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A time-dependent rate theory formulation hu  been used to study the effects of pulaed irradiation on point defect and 
void bel~vior at elevated temperatures. It is found that point defects in pulsed tokamakz, O-ptnchs and inertial confine- 
merit fusion reactors (ICFR) display non.cfleady-state behavior. The pulsed nature of the irradiation lure been shown to pro- 
duce considerable deviations from ~tmdy-state void growth behavtog at ~ temperaturm (0.3 T m to 0.5 Tin). In partic~ 
ular, the amount of swellln~ in the first-wall can be reduced for ICFR pulsing condittom and pulse wldths nmgiag from • 
nanosecond to a microlecond. The moun t  of reduction increases with inczeued peBet yield at a fixed opcmt~iag temper- 
ature, geometry and ICFR plant power output. 

1. Introduction 

In the past ten years investigators have been direct- 
ing increasing efforts towards the understanding of 
the relationships between microstructural behavior 
and mechanical responses of metals during irradiation. 
The fundamental motive for such studies has been 
the incream38 dependence on nuclear reactors for 
energy production. The use of large material testing 
reactors as well as experimental simulation techniques 
(i.e., particle accelerators and h/gh voltage electron 
microscopes) has helped to supply the experimental 
data for both reactor d e a n  and theory development. 
However, there is a complete absence of fusion mate- 
rials testing reactors at the present time, and the need 
for experimental and mathematical simulation tech- 
niques is readily apparent. The planning of a well. 
defined strategy for both theoretical developments 
and fundamcmtal experiments is vital to achieve a 
greater understml<ling of materials responses to diffe- 
rent irrad/aelon m ~ m l e n t s .  

The major problem facing materials ~ e n ~ t s  t~ how 
to model the pulsed nature of all the fialon reactor 
concepts (except for the mirror approsch) propomd 
so far [ I -3] .  The production of defects, followed by 

periods of high temperature annealing when no defects 
are produced, is in marked contrast to the "steady- 
state" damage produced in frozen reactors. There- 
fore, in this paper we will investigate the effect of 
pulse time, intensity, and frequency on the final dis- 
position of the fundamental defects produced (i.e. 
vacancies and interstitials) and in particular we will 
invest~te the effect of pulsing on void growth in 
metals. While the approach developed in this paper is 
general in nature, we will tend to concentrate on the 
situation in inertlally confined fus/on reactor (ICFR) 
concepts as an illustration of the effects to be expected. 

Theory and computational aspects 

The m]crostructural changes during irradiation are 
primarily controlled by the temporal variations in 
point defect concentrations. When the irradiation 
source is a strong function of time, point defect ~on- 
centrations can exhibit considerable time varia- 
tiom [4]. While it h a  been a reasonable ummption 
to com/der that point defects in memb reach a quasi- 
steady-state concentration during ~ d a n t  
irradiations, a dynamic treatment it neommy during 
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transient and pulsed operations. Such a fully dynamic 
rate theory (FDRT) has been developed to study mi- 
crostructural changes in transients and during pulsed 
irradiation [5,6]. Here, we give only the highlights of 
the theory and the associated computational aspects 
of the FDRT. The time-dependent point-defect con- 
centrations are given by the rate equations: 

dCi( t ) /d t  =P(t) - Xl(m, t)  C](t) - aCt( t )  Cv(t), (1) 

d C v q ) / d t  =/e(m,  t) + (1 - e)P( t )  - Xv(m, t) Cv(t) 

- ~ G ( t )  Cv(t),  (21) 

where the different variables in eqs. (1) and (2) are 
defined as follows: 

G( t )  - interstitial concentration (at/at); 
Cv(t) - vacancy concentration (at/at); 
P(t )  - time-dependent point-defect production 

rate (at/at/s); 
e - is the fraction of vacancies produced directly 

into vacancy loops; 
Xl(m, t) - a microstructural (m) and time (t)- 

dependent interstitial time constant (s-a); 
Xv(m, t) - a microstructiral and time-dependent 

vacancy time constant (s-a); 
- is point-defect mutual recombination coeffi- 

cient (s-t); 
pC(m, t) - a microstructural and time dependent 

vacancy emission rate (at/at s). 
Eqs. (1) and (2), together with other rate equa- 

tions for the average void radius, average interstitial 
loop radius, vacancy concentration in vacancy loops 
and vacancy loop number density, form a set of stiff 
first-order non-linear differential equations. This sys- 
tem has been solved numerically using the implicit 
multistep methods developed by Gear for stiff sys- 
tems [7]. Special attention was directed towards the 
stability of the solution in pulsed systems. A variety 
of cases simulating different combinations of mate- 
rial and irradiation conditions have been included in 
the computer code TRANSWELL [8]. 

