntsdisntd + cvsnky » ppsink + vclsnk + ksbgy
tsinkis zin*rhosnk*disntd + cvsnki * ppsink ¢ vclsnk + ksbgi
asalpha*diffv?rsinki . o

b=(a pha'(int?nr-vacgr_\r)odlffi'dﬂfv'tsmkv':sinkv)
c=-vacgnr*difti®tsinki

vaccons(-bedsgre(b**2-4.%a%c))/2./a

intcon=intgnr/(al pha®vacconeciffi®tsinki)

[
c
c
c
c
[

cfac-i
cfac-
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c1i9=0.95%intcon

cihi=1.05*intcon

cYGuBSEVAEon
itlux=ciffi*intcon
vflux=diffv®vaccon

del fix=vélux-iflux

sprsat=cel fix/d: ffv/vaccne

return

ernd
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c TABLE c
c i ] N c
[ subroutine to print out tabte of variabies c
c c
CCECCCCCCCCCCCCCCCLCCCCCCCCCCCCCECCCCCECCLLCTLCCLCCCLCCLCCLCCECLCeCeeece

subroutine table(snkrat,swirat)
implicit real*8 (a-z) i .
common /intgr/ bblfl*(S) flpcls, hfrflg,iclflg, itemp, (ciast,
lclas2, lclass, imns ,lplsT,nciass,netcls,noeq, nplt. nplust,
ngms1,ngms?, outsw, pfact, pntcls, tfl?,
teﬂuno,titlel(ZO).t|tle2(2 )}, g velcts vdfig(S)
common /caverm/ bbconv(5), bbsnl nkb,cvsnkl,cvsnkv comprs(S),
cfaci(5),ciacv(5),cvsnkd cvv(5),delhe(5), fs(5), fv(5),gamna(5),
helium¢53,mpa(5),neritr(4),press(5), rhone(S),
ttconv{5), vdsnk, vdsnkd, voidecn(5), voidrd(5)
common /disprm/ aviprd,bilo,bi2o,bvlo,bi3o,bi<o,bv3o,bvéo,
c2dis,c3dis cvi(45),cwm,dicon,disptd,disrl,disntd,distot,
ec2dis,ec3dis,irrann, irrsrc, ipnum(45), Lprad(45),ncrate, numilp,
|lpmax,prmt'l,prth,prmd,prmt‘,rate(‘g) rc,rhosnk,ro sﬁrmod,
tauimx,snkerr, snknew,snktst,srcden, stckft,stfeng, taus, .
tetcon,thrann, thrsrc,tricon zil(45),2i110,zin,2i1,212,213,2i14,
vl (45),2vl0,2vn, 2v2, 2v3, 2v i
common /defprm/ alpha,ao bvectd bvectf, cvcls,cvemit,diffi, diffv,
ef,eim,em,fracis,gamvc(,genvc ,intcon, intgn2, intgnr, kt,
numvac , numvc! ,omega,radvcl,sprsat tauvcl, vaccne vaccon,
vacgnr, vclsnk,cilo,cihi,cvgues lf[uu,vflux,delf X
common /batrl/ a e, bubble cayﬁe,clster,dgr((SO) diffhe,
dislac,doschg(l ),doschk,e‘«evmg,e«bbl,e«d\s ,mf(p,enppt,emwg,
emvcl emvoid, flocp,gasd,graind,grndQ, grnmax, grntau, hefrac
intbbi, intflp, intnet, intppt, intrec intsbg, intvecl,intvd, kshgi,
hegnrQ,hegnrr ksbgv,mtrxne ntdhe,pl , pitfig, pptcon,pptrad,
pptsnk,ppttau,precip, prntdt,pratnw, recomb,step,stress,
subghe, subgrn,swell, swlcmp, swltol, taup, tautol,tc(10) temp,
~ time,t ,totdos, tsinki tsinﬁv,tvdvac,vdemit,vdrecm,vovds
integer outsw,pfact, tflg,nplt nclass, flpcls,netcls, velels,
obt flg,vdflg,i, titlel titled 6frflg nplusi,mpch?,tenpm,
* noeq ngmnst noms?,lc ass,lc(as1,lclasZ,Lms'l,lp s1,
b pntc(s u:lf(g,jtefrp
S format('¥' t89,114)
i3 format(t89%,*v: /(89,%1,/,33x,'table of variables’,
1 t89, ' j,33x,’ +,t89,'1r)
20 format(t89, 41,7 TETITIY
30 format(* time'.th2,1pd15.5,t6C *time', t70, *secs*,t89,¢4*)
5C format(' total damige dose’, 142, 1pd15.5,
t t80,'totdos’ t70 'dpa’ t89,t1')
&6 formatc’ swellt td2 1pd’5.50160, 'smell?,t7G, %" 189,17,/
1 v swelling rater,td2 1pd1575,tdC, 'swlrat®, t70, i%/dgat,t89,111)
76 format(' swe'l ccntribution of bu.cbles', ts?,1palS.5,
1 to0, teolswlt 170, 0%" L8], 1Y)
80 farmat(! swell contribution of woids! té2,1pd15.5,
1 té%,'vds4t' ,t70,'%" 189, ')
90 format(’ vacanc; generation rate', t42,1pa15.5,
1 40, 'vacgnr' , t7) 'dpassec’ 89,41}
170 fermat(! intersitiai generation rate’,té2, 1p¢15.5,
1 otsf,tintgnrt,t7C, 'dpa/sect , 189,01 1)
110 format(* fract:cnal vacancy cancentratior’,th2, 1pd1s.5,

