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A review of the known empirical dependences of austenitic steel swelling on in-reactor environments is carried 

out. The performance of empirical functions is compared in application to the conditions of thermal neutron reactor 

internals. Comparison with experimental data is made, and the influence of statistical errors of reactor data is 

discussed. Finally, the applicability of the empirical functions in the space of external parameters, precisely 

temperature, dose, and dose rate, is investigated. 
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INTRODUCTION 

Various empirical functions are widely used to 

describe temperature-dose dependences of swelling of 

austenitic steels [1–6]. Initially, these functions were 

developed for materials of fuel cladding and wrapper of 

fast reactors. However, there are currently attempts to 

use empirical functions to predict the swelling evolution 

in the thermal neutron reactor internals components. It 

is evident that the operating conditions of structural 

materials of fast reactor cores, such as EBR-II and 

BOR-60, are different from the operating conditions of 

the internals of thermal neutron reactors, which include 

PWRs and WWERs. The main difference is the dose 

rates, namely ~ 10-6 dpa/s for the fast and ~ 10-8 dpa/s 

for the thermal reactors. Modified functions are 

currently being developed to take this factor into 

account. 

This paper discusses the empirical functions of 

swelling of the internals of thermal neutron reactors 

compared with those previously proposed for describing 

swelling in the core of fast reactor. 

Creep-induced deformation must be considered 

when calculating the form change of PWR and WWER 

thermal neutron reactor internals components. The 

irradiation creep equation includes the swelling rate 

explicitly. Consequently, the irradiation component of 

creep will also depend on the behavior of the swelling 

rate. Therefore, we additionally consider the behavior of 

the swelling rate for conditions close to operating 

conditions in the internals of PWR and WWER reactors. 

The basic materials of the internals are 18Cr10NiTi 

steel (chemically similar to AISI 321) in WWER 

reactors and AISI 304 steel (chemically similar to 

18Cr9Ni) in PWR reactors. Therefore, these steels are 

chosen for comparison of the swelling description 

models. 
 

EMPIRICAL FUNCTIONS OF SWELLING 

One of the classical empirical functions most 

frequently mentioned in the literature is the Foster-Flinn 

equation, which was developed based on the swelling of 

AISI 304 steel irradiated in the core of the EBR-II fast 

reactor [1]. The Foster-Flinn equation describes 

swelling S  as a function of temperature T  and 

irradiation dose D , either as a power-low function of 

dose, 
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or has the form of a bilinear dose dependence, 
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Hereinafter, unless otherwise indicated, the 

following units are used: % – for swelling ( S ); ºC – for 

temperature (T ); dpa – for irradiation dose ( D ); 

dpa/s – for dose rate ( K ). 

Note that the original functions (1) and (2) in [1] 

have a dependence on the fluence measured in n/cm2 

units. In our paper, these functions are given as a 

function of irradiation dose in conventional dpa units, 

assuming that for a fast EBR-II reactor, we take the 

ratio 1 dpa = 2·1021 n/cm2 (E > 0.1 MeV) [7]. 

Based on the data at dose rates in the interval from 6·10-9 

to 3.6·10-7 dpa/s presented in [8, 9], a modified Foster-

Flinn equation was proposed, which is a function not 
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only of temperature T  and irradiation dose D , but also 

of the dose rate K  [2] 
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where )(Tf  is defined in Eq. (1a). The first two terms 

of Eq. (3) are written slightly differently in [3], and the 

temperature dependence was replaced by an Arrhenius-

type function, 
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To describe the swelling of 18Cr10NiTi steel, which 

is used as fuel cladding and wrapper of the BOR-60 fast 

reactor, a function of the following form was proposed 

in [4], 
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where TTD 1.067)(0 −=  is the incubation dose 

dependent on irradiation temperature; 55.0=R ; 
529 10 −=  ; 485max =T . 

