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VOID CROWTH CHARACTERISTICS IN LASER FUSION REACTOR FIRST WALLS

N. M. GHONIEM and G. L. RULCINSKI
UCLA and University of Wisconsin

The damaging effects of microexplosion products on void behavior in unprotected stainless steel
laser fusion first walls are analyzed using the Dynamic Rate Theory. The preliminary results
from this work indicate that in the zones where the temperature excursions are the highest, gas
bubbles will be the predominant defect and the dislocation loops and voids will be annealed out.
As one moves farther into the first wall, the growth or shrinkage of voids depends on the ambilent
temperature and the magnitude of the displacement rate.

1. TINTRODUCTION

One of the most unique features of proposed
laser fusion reactors is the pulsed nature of
the energy release [1-3]. As a result of laser
initiated implosions, the thermonuclear burn
takes place over tens of picoseconds, releasing
a large. variety of energetic ions, neutrons,
and photons. If the first walls of the reaction
chamber are unprotected, this radiation can_g
strikg the walls over times ranging from 10
to 10 “seconds. Such damage rates can cause
significant thermal transients (v1000°C or

more) and high displacement rates (10-100 dpa/s).

The distances over which this energy is de-
posited varies from a few thousand angstroms

in the case of reflected laser light to

sexerai micigns for the charged particle debris
(D, T, He , and pellet material such as
carbon, irom, etc.), up to millimeters for high
energy X-rays and 10's of centimeters for
neutrons. Hence, it appears that there will

be several distinct zones of damage in the
first wall which will have to be analyzed
separately to determine the ultimate response
of the wall to the pulsed radiation fields.

Previous analyses have treated the temporal
and spatial response of Cu [4], Mo and C [5]
and 316 SS [6] first walls to a general
pellet specfra which may be typical of a
100 MJ yield. Theories have also been developed
to treat rapidly changing damage conditions as
they might affect the growth and shrinkage of
voids in metals [7]. The object of this paper
is to combine the two previous lines of
research so that we might gain some insight as
to the behavior of voids in each of the various
damage zones.

2. CALCULATIONAL MODEL

Because of the complex nature of the tem-
perature and displacement transients, it is
necessary to make several simplifying assump-
tions before proceeding with the calculations.
The major assumptions are listed below.

¢ There is no mechanism to protect the first
wall from the wave of pellet debris and
reaction products.

e We assume that before the first pulse of
radiation arrives, the first wall has a uniform
microstructure consisting of 1.4x104° inter-
stitial dislocation loops per cm”, 20.5 R in
radius, and 1,1x1012 voids per cm3, 20 & in
radium, The densities are typical of 316 SS
irradiated in EBR-II to 0.5 dpa at.500°C [8].
It has to be born in mind that such low defect
densities are indicative of a microstructure
in the process of nucleation. However, we
recognize that a more detailed treatment of
nucleation of defects during pulsed irradiation
is needed.

® The volds are assumed to each contain 50
atoms of inert gas which will support an
equilibrium bubble size of 10 A in radius.

The first wall was divided up into four
zones as described in Figure 1. The first
zone represents the region where the charged
particle debris is stopped (first féw microns)
and hence has the highest thermal transients
and displacement rates.. The second zone {(up to
5 microns) is similar to the first but some-
what deeper into the solid where the thermal
pulses are important but the only displacement
rate is due to neutrons, The third zone
represents the region (v5-20 microns) which can
experience modest (*100°C) thermal pulses and
neutron damage. Finally, the fourth zone
represents the rest of the solid which experi~
ences pulsed damage from neutrons, but remains
at the ambient temperature (assumed to be 500°C
in this case).
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Fig. 1. Temperature and displacement rate profiles at various depths of the

first wall resulting from a single microexplosion.

o The equations and materials parameters for
316 SS which describe the time behavior of the
defect structure and vold growth/annealing
kinetics are taken from the Fully Dynamic Rate
Theory (FDRT) described elsewhere [7].

e No account has been made for spatial
point defect diffusion from one zone to the
other in the manner proposed by Mansur and
Yoo [9]. This is an improvement which will
be examined in the future.

o The temperature pulses and displacement
rates in 316 SS are taken from work by McCar-
ville, et al. [6], and idealized in the manner
illustrated in Figure 1 and listed in Table 1
for case of calculation.