3. Examples of point defect behavior in fusion 
reactors 

3.1. T o k a m a k  fus ion  reactors 

Tokamak fusion reactors are designed to have 
long confinement times and relatively shorter times 
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Fig. 1. Point defect concentrations in 316 SS in a tokamak 
fusion reactor at 400°C. 

between burns to achieve maximum plant efficiency. 
Burn cycles with durations in the range of (30-90)  
rain and cooling cycles of about (5-10)  rain are con- 
sidered in the early design of these devices [2]. 
Recent advances in the conceptual designs consider 
burn cycle duration of only a few minutes with down 
times in the tenths of seconds [9]. As an illustrative 
example of a tokamak reactor, we will consider a 
burn cycle of 10 4 S and a cooling cycle of 400 s to 
study point defect behavior. 

Calculations were performed to examine the time 
characteristics of point defects in a 316 SS first-wall 
using the materials properties proposed by Bullough 
et al. [10], and the above Tokamak operating cycle. 
Fig. 1 shows the vacancy and interstitial concentra. 
tions, at 400°C, in the stainless steel first-wall where 
the average rate of point defect production is 10 -6 
dpa/s (which corresponds to few MW]m 2 wall load- 
ing). It is seen that in the first few tenths of a micro- 
second, interstitials reach an equilibrium concentra- 
tion with the sink structure present at this tempera- 
ture, while the vacancy concentration remains con- 
stant at the thermal equilibrium value, The interstitial 
concentration remains constant at a value of ~3 × 
10 -14 at/at during the irradiation as a result of an 
equilibrium between a constant production rate and 
a steady absorption rate by sinks in the matrix. [The 
microstructure does not change appreciably during 
the burn cycle, because of the small dose achieved 
(10 -2 dpa) per cycle.] On the other hand, the lower 
mobility of vacancies at this temperature causes the 
vacancy population (after a microsecond of  irradia- 
tion) to increase linearly from its thermal equilibrium 
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Fig. 2. Point-defect concentrations in 316 SS in a tokamak 
fusion reactor at 600°C. 
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Fig. 3. Point defect concentrations in 316 SS in a theta- 
pinch fusion reactor at 400°C. 
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(~.10 -z 2 at/at) to its irradiation equilibrium value 
(~-I0 -a at/at). At approximately a vacancy mean life- 
time (~2 ms for this material), vacancies can reach 
various sinks and are removed from the matrix pro- 
ducing the state of equilibrium between production 
and sink removal. The initial point-defect recombina- 
tion rate is not significant because of the high sink 
density at low temperatures (~.10 s2 cm-2). 

At higher temperatures, other factors influence 
point defect dynamics. Fig. 2 shows point-defect 
concentrations, at 600°C, as function of irradiation 
time during one bum cycle. Because of the lower 
sink densities at higher temperatures, point defects 
experience lower sink removal rates, generally caus- 
ing higher defect concentrations. The interstitial 
mean lifetime increases by two orders of magnitude 
(to about 4 ps) at 600°C because of the decrease in 
the sink density at higher temperatures. Therefore, 
interstitials achieve complete equilibrium with the 
sinks after about 10 microseconds and their concen- 
tration reaches the value of 1.8 × 10 -s2 at/at. 

The changes in the vacancy concentrat ion  take a 
relatively longer time (~1 ms) because of the higher 
thermal equilibrium vacancy concentration at 6000C 
(6 × 10 -s° at/at). The vacancy concentration eventu. 
ally reaches the value of 7 X 10 .9 at/at within a few 
milliseconds after the bum starts. 

At 600°C,  the build-up o f  the microstructure  wi th  
a corresponding increase in sink strength accounts 
for the drop in Cv and CI after about 100 s. At the 
end of the bum cycle point-defect concentrations 

drop to their thermal equilibrium values with char. 
acteristic time constants which are much shorter than 
the cco l ing  cyc le  duration ( 4 0 0  s) for both  vacancies 
and interstitials.  

3.2. Theta pinch fusion reactors 

The time structure of neutron production in theta- 
pinch fusion reactors [1 I] is much different than for 
tokamaks. In general the neutrons are produced in a 
relatively short time, while it takes much longer to 
re-establish the proper plasma conditions. A pulse 
duration of 0.1 s and pulse period of 1 s was assumed 
in this study. Figs. 3 and 4 show the time behavior 
of point defects in a theta pinch fusion first-wall. A 
point-defect generation rate of 10 -4 dpa/s was 
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assumed during the bum cycle, and no defects were 
produced during the cooling cycle. 

At 400°C, as shown in fig. 3, interstitials quickly 
reach an equilibrium with sinks and achieve a concen- 
tration of  3 × 10 -12. On the other hand, vacancies do 
not reach an equilibrium value during the pulse, and 
their concentration rises to as much as 10 -6 at/at at 
the end of  the burn cycle. Point-defect concentra- 
tions in this case are about two orders of  magnitude 
higher than the corresponding tokamak reactor case 
because of  the higher dpa rate. 