- W= VNI W= W

NS WNNN

1 89, *vaccer®,t70, '~ - - 1, 189,010)
120 format(' fractional interstitial concentration',t4?, 1pa315.5,
1 ¢4, intcon’ ,t70,"' - -- - - ' eB9 i)

13C format(' vacarcy flux',tké 1p115.5, 160,
T tvflux!, t70, 'cm*"2/sec’ t29,'1¢

140 format(' interstitial flux' ta2, 1pad15.9,160,
T voflunt 070, Tem®*2/cect tED, P11

156 format?’ net vacancy flux (Qvfcv-di®ei)!, t42, 1pd15.5,
1 e, taetfue 775, cm**2/sec’ , 1259, )
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$rrmat(® cavity emission term® th2, 1pd15.5, %47,

1 temcav® 370,°----- ‘L %87,

fo-mat(* saturatisn term (vazcor/vaccre)',te2,1pdis.5,
1 t60, 'sat*, v7%, .- +,e@9, 01y

formaz(® s rsau.rat:_,n term' &2, 1pd15.5, 160,
1'sprsat’ t70,°----- 1,289,010

format(® vacancy cluster sire strengt®*, 142, 1pd15.5, 143,
Tvelsnk® e7], -0 ' B9,

format(* summation of 4"si®voidrd®voiden®, 4z, 10¢15.5,

1 160, 'cvsnk3°®, 170, /cm""2" 189, ")

format(® netwcrk gislocation dersxty','LZ 19d15.5,

1 160, 'disntg’,t70, /cm®*2" tE89,%1")

format(® 'fault-d l.cgod:sloca"on density', 142,

1 1pd15.5 t ,'dispid’,t t/cm=v2t t89,°1)

tormat(' 'tota\ Gisiccation density?.ts2, pd15.95,

1 160, 'distor,t70, tfem=*2' 189,

format(’ ' rtaotal interstitial lcop density*, t42, 1pdiS.5, t&Q,
Trrumilp®, tf0, *icmme3r 89,°1)

format(® * 'to!al disiocation to cavity sink ratio® té2,1oc15.5,
1 150, 'snkrat®,t70," - - - - 'Lt8%, ')

format(® void vacarncies lost to reco-bmanon ~* 1pd10.3,

1 (", 0pf5.2,'%)",t89,°")

format(® void vacancies lost thrcugh emissic.a =',1pd10.3,

1Y (*,0085.2,°%)",t89,*)

fomat(.ev i g, ! rotal vacancies absorbed at voids (tvdvac)=",
1 1pa?0.3,* (ﬂatm)' t89,°t*)

forr-at(' suUrviving vacancy concentration in voids (swiemp)=',

1 1pd1C.3 ¢ (#/azom)* t89,%1°)

format(t sl /89 e It89 e ' Point Defect’ %x,

1 v>> VACANCIES <<t f2x, %> meaérnms <<, B9, 84,7 4x, Sinks®,

2 7x, 'total abs percen v finst X total abs percent inst X,
3 eBY,rer, s x, 700", 189, 0 e /" bulk recomb.* iz,

