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INFLUENCE OF STRESSES ON DEFORMATION PROCESS UNDER THE IRRADIATION CREEP 

AND SWELLING 

Обговорюються підходи для опису деформування конструктивних елементів, у матеріалі яких одночасно розвиваються деформації 

радіаційної повзучості та розпухання. Розглянуто способи опису деформацій радіаційного розпухания, які використовуються для 
розрахункового аналізу напружено-деформованого стану, що виникає в елементах конструкцій в умовах спільної дії радіаційного 

опромінюваання й температурно-силовых полів. Представлено повну систему рівнянь початково-крайового завдання, в якій враховуються 

пружні та теплові деформації, деформації радіаційної повзучості та розпухання. Чисельне моделювання проведено з використанням 
спеціалізованого програмного комплексу FEM Creep, в якому крайова задача розв’язується методом скінченних елементів, а початкова за 

часом інтегрується різницевим методом прогнозу-корекції. Наведено дві форми для рівняння стану, що описує деформацію радіаційного 

розпухання: перша для компонентів тензора деформацій, друга - для їхніх швидкостей. Аналізується гіпотеза про лінійну відповідність 
отриманої дози опромінення та часу деформування, протягом якого розвиваються деформації радіаційного розпухання. Викладено низку 

питань, на які потрібні відповіді при використанні в розрахунках при складному напруженому стані рівнянь, де деформація радіаційного 

розпухання безпосередньо залежить від напружень. На підставі обробки експериментальних даних про розпухання труб із сталі 316Ti в 

діапазоні температур 450-460 С запропонована форма рівняння для швидкості деформацій радіаційного розпухання, визначені константи, 

що входять до нього. На прикладі чисельного моделювання деформування труб із сталі 316Ti, навантажених внутрішнім тиском, показано 

прийнятність застосування класичного підходу для аналізу напружено-деформованого стану за наявності деформацій радіаційного 
розпухання. 

Ключові слова: деформування, напруження, радіаційна повзучість, радіаційне розпухання, труба.  

Обсуждаются подходы для описания деформирования конструктивных элементов, в материале которых одновременно развиваются 
деформации радиационной ползучести и распухания. Рассмотрены способы описания деформаций радиационного распухания, которые 

используются для расчетного анализа напряженно-деформированного состояния, возникающего в элементах конструкций при совместном 

действии радиационного облучения и температурно-силовых полей. Представлена полная система уравнений начально-краевой задачи, в 
которой учитываются упругие и тепловые деформации, деформации радиационной ползучести и распухания. Численное моделирование 

проведено с использованием специализированного программного комплекса FEM Creep, в котором краевая задача решается методом 
конечных элементов, а начальная по времени интегрируется разностным методом прогноза-коррекции. Приведены две формы для 

уравнения состояния, описывающего деформацию радиационного распухания: одна для компонентов тензора деформаций, вторая – для их 

скоростей. Анализируется гипотеза о линейном соответствии полученной дозы облучения и времени деформирования, в течение которого 
развиваются деформации радиационного распухания. Изложен ряд вопросов, на которые требуются ответы при использовании в расчетах 

при сложном напряженном состоянии уравнений, в которых деформация радиационного распухания непосредственно зависит от 

напряжений. На основании обработки экспериментальных данных о распухании труб из стали 316Ti в диапазоне температур 450-460 С 

предложена форма уравнения для скорости деформаций радиационного распухания, определены входящие в него константы. На примере 

численного моделирования деформирования труб из стали 316Ti, нагруженных внутренним давлением, показана применимость 

классического подхода для анализа напряженно-деформированного состояния при наличии деформаций радиационного распухания. 

Ключевые слова: деформирование, напряжение, радиационная ползучесть, радиационное распухание, труба. 

Approaches for describing the deformation of structural elements made from the material, in which radiation creep and swelling strains develop 

simultaneously, are discussed. The technique for description of irradiation swelling strains, which is used for calculational analysis of stress-strain state 
arising in structural elements under the joint action of irradiation and thermal-stress fields, is regarded. A complete system of equations of the 

boundary –initial value problem is presented, in which elastic and thermal strains, strains of radiation creep and swelling are taken into account. 