Fig. 4 shows point-defect concentrations, as a 
function o f  time, at 600°C. The peak vacancy concen- 
tration is slightly lower than the 400°C case because of  
the higher vacancy mobility. Although the interstitial 
concentration is higher at 600°C than at 400°C 
(~  10 -I 0 at/at), it starts to slowly drop with time 
because o f  mutual point-defect recombination as the 
vacancy concentration builds up. At the end of  the 
burn cycle, point-defect concentrations rapidly return 
to their thermal equilibrium values with greatly dif- 
ferent time constants (about 4/as for an interstitial 
and 15 ms for a vacancy). It is obvious from the prev- 
ious analysis that point-defect time behavior is far 
from steady-state equilibrium, encountered in present 
fission reactor irradiations. 

3.3. Inertially confined fusion reactors HCFR ~ / 

The category of  pulsed fusion reactors includes 
the laser driven thermonuclear reactors, electron 
beam and ion-beam-driven thermonuclear reac- 
tors. These types of  reactors differ in basic operatio- 
nal methods, and there is a wide variety of  design 
concepts which try to mitigate some of  the related 
technological problems. In the following, we describe, 
in a generic sense, the time frames for the damage 
analysis related to ICFR's. Once the point-defect 
behavior in currently envisioned ICFR first-walls is 
explained, we will then use this information to dis- 
cuss the general effect of  such point-defect variations 
later in this paper. 

The spectra of  neutrons from microexplosions, 
pulsing frequency rates and damage rates can vary 
considerably depending on the specific reactor design 
[I 2]. The particular geometrical and compositional 
structure of  the DT pellet exploded in the center of  
the cavity will affect the instantaneous neutron flux 
and energy, as well as the energy spectrum of the 
pellet debris (i.e. unbumt  fuel, tamper and ablator 
materials). We will only focus our attention in the 
rest of  this paper on the neutron damage even though 
it has been shown that in the near surface region of  an 

Table 1 
Summary of pulse width and damage rate considerations for a 1000 MW t reactor 

Case Time between pulses Pellet yield Pulse width dpa/shot 
(S) (MJ) (s) at 7 m. 

Av. dose rate in pulse 
(dpa/s) 

1 10 10 000 10 -9 10- 5 10 000 
10 -8 1 000 
10 -7 100 
10 -6 10 

2 1 1 000 10 -9 10 -6 1 000 
10 -8 100 
10 -7 10 
10 -6 I 

3 0.1 100 10 -9 10 -7 100 
10 -8 10 
10 -7 ] 
10 -6 0.1 

4 0.01 10 10 -9 10 -8 10 
10 -8 1 
10 -7 0.1 
10 -6  0.01 
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ICFR, the damage rate by the pellet deb~ can be 
much higher than that of the neutrons [13-14]. 
is the same as saying that we will consider bulk dam- 
age effects. 

In order to illustrate the multitude of possible 
pulsed damage conditions we have conducted a 
parametric study over a wide range of pellet yields 
keeping the total output of the reactor constant at 
1000 MWt and the radius of the chamber constant. 
(In reality the radius would probably increase with 
increasing pellet yield but for some designs such as 
the "liquid Li waterfall" proposed by the LLL 
group [15] the radius changes might be minor with 
pellet yield.) A summary of the conditions consid- 
ered is given in table I. 

The constant power level of 1000 MW t dictates 
that the time between pulses varies from 10 millisec- 
onds for a I0 MJ per pellet yield to I0 s for a 1O 000 
MJ yield. Within each pellet yield-frequency of pulse 
combination we have allowed the neutron damage 
to occur over time periods ranging from Ins  to 1 #s. 
This should cover reasonable pulse widths from cur- 
rent pellet designs which range from 10-30 ns [16]. 
The use of a nominal cavity radius of 7 m means 
that the accumulated displacement damage will vary 
from approximately 100 s to I0 -s dpa per shot or a 
100 6 dpa/s average displacement rate over time. How- 
ever, to achieve this average displacement rate the 
instantaneous damage rate can be as large as I0 000 
dpa/s for the 10 000 MJ pellet with a 1 ns time 
spread in the neutron arrival rate to 0.Ol dpa/s for a 
I0 MJ pellet yield when the neutrons arrive over a 1 
#s time scale. Current pellet designs of 100 MJ indi- 
cate ~ I0  ns time spreading and a I0 dpa/s damage 
rate. Higher yield pellet designs would increase the 
damage rate but since there will be considerable 
downscattering of the neutrons in these pellets, they 
will arrive over longer time periods. Anticipated dam- 
age rates for a 1000 MJ pellet would be in the 50 
dpa/s range. 

