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A Fully Dynamic Rate Theory (FDRT) has been used in the computer code TRANSWELL to analyze the response of
metals during steady-state and pulsed irradiations. This paper correlates the FDRT with experimental data on void
growth in metals, It is shown that the theory is successful in predicting the swelling behavior of different metals over a
wide range of temperatures, dose rates, bombarding particles and irradiation time structurss. Swelling of 316 stainless
steel, Aluminum and Nickel bombarded with heavy ions, nreutrons, and electrons at dose rates varying from 10-% to 10!
dpa/second is studied for both steady-state and pulsed irradiations.

1 INTRODUCTION

A recent analysis of the radiation pattern expected in
laser fusion has revealed that the irradiation damage
to the structural components will be a complex func-
tion of time.!-2 The response of metals to such pulsed
irradiation is extremely important to the viability of
this energy source and it is important to lay the
theoretical base for the study of the response of
metals under such transient conditions. One
materials response which has been shown to degrade
the performance of metals during high temperature
neutron irradiation is the formation and growth of
voids. The rate theory of void growth®* has been
successfully applied to the high fluence steady-state
irradiation case but such a model is not appropriate
to handle the dynamic nature of microstructural
changes taking place with time during non-steady-
state irradiations. This situation has been handled by
the development of the Fully Dynamic Rate Theory
(FDRT) described elsewhere,’ and the basic fea-
tures of the FDRT are incorporated in the TRANS-
WELL? computer code. The object of this paper is
to correlate the results from TRANSWELL with a
wide range of steady-state and pulsed experimental
data reported in the literature.
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2 GENERAL APPROACH

In the FDRT formulation of the rate theory, non-
linear rate equations are solved every time step.
Vacancy and interstitial fractional concentrations
(C, and C;) are described by the following equa-
tions:

dcC,

=(1—¢gP+P—P, —P, (1)
dar
4, P P 2
dt - si r

where ¢ is the fraction of vacancies produced
directly in vacancy loops (cascade efficiency), P is
the point defect production rate (at/at/s), P¢ is the
thermal vacancy emission rate from all microstruc-
tural components (at/at/s), P, are the
vacancy/interstitial sink removal rates (at/at/s), P,
= aC, C, is the point defect bulk recombination rate
(at/at/s) and eris the recombination coefficient (s~).
Equations (1) and (2} are solved with four more
equations for the number density of vacancy loops,
the concentration of vacancies in loops, the average
interstitial loop size and the average void size. The
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basic work of Bullough, Eyre and Krishan* has been
extended to include time-dependent point defect
behavior as described in detail in Ref. 5.

Examination of the literature reveals that not all
the data required are available to allow a detailed
comparison between theoretical models and experi-
mental results. As a minimum, a successful growth
model would require the following input: the satura-
tion interstitial dislocation loop and void density,
dpa rate, temperature, information about the
displacement spike efficiency (e.g., single atom
displacements by electrons vs. large cascade spikes
from neutrons and heavy ions) and the appropriate
material defect parameters. Our studies revealed that
some of the above properties have been simul-
taneously measured in electron, heavy ion and/or
neutron irradiated 316 stainless steel, Ni and Al. We
have carefully chosen such data from the literature
on these materials and we compare this data to the
predicted results from the TRANSWELL code.

Before proceeding with the comparison, the reader
should recognize several basic assumptions in the
FDRT and the specific boundary conditions that
were applied to this study. The two main assump-
tions are:

1} Nucleation of new voids and interstitial loops
has ceased and the existing microstructure is merely
in a state of growth (one important exception to this
statement is the fact that vacancy loops are con-
tinually being formed and dissolving.?

2) All of the sinks are homogeneously distributed
in the metal. The latter assumption is easy to justify
when the defect density and dpa rates are high.’

Two specific boundary conditions for this work
are:

1) The dose used in the simulation study cor-
responds to an actual dose measured after the incu-
bation period for voids

2) To separate nucleation from growth effects, we
assume that after nucleation has ceased, the irradia-
tion is turned off, and the point defect concen-
trations return to thermal equilibrium. Then irradia-
tion was turned on again to study the growth aspect
of swelling.

With the above constraints, two of the main out-
puts from the model are the growth rates of voids
and dislocation loops. The resultant swelling is easily
calculated from the void density and volume.