4 2(1:!!12 3 0pf8.2,f9.2),t i ',I voids® t16

5 Z(1pd12 3/Cpf8.2.¢9.2).189, 011 /. bubbies' tis,

6 2(1pd12.3,0pf8.2,19.2) 89,4 /," dlSlOCatIOﬂS' tis,

7 2('pd12.3,0p18.2,9.2),t89,%1* / ¢ frank loops®, s,

8 2(1pd12.3,Cpf8.2,19.2),t89,*!',/,* sub grains’, tis,

9 2(1pd12.3,0p¢8.2,19.2),189, "t /,° vac. clusters' t1-

= 2(1ipd12. 3 0pf8.2,19.2), t89 LY 9reap\tates' t16

1 2(1patd.3, ‘opte. 2 £9.2), 89 st /,x,70(*-*), 189,

2 * totali t1e 201p012.3.0pf8.2, 9229, 189, "15)
fornaf't8§ e ,/%B9 v /B9, "',I,' veid fad‘l' 3x,
1 ‘void conceﬂ'ra'ron' Sx rdr/dt’ ?1"pressur ', 5x
2 '# of hetium’, 19,1,/ 71 '(a)' Tis, ' (/cm**3) ", éx
3 ‘(emisec)’, 10x Y(mpa)’, per veidt t8Y 1y t3%,010)
tormat(i2,8p¢8.%, 4x 1pzrm ,,*w % Opt12.5 ved, 1ty
format(t®$, ¢ 10,7+ 1 means defect is a bubble’ t89,71%)
swell= fcntvv(voxdcn voidrd, fv,rciass)*100.
bolswl=0.3
¢s 300 1=1 nclass
|f(bblflg(x) 1) tolswl=bblswlefv(i)®voidrd(i)}**3*
1 voiden(i)*1C0.
mpa(i)= pressh)'1 0d-7
continue
vaswli=dmax1(0.0d0,swel | -bbiswl)
write(6,5)
write(6,13)
write($,27)
wrize(é, 3%)time
write(6,50)totoos
write(&, 60) swell, swlrat
write(, 70)onleul
write(&, ,810) ydsul
urvte(é,OO)vacqrr
write(& 10C) intgnr
write(é, 110)vaccon
writeld, 127)in%cen
write(é, 130y vélus
write(d 40) 1flun
ceiflasvblun-iflux
write(b,15%) delfix
emcavzembbl eemvoia
write(s 170) ercav
3AT3vBCCLN/vaccre
write(s,120) sat
wretel6, 190 )snroat
nrvre(¢,1$5) AL
write(sd, enl) cosrel)
write(b,2')a1sn19
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315
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B
= 0

n
‘cotflg.en.?) ppsirk=potsni
statvzrecabevoidsebutbliesdislocesibgraectisterepracips ¢150p
Mta.!'r‘ecov"b"f"\d*vr’obl* rtnet+1nrshgeintvcl sintpptsirtéip
1f(totaiv.it.t.d-4) g0 to 320
rt=recomb,;tota v*130.
visvnids/rotalv® 109,
pbtzbublbie/tctalv? 150,

t=disloc/tctalv®1do.
ft floop/tntaiv® 100,
st=subgrn; total v 10,
ct=cister/ ctalv®illd.
prt=precip/tatalv*1CC,
teltsrtevtebbzedreftostectepr:
1r'=recarb/totall'100
ivtzintvad/totai1*100.
ibot=intbol/total 1100,
igt=intnet/tatali"1Gn,
ift=intflip/totali*100.
ist=intsbg/total i*100.
ictzintvei/tetali®1s0.
iprt=intppt/totali®120.
1448 & |rtoxvtﬂbbtndut(tnst'lctnprt
1f(voids.le.1.d-8) go to 332
wrize(6,232) tvdvac
write(6,234) swicmp
vdrc=vdrecm/ tvdvac*100.
write(6,220) vdrecm, vdrc
videm=vdemit/tvdvac*100.
ur!ée\b 230) vdemit,vdem
viz
bbi=0.0cq

