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ABSTRACT
A calculational method based on the rate theory approach, has been

developed to describe the growth behavior of voids and dislocation loops in
metals under pulsed irradiation. The Fully Dynamic Rate Theory (FDRT) is
shown to predict accurately void swelling for constant production rate of point
defects in electron and heavy ion irradiated stainless steel. The application
of FDRT to pulsed irradiations predicts that at any given temperature and

damage rate, there will be a critical time in between the pulses, tgr1t’ such

that at t > tgrit voids shrink and at t < t;rit
I. Introduction
There has been a great deal of interest recently in fusion power reactors based

on the internal confinement approach.(]’z) One of the unique problems associated
with this concept is the very high instantaneous neutron displacement rates
(~1-10 dpa/sec) that may exist in the first wall for times on the
order ~10 nanoseconds. Previous experimental data on, and theoretical treatments
of neutron irradiated metals have all been associated with Tow (~10'7 to 107° dpa s'])
displacement rates which are constant in time. It has been shown by high energy
heavy ion bombardment(B’s) and theoretical ana]ysis(G) that such information
is not directly applicable to pulsed irradiation conditions and therefore both
new experimental data and theoretical models must be developed before one can
realistically assess the potential of inertially confined fusion reactors. It
is the objective of this paper to present a model which can treat the growth of
voids under pulsed irradiation conditions.
II1. Fully Dynamic Rate Theory of Metal Swelling

Previous treatments of void growth in neutron irradiated metals at high
temperature have used rate theory to calculate the vacancy and interstitial
concentrations, C and C respectively, based on the work of Brailsford and
Bullough. (7) The present work has allowed most of the parameters in the rate
theory to vary with time and the present Fully Dynamic Rate Theory (FDRT) takes
the following form (a more detailed treatment can be found in reference 8).

voids will grow.




dCI(t)
_a€——— = P(t) - AI(t)CI(t) - O‘C]:(t)cv(t) (])
dCV(t)

It = Pe(t) + (1-e)P(t) - Av(t)Cv(t) - aCI(t)Cv(t). (2)

The different rate processes are given by

PR(t) = rate of recombination (at./at/.sec.)

PSI(t) = rate of interstitial leakage to all sinks (at./at./sec.)
Psv(t) = rate of vacancy leakage to all sinks (at./at./sec.)
Pe(t) = rate of vacancy emission from all sinks (at./at./sec.)

and
_ oV d i2 Ve
Po(t) = PY(t) + PS(E) + PLY(t) + PYH(E) (3)
where
PZ(t) = rate of thermal vacancy emission from voids,

Pg(t) = rate of thermal vacancy emission from edge dislocations,
pgg(t) = rate of thermal vacancy emission from interstitial loops,
pgz(t) = rate of thermal vacancy emission from vacancy loops.

The previous rates of emission are now expressed explicitly as:

pu(t) = 4mry (EINCY exp [(2v/ry(t)-p)b%/KT] (4), PY(t) = Z,00D,C (5)
ey 2 i 0 V&roy _ va 0
Pe (t) - vad(t)DVCV (6)9 Pe (t) = vad(t)DVCV' (7)

The interstitial and vacancy loop dislocation densities are given respectively

by
(8)
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Here sz(t) ard Niz are the vacancy and interstitial loop concentrations/cma,

while rvz(t) and riz(t) are the vacancy and interstitial loop average radii,

respectively. Also
PR(t) = aCI(t)Cv(t) (10)

2nrv£(t)Nv£(t) (9)

where a is the recombination coefficient and
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where XI’v(t) = AI v(t) + AI v(t). (12)
A v(t) is a time dependent total point defect leakage strength while
v -
A y(t) = dmry(ND (13)
is a time dependent point defect leakage strength to voids and
d
= t +
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is a time dependent point defect leakage strength to different dislocations.
The leakage strength is defined as the leakage rate per unit concentration of the
particular point defect.

According to the previous definitions, Equations (1) and (2) for the time
rate of change of Frenkel pairs could be written as:

ch(t) )
dt - P(t) - PSI(t) - PR(t)9 (]5)
d dc,,(t)
) —d—z—— = Po(t) + (1-e)P(t) - Pgy(t) - Pp(t) (16)

where e is the fraction of vacancies produced in the form of vacancy loops.
The equations for point defect concentrations together with other four coupled
non-linear rate equations are solved using TRANSWEL code.(g) The four coupled
rate equations(g’]o) are for the average void radius, the average interstitial
loop radius, the fraction of vacancies retained in vacancy loops and the
number of vacancy loops per unit volume.

