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ABSTRACT

Neutron irradiation of structural materials leads to such observable 

changes as creep and void swelling. These effects are due to differential par­

titioning of point defects. Although most radiation-produced point defects 

recombine with an antidefect, a very small fraction of the defects survive.

The surviving defect fraction is directly related to the density and type of 

extended defects that act as point defect sinks. Defect partitioning requires 

the presence of more than one type of sink and that at least one of the sinks 

has a capture efficiency for either vacancies or interstitials that is dif­

ferent from that of the other sink(s). For example, dislocations provide the 

interstitial "bias" that drives swelling and the ratio of the dislocation to 

cavity sink strength determines the swelling rate. These sink strengths change 

during irradiation and an explicit model of their evolution is required to simu­

late swelling or creep. Such a model has been developed; the influence of 

various model assumptions and parameters is discussed. The model simulates the 

evolution of Frank faulted interstitial loops, providing a dislocation source 

and the glide/climb of the dislocation network leading to annihilation of dislo­

cation segments. Good agreement is found between model predictions and experi­

mental data. Swelling simulations are shown to be quite sensitive to the 

dislocation model.
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1. INTRODUCTION

Dislocations are responsible for much of the observed mechanical behavior 

of structural materials. The generation and motion of dislocations permits 

materials to deform plastically without fracturing and the detailed stress- 

strain behavior of materials can be correlated with the evolution of the dislo­

cation structure. At high temepratures, dislocation motion and the ability of 

dislocations to act as vacancy sources and sinks have a major influence on the 

creep behavior of materials. Dislocations also play a major role in determining 

the response of materials to displacive irradiation. When structural materials 

are irradiated with high energy neutrons or charged particles, higher-than- 

equilibrium concentrations of both vacancies and interstitials are obtained.

Most of these radiation-produced point defects recombine with an antidefect; 

but, a very small fraction of the defects survive. Their survival leads to such 

observable effects of radiation as void swelling and irradiation creep. The 

surviving defect fraction is directly related to the density and type of 

extended defects that act as point defect sinks.

In particular, differential partitioning of the two types of point defects 

is required in order to obtain a net change in the microstructure of irradiated 

materials. This in turn requires that there exist more than one type of sink, 

and that at least one of the sinks has a capture efficiency for either vacancies 

or interstitials that is different from that of the other sink(s). One example 

of this differential partitioning is that which arises due to the interaction of 

the long range strain fields of dislocations and interstitials. Because of this 

interaction, dislocations have a larger capture efficiency for interstitials
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than they do for vacancies and the dislocation capture efficiency for intersti­

tials exceeds that of cavities for interstitials. These two capture efficiency 

differences provide the interstitial "bias" that drives void nucleation and 

growth in irradiated materials. The ratio of the dislocation to cavity sink 

strength has a significant impact on void nucleation and this ratio largely 

determines the swelling rate at steady state. This concept is discussed in 

detail by Lee and Mansur [1]. Since these sink strengths change during irra­

diation, an explicit model of their evolution is required to simulate swelling 

or creep.

A model of dislocation evolution based on the reaction rate theory has been 

developed and coupled with a model of cavity evolution that has been shown to 

give good quantitative agreement with void swelling data [2-4]. The results 

presented here use a model which is an extension and modification of earlier 

work by Stoller and Odette [4]. The dislocation model simulates the evolution 

of a pre-existing dislocation structure due to purely thermal effects as well 

as the Frank faulted interstitial loops that are formed during irradiation.

These loops provide a source of network dislocations and the glide/climb of the 

dislocation network simultaneously leads to its annihilation.

2. MODEL DESCRIPTION

The model that has been developed includes components to simulate both 

thermal and radiation-induced mechanisms. Thermally-activated Bardeen-Herring 

sources provide a source of line dislocations at high temperatures, while climb 

and glide processes can lead to the simultaneous annihilation of line disloca­

tion segments that have opposing Burger's vectors. The model assumes that 

dislocation climb is the rate controlling process. In the absence of displacive 

irradiation, dislocation climb is assumed to be driven by stress-directed pre­

ferential thermal emission of vacancies. Similar models have been developed 

previously for the study of creep processes [5,6]. Displacive irradiation pro­

vides an additional source of line dislocations through the formation and
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evolution of Frank faulted dislocation loops, and the higher-than-equi1ibrium 

levels of point defects alter the dislocation climb rate.