Numerical modelling was carried out using the specialized software FEM Creep, in which the boundary value problem is solved by the Finite Element 
Method, and the initial one is integrated in time by the difference predictor-corrector method. Two forms are given for the equation of state describing 

the radiation swelling strains: first is for the components of the strain tensor as well as second is prepared for their rates. The hypothesis about the 

linear correspondence of the received radiation dose and the deformation time, during which radiation swelling strains develop, are analyzed. A 
number of questions that require answers when using equations with a complex stress state in which the radiation swelling strains are directly depend 

on stresses, are discussed. Based on the processing of experimental data on the swelling of tubes made of steel 316Ti in the temperature range of 450-

460 С, a form of the equation for the radiation swelling strain rate is proposed, and the constants included in it are determined. Using the example of 

numerical modelling of the deformation of tubes were made of steel 316Ti and loaded by inner pressure, the applicability of the classical approach for 

the analysis of the stress-strain state in the presence of radiation swelling strains is shown.  

Keywords: deformation, stress, radiation creep, radiation swelling, tube. 

Introduction. Determination of the residual life of 

the in-vessel elements of nuclear power station (NPP) 

reactors requires the construction of adequate constitutive 

equations, which reflect all the main effects that occur 

during the interaction of thermal, force and radiation fields 

[1, 2]. For a large class of reactors, which include VVER 

reactors installed at Ukrainian NPPs, the main processes 

leading to irreversible deformation of structures are 

radiation creep and swelling. In the range of their 

operating temperatures, thermal creep strains are 

insignificant. Also, the determining factor is the presence 

of thermal strains, that are inhomogeneously distributed 

over the volume. If today there are no special problems 

with the determination of the temperature stresses caused 

by them, as well as taking into account the influence of 

radiation creep, which often has a linear form of the 

dependence of stresses on strains, then the determination 

of the effect of radiation swelling on the overall picture of 

deformation continues to be an urgent task. 

Its solution requires the presence of adequate 

constitutive equations, which will reflect the effect of both 

the direct radiation dose (or neutron fluence) and 

inhomogeneous temperature fields [2]. 

A large number of studies have been devoted to the 

construction of constitutive equations describing the 

radiation swelling of metallic materials [1, 3, 4-9]. In 

particular, for the class of austenitic steels, which are the 

© D. V. Breslavsky, 2021 
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material of a large number of in-vessel structural 

elements, this issue is considered in [9]. 

At present, two approaches are being intensively 

discussed, which are used to construct the governing 

equation for the function of radiation swelling strain. The 

first is the so-called "free" swelling: the process that 

occurs in a material under the external influence of 

irradiation and temperature. The functional dependence in 

this case includes the accumulated radiation dose or 

neutron fluence, temperature, time, constants describing 

this process. Examples of this kind of dependencies are 

widespread [5, 6]. 

Another approach involves the inclusion in the 

equation, in addition to the considered parameters, also of 

the stress function in the form of a dependence on the 

invariants of their tensors. The idea of such use is quite 

obvious - the deformation of loaded specimens does not 

occur in the same way as unloaded ones. The experiments 

carried out [3, 4, 6] confirm this conclusion. 

Further, since the studies carried out after processing 

the obtained data were aimed at direct construction of 

dependencies, the authors took into account the stress 

values (see, for example, [3,4,6,7]). 

M. M. Hall Jr. and J. E. Flinn [4] developed a model 

that takes into account the different contributions of the 

volumetric and deviatoric components of the stress tensor 

on the rate of radiation creep and swelling strain. For this, 

the parameters included in the constitutive equations are 

experimentally determined. Similar models and methods 

for determining the constants for describing the influence 

of the stress tensor components are discussed in [6]. 

As noted above, one of the main problems arising in 

solving problems in which there is a decisive influence of 

temperature and radiation fields is the construction of 

adequate constitutive equations. The problem is caused, 

firstly, by the difficulty and low accessibility for many 

researchers to conduct experiments in the presence of 

radiation exposure. Second reason is the duration and, 

consequently, the high cost of the tests. In this regard, it 

has become a common practice to use the results 

published in scientific periodicals - both directly the 

curves describing the experimental data, and those already 

obtained by other authors of the equations.  

It is when using the second approach the significant 

difficulties can meet and lead to incorrect results. This 

may be incomplete satisfaction of the used relations with 

the basic thermodynamical laws, and the absence of 

invariance in the transformation of coordinate systems, 

etc. (On this issue, see, for example, [10, 11]). The 

possibility of errors in the transition from the equations 

written for the uniaxial case to the case of a complex 

stress state is not excluded. 