The function (5) was constructed for the dose rate 

interval from 0.4∙10-6 to 1.4∙10-6 dpa/s, which was not 

specified explicitly in [4]. It is stated in [4] that (5) makes 

it possible to evaluate changes in the material volume 

under inhomogeneous swelling of structural elements 

made of 18Cr10NiTi steel over the entire operating 

temperature range of the fast reactor BOR-60 core at 

damage doses up to ~ 100 dpa. This statement is based 

on the necessity of a linear approximation of swelling 

on dose in contrast to the often used power law since the 

linear dependence is predicted by the modern theory of 

irradiation effects in metals. 

Nevertheless, the authors of [5] use the power law of 

the dose dependence of swelling. For this purpose, they 

summarized available proprietary and literature 

experimental data for dose rates in the interval from 

1.3·10-7 to 8·10-7 dpa/s and proposed the following 

function to describe the swelling of steel AISI 304 [10], 
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where c = 8.13∙10–3; r = 1.1∙10–4; 
maxT = 470. 

It can be seen that functions (6) and (5) are 

composed in terms of dose and temperature only. 

Therefore, in order to predict the swelling at lower dose 

rates in the interval from 2·10-8 to 4.5·10-8 dpa/s by function 

(6), it is proposed [5] to multiply the coefficient c  by 2 

in Eq. (6). 

To calculate the swelling of 18Cr10NiTi steel, the 

constants c  and r  should be changed to c = 1.035∙10-2, 

r = 1.804∙10-4 in Eq. (5) at dose rates in the interval from 

3·10-7 to 6·10-7 dpa/s and changed to c  = 1.035∙10-2, 

r  = 1.5∙10-4  at dose rates in the interval from 0.6·10-8 to 

8·10-8 dpa/s according to the paper [5]. It is proposed to 

use c = 1.035∙10-2, r = 1.825∙10-4 at dose rates both 

(3…6)∙10–7 dpa/s, and (0.7…8)∙10–8 dpa/s according to 

the paper [10]. 

Taking function (5) as the basis and using 

experimental data on swelling obtained in the fast 

reactor and under ion irradiation, an empirical swelling 

function for 18Cr10NiTi steel was developed in [6] that 

depends not only on temperature and dose but also on 

the dose rate in a wide range from 10-2 to 10-6 dpa/s. 

Subsequently, this function has been extrapolated to 

lower dose rates up to 10-8 dpa/s, typical for pressure 

vessel internals of thermal reactors [11], 
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where )()( xxx  =  and )(x  is the Heaviside unit 

step function: 0   ,1)( = xx  or 0   ,0 x ; 

KrrKR k ln)( 0 −=  is the swelling rate at the steady 

state; KdTddKTD kT ln),( 00 +−=  is the incubation 

period; KTTKT k ln)( 0max +=  is the peak swelling 

temperature; KK kT ln)( 0  −=  is the temperature 

dispersion. 
0r  = 0.25; 

kr  = 0.022; 
0d  = 103; 

Td  = 0.1; 

kd  = 2.6; 
0
T  = 690; 

kT  = 15.5; 
0  = 12.3; 

k  = 1.9. 

Note that function (7) is a function (5) modification, 

in which the constants R ,  , 
maxT  are replaced by 

parametric functions of the dose rate K . The 

temperature-dependent incubation period )(0 TD  in Eq. 

(5) also became dependent on the dose rate ),(0 KTD  

in Eq. (7). Thus, the function (7) directly depends on the 

dpa rate, and there is no need to adjust the constants 

when passing from one irradiation condition to another. 
 