Thermally-Activated Components of Dislocation Model

The climb velocity of an edge dislocation can be written as:

v
cl

2tt 1_ 
ln(r0/rc) bn

ZnD C - ZnD (C - Cn)l 
i i i v v v v J

(1)

where Di>v and Ci>v are the diffusivities and atomic concentrations of inter­
stitials and vacancies, the z!^ are the dislocation capture efficiencies for 

interstitials and vacancies, bn is the Burger's vector of a line dislocation, rc 

is the dislocation core radius, r0 is the outer radius of the cylindrical cell 
used in calculating the dislocation sink strength [2,4,7], and C(J is the con­

centration of vacancies in equilibrium with the dislocation. In the absence of 

irradiation Ci is negligible and Cv is close to the themal equilibrium vacancy 
concentration, C®. In this case Equation (1) reduces to a simpler form that 

has been used by others (see, for example Nix, et al. [8]). The concentration 

is a function of any applied or internal stress and is given by

cj = C® exp (22) (2)

where o is the net tensile stress, ft is the atomic volume, and kT has its usual 

meaning.

Adopting the model of Gibbs [9], an internal (back) stress is assumed 

to exist as the result of a population of immobilized dislocations

l/2
0 = AGbn pp (3)
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where G is the shear modulus and A is a geometric parameter with a nominal value 

of 0.4. The density of pinned dislocations, Pp, in Equation (3) is assumed to 

be a constant fraction of the total network dislocation density, and this frac­

tion is treated here as an adjustable parameter.

The average distance that a network dislocation can climb before annihi­

lating with another one is taken as the equivalent radius of a volume-conserving 

dislocation cell.

1/2

dci = (irpnr • (4)

Equations (1) to (4) can then be used to obtain a mean lifetime against annihi­

lation due to this climb-glide process as

Tcl = ^cl^vcl (5)

The dislocation network can also be regenerated as the result of sources 

that act by dislocation climb and from the emission of dislocations at precipi­

tate interfaces. Since it would be difficult to describe these dislocation 

generation processes in detail, a simple model was developed for the generation 

of network dislocations by the so-called Bardeen-Herring sources [10]. 

Bardeen-Herring sources are similar to Frank-Read sources except that the former 

are climb-driven while the latter are glide-driven. Such a source is shown 

schematically in Figure 1 in which a pinned dislocation segment is bowed due to 

an applied stress. After climbing a sufficient distance, the source will 

collapse leaving a dislocation loop and the original line segment once again 

able to generate succeeding loops. For simplicity, the source may be assumed to 

generate 2ttL of new dislocation line length after climbing a distance L. The 

time to generate this new line length (tBH) is defined by analogy to Equation 

(5). The climb velocity is again given by Equation (1) and the generation rate 

is then
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2ttL
SBH = 2TrvclSBH (6)

BH

in which SBH is the Bardeen-Herring source density.

In earlier work [4], Sg^ was treated as a temperature-dependent input 

parameter. Here, the use of a simple explicit relationship between SBH and the 

dislocation density was sought. Since pinned dislocation segments are required 

for these sources, they are assumed to be due to the same pinned dislocation 

density used in Equation (3). In cold-worked materials, the subgrain structure, 

and the dislocations network can provide sources of this type. If all of the 

potential sources due to pp were active, the Bardeen-Herring source density 

would be:

1*5
(7)

Equation (7) is based on the number nodes or intersection points that would be 

formed by a uniformly distributed, isotropic, three-dimensional array of pp line 

dislocations.

