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Void Swelling as a Stochastic, Evolutionary Process 
Michael P. Surh and W. G. Wolfer 
Lawrence Livennore National Laboratory, Mail Stop L-353. PO. Box 808, Livermore, California 94551 

Past theories of radiation swelling have mostly dealt with the effect of void growth on the steady-state rather than of void nucleation on the incubation of 
swelling. However, new analysis indicates that incubation and its dependence on dose rate, impurity concentrations. and temperature dramatically influences 
the cumulative experimental swelling. We present rate theory calculations of this void nucleation and growth that include the timedependent coupling 
and evolution of point defect concentrations, void size distribution, and dislocation density. A transient, swelling-free period originates in the exponential 
sensitivity of nucleation to the temperature and point defect supersaturations and the dependence of the defect concentrations on the dose rate, temperature, 
and aggregate sink strengths. Specifically. simulations representing cold worked pure metals show delayed swelling that is governed by dislocation evolution 
towards a reduced. steady-state density. Impurity atoms are expected to affect the incubation period through the initial dislocation density and subsequent rate 
of evolution. We conclude that appreciable void swelling requires a sufficiently low concentration of network dislocation and dislocation loop sinks, and that 
incubation is the time required to achieve this state. 

Keywordr: void swelling, nucleation, Fokker-Planck equation 

1. Introduction 

Reactor materials can remain dimensionally stable during 
periods of irradiation up to the order of 10 dpa of total fluence. 
However, with continued irradiation, the material eventually 
begins to swell volumetrically, and it subsequently achieves 
a steady-state wherein its linear dimensions grow at a con- 
stant rate. That initial, swelling-free, “incubation stage” is 
a characteristic feature of radiation swelling in most reactor 
materials. Recent analysis suggests that the influence of this 
incubation period has not been fully accounted for when eval- 
uating steady-state swelling behavior (1,2,3). Since incuba- 
tion depends on radiation dose rates, temperature, impurity 
concentration, dislocation density, and other materials prop- 
erties and steady-state often does not, this may confound the 
search for a microscopic understanding of swelling. 

Swelling is widely considered to derive from the produc- 
tion of separate vacancies and interstitials from the residue of 
irradiation damage cascades (4,5,6,7). During and after the 
damage cascade, the point defects can, variously, annihilate 
each other, aggregate in small voids or loops, form stacking 
fault tetrahedra, or be incorporated at pre-existing sinks like 
voids and dislocations (8). Analysis of the point defect in- 
teraction with these sinks indicates a biased flux that leads 
to void growth, dislocation climb, and a net swelling of the 
material (9). Absent the stable voids, the vacancies and inter- 
stitials should annihilate at the dislocations in equal numbers, 
so that there is no net climb and no net volume changes. Thus, 
incubation can be tentatively assigned to a delay in void nu- 
cleation and growth. 

In this paper, we apply stochastic rate theory calculations 
to early-time void nucleation and growth. A mean-field treat- 
ment of stress and defect diffusion is used to derive parame- 
ters for evolution of the void size distribution within a Fokker- 
Planck formalism (6, 10). This approach has the advantage 
of treating both nucleation and growth processes on an equal 
footing. Here, we extend earlier such calculations to higher 
total fluences and longer times and incorporate a simplified 
treatment of the simultaneous evolution of dislocation den- 
sity. As expected from classical nucleation theory, we find 
that nucleation rates are exponential in the vacancy chemical 

potential. In turn, the nonequilibrium vacancy concentration 
is itself very sensitive to the total density of the sinks. That 
aggregate sink strength is initially dominated by dislocations, 
so no appreciable void nucleation occurs unless the disloca- 
tion concentration is low. We suggest that the incubation pe- 
riod is simply the time required to evolve the microstructure 
to a sufficiently low dislocation density that void nucleation 
becomes relevant. Factors which influence the initial disloca- 
tion density or the dislocation mobility and rate of evolution 
will affect the duration of the incubation period. 

2. Theoretical Method 

The microscopic process of vacancy aggregation and void 
nucleation and growth under nonequilibrium irradiation in- 
volves random aggregation or absorption of mobile point de- 
fects plus the emission of vacancies. This can be described 
by the theory of stochastic processes (1 1); for example, evo- 
lution of the ensemble void population can be studied from a 
master equation for the distribution of void sizes. However, 
a computational treatment of the full distribution of discrete 
sizes has been difficult, as voids range in size from a few 
to more than lo5 lattice sites. For large voids, at least, it is 
possible to replace the atomic description with a continuum 
model to a good approximation. In that case, the population 
of discrete-size voids is replaced with a continuous size dis- 
tribution, P ( x ) ,  evolving under a Fokker-Planck differential 
equation: 

= - - d [ K k , r )  - P(x)+s (x )  (1) ar ax 
for void radius, x. The evolution equation is characterized 
by a source term s, and nonlinear and time-dependent drift 
and diffusion parameters, K, and Q, obtained from the void- 
size transition rates of the master equation (10, 12). These 
parameters govern drift and diffusion of voids in their size 
space; they do not correspond to thermal diffusion of defects 
in the three-dimensional material. 