DISCUSSION 

Experimental data [1] on dose dependences of 

swelling of AISI 304 steel irradiated in the EBR-II 

reactor in the temperature range of 400…500 °C are 

shown in Fig. 1,a, on which the empirical swelling 

functions (1) and (2) at 450 °C are plotted (solid lines). 
At low doses (< 30 dpa), both the power function (1) 

and the bilinear function (2) describe the experimental 
data approximately equally. However, at doses 
> 30 dpa, these empirical functions give significantly 
different predictions. For example, while function (1) 
predicts a swelling of 64 % at 100 dpa, function (2) 
predicts the swelling of two times less of 31 % at the 
same irradiation dose. This behavior is easily explained 
if we consider the swelling rates shown as dashed lines 
in Fig. 1,a. It can be seen that the swelling rate of 
function (1) increases linearly with irradiation dose and 
is 0.59 %/dpa at 46 dpa for the experimental point with 
maximum reduced swelling. On the other hand, the 
swelling rate of function (2) increases monotonically in 
the dose interval of 0…30 dpa at approximately the 
same rate as the swelling rate of function (1), after 
which it reaches saturation of 0.37 %/dpa. Therefore, 
coming to a constant of swelling rate const2 =dDdS  

indicates that function (2) has reached a steady-state 
swelling stage. Accordingly, the previous stage in the 
dose interval 0…30 dpa, where const2 dDdS  

indicates the transient swelling stage of the function (2). 
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a b 

Fig. 1. Dose dependences of swelling (solid lines) and swelling rate (dashed lines) of (a) AISI 304 steel and (b) 

18Cr10NiTi steel at dose rates typical of fast reactors ( K = 10-6 dpa/s). The symbols show the experimental data 

from [1] and [4], for (a) and (b), respectively 

 

Consequently, returning to the function (1), we can 

state that this function 
1S  does not assume a steady-state 

swelling stage over the entire irradiation dose interval 

since its derivation dDdS1
 will never be a constant. 

Thus, function (1) always describes swelling only in the 

transient stage at any irradiation dose. 

Fig. 1,b shows experimental data [4] on the dose 

dependences of the swelling of 18Cr10NiTi steel 

irradiated in the BOR-60 reactor in the temperature 

range 420…500 °C together with the empirical swelling 

functions (5), (6), and (7) at 450 °C (solid lines). Recall 

that the authors of [4] stated that function (5) allows 

evaluating the swelling of 18Cr10NiTi steel over the 

operating temperature range of BOR-60 fast reactor 

core at damage doses up to ~ 100 dpa. In this case, 

function (5) predicts 30 % at 450 °C. Function (7) 

predicts a relative swelling value of 34 %. Function (6) 

predicts a swelling of 55 %, which is almost twice as 

high as expected by function (5). 

Thus, it can be concluded that at 450 °C and an 

irradiation dose of 100 dpa, the power functions (1) and 

(6) predict swelling about twice as much as the bilinear 

function (2) and linear functions (5) and (7). 

Functions (5) and (7) are of the threshold nature of 

the dose dependence of swelling with a subsequent 

increase in swelling linearly proportional to the damage 

dose. This transition is clearly recorded by the 

derivatives of swelling on the irradiation dose in the 

form of swelling rate steps (green and red dotted lines in 

Fig. 1,b). The absolute value of the steps are 

dpa/%38.05 =dDdS  and dpa/%44.07 =dDdS . These 

values are the swelling rates at the steady-state stage at a 

given irradiation temperature of 450 °C. Thus, these 

functions describe the dose dependence of swelling in 

the form of a certain incubation period with a sharp 

transition to the stationary stage of swelling. 

Function (6) has a power-law dependence on the 

irradiation dose. In contrast to the previously considered 

function (1), where the exponent of the damage dose 

was 2, function (6) has an exponent of 1.88. This feature 

shows that the swelling rate of function (6) is not linear 

but proportional to 88.0D . Similar to function (1), the 

function (6) does not provide for a steady-state swelling 

stage in the dose interval up to 100 dpa, since dDdS6
 

never becomes a constant. 