Having set up the various time limitations on pulse 
width and duration it is now important to consider 
how these compare to the defect lifetimes. For exam- 
ple, a vacancy mean lifetime can vary between 10 -4 s 
at high temperatures (~e0.5 Tm) and high defect sink 
densities to 1 second at low temperature (~,0.3 Tin) 
and low sink densities. On the other hand, interstitial 
mean lifetimes can vary between 10 -7 s at high tern- 

peratures and high sink densities to 100 s s at low 
temperatures and low sink densities. Udng the follow- 
ing notation: ¢i: interstitial mean lifetime in seconds, 
Cv: vacancy mean lifetime in seconds, Pw: pulse width 
in seconds, At: pulse period in seconds, we find that 
there are four combinations of these parameters that 
might be important in pulsed fusion reactors. 

(1) Pw < ri <~v ,(2) ¢i < P w <  Cv, (3) 

(3) ri < At < Tv, (4) ¢i < cv < At.  (4) 

We will now study the case of I pulse every 1O s 
with two different pulse widths, 1 ns and 1 ~ .  As an 
example, we will consider 316-SS as in our previous 
example. At low temperatures (400°C) the vacancy 
concentration during the pulse increases rapidly with 
time irrespective of pulse width as shown in flg. 5. The 
vacancy concentration starts to decline from the high 
value achi'eved during the pulse (~100 s at/at) to its 
equilibrium concentration, (~v, at about 2 ms. The 
results in fig. 5 indicate that the pulse width, and 
hence the details of the damage rates inside the pulse, 
have no effect on the vacancy concentration after the 
end of the pulse as it reaches ~100 s for both cases. On 
the other hand, interstitial concentration increases 
linearly with time only for short pulses (10 °9 s). The 
interstitial concentration tends to level off after 
about 100 ~ s o f a  100 e s pulse because of the high 
interstitial mobility to sinks " . Therefore, the intersti- 
tial concentration is dependent on the pulse width 
during the pulse. 

At higher temperatures (600°C) the metals matrix 
contains less voids and dislocations, which in turn 
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allows a higher interstitial concentration. As shown in 
fig. 6, interstitials and vacancies exist with almost 
equal concentrations until the end of the pulse. This 
aspect enhances point defect mutual recombination 
and causes a considerable decrease in the vacancy 
concentration around 1-10  ;is. It is observed from 
fig. 6 that there is no effect of  pulse width on either 
point-defect behavior after about one microsecond. 
Finally, the vacancy mean lifetime is a little longer 
at the higher temperature (~15 ms at 600°C) which 
means that the vacancy concentration does not change 
significantly until around 10 -2 s. 

Another important feature of fig. 6 is that the 
vacancy concentration in the matrix does not reach 
the thermal equilibrium value, Cv e, until a long time 
after the irradiation is turned off. Rather, it reaches an 
average value, Cv, determined by the existing micro- 
structure (voids and dislocations) and temperature. 
The vacancy concentration on the surface of a void 
of radius Re, in the absence of stresses and gas atoms 
inside, is determined by the simple expression: 

Cv = Cv e exp( 2?~2/RckT) . (5) 

Due to the presence of dislocations, grain boundaries 
and free surfaces, the average matrix thermal vacancy 
concentration is smaller than the value given by expres- 
sion (5). This creates a vacancy concentration gradi- 
ent between the void surface and the bulk of the 
metal. A flow of vacancies from the void surface to 
the bulk of the metal is then set up, tending to reduce 
the void size. From fig. 5, one can notice that at low 
temperature (400°C) the gradient (proportional to 
concentration difference) between the void and the 

matrix is small and ttle time available t'or voki amleat- 
ing is short, compared to a larger gradient and longe~ 
annealing time at 600°C (fig. 6L The effects of pulsed 
irradiation variables on void kinetics will be explained 
in the next section. 

4. Analysis of pulsed irradiation effects on void growth 
in ICFR's 

Void growth during steady-state irradiation is known 
to be affected by many irradiation and material vari- 
ables [5,10]. In this section, we will concentrate on 
the unique features of the void growth phenomenon 
encountered in the case of  pulsed irradiation. We will 
first discuss the effect of changing the pulse width 
while keeping the same accumulated dose in the pulse. 
The influence of the irradiation temperature on the 
growth kinetics is then discussed. Thereafter, the gen- 
eral features of a train of damage pulses are studied. 
Next, the combined influence of the repetition rate 
and temperature on the final swelling behavior of a 
50 A. radius void will be analyzed. This is followed by 
a discussion of the effect different size voids (10 A 
radius and 100 A radius) can have on the final swell- 
ing. Finally, the consequence of changing the bias 
factor on pulsed irradiation is studied., 