The results reported in this paper are
organized as follows: first, the effect of a
single pulse of radiation on the microstructure
in a pre~irradiated first wall is analyzed in
detail for zone 1. Next, the variations in
cavity and loop radii for zones 2, 3 and 4 are
presented. This is followed by a brief discus-
sion of the effects of ten consecutive pulses,
spaced 0.1 of a second apart. Finally, the
effect of different initial void radii on the
final microstructure 1is investigated.

3. RESULTS AND DISCUSSION
3.1 Near Surface Region (Zone 1)
This zone is characterized by high tempera-

ture and displacement rates as discussed pre-
viously. Figure 2 shows that vacancy and in-

terstitial concentrations increase linearly
during the neutron damage, at least up to 10
seconds. One can notice that C_ is slightly
lower than C, in this time domain because of
the direct formation of vacancy loops. Between
0.1 microsecond and 5 microseconds, the dis-
placement rate is very high (100 dpa/s) which
maintains relatively high concentrations of
both vacancies and interstitials. It is impor-
tant to observe that the vacancy concentration
is only slightly above its thermal equilibrium
value (Ce). Immediately after the damage pulse
ceases, the interstitial concentration de-
creases gharply because of the high inter-
stitial diffusion coefficient. On the other
hand, the vacancy coggentration remains con-
stant up to about 10 seconds before it de-
creases due to vacancy absorption into vacancy
loops.

Fluxes for void growth (¢e =D C ), shrinkage
(due to interstitial abso¥gtiox;v¢1 =D.C,, and
vacancy emission; ¢_ = D_Cy exp {((Zy/R}- p) X
Q/kT} are plotted ob Figire 3 as functions of
irradiation time. Up to 0.1 p seconds, the
interstitial flux arriving at voids (¢1) is
appreciably larger than the incoming vacancy
flux () causing the void to shrink. However,
due to the very short time during which this
occurs, the average void and loop radii are
only slightly reduced, as can be seen from
Figure 4. During the remaining part of the
irradiation pulse, the vacancy flux is always
larger than the flux of interstitials. However,
due to the high temperature between 0.1 and



N.M. Ghoniem and G.L. Kulcinski | Void growth characteristics 549
Table 1
Damage Conditions Assumed for This Study
Temperature, °C Displacement Rate, dpa/s
Zone Number Zone Number
Time 1 2 3 4 1 2 3 4
0-0.1 us 600 600 500 500 5 5 5 5
0.1-5 us 1500 1500 600 500 100 0 0 0
5-10 Us 1000 1000 600 500 0 0 0 0
10-100 Us 700 700 600 500 0 0 0 0
100-1000 Us 570 570 550 500 0 0 0 0
1 ms - 0.1 500 500 500 500 0 0 0 0
sec
4103
3 ] {0+
£
€ w?l Hi0® §
g 'k Hi0® @ "
3 . 3 €
- e L —""'--.n..\ 8 o
$ oo —‘i ~J° ]
3 . N § g
E A et c‘ LE!__‘ dig® é_’ b1
£ ra - « !
N S— \_Ri=h
107/ c¢ 10 2
v 1o i i L L i i [o}
10 ) ; — . . 100 0% 107 10® 19% 10t 10 10?0
-8 -r -6 -5 -4 -3 -2 -t
1070 1o 10 10 10 02 102 10 Time, seconds
Time, ssconds
Fig. 2. Point defe;§.c?ncintrationst§nd dlg‘ Fig. 4. Microstructure components for
fyszonzcoe 11c1en S as functions o a single irradiation pulse in
time (Zone 1). Zone 1.
107
10-8}.. 5 p seconds, the emission flux from the surface
of voids (¢_) is much larger than ($ =~ ¢ ),
- { thus the vold again shrinks. This high tempera-
L o ture alsoc anneals out all interstitial loops.
= {The average radius, R It shrinks down to "~ one
wel 7. = Burger's vector, b). éacancy loops (R_,) and
j y voids (R ) shrink to smaller sizes as w&ll.
€ ol /4 | Since an average void is assumed to contain
° / I 50 gas atoms, the vold cannot shrink below the
é 4 corresionding equilibrium bubble radius (R,)
Wiz L ¢ of 10 A, The high level of vacancy concenfra-
v tion achieved during the second period of the
o b pulse (0.1 - 5 us) induces slow cavity growth
g: and a faster rate of growth for vacancy loops,
as demonstrated In Figure 4, Vacancy loops and
10" cavities compete for the existing vacancy popu-
_— lation, and, therefore, their growth is achieved
Tl A 1 " i L L at the expense of decreasing the free vacancy
0% 07 10t 10 1wt 10 107 i concentration. This behavior camn be explained
Time, seconds by comparing Figures 3 and 4 for irradiation
ti 1 th 1 milld d.
Fig. 3. Point defect fluxes as mes longer than Lm secon