III. Calibration of FDRT Against Steady State Irradiation Data

FDRT is particularly suitable for time dependent irradiations. However,
it can be easily applied to simulate steady state irradiations (constant rate
of Frenkel Pair production). For example, we have compared the theoretically
predicted swelling to that experimentally measured from 1 MeV electron irradiated
and 22 MeV C++ ion irradiated(12’]3) stainless steel. The parameters used in the

ca]cu]atéoni are given in Table 1. The following complete nucleation conditions
10 '

are use.
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(1) 1 MeV electron irradiation: € = 0, N,= 6.5 x 10 exp (1.0 ev/KT),

N., = 6.7 x 10-3exp (2.8 ev/KT) v

1
(2) 22 MeV C** irradiation: € = 0.044, N, = 3.15 x 101

Nig = 1.34 x 10-4exp (2.8 ev/kT) v
Figure (1) illustrates the dynamic behavior of the total interstitial sink
removal rate (PSI)’ the total vacancy sink removal rate (PSV), the recombination
rate (PR) and the point defects concentrations for the heavy ion irradiation case.
Results for electrons are quoted e1sewhere.(8)
and relative importance of these parameters are heavily time dependent, especially
at the start of irradiation. Figure (2) shows the good agreement between the

(12,13) in steady state applications for heavy ion
th
v ]

exp (0.625 ev/kT),

It is clear that the magnitude

FDRT theory and experiment
irradiated in 316 SS. The initial conditions used are: CV(O) - C
¢, (0) = ¢, N

1 |

r (0) = 10 A, r. (0) = (4r3(0)N /3bNiz)% N (0)=0, p'*(0) = 0

v > Mg v e/ ly > Nvg > Py g

2y
Pg(o) <FVTUT

IV. Application of FDRT to Pulsed Irradiations
The example studied here corresponds to an approximate damage pulse

represented by (8)
1

1

,0<t 5_10'8 sec

, 108 < t < = sec

10 dpa s~

dpa rate { _
0 dpa s

Figures 3 and 4 show the temperature and time dependence of the point

defect concentrations and their effect on an initial 40 R radius void. It can

be seen that irradiation at 400°C causes the void to shrink initially due to the

interstitial flux and then to grow to r > 40 K after the vacancies migrate to

the void. Annealing thereafter is a result of thermal vacancy emission from

the void surface. The significance of the 25 second recovery time is that

if another damage pulse occurs in that time period, the void will grow. If the

pulse occurs at times larger than 25 seconds, the void will shrink.

Figure 4 shows that the behavior at 600°C is generally the same in that the

void never regains its initial radius of 40 R. The increased thermal emission

at 600°C causes the void to shrink faster than the rate at which vacancies can

be added. Therefore, under these conditions one would not expect swelling

to increase with dose. This situation is summarized in Figure 5 where the regions

of void growth and shrinkage are related to temperature and time between

pulses for the given conditions. The details of this curve are described €lsewhere.



V. Discussion and Conclusion

A principle aim of the present work has been to develop a calculational
method, based on the rate theory approach, to describe the behavior of voids
and dislocation loops in metals under pulsed irradiation. The method has been
shown to be applicable to irradiations under constant rate of point defect
production (Figures 1 and 2). Application of FDRT to simulate pulsed irradiation,
(Figures 3-5) has shown that there is a critical time between pulses for zero
growth of the void (tcrit) as a function of temperature (Figure 5). For times

less than tgr1t voids grow and for times greater than t;r1t voids will shrink.
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Table 1

POINT DEFECT CONCENTRATION AND CHANGE IN VOID RADIUS AS A FUNCTION OF TIME DURING

M316 STAINLESS STEEL PARAMETERS
USED FOR THESE CALCULATIONS

Parameter

" Surface Energy

Vacancy formation Energy
Vacancy migration Energy
Interstitial formation Energy
Interstitial migration Energy
Yacancy diffusivity

recombination coefficient

dnterstitial diffusion coefficient

stacking fault energy

deformation produced dislocation
density

Burgers vector
dislocation bias for vacancies
dislocation bias for interstitials

gEffective modulus

Symbol

Y
eV

be

© .-."é ..f“-g. gm<

=]
<

value
1.25x10'°
1.6

1.3

40 -

0.2

0.6

T

9.4x10'2

108

2x1078

- 1.00

1.08
ax10M

Dimensions
ev cm'2
ev
ev
ev

ev

dyne cm~
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