Experimental data on swelling of AISI 304 steel 

irradiated in EBR-II reactor [1] and 18Cr10NiTi steel 

irradiated in the BOR-60 reactor [4] at irradiation doses 

of 40…50 dpa in a wide temperature range are 

presented in Fig. 2,a. The temperature dependences of 

swelling of AISI 304 and 18Cr10NiTi steels calculated 

by various empirical functions at an average dose for 

the experimental data of 45 dpa are also plotted there. 

The temperature dependences of the functions 

shown in Fig. 2,a have a familiar bell-shaped 

appearance. As the irradiation temperature increases, the 

swelling increases to some peak value, and then the 

swelling decreases. Functions (5), (6), and (7) describe 

the temperature dependence using a Gaussian function. 

Functions (1) and (2) describe this dependence as an 

exponent of the polynomial of the fourth power. 

Functions (1) and (2) have no symmetry relative to the 

temperature maximum, and their maxima are shifted 

towards higher irradiation temperatures. The 

experimental data presented here show that AISI 304 

steel swells higher than 18Cr10NiTi at temperatures 

below the swelling maximum (400…450 °C). This trend 

is demonstrated by functions (1), (2), (5), and (7), which 

cannot be said about function (6). This function 

demonstrates that swelling inversion occurs in a given 

temperature range. Function (6) shows that AISI 304 

swells stronger than 18Cr10NiTi at 400…415 °C and 

weaker at 415…450 °C. The temperature peak of 

swelling of AISI 304 steel reaches 17 % at 500 °C 

according to (1), 17 % at 510 °C for (2), and 10 % at 

470 °C for function (6). The temperature peak of 

swelling of 18Cr10NiTi steel has closer values for both 

temperature and swelling: 15 % at 490 °C (5), 13 % at 

470 °C (6), and 14 % at 480 °C (7). Function (6) 

predicts a wider swelling temperature interval than (5) 

and (7). 
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Fig. 2. Temperature dependences of (a) swelling and (b) swelling rates of AISI 304 steel (dashed lines)  

and 18Cr10NiTi steel (solid lines) at dose rates typical of fast reactors ( K = 10-6 dpa/s) calculated at 45 dpa.  

The symbols in (a) show experimental data for AISI 304 steel (shaded/darkened) at D = 42…46 dpa from [1]  

and for 18Cr10NiTi steel (unshaded/lightened) at D = 40…50 dpa from [4] 

 

Temperature dependences of swelling rate in 

Fig. 2,b are similar to the corresponding swelling 

dependences in Fig. 2,a at a dose of 45 dpa. However, 

the maximum swelling rate of AISI 304 steel appears to 

be different for the empirical functions considered: 

0.74 %/dpa at 500 °C (1), 0.63 %/dpa at 510 °C (2), and 

0.43 %/dpa at 470 °C (6). At the same time, for 

18Cr10NiTi steel, the maximum swelling rate is 

0.55 %/dpa and lies in the temperature range 

470…490 °C, according to functions (5), (6), and (7). 

Recall that functions (3) and (4) are modifications of 

function (1), since the latter was developed only for the 

EBR-II reactor. The same applies to function (5), which 

can only be used to calculate structural elements of the 

BOR-60 reactor core made of 18Cr10NiTi steel. In the 

case of function (6), according to [5], it is necessary to 

change the values of the corresponding parameters to 

switch from the irradiation conditions of a fast reactor to 

the conditions in a thermal neutron reactor. However, it 

is stated in [10] that this is unnecessary for 18Cr10NiTi 

steel. For function (7), nothing needs to be changed, and 

you need to insert the variables of interest, irradiation 

temperature, dose, and dose rate [6, 11]. 

Fig. 3,a presents the temperature dependences of 

swelling calculated using functions (3), (4), (6), and (7) 

at a dose of 45 dpa. Fig. 3,b presents the temperature 

dependences of the swelling rate (obtained by 

differentiating these functions by the damage dose) for 

the dose rates typical of the thermal neutron reactor 

internals components. 