functions of time (Zone 1).
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3.2 Bulk Regions (Zones 2, 3, and 4)

The only difference between zone 1 and zone
2 is the lack of the high displacement rate
produced by the pellet debris. The high tem-
perature between 0.1 - 5 y seconds anneals out
all the components of the microstructure ex-
cept for the gas filled cavities. Interstitial
as well as vacancy loops disappear entirely by
the end of 5 u seconds as can be observed from
Figure 5. Because each cavity is assumed to
contain 50 gas atoms, it does not shrink below
the equilibrium bubble radius. Following this
high temperature period, the cavity starts to
grow slowly, but never reaching its original
radius before the next pulse. However, the
final cavity radius in zone 2 is larger than
the corresponding radius in zone 1 at the end
of one pulse (v15 X compared to +13 A). This
is expected because there is no other micro-
structural components to compete with cavities
for existing vacancies in zone 2.

The response of the mierostructure in zones
3 and 4 has been found to be about the same.
Therefore, we will only discuss here the res-
ponse of dislocation loops and voids to the
temperature and neutron damage described in
section 2 for zonme 3. Up to 0.1 us, the
vacancy loop concentration, Nyg, builds up
linearly to 1.18x1013 loops/cm3. No other
appreciable changes occur in the microstructure
during this very short time. The fast diffu-
sion of interstitials to dislocation loops and
cavities causes the interstitial loops to ex-
pand, while the vacancy loops and cavities
shrink, as can be seen from Figure 6. The
number of vacancy loops decreases slightly
to M1.1x1013 loops/cm” at the end of the pulse.
The high vacancy emission from the cavity sur-
face offsets the incoming vacancy flux, and the
cavity radius remains almost constant in the
later parts of the pulse (> 1 ms) at a value
lower than the initial radius. Successive

25

ol
.
3
" h-J
£ &
(1]
X
3
< N
® vl
8 \__ Ry=Ryxb
oﬂ 1 1 1 1 1 1 P
0® 107 10® w3 w* 03 10 10

Time, saconds

Fig. 5. Microstructure components for a
single irradiation pulse in
Zone 2.

Density, cm3

N.M. Ghoniem and G.L. Kulcinski | Void growth characteristics

s, &

25
Ril
_‘/,_:L._____ .
i e o doo
[
RC
R =1
— vl 5
101 {10
Nyi
o+ T 5
102 1 1 1 L 1 L 0
0® 107 10¢ 10° 10¢ 10 107 w0
Time, seconds
Fig. 6. Microstructure components for a

single irradiation pulse in
Zone 3.

pulses shrink the cavity further until it
reaches the bubble equilibrium radius. It has
to be recognized, however, that large initial
cavity radil can lead to eventual growth of the
cavities as will be explained in 3.3 below.

3.3 Train of Ten Pulses

The time dependence of cavities and vacancy
loops due to a train of damage pulses in zone
1 is illustrated in Figure 7 for two diffe-
rent initial cavity radii. When the initial
cavity radius (RY) is 20 &, it shrinks down to
the bubble size ?R¥ =10 x) and then grows to
v13 A at the end of the first pulse. On the
other hand, vacancy loops expand to a radius of
n28 A at the end of the first pulse. Since the
cavity shrinks down to the radius of an equili-
brium bubble during the pulse, it grows to a
final size which is controlled by the equili-
brium bubble radius and not the initial void
radius. Successive pulses will then result in
cavity response identical to the first pulse.
On the contrarv, for larger initial cavity size
(e.g.RY = 50 &), the behavior is quite diffe-
rent., acancy emission from the cavity surface
is not very strong during the high temperature
phase of the pulse, and, therefore, the cavity
survives and actually grows slightly by the end
of the first pulse. Cavity growth is accumu-
lated with each pulse leading to void swelling
rather than bubble swelling. It is apparent
from this comparison that the gas content of the
first zone will determine whether swelling will
occur by the action of voids or bubbles.