The thermal dislocation source and annihilation terms were calibrated using 

tensile data obtained at 450, 550 and 650°C for AISI 316 stainless steel. This 

data included yield strength measurements (2% offset) for both 20% cold-worked 

and solution-annealed material, as well as 20% cold-worked material aged for 

4000 hours at the test temperature [11]. Assuming that the hardening increment 
due to network dislocations varies as (pn)1^2 and that this is the primary cause 

of the increased yield strength of the cold-worked material relative to the 

solution-annealed material, the ratios shown in Table 1 are obtained from the 

data. The model's predictions for these same ratios are also listed. These 

were obtained by computing the dislocation evolution with the atomic displace­

ment rate set to zero in the model. The predicted values are also consistent 

with transmission electron microscope observations on the same heat of steel 

after thermal aging [12]. The predicted thermal behavior of the network
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dislocation density for initially 20%-cold-worked material is shown in Figure 2 

as a function of the thermal annealing time and temperature. These predictions 

are also broadly consistent with observed behavior. Little recovery takes place 

below about 600°C, even for long annealing times; while almost complete recovery 

is predicted after one hour at 1050°C. The parameters used to obtain these 

results are listed in Table 2.

Radiation-Induced Dislocation Processes

In order for the model to include the time dependence of the dislocation 

structure, the standard rate equations used to obtain the vacancy and intersti­

tial concentrations are modified to include the influence of di-, tri-, and 

tetra-interstitial clusters [2,4]. Additional rate equations describe these 

interstitial cluster concentrations. The concentrations of the point defects 

and the interstitial clusters are calculated at steady-state and only the mono­

defects are assumed to be mobile. The tetra-interstitial is considered to be 

the stable nucleus for Frank faulted loop formation. If a discrete clustering 

calculation was used to describe the full size range of the experimentally 

observed loop population, the number of rate equations required would exceed ten 

thousand. Therefore a practical method was developed to discretize the con­

tinuum distribution of loops larger than the tetra-interstitial. It has been 

shown in previous work [4] that this method of joining a set of discrete 

interstitial cluster equations to a multi-size-class description of the loop 

population provides an adequate mathematical representation of the loop 

nucleation process. Figure 3 is reproduced from Reference 3 and shows the 

dependence of the Frank faulted loop density and the loop line length as a func­

tion of the number of loop size classes used. Only a modest number of size 

classes is required to insure that the results are independent of the number of 

size classes.

Linder irradiation, the growth and unfaulting of Frank loops provide an 

additional source of network dislocations. The radial growth velocity of a 

faulted loop is given by an equation analogous to Equation (1), with values of
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the capture efficiencies, Burger's vector, and equilibrium vacancy concentration

appropriate for the loops [4]. The loop size space is divided up into a number

of size classes and the time constant for growth between size classes with radii
rJ and rJ + 1 is: 
l £

t
j

M

r£

2it

rJ
£

£n(r0/rr)
[ZiDiCi (8)

where the integrand is the loop radial growth velocity. The number of loops
in the j-th size class (N J) is then governed by the following equation:

£

dN

dt

i-i

£
i"1

i v; (9)

The maximum loop size is assumed to be limited by a simple geometrical 

constraint, namely that the loop will unfault when it impinges on another loop 

or network dislocation due to the interaction of their strain fields [13]. 

Hence

max -1/2
r = (up )

£ t
(10)

where pt is the total (i.e. Frank loop line length plus network) dislocation 

density. As the loops grow into this size class, they are no longer considered 

to be Frank loops and an equivalent quantity of dislocation line length 
2irr£maxNimax is added to the dislocation network. The rate at which new dislo­

cation line length is generated by this mechanism is:
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max max -i
= ^Trr£ Tmax (11)

As mentioned above, the additional point defects generated by irradiation 

alter the dislocation climb velocity given in Equation (1). Using Equations (1) 

and (5) to (9), the rate equation describing the evolution of the dislocation 

network is obtained as

(12)

Cavity Evolution Model

The details of the cavity evolution component of the model used here have 

been discussed in detail elsewhere [2,3,14], so only a brief summary will be 

given here. The work discussed in References 2, 3 and 15 helped to establish 

what has become the generally accepted sequence of events that are reponsible 

for void swelling in irradiated materials. Gas-stabilized, near equilibrium 

bubbles form at very low doses. In the absence of the stabilizing gas, vacancy 

emission would cause these bubbles to shrink. Helium produced by transmutation 

reactions is believed to be the most significant gas in this respect. Voids are 

formed as a result of the growth of these bubbles to a critical size beyond 

which the bubbles are thermodynamically unstable, ie. vacancy emission is more 

than balanced by vacancy absorption and additional gas is no longer required to 

maintain growth. These supercritical cavities are referred to as voids since the 

gas pressure within them becomes much less than the equilibrium pressure as they 

grow. Similar theoretical work by others has confirmed this scenario [15-17].