 
 

  
a b 

Fig. 3. Temperature dependences of (a) swelling and (b) swelling rates of AISI 304 steel (dashed lines)  

and 18Cr10NiTi steel (solid lines) at dose rates typical for thermal reactors ( K  = 5∙10-8 dpa/s) calculated at 

45 dpa. The yellow color highlights the area of temperatures typical for operation of the baffle-formers, the pressure 

vessel internals of PWRs and WWERs 
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The appearance of the temperature dependences of 

the swelling and swelling rate functions (3) and (4) is 

different, even though they were obtained based on the 

same set of experimental data on the swelling of AISI 

304 steel [8, 9] (compare the dashed gray and green 

lines in Fig. 3,a and b, respectively). The swelling and 

swelling rate of function (3) has a bell-shaped 

appearance similar to that discussed above for function 

(1). Function (4) increases rapidly with increasing 

irradiation temperature and does not have a temperature 

maximum of either the swelling or the swelling rate. 

Both function (3) and function (4) behave 

approximately equally at temperatures of 300…390 °С, 

but at higher temperatures, the swelling and swelling 

rate of function (4) are much higher. At their 

intersection point of 390 °C, these functions exhibit a 

swelling rate of 0.42 %/dpa. The swelling and swelling 

rate function (6) calculated for AISI 304 steel (dashed 

blue lines in Fig. 3) intersect the functions (3) and (4) at 

a temperature of about 390 °C. Both swelling and 

swelling rate of function (6) are higher than those of (3) 

and (4) at T < 390 °C, while at the higher temperature, it 

is lower. 

The temperature dependences of swelling and 

swelling rate of 18Cr10NiTi steel calculated using 

functions (6) (solid blue lines in Fig. 3) have maximums 

of 13 % and 0.55 %/dpa at 470 °C. For function (7) 

(solid red lines in Fig. 3), the same maximums are 18 % 

and 0.62 %/dpa at 430 °C. Function (7) predicts a higher 

swelling value than function (6) at T < 470 °C, and vice 

versa, a lower one at T > 470 °C. The same trend holds 

for the swelling rate, but the temperature at which this 

transition occurs is 455 °C. 

It should be noted the ambiguity in the behavior of 

temperature dependences of swelling of steels AISI 304 

and 18Cr10NiTi calculated by function (6) at different 

dose rates. For example, if the temperature maximum of 

swelling is higher in 18Cr10NiTi steel at dose rate 

typical for fast reactors ( K = 10-6 dpa/s) (see Fig. 2), on 

the contrary, the steel AISI 304 swells stronger within 

the whole range of temperatures at dose rate typical for 

thermal reactors ( K = 5·10-8 dpa/s) (see Fig. 3). 

Swelling is affected by various operational factors, 

such as irradiation temperature, damage dose, dose rate, 

simultaneous introduction of helium and hydrogen, etc., 

which are difficult to determine accurately under reactor 

conditions. As a rule, the statistical errors of reactor data 

are substantial since the history of thermal and neutron 

fields for a particular sample is not accurately traced. 

Therefore, calculated data are used for these quantities, 

which are not always accurate. For example, an error of 

10…20 °C in determining the irradiation temperature 

leads to a relatively significant shift in the average 

swelling value. Fig. 2,a shows that the statistical scatter 

of swelling can reach 10…30 % in this case. Thus, 

empirical dependences for the calculation of swelling 

should be considered only with an indication of the 

interval of the main parameters and the confidence band 

of function values. 

The dependence of swelling on the dose is always 

nonlinear. It is evident in the incubation and transient 

stages of swelling. For the late stage, a simple rate 

theory predicts some slow decrease in the swelling rate 

with dose, see Appendix for details. However, we do 

not consider this weak nonlinearity because it is 

incomparably smaller than the confidence interval of the 

experimental data. Therefore, the linear dependence of 

swelling on dose seems to be the most reasonable and 

adequate to the known experimental data at a later stage. 