4.1. Pulse width 

We examine here two widely differing cases of 
neutron pulses; one of a nanosecond pulse width and 
the other of a microsecond pulse width. A total accu- 
mulated dose of 10 -s dpa was assumed to be the same 
for the two pulses so that dose rates of 10 4 dpa/s and 
10 dpa/s are achieved for the nanosecond and the mi- 
crosecond pulses, respectively. The void growth char- 
acteristics of a 20 A radius void, in 316-SS at a tem- 
perature of 600°C, are shown in fig. 7. The magni- 
tude of the maximum decrease in the void volume due 
to the irradiation pulse reflects the efficiency of point 
defect mutual recombination. If  the point-defect 
mutual recombination rate is high during the pulse, 
the number of point defects free to migrate to sinks 
is reduced. For example, the displacement rate of 
104 dpa/s in the nanosecond pulse is accompanied by 
more recombination than in the case of  the 10 dpa/s 
displacement rate of the microsecond pulse. This 
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Fig. 7. Effect of pulse width on void kinetics at 600°C. 

causes a smaller maximum decrease in the void radius 
for the nanosecond pulse as shown in fig. 7. It is 
found that no matter how many interstitials are 
added to the void, enough vacancies will eventually 
arrive to the void surface to partially offset the 
decrease in size caused by interstitials. After about a 
mean vacancy lifetime the void kinetics are entirely 
dominated by the annealing. One can conclude that 
in the presently considered ICFR's (with Pw = lO-S 
"to 10 -7 s), the pulse width and time structure of the 
displacement rate inside the pulse are not of signifi- 
cant importance to the overall swelling. Therefore, 
the accumulated dose in one pulse is the major 
parameter needed, as far as the damage process is 
considered. 

4.2. Temperature 

Irradiation temperature mainly affects the sink 
densities, point-defect mobilities and the annealing 
kinetics of  voids. The effect of temperature on a 20 
A radius void in 316-SS subjected to one irradiation 
pulse of a nanosecond width and a dose rate of 104 
dpa/s is studied in figs. 8 and 9. At 400°C the loop 
and void densities are high, thus the number of point 
defects going to the 20 A radius void are reduced 
and the maximum drop in the void radius due to  the 
interstitial flux is only ~--0.012 A. When the vacan. 
cies reach the void at around a vacancy mean lifetime, 
they cause a net increase in the void radius. Since 
annealing is not strong at 400°C, this net increase in 
the void radius (growth) is maintained at the end of 
the pulse period which is 10 seconds. As the irradiation 
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temperature increases, the initial drop in the void 
radius also increases due to the larger interstitial flux. 
The reason for this large drop in the void radius is the 
lower sink density. The driving force for the anneal- 
ing of the void is very senmtive to the temperature, as 
can be seen from fig. 9. Void annealing is very rapid 
at 700°C and the initial radius of 20 A becomes 19 A 
in about six seconds after the damage process begins. 

4.3. A train of neutron pulses 

Certain results can not be completely revealed by 
the study of  metals response to one pulse of irradia- 
tion; the ultimate behavior of vokh due to a train of 
pulses must be considered. The effect of a train of 
neutron pulses (10 -~ dpa each) on the dtmen~ons of 
a mean void of  20 A radius at 400 °C in 316-SS is 
shown in fig. 10. The corresponding point-defect con- 
centrations as a function of time, are displayed in fig. 
11 (notice the linear time scales). As can be seen from 
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fig. 11, the interstitial concentration drops to its ther- 
mal equilibrium value, almost instantly after the pulse. 
This initially causes a rapid drop inthe void radius, 
about -1 .5  X 10 -4 A in this case. On the other hand, 
the vacancy concentration slowly declines, trying to 
reach its thermal equilibrium value (~10 -1~ at/at at 
400°C). The relatively short pulse period in this case 
keeps the vacancy concentration within certain bounds 
(between 6 X 10 -9 at/at and 9 X I(Y 8 at/at). It can be 
seen that there is a slight increase in the overall con- 
centration, due to accumulation from previous pulses. 
Although any given void shrinks in the first few pulses 
as shown in fig. 10, it will eventually regain its initial 
radius and ultimately grow due to the increasing 
vacancy concentration. It is then concluded that to 
compare the results of void growth rates under differ- 
ent pulsing conditions, the calculations should be 
carried out over several cycles at least until the tran- 
sient point-defect behavior is replaced by more 
"steady-state" values. 

4.4. The simultaneous effects o f  temperature and 
pulse repetition rate 

One of the more important design aspects of any 
fusion reactor is the need to prohibit swelling in struc- 
tural materials. The combination of certain design 
parameters that can achieve this goal, namely irradia- 
tion temperature and pulse repetition rate, is studied 
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Fig. 12. Pellet yield effect on void growth in 316 SS at 400°C. 

in this section. First, we will study the behavior o f  a 
void in a 316-SS/~rst.wall o f  s/mllar power output 
systems ( I 0 0 0  MW t asin table I). This will be fol- 
lowed by a study o f  void growth at different temper- 

atures, as a function o f  the pulse repetition rate. 
The behavior o f  a 20 A rad/us void at 400°C is 

shown in fig. 12, as a function o f  pellet yield. The 
total damage is also taken into account and it, o f  
course, varies proportionally to the size of  the pellet 
yield. In the 10 000 MJ case, the damage created by 
the pulse is very large causing the void radius to ini- 
tially decrease by ~3.012 A, while the radius decrease 
caused by the 1000 MJ pellet is only ~3.0012 A, and 
that resulting from the 100 MJ pellet is ~.0.00012 A 
as shown in fig. 12. However, the final sweBLag caused 
by the 10 000 and 1000 MJ pulses is positive at 
400°C. Since the pulse period for the 10 000 MJ pellet 
is ~5000rv, the void will continue to grow over the 
next successive pulses, due to the fact that vacancies 
will accumulate from previous pulses. In order to find 
out the equivalent effect o f  the 1000 MJ pellet system, 
one has to study at least 10 pulses, and for the 100 MJ 
pellet system a 100 pulses. 