The size of the bubbles is calculated as a function of their helium content 

and the effective vacancy supersaturation using the procedures described in 

Reference 14. After the bubbles in a given size class reach the critical size 

and convert to voids, their radius (rc) is calculated by integrating the 

equation that describes the instantaneous radial growth velocity:
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dr^

dt
rr [zX(cv - cj) - zfo^,] (13)

in which and are the cavity capture efficiencies for interstitials and 

vacancies and is the vacancy concentration in equilibrium with a cavity with 

radius rc [14].

DISCUSSION OF MODEL PREDICTIONS

One goal of developing models such as that described above is to try and 

gain an understanding of the important physical processes that lead to micro- 

structural evolution under irradiation. The need to provide some predictive 

capability is a second motivation. Simple void swelling models have been suc­

cessfully used to explain much of the available swelling data and have provided 

considerable insight into the mechanisms responsible for this phenomenon [2-4, 

14-19]. Unfortunately, the ability to use these models in a predictive way is 

compromised by at least two problems. One is uncertainties in the values of the 

major material parameters for engineering alloys that these models require. In 

some cases, measurements made on pure metals can be used to provide initial 

estimates, but key parameters are known to be sensitive to alloy composition and 

perhaps impurities [20-25]. A second problem is that the assumptions required 

to implement the simple models renders them insensitive to certain material 

parameters and in some cases requires that the dose dependence of some of the 

microstructural components be neglected.

For example, one limiting case that is frequently examined using the rate 

theory is to ignore bulk recombination and assume that dislocations are the 

major point defect sink. In this case, the effective vacancy supersaturation 

takes the following simple form [18].

$ = Gdoa /7n 
cnn re 1) , (14)
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where DVC® is the self-diffusion coefficient, s!j is the dislocation sink 

strength, is the displacement rate. Values of the cascade efficiency (n)

between 0.1 and 1.0 have been used by various workers [2,26,27] and values of
n

the dislocation capture efficiency for interstitials (Z^ have varied from 

"1.02 to > 1.5 [2,28,29]. Depending on the values chosen for these two parame­

ters, the computed supersaturation can vary significantly. Since the critical 

bubble radius is proportional to the reciprical of the effective supersaturation, 

the predicted inclubation time for void swelling is strongly affected by the 

parametric uncertainties. In practice, estimates of these parameters have fre­

quently been made using the results of radiation experiments. Unless the sink 

structure is known at the time that the bubbles are converting to voids, such 

estimates of the parameters must be viewed as highly uncertain.

Figure 4 provides an example of the significance of using a model in which 

the dose dependence of the dislocation structure is explicitly included. This 

Figure compares the predicted void swelling as a function of irradiation dose 

for various assumed dislocation densities at 400 and 500°C. For both tem­

peratures, the results of the present model with the time (dose) dependent 

dislocation density are compared with results obtained with three time- 

independent values. The values of 6.37 x 1014 and 1.95 x 1014 rrf2 are the 

values that obtained at high doses in the present model at 400 and 550°C respec­

tively. The other two values (5.0 x 1014 and 3.0 x 101S m“2) are used to help 

show the sensitivity of the predicted swelling to what has been termed a typical 

"steady-state" value in this temperature range [30] and the initial, as-cold- 

worked value. Significant variations in the incubation time and swelling rate 

are observed in Figure 4. The behavior at 400°C is particularly complex. This 

effect is due to the balance of point defect partitioning between the network 

dislocations and the other micro-structural sinks. When the dislocations are 

the dominant sink, increases in the dislocation density reduce the vacancy 

supersaturation. This increases the critical bubble size and extends the incu­

bation time for void swelling. The influence of the dislocation/interstitial 

bias is less significant because most point defects are recombining at the
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dislocations. On the other hand, when dislocations are not the dominant sink, 

an increased dislocation density will result in an increased supersaturation. 