As follows from the rate theory, at the beginning of 

the transient stage, we can expect a dependence of the 

form ( )0~ DDS − , where   = 3/2. Some empirical 

functions (1), (3), (4), and (6) use a more prominent 

exponent,  = 2 and  = 1.88, in order to capture also 

some part of the incubation stage. Obviously, for large 

doses, such parameterization is entirely inappropriate. 

The applicability of such power-dose functions is 

limited only to the transient stage. 

The swelling rate cannot increase indefinitely, and it 

reaches a steady state upon completion of the transient 

processes. For example, the duration of transient 

processes of the dislocation structure usually does not 

exceed about 30 dpa, both for annealed and cold-

worked austenitic steels [13–15]. The end of transient 

swelling processes and reaching the steady state about 

30 dpa are demonstrated only by bilinear (2) and linear 

(5), (7) empirical functions. Thus, the 45 dpa in Figs. 2 

and 3 is the dose of the steady-state swelling stage, 

above which the swelling rate should not increase. 

Therefore, the calculation of swelling using functions 

(1), (3), (4), and (6) at doses greater than 45 dpa is 

inappropriate. 

It is well known that the baffle-former of PWR and 

WWER reactors has the most stressful operating 

conditions among all pressure vessel internals. Locally, 

the operating temperature of the baffle-former of a 

thermal reactor can reach 370…400 °C due to gamma 

heating. It is suggested in [12] that for pressure vessel 

internals of thermal reactors, a swelling rate of about 

0.07 %/dpa should be expected at low temperatures 

(< 370 °C) and low operating doses. In our case, a 

calculation using various empirical functions gives a 

swelling rate of 0.09 to 0.29 %/dpa at T = 370 °C and 

D = 45 dpa (see Fig. 3,b). However, as can be seen from 

Fig. 3b, the predicted swelling rate is very sensitive to 

the irradiation temperature. If the maximum of swelling 

rate does not exceed 0.04 %/dpa at T = 300 °C, it can 

reach 0.22…0.63 %/dpa at T = 400 °C, depending on 

the chosen empirical function. 
 

CONCLUSIONS 

At low irradiation doses, the power function (1) and 

the bilinear function (2) appear similar, but for higher 

doses, they diverge significantly. The power function 

(1) is adjusted to fit the experimental data of the 

transient stage and appears irrelevant for high 

irradiation doses. At high doses, function (2) seems 

more appropriate. 

Dose dependence of swelling (5) describes swelling 

of 18Cr10NiTi steel in the form of a linear function with 

some incubation period. Such linear dependence at high 

damage doses is justified and satisfactorily describes 

data for a fast reactor. This parameterization, though, 

appears inapplicable in conditions specific to the 

internals of WWER. 
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Functions (1), (2), and (5) are the functions of just 

two variables, precisely dose, and temperature, and can 

be applied exclusively for steels used as core structural 

components of fast reactors. 

Functions (3) and (4) are designed exclusively for 

low dose rates of (0.06…3.60)·10–7 dpa/s and are the 

functions of the dose, temperature and dose rate, but are 

valid only at a transient swelling stage and have been 

tested only for AISI 304 steels. 

Function (6) is the function of only dose and 

temperature. Ignoring the dose rate makes the function 

too average for describing the swelling of the reactor’s 

structural components. It gives a satisfactory description 

of the dose swelling dependence only at the transient 

stage. The function cannot be applied to predict high 

irradiation dose swelling. 

Function (7) is developed based on the ion 

irradiation data and the fast reactor data at dose rates in 

the interval from 10-2 to 10-6 dpa/s. It gives swelling 

dependence in a wide range of doses, temperatures, and 

dose rates, describing the averaged swelling fields and 

locating dangerous irradiation damage sites. Therefore, 

this function seems the most relevant for predicting 

WWER reactor internals swelling. 
 