In all the computer simulations studied we also
assumed the following:

a) A simple temperature dependent nucleation
relationship for the number densities of voids and
interstitial loops at saturation of the form:

N =Nexp {E(eV)Y/kT} 3)
N3 = NYexp {E;(eV)/kT} (4)

where N?, NY, E, and E, are experimentally deter-
mined or when not available, computer fitted quan-
tities.

b} Initial “free growth” void radius defined as
that radius at which a void can freely grow at a cer-
tain temperature without the assistance of internal
gas pressure,

¢) Initial vacancy loop radius determined by the
Rumber of vacancies in a collision cascade (about 15

).

d) A dislocation interstitial bias factor (Z))
adjusted to fit the metal’s swelling behavior under all
conditions.

It is also important to understand the transient
behavior of the microstructure when the irradiation
is turned off, then back on again. The buildup and
decay of the vacancy and interstitial concentrations
as well as the behavior of voids and loops between
irradiation “pulses” can lend some understanding as
to the ultimate response of the material. One of the
crucial concepts in the application of FDRT to
pulsed irradiation is that this approach allows the
voids and loops to anneal out or grow in between
pulses when there is no damage being produced. A
more complete discussion of this effect is given in
Ref. 7.

3 COMPARISON WITH EXPERIMENTS

The TRANSWELL computer code is designed
primarily for dealing with metals during pulsed or
transient irradiations. Unfortunately only a few
pulsed experiments have been performed to date®*2°
under very restricted sets of conditions. Because the
problem is so complex, it is difficult to assess pulsed
experiments without investigating the constituents of
FDRT independently. Therefore, the basic ingredi-
ents of the theory will be evaluated by comparing the
computer results with various sets of experimental
data, chosen to test particular aspects of the model.

3.1 Steady-State Irradiation Experiments

We will first concentrate on the steady-state experi-
mental data, and conclude by examining some data
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TABLE I
Metal parameters used in the computer code TRANSWELL,
Stainless
Parameter Symbol steel Nickel Aluminum
Vacancy formation energy (eV) EJ 1.60 1.39 0.70
Interstitial formation energy (eV) Ef 4.00 4.08 3.20
Vacancy migration energy (eV) En" 1.30 1.38 0.57
Interstitial migration energy (eV) Epm 0.20 0.15 0.10
Vacancy diffusion coefficient Dpe 0.58 0.06 0.045
pre-exponential (cm?/sec)
Interstitial diffusion coefficient Dy 0.001 0.12 0.08
pre-exponential (cm?/sec)
Burger’s vector (A) b 200 2.50 2.00
Surface energy (eV/em?) y 1.25 x 10%  6.24 x 10%  £.24 x 10%
Atomic volume (A ) 8.00 15.63 8.00
Stacking fault energy (eV/cm? Yyr 9.20 x 102 2496 x 1014 1.24 x 10
Shear modulus {dynes/cm?) [ 283 x 10" 9.47 % 10 2,65 x 101!
Poisson’s ratio v 0.2%1 0.276 0,347
Ratio of recombination to diffusion a/D; 10 101 10t
(em™3)
TABLE I linearly between 10 and 40 A in the temperature
Empirical input parameters range 400 to 700°C, The initial interstitial loop
Stainiess stedl radius (r;(0)) has been calculated by equating the
almess sie number of vacancies in visible voids to the number
Heavy lon Neutron Electron of interstitials in visible interstitial loops. This pro-
N, 134 x 10 _ 6.7 % 103 cedure for calculating r,(0) has been followed for all
NS 315 x 10" — 6.5 x 108 subsequent computations.
E, 02.682 — %-g The TRANSWELL predicted swelling of 316 5.5.
E, .623 - ' is compared with experiment in Figure 1. It can be
6 1244 — 0.0 § compar exp &
Z; 1.025-1.08 — 1.025-1.08
H zn TR;NSHELL ' ! J ' !
Aluminum [ == (e = 1.25, 7, - 1.025) T
N 7.6 x 108 10" (at 55°C) — B tawsar .
NS  125x0° 2.8 x 10° P (et A= '
Ej 0.25 0.0 {at 35°C) - I 3 cmRient (uiLLIAks) -
E. 0.55 055 — L y
£ 0.001 0.001 — 1wl
Z, 1.015 1015 —
Nickel 12 b=
NG 10° — 1 % 103 (at 450°C) gt
N Experiment — & x 10% {at 450°C) LY
E}, 10 —_ 0.0 (at 450°C) Tl
E. Experiment — 0.0 (at 450°C) sl
£ 0.01 — 0.0
Z, 1.022 — 1.022 i

from pulsed studies. The fundamental material
data, used in our calculations for 316 S.S., Al and
Ni, is given in Table I, while the empirical input for
the calculations is contained in Table II.