A study of  the change in a 50 A radius void in 316- 
SS after an accumulated dose of  10 -s dpa was con- 
ducted and the results are shown in figs. 13 and 14. It 
is assumed t h a t Z  i = 1.08, e = 0, a n d P  w ffi 10 -e s and 
no gas is generated. The results of  the calculations, with 
the previously described assumptions, are shown in 
table 2. Calculations for 1, 10, 100 and 1000 pulses 
were carried out, and also steady-state results for an 
equivalent system (10 "e dpa/s dose rate) were per- 
formed for comparison. It can be observed from table 

Table 2 

Pulsed irradiation void radius change* (A) after I0 s of irradiation in 316 SS a) 

No. of pulse, studied 1 10 100 1000 l0 T (steady-state) 
Dose rate in pulse 10 1 0.1 0.01 lOs 

(dpa/s) 
Period (s) 10 1 0.1 0.01 10 --6 
Pulse rate (~t) 0.1 1 10 100 10 6 

Growth after 10 s (A) 

T = 4000(2 +2.2 × 10 "s +2.2 × 10- s +2.2 × 10- s 
T =  4 5 0 ° C  + 1 . 8  × 10 -4 +1.9 X 10 -4 +1.9 X 10 -4 
T= 500°(2 +7.5 × 10 4 +1.04 × 10- s +I.I × 10- s 
T = 550°(2 +6.0 X 104 +2.7 X 10- s +3.7 X 10- s 
T = 600°C -7.0 X 10- 3 -2.2 X 10 -3 +3.5 X 10- 3 
T =  650°(2 --0.053 -0.046 -0.032 
T = 700Oc -0.27 -0.26 -0.23 

+2.2 × 10- s b) 
+1.9 × 10 -4 b) 
+1.1 × 10- s 
+ 3 . 8  × 1 0  - 3  b )  

+ 4 . 8  X 1 0 -  s 

-0.029 b) 
-0.23 b) 

+2.2 × lO s 
+1.9 X 10 -4 
+1.1 X l0 s 
+3.8 X l0 s 
+ 4 . 8  X 10 -3 
-0.025 
-0.22 

a) Re(0 ) = 50 A, Pw = 10"6 s, Z i = 1.08, • = 0, av. dose rate = 10 "e dpa/s. 
b) Values extrapolated from the result, of 100 purses. 
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2 and figs. 13 and 14 that at low temperatures ( 4 0 0 -  
450°C) void growth in all pulsed systems behaves the 
same as the corresponding steady-state case. This 
behavior occurs because void growth is controlled by 
the total bias of  the system with little effects of  
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Fig. 14. Change in void radius in 316 SS after an accumu- 
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Fig. 15. Effect of pulsed irradiation on void growth in 316 
SS for 10 -6 dpa/s average. 

annealing on voids in between successive pulses. On 
the other hand, at higher temperatures the phenom- 
enon of  interpulse annealing is more prominent. For 
example, at 600°C, the 50 A radius void has a net 
decrease in radius of  7 × 10 -3 • at the end of  one 
pulse followed by a 10 s annealing period. However, 
the void experiences a net increase in radius of  +3.5 × 
10 -3 after 100 pulses o f  0.1 s period each. Steady- 
state-like void growth conditions are achieved if the 
repetition rate is 100 pulses per second or greater 
(for temperatures above about 500°C), as can be seen 
from figs. 13 and 14. These important conclusions 
are summarized in fig. 15, where the boundary 
between void growth and no growth conditions is 
given as a function of  pulsing variables. In steady- 
state irradiation, this temperature is about 625°C for 
stainless steel at a dose rate of  10 -6 dpa/s. The other 
extreme, is that of  a 10 s pulse period which has a cut 
off  high temperature limit of  only 575°C. 