3.4 The Effect of the Initial Cavity Size

The discussions in the previous sections indi-
cated the Importance of the initial cavity size
in determining the final swelling behavior. The
effect of the initial cavity radius on the final

Radiu



N.M. Ghoniém and G.L. Kuleinski | Void growth characteristics 551

60
RI=504
R
50‘----ua===J£::i—-— S — s e e e e e
I" Pulse 2" Puise IO"‘ Pulse
40k
ot
w‘
s 30
® ., A,
3 \Rwt / \ /
® \ ) , Z
RC \ '/' \ _/.
L
[¢} 1 i i i § 1 i 1 i
08 106 0% 10210" 107 10 103 1w' w0 w* woZo!

irradiation time measured from the start of each pulse

Fig. 7. The time dependence of the average cavity radiis (R )
s . . c
and the V-loop radius in a series of pulses.

10 30 50 70 9¢C Ho
RE, A

Fig. 8. The ratio {RF/RI) plotted as a func-
tion of initgalccavity radius after
ten pulses.

radius atter ten pulses is summarized in Figure

8. The ratio of the final cavity radius to the

initial cavity radius [RE/RI] is plotted as a

function of the initial cav%ty radius.

When the cavity radius is close to the equili-
brium bubble radius (10 in thig case), the
cavity shrinks because of the pulsed irradia-
tion and the ratio {szRI] is less than unity.
This is observed for all zones, as shown in
Figure 8. It is interesting to mote that above
inicial radii of 44 & in zone 1 and 40 X in

zone 2, cavities continue to grow with irradia-
tion. However, the growth in zone 2 is larger
than in zone 1, primarily due to the lack of
surviving vacancy loops in zone 2, One can
also notice from the same figure that the
changes in the cavities of zome 3 and 4 are not
very large because of the moderate temperature
excursions and the very small_amount of damage
accompanying each pulse (5x10 ' dpa/pulse). For
a complete discussion on the final swelling
under conditions similar to zones 3 and 4, the
Eeager is referred to the analysis of reference
10].

4. CONCLUSIONS

(1) The very high temperature pulse in the
near surface region will override the high dpa
rate due to the implanted specles and cause the
interstitial dislocation structure to anneal
during each pulse. However, the high displace-~
ment rates produce significant vacancy loop con-~
centrations which compete with voids for vacan-
cles, This coupled with the large emission
rates of voids at the high temperature will pro-
hibit bubbles from exceeding their equilibrium
size, Therefore, the behavior of this zone will
be dominated by bubbles and vacancy loops, not
volds.

(2) Since spatial zone 2 is deeper than
where the debris is deposited but close enough
to experience high temperature pulses, it will
experience larger swelling than zone 1. The
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reason for this behavior is that both the
vacancy and interstitial loops anneal during
the pulse and the excess vacancies can only
add to the existing void structure.

(3) In the zones where there is little or
no temperature increase and only neutron
damage (e.g. zones 3 and 4), the dislocation
structure is more important. The final swell-
ing will depend on the initial void radius and
ambient temperature. For high temperatures
and small initial void size, the final swelling
will be small. For low temperatures and large
initial void size the swelling will be similar
to that from steady-state irradiations.

(4) There is a critical void radius above
which voids will grow and below which they
will shrink to the equilibrium bubble size
determined by the number of gas atoms contained.
The critical void size 1s larger than that ob-
tained from steady-state irradiations because
of the high temperature transients associated
with the thermonuclear burn.

One of the main features of this work is to
point out the importance of the spatial and
temporal damage conditions in an unprotected
first wall for an Inertial Confinement Reactor.
The analysis in this paper shows that there are
at least three regions which could have drasti-
cally different microstructures after pulsed
irradiation. These microstructures will un-
doubtedly effect mechanical properties and
need to be investigated further.
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