Recently, attention has been drawn to the issue of the 

durability of reactor internals. For the analysis of these 

structural elements, which have a complex geometric 

shape, it is necessary to solve the boundary value, and 

more often - the boundary - initial value problems of solid 

mechanics. This raises the question of taking into account 

the current stresses, varying over time. Traditionally, their 

influence is assessed indirectly, through a varying in the 

general level of strains caused by them [10]. An 

alternative approach is to directly introduce the stress 

function (invariants of their tensors) into the governing 

equation for the radiation swelling strain. These 

approaches are discussed in a paper. For illustration, the 

experimental data obtained in [3] were used. 

Foundations and numerical method. Let us 

consider the main points that allow us to formulate the 

problem statement. For it, as usual, differential equilibria 

and geometric relationships are used. In connection with 

the further use of methods of time step-by-step 

discretization in solving the resolving system of 

differential equations, it seems acceptable to use the small 

strains or small strains with finite deflections approaches 

[10]. It is also logical to use the fundamental hypothesis 

about the strain additivity [10]. In the case under 

consideration, in addition to elastic strains, we will take 

into account thermoelastic ones, as well as radiation creep 

and swelling strains. The components of the total strain 

tensor ij in arbitrary time instant are determined in the 

following form: 

T rc sw

ij ij ij ij ije e e e = + + + ,  (1) 

where terms in right part are the strain tensor components: 

elastic ije , thermal 
T

ije , radiation creep 
rc

ije  and radiation 

swelling 
sw

ije , (i, j=1,2,3). 

Thus, for quasi-static loading of a structural element 

under conditions of combined action of thermal force and 

radiation fields, the main system of resolving equations is 

written in the material point of a solid V: 

, 0,ij j if + = ( ), , , ,

1

2
ij i j j i k i k ju u u u = + + , ;ix V  

( )T rc sw

ij ijkl kl kl kl klD e e e e = − − − ; ij j in =  ,
2;ix S (2) 

11
i iS

u u= , ( ,0) ( ,0) ( ,0) 0rc sw

i ij iju x e x e x= = = , 

where  is stress tensor, u is displacement vector in 

material point. n is unit normal vector to the volume’s 

boundary S; і=1,2,3; Dijkl present the components of 

elastic moduli tensor; ui are the known values of 

displacement vector in the boundary part S1. I are known 

values of traction in the points of boundary part S2. 

To formulate the governing equation for the 

components of the radiation swelling strain tensor, the 

following dependences are used: 

1
( , ,...)

3

rs

ij ije S D T=  ,                        (3) 

1
( , , ,...)

3

rs

ij ije S Ф t T=  .                      (4) 

They use the function SФ [8, 9], or its rate [2, 12], 

depending on the accumulated dose D or neutron fluence 

Ф, time t, temperature T with experimentally determined 

parameters. 

Note that in most recent publications, dependence (3) 

has been used, which is directly obtained after processing 

the experimental results. These experiments are carried 
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out in a short time compared to the operating time of the 

in-vessel components. They determine the dependence of 

the radiation swelling on the radiation dose. The main 

hypothesis is the following. It is considered, that there is a 

one-to-one linear correspondence between the 

accumulated dose and time. 

The absence of this hypothesis makes it impossible 

to simultaneously take into account the radiation creep 

(which is a function of time) and radiation swelling 

strains. In this regard, it is preferable to use a dependence 

of the type (4) and write down the main hypothesis of 

additivity for the strain rates or their increments 

T rc sw

ij ij ij ij ije e e e = + + + ,                          (5) 

T rc sw

ij ij ij ij ijd de de de de = + + + ,                     (6) 

The choice of relations of the type (5) or (6) will 

depend on how the initial-boundary value problem is 

formulated - in rates or increments. The indicated 

reformulation of relations of the type (3) using this 

hypothesis is not difficult in the presence of experimental 

data. Note, that the methods of taking into account thermal 

strains, which are volumetric and caused by thermal 

expansion, are generally accepted [10]: 

0( )T

ij ij ije T T=  −  .                             (7) 

Here ij are thermal expansion coefficients of 

material in consideration. 

Accordingly, to take into account the radiation 

swelling strains, which is also volumetric, relations of the 

type (3), (4) are used. 

To formulate the equation for the radiation creep 

strain rate, we use the classical power Norton law [10]. 

Often, when processing experimental data, it turns out that 

the obtained dependence is linear [1, 2, 12]: 

3

2

rc

ij i ijB s =  ,                                 (8) 

where sij are deviatoric components of strain tensor, i is 

von Mises equivalent stress, В is a constant. 