4. 5. The e f fec t  o f  the initial void radius 

Void annealing and growth kinetics are strong 
functions of  the initial void radius. With the irradia- 
tion conditions of  the previous section, the same 
series of  calculations were performed for two differ- 
ent void radii; a small initial void radius of  10 A, and 
a large initial void radius o f  100 A. Figs. 16 and 17 
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demonstrate the void growth behavior for the 1O A 
radius, as a function of pulse rate, while table 3 shows 
the changes in the void radius after I0 secon& of irra- 
diation in different equivalent pulsed systems. For this 
smafi void radius, it is observed that annealing effects 
are very pronounced. For a 10 s time period between 
pulses at 550°C, the void radius decreases by --0.082 
A, while for 0.I s between pulses at the same tem- 
perature the radius increases by +0.022 A. However, 
at high temperatures (650°C), void annealing becomes 
very dominant for all pulse rates and the I0 A radius 
void quickly shrinks down to a radius of 5 A, which 
is the radius for the equilibrium bubble containg the 
number of gas atoms required to initiate the void. 

Increasing the void radius affects both the anneal- 
ing and growth phag~ o f  the void kinetic behavior. 
The 100 A radius void does not experience as much 
shrinkage (negative change in radius) at 550°C (see 
table 4 and figs. 18 and 19, as the I0 A radius void 
showed at the same temperature, fig. 16). The relative 
effect of the initial void radius on the high tempera- 
ture cut-off for growth is summarized in fig. 20. The 
f i~re  also r e f l e c t s  the fact that the/niti~ void radius 
has to be large, ff void growth is expected at such 
temperatures. 



Table 3 
Pulsed irradiation void radius changes (A) after 10 s o f  irradiation in 316 SS a) 

No. of  pulses studied 1 10 100 10 -7 (steady-state) 
Dose rate in pulse 10 1 0.1 10 -6 

(dpa/s) 
Period (s) 10 1 0.1 10 "6  

Pulse rate (s "q) 0.1 1 10 10 6 

Growth after 10 s (A) 

T--  400°C +4.1 × 10-4 +4.2 X 10 --4 +4.2 × 10 --4 +4.2 × 10 -4 

T = 450°C +0.0050 +0.0082 +0.0085 +0.0086 
T = 500°C +0.0016 +0.022 +0.036 +0.035 
T =  550°C - 0 . 0 8 2  - 0 . 0 4 0  +0.022 +0.029 
T =  600°C - 0 . 7 4 0  - 0 . 6 8 0  - 0 . 5 4 0  - 0 . 5 0  
T = 650°C - 5 . 0 0  b) - 5 . 0 0  b) - 5 . 0 0  b) - 5 . 0 0  b) 
T = 700°C - 5 . 0 0  b) - 5 . 0 0  b) - 5 . 0 0  b) - 5.00 b) 

a) Re(0  ) = 10 A, Pw = 10-6 s, Z i = 1.08, e = 0, av. dose aret = 10 -6 dpa/s. 
b) This value corresponds to the bubble equil ibrium radius, assumed to be 5 A. 

Table 4 
Pulsed irradiation void radius changes (A), after 10 s o f  irradiation in 316 SS a) 

1 10 100 107 (steady-state) 
10 1 0.1 10 -6 

10 1 0.1 10-6 
0.1 1 10 106 

Growth after 10 s (A) 

T =  400°C +3.9 X 10 -6 +3.9 x 10-6 +3.9 × 10-6 +3.9 x 10- 6 
T =  450°C +3.4 × 10- 5 +3.5 X 10 -5 +3.5 X 10 -5 +3.5 x 10 -5 
T =  500°C +1.7 X 10 -4 +2.0 X 10 -4 +2.0 X 10-4 +2.0 X 10-4 
T =  550°C +2.9 X 10 --4 +6.4 X 10-4 +7.3 X 10 -4 +7.3 X 10 -4 
T =  600°C - 1 . 5  X 10- 3 - 1 . 8  X 10 -4 +6.8 X 10- 3 +8.2 X 10-4 
T =  650°C - 1 . 4  × 10 -2 - 1 . 1  × 10 -2 - 8 . 1  X 10- 3 - 7 . 0  X 10- 3 
T =  700°C - 6 . 8  X 10- 2 - 6 . 5  X 10 -2 - 5 . 9  × 10 -2 --5.6 x 10- 2 

No. o f  pulses s tudied 
Dose rate in pulse 

(dpa/s) 
Period (s) 
Pulse rate (s -1 ) 

a) Re(0 ) = 100 A, Pw = 10-6 s, Z i = 1.08, e = 0, av. dose rate = 10 -6 dpa/s. 