3.1.1 Solution treated 316 §.5.

3.1.1.1 Ion irradiation In this computer
simulation, the initial void radius (r.(0)) was varied

T

400 450 500 550 600 G50 700
TEMPERATURE., °C
FIGURE 1 Comparison between the Fully Dynamic Rate
Theory and experimental results of T. M. Williams'® for the
temperature dependence of void swelling in M 316 S.8.
irradiated with 22 MeV C** ions at a dose rate of 10-* dpa/s.
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seen from the figure that the correlation is not solely
dependent on the individual values of ¢ and Z,, but
rather on the combination of these values. One
notices that Z, = 1.025 and ¢ = 1.2% would give
roughly the same results.

3.1.1.2. Electron irradiation Makin and
Walters!! studied the effect of void density on the
swelling of type 316 S.S. irradiated in the HVEM
and we have used their results for low (0.049%)
carbon concentrations. Void and loop concen-
trations were fitted by the parameters of Table II.

The initial void radius was linearly varied between
10 and 40 A in the temperature range 400 to 750°C
to allow for initial void growth at higher tempera-
tures.

The temperature dependence of the swelling of ST
316 stainless steel under glectron irradiation is com-
pared with experiment in Figure 2. The agreement in
this figure is quite good but it must be emphasized
that the results are sensitive to the value of Z; used.
It can be seen from the same figure that changing the
bias factor from 1.08 to 1.02 would drop the swell-
ing at 500°C and 30 dpa by a factor of 4, and at the
peak temperature by a factor of 6.

3.1.2 Aluminum irradiation
3.1.2.1 Neutron irradiated aluminum Packan!?

has conducted neutron experiments on pure
aluminum in HFIR irradiation environment. Void

0 T T T T T T

{ EXPERINENT (MAKIN AND WALTERS)
35 -

e TRANSWELL CODE
STMULATION

% SWELLING

400 450 SO0 550 600 bSO 700 7RO
TRRADTATION TEMPERATURE (°C)

FIGURE 2 The temperature dependence of swelling in

electron irradiated ST 316 S.S. at 30 dpa and a dose rate of 5 x

10~ dpa/sec. Data from Ref. 11.

formation in high purity aluminum resulting from
irradiation to fuences between 1.5 x 10 and
1.6 x 10% neutrons/em? (E > 0.1 MeV) at a tem-
perature of 55 + 5°C was studied, primarily by
means of transmission electron microscopy. Void
size distribution curves were obtained for all fluences,
and from these the mean void radius was found to
increase in proportion to the irradiation time raised
to the one-sixth power. The void concentration dis-
played a fluence dependence best described by a
power law, N ~ (@f)?, in which the exponent a
decreased from 2.0 at 10" neutrons/cm? down to
only 0.1 at 10? neutrons/cm?. Treating the swelling
with an analogous power relation, AV/¥V, ~ (#t), a
similar saturation effect was observed, with the
fluence exponent b decreasing roughly from 5/2 to
1/2 over the range of fluence studied.

Calculations of displacements per atom were
made using HFIR spectrum.!? The displacement
cross sections calculated with a threshold displace-
ment energy of 16 eV for Al are reported else-
where.'* A value of 1.3 dpa was found to cor-
respond to a fluence of 10* n/ecm?/s for neutrons
with energy greater than 0.1 MeV,

The displacement rate was found to vary between
1 x 10-¢ and 1.6 x 10—* dpa/sec. Therefore, an
average value of 1.3 x 1078 dpa/sec was used in the
calculations. Other experiments on neutron ir-
radiated aluminum'*1 indicated that the saturation
void number density can be fitted to the expression
of Table II. A gas production rate of 3 x 1012
at/at/s was assumed in these calculations.

Figure 3 shows the agreement between Packan’s
experimental swelling results and TRANSWELL
calculations. The same figure shows the agreement
between measured average void sizes and computer
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FIGURE 3 Comparison between measured and calculated
values of both swelling and mean void radius of aluminum under
neutron irradiation. Data from Ref. 12.
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calculated values if one starts with void sizes of 10
or 100 A radius. The agreement is shown to be still
good even if the starting void radius is very small,
indicating that the somewhat arbitrary choice of a
free growth radius is not too restrictive in the model.