This is shown in Figure 5 where the effective vacancy supersaturation is plotted 

as a function of the dislocation density for 400 and 550°C.

fi =

Z^DyC- Z?DtCi 

ZCD Ce (15)

The nonmonotonic swelling behavior with dislocation density at 400°C shown in 

Figure 4a is a result of the maximum in the effective supersaturation at 

"lx 10lsm-2 shown in Figure 5. This result emphasizes the importance of 

using appropriate temperature, as well as dose, dependent values for the various 

sink parameters in modeling studies.

A second attractive feature of the more comprehensive model described here 

is that it exhibits an increased sensitivity to parameter variations when com­

pared to simpler models that neglect dislocation evolution. For example, 

Equation 14 indicates that for any mechanism that is dependent on the vacancy 

supersaturation, e.g. void formation, relative changes in and n can be used 

to offset one another in a simple model. This is no longer the case in the pre­

sent model since the evolution of the various sinks exhibit different dependen­

cies on these parameters. The cavity and dislocation evolution are not 

independent but are coupled in a complex way via their mutual effect on the 

point defect concentrations as shown in Figure 4.

The dependence of the model's predictions on the interstitial migration 
energy, E1]1, provides another example of increased parametric sensitivity. The 

values of most of the parameters listed in Table 2 generally fall within the 

range of what might be termed "typical" for the void swelling models which have 

been referred to above. The relatively high value for E1]1 is a notable
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exception. Measurements of E']' in pure metals have generally led to the use of 

lower values, <0.5 eV [31]. However, the results obtained from these simple 
void swelling models are not sensitive to the value of E1^1 [32]. The results 

obtained with the present model are dependent on E1]' via its influence on the 

predicted faulted loop population and their subsequent effect on network dislo­
cation density. The sensitivity of the model's predictions to E1^ is shown in 

Figure 6. Figure 6a shows that the use of the lower, pure material value for 
E1-1 results in faulted loop densities which are much lower than is experimentally 

observed [13,33-36]. This reduced loop density leads to a lower network dislo­

cation density (Figure 6b) since the source term is reduced. The predicted 

swelling at 100 dpa is reduced in this case (Figure 6c). However, the fluence 

and temperature dependence of the effect is complex and for any given tem­

perature and dose the predicted swelling may either increase or decrease. The 

value of Eim=0.85 eV given in Table 2 is in agreement with recent measurements 

of this parameter in austenitic steels [20,21]. Assuming that these latter 
measurements are valid, the fact that the model requires such a value for E^ is 

encouraging. Although the present model required the use of additional material 

parameters as more physical mechanisms were included, the model also became 

somewhat "stiffer" with respect to arbitrary parameter choices.

Typical results obtained with the present model are shown in Figure 7 where 

the fluence dependence of the predicted microstructural parameters for solution 

annealed (a) and 20% cold worked (b) material are compared. The coupling of the 

evolution of the various microstructural features is clearly seen. After an 

initial transient the microstructure reaches a state which is independent of the 

initial condition. The incubation time for swelling is not primarily associated 

with the dislocation transient but rather with the time required for the cavi­

ties to accumulate the critical number of helium atoms. Following the inita- 

tion of void swelling, some additional network recovery occurs as the cavity 

sink strength begins to increase. The higher cavity sink strength permits more 

efficient differential partitioning of point defects, i.e., excess interstitials 

to dislocations and vacancies to voids [1]. This reduces the amount of point 

defect recombination at dislocations so that the additional network recovery 

takes place by interstitial-driven climb. The somewhat lower network dislocation
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density permits a slight increase in loop formation, and a new microstructural 

balance is obtained. A regime in which the swelling rate is approximately 

constant and fairly high occurs when the cavity and dislocation sink strengths 

have similar values. When such parity occurs the maximum theoretical swelling 

rate is observed [37]. While it is not shown in Figure 7, at high doses the 

cavity sink strength exceeds the dislocation sink strength and the swelling rate 

begins to decrease as predicted by theory [37] due to greater point defect 

recombination at the voids. The near coincidence of the values for the solution 

annealed and cold-worked material at low doses may be somewhat artificial. The 

model does not include an explicit cavity nucleation calculation and the same 

initial cavity densities were used for both materials. Some data indicates that 

void densities at low doses are higher for solution annealed material [35] and 

neglecting this difference may influence the model's predictions at low doses. 

The evolution towards a saturation microstructure shown in Figure 7 has been 

experimantally observed [30,38]. The predicted peak in the faulted loop number 

density at low doses in solution annealed material has also been observed [35]. 