Table 5 
Pulsed irradiation void radius changes (A), after 10 s o f  irradiation in 316 SS a) 

No. of  pulses s tudied 1 
Dose rate in pulse 10 

(dpa/s) 
Period (s) 10 
Pulse rate (s -1 ) 0.1 

10 100 107 (steady-state) 
I 0.1 10 --6 

1 0.1 10 -6 
1 10 106 

Growth  after 10 s (A) 

T =  400°C +6.96 X 10 -6 +7.02 X 10 -6 +7.03 X 10 --6 +6.97 x 10 -6 
T =  450°C +5.37 X 10- 5 +5.75 × 10- 5 +5.80 X 10- 5 +5.7 × 10 - s  
T =  500°C +1.59 X 10 -4 +2.58 X 10 -4 +2.79 X 10 -4 +2.71 × 10 -4 
T =  550°C - 6 . 9 4  X 10 --4 -2 .02"X 10 -4 +3.19 X 10 4 +3.1 × 10-4 
T--  600°C - 8 . 9  × 10 -a - 7 . 3 7  × 10- 3 - 5 . 5 2  X 10- 3 - 5 . 2 7  X 10 -3 
T - - 6 5 0 ° C  - 5 . 4 4  × 10- 2 - 5 . 2 1  × 10- 2 - 4 . 7 7  X 10 -2 - 4 . 6  X 10 -2 
T -- 700°C - 0 . 2 6 7  - 0 . 2 6 4  - 0 . 2 5 7  - 0 . 2 5 3  

a) Re(0  ) = 50 A, Pw  = 10"6 s, Zi  = 1.025, e = 0, av. dose rate = 10 --6 dpa/s.  
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4. 6. The effect o f  the bias factor (Z|) 

From the previous studies [5] on the growth 
behavior of voids, it can be seen that the high tern- 
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perature cut-off for void growth is determined by a 
balance between the void growth aspect, caused by 
the net bias o f  the system, and its tendency  to  shrink, 
due to the annealing effects. In the f o l l o w i ~ ,  we 
study the effect o f  changing the didocation.intersti-  
t/al bias factor on the growth kinetics. 

The same example for the 50 A radius void is 
studied here, with all the previous conditions, except 
for using a different bias factor Zi ffi 1.025. The 
results of the calculations for pulsed inad~tton void 
radial changes in different pulsed sy~ems are shown 
in table 5 and fig. 21. A comparison ~etween the 
growth behavior of a 50 A radius void with Zi = 1.08 
and that of the same void with Z! = 1~025 reveals 
that in the latter case, the change in the rad/us as a 
function of the number of pulses switches from nega- 
tive to positive at 550°C, while the similar behavior 
in the Z l = 1.08 case changes sisn at 600"C (fig. 13). 
The steady-state cut-off temperature is m575°C for 
Z i = 1.025. This indicates that the smaller the bias 
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factor, the lower the high temperature void growth 
cut-off value, because of the greater influence of 
interpulse void annealing. 

5. Concluding remarks 

In this paper the growth of the voids has been 
studied under a wide variety of pulsed irradiation 
conditions. It has been found that pulsed irradiation 
produces a different point.defect behavior which 
cannot be adequately described by an inherently 
steady-state theory. The following major points have 
also been made. 

1. Steady-state response of metals is not always 
achieved for pulsed systems. Even for systems with 
long burn cycles, (i.e. tokamaks) point-defect con- 
centrations, at the start and sometimes at the end of 
the cycle, are different from their steady-state values. 

2. Annealing of voids in metals is not only a func- 
tion of the annealing temperature, but also a function 
of the microstructure present. 

3. For ICFR pulsing conditions and pulse widths 
ranging from a nanosecond to a microsecond, the time 
structure of the dose rate during the pulse is not sig- 
nificant in the determination of the f'mal swelling of 
first-wall materials. The integrated dose within the 
irradiation pulse is the important damage parameter. 

4. The void growth behavior for the first few 
pulses in ICFR's is not necessarily an indication of the 
final metal swelling behavior. The void growth behav- 
ior has to be studied over a time span of about 1000- 
5000 rv, to determine the ultimate void growth char- 
acteristics. 

5. Under pulsed irradiation, void growth behavior 
is a strong function of both the pulse repetition rate 
and the irradiation temperature. Voids in stainless 
steel were shown to exhibit slower growth rates at 
high temperatures when there are long times between 
successive pulses. Tile dividing temperature between 
growth and no growth of voids can be reduced by as 
much as 50°C from the corresponding steady-state 
value, if the time between the pulses is as long as ten 
seconds. 

6. Pulsed irradiation has been shown to be equi- 
valent to steady-state irradiation, for an average dose 
rate of 10 -6 dpa/s in stainless steel, if the pulse repeti- 
tion rate is greater than 500 pulses per second. 

7. It has been tbund that smaller w)id radii and 
lower interstitial dislocation bias factors tend t(~ accei. 
erate interpulse annealing. This causes a lower net 
growth and further reduces the temperature between 
growth and no growth. 

8. For a fixed operating temperature, geometry 
and ICFR plant power output, the amount of swell- 
ing in the first-wall can be reduced by using higher 
yield pellets. This results from higher mutual point- 
defect recombination rates and also because the 
annealing time between microexplosions of large 
yield pellets is longer. 

9. For a fixed geometry, ICFR power plant output 
and pellet yield, the amount of swelling in the firsl- 
wall can be reduced by operating at the highest tem~ 
peratures allowed by other design factors (e.g. em- 
brittlement). 
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