ivi=0,d0

ibbi=N.a0
do 3G i=1,nclass
cncvaf-fs(l)'voxdrd(i)'vmdcn(!)'cfacv(l)
tmpint=fs(1)*voidrd(i)*vciden(i)*cfaci(i)
1f(bblflg(i) .eq. 1) go to 305
vizvietmpvac®(vflux-drffvrevv(i))
ivizivietmpint®iflux
go to 3190
boi=tbi+tmovac® (vflux-diffvrcvv(i))
ibbizibbistmpint*iflux
continue
£i=0.d0
ifiz0.a0
tf( ciflg.rne.1) go to 318

c 315 1=2,lclass
|h-xfl + 2il(i)*rhosnk*2. *pi*igrad(i)*lpnum(i)®iflux
fizfiszvi(i)*rhosnk®2 *pi®iprad(i)* ipnum(i)*(vElux-gi ffvrcvi(1))
SI’kaQJ'(Vflul diffv*cvemit)
pri pfsvrx'(vﬂux diffv®cvemit)
cizvelsnk®(vflux d‘Hv'cvcls)nn’gnr'iracls
dizzvn*rhosnk *disntd® (vflux-diffvicvemit)
rizalpha®vaccon® 1ntron
ttlizrievisbbisdisfissyociepri
isiz ksbg)'lfufu
iprizppsink®ifiux
|r|-vmnk'|ﬂux
idizzin"rnosnk*disntg® i flux
irizalpra®vaccon®*intcon
ittliziriejvistbbieidisifrsisieicisoipri
rrarifrei1"130.9
viavi/reti*100.0
bhizbbi/ee117160.0
dizdi/ftel1*10C.0
fr=fi/teli#100.0
sizsy/tei 1IN0,
cizci/eeli®100,
prizpri/reti®100,
ttli= rwvwbbwcn“ohocs'prl
irrziri/ire{1®i00.0
pyrzivi/ieel i7160.0
ibbrzinby/retl12100.0
id1=1di/1tel 1*100.0
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ifizififzieeli®136.0
is1zisi/ietii®ios.
teizigi/itet1*100.
iprizipri/itei*1CC.
Strlizirteviobpiedissietiocispri
write(é,2+0) recomb,rt, ri, recomo,irt, ir:,
voids,vt,vi, intvd, ivt,ivy, )
bubble, bbt, Ebi, irteal | ibet ibbs,
disloc, dt ¢y intret 2t i,
flooo,h,ii‘mtf'l:,l.‘!_,'f:,
subgrn,st,st, intsag, ist,isi,
clster,ct,ci,intvel ict, iz,
precip,prt,.pry, intoot 1ert ized,
totalv,trit, eeld, torali, ineiy, itets
320 wrire(6,¢52) . . ) )
write(b,263) (cblfigli) voizrd(1), vaican(i] 2ery(}
mpa(i) relium{:), i=i,nc:.ass )
urite(6,27ﬁ)
write(6,5)
return
end
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VACCNT

c

c

C .