APPENDIX 

Theoretical background of phenomenological 

description 

Under irradiation, a knock-on atom displaces from 

its lattice site. As a result, a vacant site appears, and the 

knocked-out atom forms an interstitial type defect. The 

number of vacant sites coincides with the number of 

self-interstitial atoms (SIA). Due to diffusion, point 

defects can approach. While defects of different signs 

annihilate, defects of the same signs combine into 

complexes. The merger of SIAs forms dislocation loops. 

In turn, vacancy complexes can exist as vacancy 

dislocation loops and voids. If only dislocation loops 

arise, then the change in volume associated with 

interstitial loops is compensated by the change in 

volume associated with vacancy loops. If there are 

voids, there is a positive volume change. The voids are 

responsible for the overall volume change since it is 

equal to the volume of dislocation loops that have 

climbed to the external surface. 

The conventional theory of irradiation damage is 

formulated using the mean-field chemical rate equations 

[16–18]. It describes microstructure evolution, including 

voids, gas bubbles, dislocation loops, new phase 

precipitates, grain boundaries, etc. The cornerstone of 

the theory is the concept of bias, which provides the 

separation of vacancy and SIA fluxes into different 

microstructure subsystems. This concept was first 

proposed to describe the preferential trapping of SIAs at 

dislocations, leading to an excess of vacancies, which 

provides the void/bubble growth [19]. Subsequently, 

this idea was supplemented by the possibility of forming 

overbalanced vacancies under cascade damage 

conditions [20]. An overview of the current state of 

irradiation rate theory can be found elsewhere [21]. 

As an illustration, let us consider a simple swelling 

model at fixed densities of extended defects, namely 

dislocations, voids, and other neutral sinks, including 

grain boundaries, incoherent precipitates etc. In this 

case, the average point defect concentrations are 

determined by [16], 
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0,

4 ,

p i v p p p

p p

K C C k D C

k Z n Rb



 

− − =

= + +

   (A.1) 

 

where index vip ,=  is attributed to SIAs and 

vacancies, respectively;  pC  and 
pD  are the 

concentration and diffusivity of p -defect; 

)(4 viiv DDr +=   is the recombination coefficient; 
ivr  

is the radius of vacancy-SIA recombination;   is the 

dislocation density with fixed bias factor 
iZ  for SIAs 

and 
vZ  for vacancies; n  is the strength of neutral sinks; 

Rb4  is the sink strength of voids of density b  and 

average radius R . The generation rate of point defects 

pK  also incorporates thermal emission of p -defects 

from extended defect: th0

ppp KKK += . Thermal 

emission of vacancies has the form 
 

th 0

0

0

( ) 4 ,

exp( / ),

exp(2 / ),

b

v v v v v v

f

v v

b

v v a

K Z n D C RbD C

C E T

C C v RT

 



= + +

= −

=

 (A.2) 

where f

vE  is the vacancy formation energy; T  is the 

temperature; av  is the atomic volume;   is the surface 

energy. Traditionally, thermal evaporation of SIAs is 

neglected, 0th =iK . 

Swelling is defined by total volume of voids: 

34 3 /brS = , where 3r  is the average cube of the 

void radius. The growth rate of void of radius r  is 

defined by vacancy and SIA fluxes, 

( )ii
b
vvvv CDCDCDrdtdV −−= 4 . Further, for the 

sake of simplicity, we assume that 33 Rr = . Within 

the framework of the made approximations the swelling 

rate reads [16] 
 

)(
)(

)(





F

RbnZ

RbZZ

dD

dS

v

vi
24

4

++

−
= , (A.3) 

 

where KtD =  is the irradiation dose; t  is the time; 

)(F  is the function of the temperature dependent 

parameter 22/4 vivi kkDDK = . The analytical form of 

function )(F  is rather cumbersome [16]. For our 

purposes, it is sufficient to know that the function )(F  

tends to zero both at low temperature, when 

recombination dominates, and at high temperature, 

when thermal emission of vacancies prevents void 

growth. At intermediate temperature this function has 

maximum and 1)( F . 