3.1.2.2 Ionirradiated aluminum Irradiation of
aluminum with 400 keV Al ions was carried out
using the Harwell 500 kV Cockroft—-Walton
accelerator by Mazey, Bullough, and Brailsford.!?
The temperature dependence of void swelling was
investigated in non-helium doped 1100 grade
aluminum by 400 keV Al* irradiation to 1 x 10V
ions/cm?* at temperatures of 75, 100, 150, 200 and
250°C.

Material and empirical input parameters of tables
I and II have been used with a displacement rate of
10-3 dpa/s to simulate Mazey’s experiment up to a
total accumulated dose of 104 dpa. The initial void
radius was held constant at 40 A.

A comparison of TRANSWELL results to the
experimentally determined swelling is shown in
Figure 4. The results of the calculations seem to indi-
cate that aluminum is not as efficient as steel in
retaining vacancies in collision cascades (e.g., &€ =
0.001 in Al s, 0.012-0.044 for 316 S.S.).

apF \ ' -

% SWELLINS AT DAMAGE PEAK
-]
T
1

3 b -
I EXPERIMENT + 30% EST. ERROR (MAZEY)
2k = TRANSWELI, CODE STMULATION h
1t .
D L L L ' A A
50 75 100 125 150 175 200 250

IRRADIATION TEMPERATURE (°C)}

FIGURE 4 Temperature dependence of void swelling in
aluminum jrradiated with 400 KeV Al* keV Al* ions| after a
total dose of 104 dpa.

3.1.3 Nickel irradiation

3.1.3.1 Ion irradiated nickel The temperature
dependence of void and dislocation loop structures
was studied by Sprague, ef al.8 in high-purity nickel
irradiated with 2.8 MeV *¥Ni* ions to a displace-
ment dose of 13 displacements per atom {dpa) at a
displacement rate of 7 x 10-2 dpa/sec over the
temperature range to 625°C. Distocation loops with
no significant concentrations of voids were observed
in specimens irradiated at 475°C and below.
Specimens irradiated between 525 and 725°C con-
tained both voids and dislocations, The maximum
swelling was measured as 1.2% at 625°C.

The metal parameters of Tables I and II were
adopted and the experimentally measured void den-
sities were used in all the computer calculations.

As shown in Figure 5 there is good agreement
between calculated and experimentally measured
swelling values below the peak temperatures. Curve
(2) shows the better agreement at high temperatures
if the starting void radius was taken to be 200 A. It
was observed from all the calculations that small
voids find it difficult to grow in jon or neutron
irradiations without the assistance of gas for

1 1 I
EXPERIMENT (SPRAGUE et.al., NRL)
% EST. ERROR 30%
(1) TRANSKELL, R_[0} = 30
—=={2) TRAKSHELL, R (0) = 200 A FOR TEMP, > 650 °c
1.4 |- -
1.2 F -
(L)
z
210 -
Z
=
g o8l -
=
[ = -
0.4 | \ -
\\
0.2 -
2)
0 ] 1 (g
500 600 700 800

TEMPERATURE, °C
FIGURE 5 Temperature dependence of void swelling in
nickel irradiated with nickel ions. The dose rate is 7 x 102
dpa/sec and the total dose is 13 dpa. Data from Ref. 8.
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temperatures above the peak temperature. This sug-
gested that the present growth theory can be better
correlated with data at high temperatures if one
starts with a “free-growth radius” as defined before
which is obviously temperature as well as irradia-
tion and microstructure dependent,.

The important point to note from Figure 5 is that
TRANSWELL comes remarkably close to pre-
dicting the swelling in ion bombarded Ni from
500°C to 750°C under relatively high displacement
rates (7 x 10~2dpa/sec).

3.1.3.2 Electron irradiated nickel Voids in
nickel, electron itradiated at 450°C, were studied by
Norris. 1819 The| specimen was previously bom-
barded with 6 x| 10'" He* ions/m? at 50 keV and
then annealed aL 640°C to remove the vacancy
clusters. A calculated displacement rate of 2 x 103
dpa/sec with anerror of 20% was used. Figure 9
shows the results|of this experiment with dose uncer-
tainty of 20% and swelling uncertainty of 30%.
Swelling saturation at high doses is suspected to be
due to surface effects in thin foils.

Unfortunately, only total void induced swelling
was reported in the electron irradiation studies of Ni,
no void density, 51ze or interstitial loop information
was given, Therefore, void and loop number den-
sities of steel at 450°C have been used, even though
we realize that there may be some significant differ-
ences.