Numerical solutions to such second order nonlinear evolu- 
tion equations can be obtained an integral equation formal- 
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1.5e+19 ism (10, 13), in a path integral scheme. In this approach, 
an approximate, short-time Green function is constructed for 
the Fokker-Planck differential equation, and the distribution 
is evolved in time by repeated application of this propagator. le+19 

.- The method is numerically stable even for large time steps. e 
E 

9 
0 
Q - In practice, the void size distribution is re-discretized, and 

elements of the propagator matrix are calculated by double in- 
tegration of the propagator over initial and final grid intervals 
(14, 13) 

%+I 8 
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(2) 

Aij(T) = - 1 /dxi /dxjG(xi ,xj;T)  
b i  

FIGURE 1. Void size distribution, P, versus radius, x (in units 
of burgers vector) at various time intervals after the onset of 

1 results are for a time-independent, low density of dislocation 

with the approximate, Gaussian propagator: 

- ( x i - ~ , - K ( x j ) z ) 2 / ( 2 Q ( x j ) z )  irradiation (t = 4,8,14,24,34,44,54, and 64 minutes). These C(xilxj;z)  = 

(3) 
In the original implementation, the fist  integration is effi- 
ciently computed from the numerical error function, while the 
second integration requires full, numerical quadrature. Much 
computational effort is expended to maintain accuracy in this 
quadrature, so we have substituted a Chebyshev polynomial 
interpolation. This can be integrated in closed form, and so 
the propagator matrix element is reduced to evaluation of a 
polynomial (15). Futhermore, after an initial period during 
which the void distribution and vacancy population may be 
rapidly evolving, we recompute the matrix at infrequent in- 
tervals. 

We present calculations for fixed temperatures of 300K 
and a radiation flux of dpds for a metal with dislo- 
cation densities range from lo'* to 1014 /rn2. Swelling ap- 
pears quickly for the lower dislocation densities, and we find 
that numerical accuracy requires relatively small timesteps. 
The simulations are begun with timesteps of lo-%, which 
are logarithmically increased to a maximum of 2s during the 
first hour of simulated time. The numerical grid size, dx, is 
related to the timestep intervals z, by dx = d m  (10). 
This limits the bandedness of the diagonally-dominated prop- 
agator matrix to a manageable level. We truncate at up to 
3 1 bands including the diagonal. In our experience, the con- 
version from discrete master equation to continuum and back 
to a discrete grid reduces the grid size by less than an order 
of magnitude. A coarser sampling would result in additional 
savings, but at the cost of reduced numerical accuracy. 

The numerical convergence versus timestep appears to be 
controlled by the grid resolution at the small, unstable void 
sizes. Here, the density distribution may vary by orders of 
magnitude between voids with n and n + 1 vacancies, so the 
assumption of a continuous distribution function requires a 
fine gridding. It is precisely the random passage of small, un- 
stable voids across the threshhold that controls the nucleation 
rate, so the calculations are very sensitive to the treatment of 
this region. 

3. Results and Analysis 

We first study the artificial case of a fixed, tirne- 
independent dislocation density and examine trends in 

sinks (2 x 10l2 mV2). The distribution function includes fac- 
tors of 2, so the density of voids with radii from x to x f dx 
is: dp N P(x)dx. 

swelling. There are two qualitative limits that are of interest. 
The first occurs for relatively low dislocation densities or high 
radiation dose rates; the second is at high dislocation densities 
or very low dose rates. The limits are separated by their (high 
or low, respectively) vacancy supersaturation at initial times. 

The first limit case gives a rapid aggregation and high con- 
centration of vacancy dimers and larger aggregates.The initial 
growth of voids from the excess monomers is due to the dif- 
fusive component, Q, of the Fokker-Planck equation because 
the drift term, K < 0. Thus, at early times, the distribution is 
peaked at the vacancy monomer and broadens to larger sizes 
with increasing time (see Fig. 1, t = 4 min.). As the void dis- 
tribution spreads beyond the threshhold size for stable voids, 
there is a net drift towards larger sizes (since K > 0), and these 
stable voids grow steadily. The nucleation rate is given by the 
flux of voids through the threshhold and is related to the void 
density and diffusivity there (since K = 0 at the threshhold). 

In these low dislocation density calculations, the void sink 
strength subsequently rises to become significant relative to 
the pre-existing dislocation sinks. As total sink strength in- 
creases with time, the vacancy concentration decreases (Fig. 
2). The stable void size moves to larger sizes, the density of 
voids around the threshhold drops precipitously (Fig. l), and 
the void nucleation essentially halts. The void size distribu- 
tion now consists of a well-defined bulge that has pinched off 
from the unstable vacancy multimers at early times (Fig. 1, 
t N 30 minutes). Henceforth, that bulge steadily evolves to- 
wards larger sizes while the total area it encompasses (number 
of such voids overall) is constant. This void growth without 
appreciable further nucleation coincides with a steady-state, 
linear volume swelling versus time (see Fig. 2). 