Obviously, the correct description of swelling as a 

function of time should include time-dependent 

densities of dislocations and voids. It was observed that 

regardless of the initial dislocation density, it evolves 
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rapidly to the saturation value that depends on 

temperature and dose rate but has little dependence on 

the magnitude of the dose [13]. The steady-state 

dislocation density at the temperature maximum region 

is about  ~1010 cm-2 in austenitic stainless steel. 

By considering the realistic size distribution of 

voids, it was shown that at the initial stage of swelling 

the void nucleation rate has a significant effect on the 

density of voids. With time, due to the thermal 

coarsening of the void ensemble, the density of voids 

comes out to some weakly time-dependent value. At 

high temperature in the void-dominated regime, the time 

dependence of the void density is asymptotically 

proportional to 
6/1~)( −ttb  [22, 23]. The void density’s 

time dependence seems even weaker in the region of the 

peak swelling temperature. 

Assuming fixed dislocation and void densities, as 

well as in temperature region where 1)( =F , we solve 

equation (A.3). The solutions are shown in Fig. A.1 for 

three different void densities. 

Let us consider asymptotic solutions of equation 

(A.1) to interpret the dependencies shown in Fig. A.1. 

At small dose, when nZRb v + 4 , the swelling 

rate increases with dose as 
0
DDdDdS −~/  and the 

swelling scales as ( ) 23

0

/~ DDS − . At high dose, when 

void sink dominates, nZRb v + 4 , the swelling 

rate drops with dose as ( ) 4/1

0~/
−

−DDdDdS , and the 

swelling dose dependence becomes ( ) 4/3

0~ DDS − .  

 
 

Fig. A.1. Dependence of swelling (solid lines) and 

swelling rate (dashed lines) on the dose at different void 

densities: 0.25∙1016 cm-3 – red lines, 1∙1016 cm-3 – green 

lines, 4∙1016 cm-3 – blue lines. Parameters: temperature 

is T = 480 °C, dose rate is 10-6 dpa/s; cascade 

efficiency is 0.4, dislocation density is  = 5∙1010 cm-2; 

density of neutral sinks is =n ; bias factor is 

vi ZZ − = 0.2. Material parameters for austenitic 

stainless steel were taken from [13]. The dose is shifted 

by the amount of the incubation dose D0, which must be 

determined independently 

 

Obviously, in the intermediate time domain, the 

swelling rate reaches a maximum and then slowly 

decreases. The dose to get the maximum swelling rate 

decreases with increasing void density b . 

An important observation from Fig. A.1 is that the 

steady-state swelling rate slowly decreases by no more 

than a factor of 2 when the shifted dose 
0DD −  changes 

by more than two orders of magnitude. A more realistic 

model [23] that self-consistently determines the change 

in void density with dose show an even slighter 

decrease in the swelling rate ( ) 6/1

0~/
−

−DDdDdS . 
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ПРОГНОЗУВАННЯ РОЗПУХАННЯ АУСТЕНІТНИХ НЕРЖАВІЮЧИХ СТАЛЕЙ 

AISI 304 І Х18Н10Т ЗА ДОПОМОГОЮ РІЗНИХ ЕМПІРИЧНИХ ФУНКЦІЙ 

О.С. Кальченко, М.П. Лазарев 

Проведено огляд відомих емпіричних залежностей розпухання аустенітної сталі при реакторному 

опроміненні. Порівнюється ефективність емпіричних функцій щодо умов внутрішньо-корпусних пристроїв 

реактора на теплових нейтронах. Проведено порівняння з експериментальними даними, обговорюється 

вплив статистичних помилок реакторних даних. Нарешті, досліджується застосовність емпіричних функцій 

в залежності від зовнішніх параметрів, а саме температури, дози та швидкості створення зсувів. 
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