The input from Tables I and II are again used. It
is found that computer simulations produce reason-
able agreement with expenmenta]ly measured swell-
ing values as shown in Figure 6, At large doses, foil
surface effects impose artificial saturation limits on
the swelling data, and therefore accurate comparison
with the present model is difficult in that region.

3.2 Pulsed Irradiation Experiments

A recent experimental study by Potter et @2 has
illustrated that pulsed irradiation of Ni to the same
damage level and at the same damage rate as for a
corresponding sample irradiated in a steady-state
fashion, can give significantly different microstruc-
tural results. First, several Ni specimens were pre-
injected with 5 appm of Helium and then irradiated
at 600°C to 5 dpa with a steady-state damage rate
of 3 x 102 dpa/sec (A). Three specimens were then
given a further irradiation at 500°C to 5 dpa with a
damage rate of 3 x 10-? dpa/sec (B). Another three
specimens were irradiated to 5 dpain 6.75 sec pulses
separated by 6.75 sec intervals (C). A total of 247
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FIGURE 6 Dose dependence of woid swelling in nickel
irradiated with electrons at 450°C at a dose rate of 2 x 107?
dpa/sec. Data from Ref. 18.

pulses accumulated at the end of the experiment. The
resultant void structures for these irradiations are
listed in Table IIIL.

The subsequent irradiations (cases B and C) of the
pre-voided sarnples caused the void radius to grow;
from 66 to 96 A in the steady-state irradiation and
from 66 to 121 A in the pulsed study. The void den-
sities decreased in both of the subsequent irradia-
tions. Even when this is taken into account, it was
observed that the total incrementai swelling in the
pulsed study was over twice that from the steady-
state irradiation.

The TRANSWELL code was then used to simu-
late the conditions outlined in Table III. The varia-
tion in void number density was accounted for by
adjusting the value of the void density downwards in
a linear fashion every one dpa of accumulated
damage. First, the sink density due to vacancy loops
in the pulsed irradiation experiment never reaches
such a high level as in the steady-state situation
because of annealing between pulses. And second,
vacancy loops emit large numbers of vacancies
during the annealing period, which can then end in
voids without recombination with interstitials. In this
beam-off time, vacancy concentration drops slowly
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TABLE I
Summary of experimental void data on heavy ion irradiated Ni pulsed v5. Steady-state damage (Potter of al.?®)
Study  Temp. Totaldose Durationof  Time between Numberof  Void Void AV Remarks
°C) (dpa)  damage pulse pulses pulses radius  density x 1013 v Yo
{sec) {sec) (A) {cm™?)
A s00 s 1667.00 0.00 1 66 63 0.84 Prevoided
B 500 100 1667.00 .00 1 96 33 1.4} Subsequent
L irradiation
C 500 (1 6.75 6.75 247 121 2.3 2.1 of samples
‘ from A
* Contains 5 appm He.
b Includes 5 dpa from study A.

to its equilibrium value (which is >C, due to
vacancy emission), while the interstitial concen-
tration drops immediately (~10~% seconds) to
insignificant levels (~2.5 x 10~ at/at at 500°C).
The slight increase in the equilibrium vacancy fluxt
(Figure 8) is due to the higher emission of vacancy
loops as they shrink. The main parameter of interest,
the average void radius, is plotted in Figure 7.
Agreement between the void radius predicted by the
model and that measured experimentally is good;
within 1% for the steady-state irradiation and 109%
for the pulsed irradiation. Aside from the absolute
numbers, the TRANSWELL Code correctly pre-
dicted that the void swelling during this particular
pulsed experiment is| substantially greater than that
observed during steady-state studies.

T The term “flux” is used for the product of the point defect
diffusion coefficient and its fractional concentration {cm?/s).

The enhanced swelling in the pulsed case has been
found to be due to the behavior of vacancy loops.

A more quantitative description of this effect is
shown in Figure 8, where the flux of vacancies and
interstitials to the voids is given along with the emis-
sion of vacancies from void susface during the 100th
pulse (0.9943-2.0012 dpa). During the damage
pulse, the void grows because the vacancy flux is
greater than the combined interstitial and emission
fluxes. When the damage pulse is over, D; C; drops
quickly to 3.16 x 10~?° ¢cm?/sec, while the emission
flux is essentially constant at 1.26 x 10~ cm?/sec.
The D, C, term drops off with a longer life-time than
D, C, and for the entire 6.75 sec down period, the
vacancy flux into the void is greater than the
vacancy emission, hence the void continues to grow.