However, Brager and Straalsund have reported similar high values at low doses in 

20% cold-worked stainless steel [39], while the model predicts that the high 

initial dislocation density would suppress loop formation. On the dose scale of 

Figure 7a, the low-dose transient in the faulted loop density occurs too quickly 

to be seen. While the recovery of the network dislocation density in the 20% 

cold-worked material appears to be in agreement with the available data [30,39], 

the initial transient occurs more quickly than some have observed in solution 

annealed material [30]. This may be related in part to the simple dislocation 

recovery model included here. The model implicitly assumes that all of the 

dislocation line length is homogeneously distributed in the material. Since 

this is generally not the case, the use of a single "effective" climb distance 

for network dislocation annihilation is probably insufficient to account for the 

various spatial orientations of the dislocations in the material.
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SUMMARY

A theoretical model has been described that provides a vehicle for studying 

the evolution of the important microstructural features in fast neutron irra­

diated stainless steel. The major features of the model's description of dislo­

cation evolution include: Frank faulted loop nucleation and growth to provide a 

source for network dislocations, network dislocation annihilation via climb/ 

glide processes, and components which describe the thermal evolution of the 

dislocation network in the absence of irradiation. The model of dislocation 

evolution was linked to a previously developed model of cavity evolution that 

had been used to analyze the problem of void swelling. Generally good agreement 

was shown between model predictions and observations from both thermal annealing 

and irradiation experiments.

The predictions of the model indicate that the individual features do not 

evolve independently but are coupled via their mutual influences on the point 

defect concentrations. While the model incorporates the time dependence of only 

three major microstructural components (cavities, faulted loops, and network 

dislocations), good agreement has been obtained between the predictions of the 

model and experimental observations. One positive aspect of this work was that 

as more microstructural features were added, the parameter space in which one 

could obtain "reasonable" results became more limited. The results demonstrate 

the power of the rate theory as a tool for investigating radiation effects and 

indicate that more complex models such as the one discussed here should exhibit 

an improved predictive capability.
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Table 1. Results of thermal dislocation evolution model

Dislocation Density Ratio: (Cold-Worked + 4000 hr at T)
(As Cold-Worked)

Test Temperature
T (°C)
450
550
650

Data Model
0.73 0.99
0.41 0.56
0.05 0.04

Table 2. Material and irradiation parameters

Displacement rate 1 X 10“* dpa/sec

Cascade efficiency 0.333

Vacancy migration energy 1.4 eV

Vacancy formation energy 1.6 eV

Interstitial migration energy, 0.85 eV

Binding energies:
Di-interstitial, 

Tri-interstitial,
1.35 eV
1.75 eV

Recombination radius 1.8 nm

Surface free energy 3.24 - 1.4 X ID'3 T(°C) J/m2

Stacking fault energy 1.5 X lO"2 J/m2

Initial dislocation density 3.0 X 101S nr2 20% cold-worked
3.0 X 1013 nr2 solution-annealed

Pinned dislocation fraction 0.1

Interstitial capture efficiencies:
Network dislocations 
Faulted loops
Cavities

1.25
1.50
1.00

Vacancy capture efficiencies:
Network dislocations 
Faulted loops
Cavities

1.00
1.00
1.00
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FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

CAPTIONS

1. Schematic drawing of Bardeen-Herring dislocation source 
(after Ref. 10).

2. Predicted network dislocation density as a function of thermal 
annealing time and and annealing temperature.

3. Dependence of the Frank faulted loop density (N£) and loop line 
length (r^) on the number of loop size classes at 450°C.

4. Comparison of predicted swelling at 400 (a) and 550°C (b) with 
dose-dependent and various constant network dislocation densities.

5. Effect of assumed network dislocation density on the effective 
vacancy supersaturation at 400 and 550°C.

6. Influence of the interstitial migration energy on the predicted 
Frank faulted loop density (a), network dislocation density (b), 
and swelling (c).

7. Predicted dose dependence of Frank faulted loop density, network 
dislocation density, and void swelling at 500°C for solution 
annealed (a) and 20% cold-worked (b) austenitic stainless steel. 
Note that the loop density scale in (b) is different than in (a).
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