c subroutine ts keep track of where the vacancies are going

c tvdvac=znet nunoer of vacanc:es absorbed by v/oids

[= vdrecom=number void vacancies lost to recombiration,

c equals the number of interstitials absorbed

c vdemi t=the number of vacancies emitted from vcids

[= voids=the net vacancy absorbtion at vois

c bubble,subgrn,disioc,cister, floop,precip analcgous to veids
c
c

CCCCCCLCCELCeeCeCCCCCCCCliCorlCoCeLCeCeClisZIeCleCeeCCLCeCCCCCicCeeicece
subroutine vacent(timdit,.=lFflg, iclflg, lclass, nclass,getflyg,
1 vaflg)
imgticit real*8 (a-z7)
common /cavprm/ bbconv(5 ), bbsnk, bbsrikf, cvsnk: , cvsnky, comer<(S),
1 craci(5),cfacv(5),cvsnkd cvv(§), delhe(5).#s(5), Fv(d), gamma(S s,
2 heiiun(E),ma(S),ncr::r(s).press(i),rhohe{S),
3 trconv(9),vdsnk, vdsnikd,voiden(5),voiarad(5)
comen fdisprm/ avipra,bilo bizo,bv2e,b136,biss byl tvie,
c2gis,c3dis cvi(45),cvn,dicon,dispid,disnC, aisntd, drstet,
ec2dis,ec3dis,irrann, irrsre, lprum(45S), Lprad(4S),recrate, muriin,
1'.pnax,prmn,prmt?,prmtl,prm‘,rate(kg) re,ehosnk, oo Shrnaad,
tau;‘mx,snkerr,snﬁneu,sni_ttst,srcden,stck5!,5:&* ,tal,
tetcon, thragnn, thrsrc, tricon 2i1(45),2il0,2%n,2:%,2:2,2:3, 214,
2vi(45),2v10,2vn, 2v2, 2v3, 2V
common /defprm/ alpha,ao bvectd bvectf, cvcls, cvemit diffi diffy,
1 ef,eim,em,(racls,gurm:(,genvc ,irtcon, intgn2, intgnr ikt
2 numvac,numvcl omega, radvcl,sprsat tauvcl ,vacene vacion,
3 vac3nr,vclsnk,cilo,cthi cvgues,tf.ux vflux,gelfix
cemmon /balri/ appmre, le,cavhe, clster , decy(SQ) diffhe,
dvsioc,dcscng(m),doschk,eﬁemig,enbbl,emdisl,emf £, emopt , ek,
emvc! emvoid, floop,gasd,graind, grngd,gromax, gratay, ne‘rac,
inthol, intflp, intnet, intpot 1ntrec, intsbg, intyvel invd, kingt,
hegnrC, hegrrr ,ksbgv, mtrxhe ntahe,pi pitfig, pptcon,pptrad,
poisnk,pettau,precin, prrtdt pratne, recomb,step, stress,
cubghe sungrn,suei!,s.u:.v , el 121, taup, tautol, rc(17), teme,
time,tx, t5tdos TSinki, tSinky, tvdiac,vermIt wadsecn, vol g,
integer tolfig(5}, vefig(5),1cifig, lclass,nciass,pptély,
posink=G.Can
t¢(pptfig.es.1) ppsink=pptsnk
reccemhzrecomtralpna®vaccon®intcon*timdlt
dn 175 i=1,nclass
tmpvac=fs(1)¥ ,cidrd(i)*vaisen(1)¥cfacv(’)
troirt-fs(i)%voioral(i)®voiden))®rfas1fy)
weidezycignetmpvac® (vilun-8rffuocyvi v ))rtamil o226 500
intvgsintvastmeint®ifics®tinie® 3860,
vdrecmzvdrecr+impint® 1 flia®timnitryaf 570 )
sdemi tsvdemitetroyac? i tf/ Cuv( 1 )P timie? el
tvavacItydvacetag sty Lt il t?yef L)
switmpasulomp o ¢ *mpyacAif i 2 (yaccon coelfty)
Votpant® flLs ) T timeit?udfl g,
DD psm bl eet o ar® (uflus d1fb % rat ) timai et 6y
intbblzintholermpint® it Ut ionieton flg( ]