A second limit is obtained when the initial vacancy con- 
centration is very low, at low dose rate or high dislocation 
sink density. In this case, the vacancy monomer osmotic 
pressure is small. The initial void distribution is peaked at 
the monomers, and only the exponential tail reaches to the 
stable void threshhold (Fig. 3, t = 1 hour). Subsequently, 
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FIGURE 2. Percent of volume swelling and vacancy concen- 
tration versus time for dislocation density of 2 x 1013 m-2. 
Percent volume change is shown with solid lines and labels on 
the left axis; vacancy concentrations are plotted as a dashed 
line and labeled on the right. 

the accumulated void sink strength remains negligible com- 
pared to the dislocation sinks. Therefore, the Fokker-Planck 
model parameters, K and Q are quasi-stationary, and the nu- 
cleation rate for stable voids is constant in time. This incuba- 
tion limit persists while the accumulated voids remain incon- 
sequential compared to the aggregate sink strength. Important 
microstructural changes which involve the dislocation distri- 
bution are ignored in this simple model example. 

The distribution of unstable and small, stable voids, 
quickly reaches a quasi-stationary limit (Fig. 3, t > 1 hour). 
Because of this, the steady flux of nucleating voids ultimately 
accumulates at the upper limit of the void size distribution. 
The leading edge, x-, advances at a rate given by drift, 
K(x-) (K is effectively independent of time, here), and so 
the height of the distribution at the growing edge, is controlled 
by the nucleation rate (Le., P(x-)K(x-) N J-). A char- 
acteristic, linear distribution results versus void radius with a 
total swelling rate, d(ln(V)) /dt  21 t3 (Fig. 4). 

Finally, we display the dependence of swelling rate on 
(time-independent) dislocation density between these two 
limits of behavior in Fig. 5 .  Again, temperature is 300 K and 
dose rates are dpds. Both transient and steady-state be- 
haviors can be seen. The swelling rates for the higher, but still 
reasonably achievable, dislocation densities are hardly visible 
on a linear plot when compared to the results for low disloca- 
tion density. 

The increase in swelling versus dislocation density is so 
dramatic that even a gradual decrease in dislocation density 
versus time will cause an abrupt appearance of swelling. We 
show this with a simple model of time-dependent dislocation 
densities in Figs. 6 and 7. We choose a simple, exponentially 
decaying dislocation density from high to low sink strengths. 
The decay time (or decay dose) is chosen to be relatively 
small, so that the significant changes occur during simula- 
tion times of order lo6 seconds. The results are encouraging 
for future work which will include the realistic evolution of 
dislocations. 

2e+12 
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FIGURE 3. Density of voids versus radius (as in Fig. 1) for 
a high density of dislocation sinks (2 x 1014 m-2) at times 
I = 1 + 5(i - 1) hours (for i = 1 to 14). 

1.506-08 1 

t 1.25e-08 

1 .&08 

FIGURE 4. Percent of volume swelling versus time for dis- 
location density of 2 x 1014 m-2. The vacancy density is qua- 
sistatic at 6.7 x 1017 m-3. 

4. Conclusion and Future Work 

Our simulated nucleation behavior is consistent with the 
incubation period observed in some cold-worked metals. 
Plausible dislocation densities reach levels such that no sig- 
nificant void nucleation occurs in our calculations. We antic- 
ipate that incorporation of more realistic models of disloca- 
tion evolution versus radiation dose (16) into our model will 
produce similar incubation periods to experiment. In sum- 
mary, the initial stages of radiation damage transform the mi- 
crostructure by dislocation climb and glide and annihilation. 
However, there is no net climb and no swelling until signif- 
icant numbers of voids nucleate. Swelling occurs only after 
the stored dislocation density has annihilated sufficiently. Our 
proposed mechanism is also consistent with observations of a 
longer incubation time for impure metals (17). Solute atoms 
can segregate at the dislocations, limit their mobility, and de- 
lay their annihilation. Solute drag is also pertinent for small 
prismatic loops which develop from interstitial defects in ra- 
diation cascade simulations; there is a greater trapping effect 
for loops than for individual interstitials. If interstitial pris- 
matic loops are immobilized and accumulate at a high den- 
sity, they will efficiently annihilate vacancies and inhibit void 
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FIGURE 6. Percentage of volume swelling versus time for 
model time-dependent dislocation densities exponentially de- 
caying from 2 x 1014 m-2 to 2 x 1013 m-2. There are three 
curves displayed, with (rapid) exponential decay times of lo5 
s, 2 x lo5 s, and 5 x 16 s. The different relaxation rates are 
meant to exhibit the influence of solute atoms on dislocation 
glide mobility and annihilation or coalescence rates under ir- 
radiation climb. 
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