Analysis of the vacancy emission and absorption
rates at the end of the annealing period for the 100th

I Steady-state experiment

m— Transwell

3

VOID RADIUM, A

20

) i L

} 6.75 Second pulsed experiment

| i |

o} 1 2

3 4 5

DOSE AFTER PREVOIDING, dpa

i
FIGURE 7 Dose dependence of steady state and pulsed average void radii in self-ion irradiated pure nickel at 500°C.,
Total dose is 5 dpd, dose rate = 3 x 10~* dpa/sec and ¢, = £, = 6.67 sec. Data from Ref, 20.
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FIGURE 8 Point defect fluxes near an average void surface
during the 100th pulse (0.9943-2.0012 dpa).

pulse of study C indicates that vacancy emission
from vacancy loops is the cause of void growth in
the interpulse period. The vacancy emission rate
from vacancy loops is 9.2 x 10~¢ at/at/s while their
vacancy absorption rate is 5.9 x 10-% at/at/s. The
excess amount of vacancies are essentially absorbed
at voids and interstitial loops. While voids emit
vacancies at the rate of 6.4 x 10~ at/at/s and inter-
stitial loops at 4.8 x 10-!® at/at/s, vacancies are
absorbed at voids with the rate of 1.4 x 10-5 at/at/s
and at loops with 1.9 x 10-¢ at/at/s. It is this
delayed vacancy emission in the absence of free
interstitials which accounts for the enhanced growth
rate over the steady-state irradiation.

4 DISCUSSION AND GENERAL REMARKS

The fundamental reason for the growth of three
dimensional cavities (voids} in irradiated materials is
believed now to be understood®* and many of the
contributory physical mechanisms have been iden-
tified. By adopting a more systematic approach and
relating theory to experiments, as attempted in this
paper, the dominant mechanisms affecting the void
swelling problem can be qualitatively para-
meterized.

The results of the present comparison between the
theory and experimental data have shown that the
FDRT can predict the high temperature void swell-
ing behavior of both pure metals and alloys. The fact
that the theory predicts the temperature dependence
of swelling over a wide range of displacement rates
(~10-% to ~10-! dpa/sec) and with different bom-
barding species (neutrons, heavy ions and electrons)
is satisfying. The agreement with pulsed experi-
ments is also gratifying. However, the reader must
remember that this FDRT only applies to the situa-
tion when a quasi-steady-state void and interstitital
loop density has already been established, i.e., it does
not apply to the initial stages of irradiation when
nucleation is still dominant.

At high temperatures (>0.4-0.45 T/T), it is
noted that the theory predicts lower swelling than
observed. This difficulty arises because the initial
void size has to be relatively large to withstand the
emission of vacancies (which is roughly pro-
portional to 1/r). One way to remedy this would be
to use an empirically determined initial void size
which is an increasing function of temperature.

The use of different spike collapse efficiencies
(1.2-4.4% for steel, 0.1% for Al and 1% for Ni) to
achieve agreement between theory and experiment
indicates that the displacement cascade in Al is
rather diffuse and inefficient at retaining vacancies.
It also demonstrates that future research is required
to understand the underlying phenomena that con-
trol the collision cascade collapse mechanism.

It will also be noticed from the comparison below
that slightly different values of the bias factor of
dislocations for interstitials were required for good
agreement between the theory and experimental
data,

Material Bias Factor
316 S.8. 1.025-1.08
Al 1.015
Ni 1.022

However, one would expect that since the bias factor
depends on the interaction between point defects and
dislocations, which is material dependent. There-
fore, different values of Z; are assigned to different
materials.

The results of this study show that a fully
dynamic rate theory can accurately predict the post
incubation growth behavior of voids and disloca-
tions loops as a function of temperature in a wide
variety of materials irradiated over a factor of 10° in
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steady-state displacement rates with widely different
types of irradiation as well as with pulsed irradia-
tion. The difficulty in finding experimental data to
correlate with theory demonstrates the need for
more specifically designed calibration experiments.
This subject has been discussed eclsewhere’ and
specific recommendations have been made. Once
such experiments are performed providing disloca-
tion loop, and void data as a function of dose and
temperature, the FDRT can be further refined and
calibrated to predict the growth of voids in metals.
Correlation of the theory to more extensive pulsed
experiments can be accomplished by the careful
choice of pulsing schemes in those experiments.
Meanwhile, the examination of the time dependent
microstructure predicted by FDRT is providing
valuable insight to the factors promoting the dele-
terious void growth in irradiated metals.
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