[» TR AV T V)
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175 continue
subgrn=subgrn+ksbgv® (vflux-diffv*cvemit)*timdlt
precip=precip*ppsink*(vflux-diffvicvemit)*timdlt
clster=clster + A
1 (vclsnk*(vflur-diffvecvels)+intgnr®fracis)*timdit
disloc=disloc ¢+ i B
1 _2wn*rhosnk®disntd*(vflux-diffv*cvemit)*timdlt
ir*sbg=intsbgeksbgi*iflux*timdit
intppt=intppt+ppsink®iflux*vimdlt
intvcl=intvel ¢ volsnk®iflux®timdlt
intnet=intnet ¢+ zin*rhosrk*disntd*iflux*timdlt
if(iclflg.ne.1) go to 185
do 180 i=2 lclass . )
mtflp=ingh + Zil(i)*rhosnk®*2. *pi*lprad(i)®* prum(i)*
180 ‘fli"wfl:“-’ ‘ L(i)*rhosnk’ 2. *pi®Iprad(i)*ipnum{i)*
oop= + 2vi(i)*r ) *pi*lprad(i ]
1 (vflux?g?ffv'cvl(i))'tiﬂlt P
185 return
end

ceeeeceeeceeecceccececeeececeeLLeccceececcececceeecceecceeceecececeecceeeceeccecceececce
c
FCNCVY

c
c
< function to calculate value of cvv, vacancy concentration in
c equilibrium with cavity

c

<

nhondOoN

€CCCCCCCCCCCCCCCECCECCCCCCCCECCCCCCCCCECCEEECECCCCCCCCCCCCECCCCeeCeecee
function fcncyy (kt,omega, vaccne,gammes, rvoid, gpress, i)
implicit real*8 (a-2)
integer i
cvvexp=(2.%gamma/rvoid-gpress)*® a/kt )
if(cvvexp.gt.15. .or. cvverp.lt.-15.) write(6,901) i,cvvexp
cvvexp=dmax1( -15.d0, dmin1(15.d0,cvvexp) )
fcncvv=vaccne*dexp(cvvexp)
return

901 ::;nat(ix,'» for i=',12,' fcncvy exp. term=',1pd11.3,' «<')

€CCCCCCCCCCCCCCCCCCCCCCCCECCCCECEECCCCCCCCEEECECCCCClCCeeecCCceceeccceccee
c
FCNLPG c

function to calculate the loop growth rates

stckftsstacking fault contribution to loo? energy

cvizequilibrium vacancy concentration at

c

c

c

c

c

c dedm=change of loop energy w/ respect to loop no. of inter.
c

c

c oop suface
c

c

c
c

c

e c
linetn=line tension contribution of loop energy c
c

c

c

c

CCCCECCECECCCECCCECECLLCCCLICEECCCLCCEECECCCEEECCreeeceeececceceeeceec
function fcnlpg(lrad,pi, rhosnk,g, stckft, zin, zvn,2il0,2v00)
implicit real®*8 (a-2 . o,
common /defprm/ alpha,ao bvectd bvectf, cvcls, cvemit, diffi diffv.
1 ef,em,ew,fracls,gamvc(,genvc(,mtcon,mtgnz,mtgnr,kt,

2 mmvac,rnumvcl,omega, radvcl,sprsat, tauvcl ,vaccne vaccon,
3 vacgnr vclsnk,culo,cnht,cvgues,|flux,vflux,delf(x

zilr=zil zil-
zvir=zviO ] zil-
c zilradmin1(3.5¢0, (zin + Zi10/irad**2) ) zil-
c zvlirz 2vn + 2vIi0/lrad**2 zil-

linetnzg*bvectf*omegas2.8/pi/trad*dlog(4.d0* Irad/bvectf)
dedm=dmint(30.0d0, L inetnestckft)

cvirsvarcne®dexp( -dedm/kt)

fcnipgzbvectf / rhosnk / . .

1 (zilr*diffi*intcon - zvir*(diffvivaccon-diffvocvir))
rre‘t’urn

e

ceceeeecceecreececcececccececccececeeccececceeccceecceccccecececceeccecccceeceeccee
c c

c FCNSNK c
4 c

i
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lf(mtflg eq.1) ink=pptsnk .
|sl-zvn:*rt:d ™ g\sn diffv*cvemit
enppt= 1 tffv*cvemit
pfs diffvecvemit
e-vcl'vclsr&'dlffv'cvcls
lf(lclfl .ne.1) go to 80

1 zvlﬁ)'rhostt'z *pi*lprad(i)*prum(i)*diffvievl (i)
continue
do 100 i=1 nclass
tmpvac= =fs( 1 )*voidrd(i)*voiden(i)*cfacv(i)
emvoid=emvoid ¢ tmpvac*diffvecvv(i)*vdflg(i)
embbl=embbl + tmpvac*diffv*cvv(i)*bblflg(i)

100 continue
fcmmr-mtr\r'(l .d0-fracls)
1+ (emdis|+emppteemsubgtembblsemvoidremvcirenfip)
return
end

€CCCCCCCCCCCCCCCCCCECCCCCCCCCCCCCErCECCCCCECCCECCCCCCCCCCCCCCCCCCCECCCCe
c

c DuMsus

¢

c a dummy subroutine for disode, see documentation

€CCCCCECCCEETCCCECCECECCECCCCCECCCCCCCCCCCCCCCCC CECLCCCECCLCECCCECCECC
outine dumsubineq, t, v, sl, mu, pd, nr
implicit resl*8 (a-2)
integer neq,nrowpd,ml,mu
dimension y(neq), pd(nrowd neq)
return
end

fonnNnnN

c
[«

A.2 Sample Data File for MICROEV
See the Introduction to this Appendix and the comments in the
MICROEV source listing for an explanation of the input parameter:.
1

data file for MICROEV, 100 dpe irradiation st 500 C
base case parmeters, January 1987

1.400 1.600 0.850 1.350 1.750 2.500
.800 .0800  2.00e+17  3.50e-13 0.50
1.00e-06 0.3333 1.25 1.00 1.500 1.000
500.0 3.00e+11 0.0 15.0 2.00
0.600 1.00e+01 8.90e-08  0.800e+00 2.00e-03
1.3291e-07  2.00e+15 1.773 1.000 0.3545 0.050

1.00e-04 1.00e-09 1.00e+09 1.00e+08 1.00e+14
63.0 90.0 110.0 127.0 33.0 38.0 62.0

1.00e-05 3.183e+14 3.20e+07 ppt. radius, conc, time
1.00e-04 1.00e-04 1.00e+08 subgrain dismeter
1.00e+08 2.50e+07 1.00e+04 1.00e+01 1.00e+04 1.00e+04
0 22 0 10000 0
1 16 8 2 -1
2.28e+15 2.53e*14 void densities line
1.000 0.400 fv line
1.000 0.434 fs line
0.800¢+00 0,800e+00 gamms line

2.00 2.00 helium Line
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A.3 Partial Results from Sample MICROEV Run

These results are printed at the end of each run. More detailed
output is printed at intermediate doses as requested by the input
parameter "prntdt” on the thirteenth line of the input data set.
Additional output includes an echo of the input data set, a table of
calculated material and irradiation parameters foi the current data
set (see the subroutine CONST), a table of selected variables that
is printed when a size class of bubbles converts to voids (see the
subroutine TABLE) and line-printer plots of dose versus swelling,
Frank faulted loop number density, and the network and total
dislocation densities (see the subroutine PLOT).

For cavity sire closs 2 o o i ot comert to voids-

bubble-to void-conversion dose = 36.1 dps,
oubble radius at conversion = 1.274 rm,

Approximate dose to 1% swelling = &4.1 dps.
Maximm swelling rate = $.365d+00 X/dpe at 99.7 dpe.
Maxiomm faulted loop density = 1.318e+20 at 68.0 dpa.

dose swelling network dislocation faulted loop
density density
(dpa) %) (/nr*2) (/or*3)
0. 0.00e+00 3.00e+15 0.00e+00
10.00 3.37e-04 6.36e+14 9.96e+19
¢0.00 7.39e-04 6.31ev14 1.01e¢20
36.00 1.22¢-03 6.28e+14 1.01e+20
40.C0 4.19e-01% 5.89e¢14 1.10e+20
50.00 4.82e+00 5.24e¢14 1.23e+20
60.00 1.30e+01 4.71e014 1.31e+20
70.00 2.38e+01 4£.36e014 1.32e+20
80.00 3.61e+01 4.09¢014 1.29e+20
90.00 4.91e+01 3.90e+14 1.27e+20

100.00 6.25¢+0% 3.73e+14 1.23e+20
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