In conclusion, we note that it is practically 

impossible to analytically solve the formulated problem 

for real structural elements. For this, numerical methods 

are used, primarily FEM. The basic relationships of this 

method for solving the problem in consideration can be 

found in [13-15]. 

In this case, the substitution of relations of the type 

(3) and (8) into the main system of equations (2) also 

leads to the necessity of either reformulating it in rates and 

solving the initial problem by the difference method [14, 

15], or to solving in increments of the original [2, 12]. 

Now we will try to consider a method based on the 

direct introduction of the stress function into the relations 

for describing radiation swelling of type (3) when solving 

the problem of deformation of struof ctural elements in a 

complex stress state. In most publications, the authors 

indicate that they solve the problem using the FEM, but, 

unfortunately, they do not give the main relations used to 

formulate the problem. The type of results suggests that 

one of the common commercial software packages was 

used. 

In this case, direct consideration of the radiation 

swelling strains is not provided in them. It is possible to 

implement author subroutines (user defined), but such 

development is also not mentioned. Thus, it is obvious 

that in the calculations for certain moments of time, the 

values of doses or fluences are set and the values of 

radiation swelling strains are determined. In this case, if in 

an equation of the type (3) there is additionally a 

dependence on the invariants of the stress tensor, then it is 

not clear what their values are used in the calculations. If 

the initial values of thermal stresses are taken, then the 

stress redistribution that occurs due to radiation creep is 

not taken into account. If, however, the values of stresses 

are used that are obtained when taking into account 

deformation to radiation creep, then the redistribution of 

stresses is only partially taken into account. 

The fact is that in the process of deformation, for 

each moment of time, the relation represented by the 

second row of system (2) must be satisfied. Therefore, 

there is a varying of stresses in time, due, inter alia, to an 

increase in radiation creep and swelling strains. The 

absence of such an account leads to significant errors in 

the calculation of deformation in the case when the role of 

radiation swelling strains is significant. 

Thus, it is possible to assume that this described 

above approach for computational analysis appeared as a 

result of attempts to use standard software systems 

designed to solve problems of the Solid Mechanics. Due 

to the impossibility of permanently taking into account the 

contribution of radiation swelling strains to the process of 

stress redistribution, the direct use of equations for free 

swelling gave incorrect results. The appearance of the 

dependences processed by the authors, in which 

expressions for the radiation swelling strains depending on 

stresses were formulated for statically definable systems, 

led to attempts to use them in solving initial-boundary 

value problems, moreover, formulated only as boundary 

value problems for selected time values. It is clear that 

such an approach requires substantial refinement based on 

the above considerations. 

Thus, for numerical calculations of the long term 

stress-strain state in structural elements with a significant 

increase in radiation creep and swelling strains, it seems 

possible only to formulate the problem as an 

boundary-initial value (1)-(8) using equations for free 

swelling. It is the redistribution of stresses over time will 

reflect the general growth of strains, their influence on the 

growth of total deformation in the discussed classical 

formulation of the problem, of course, takes place. As 

shown above, it is indirected. 

Deformation of the tube loaded by internal 

pressure. The considered method for solving the problem 

(1)-(8) is applicable to the analysis of the deformation of 

tubes made of austenitic stainless steel 316 Ti (stabilized 

with titanium). Experimental data for this steel are given 

in [3]. For comparison with the calculated data, the data 

set from this paper was chosen. In it all the necessary 

experimental data are presented including the strain curves 
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obtained both with free swelling of tubular specimens and 

with their additional loading by internal pressure. 

Tubes with a wall thickness of 1 mm, heated to a 

temperature of 450-460 C are considered. They were 

irradiated to an accumulated dose of 100 dpa. Data were 

obtained for three series of experiments: unloaded tubes, 

as well as those under internal pressure, which makes 

hoop stresses  in them of 90 and 170 MPa [3]. 

This paper presents an experimentally obtained 

dependence of the radiation swelling strain εsw, % from 

the values of the accumulated dose, which than was 

rebuilt as a time dependence. A ratio of 1.86 dpa per year 

was used. In fig. 1, the dots show the experimental data 

from [3]. 

 
Fig. 1 – Comparison of experimental (dots) and numerical 

(line) data. Free swelling strain versus time, T=450 С 

An analysis of this curve shows that in the 

considered case, there is a nonlinear relationship between 

strains and time (the temperature in the considered case is 

constant, this made it possible to significantly simplify the 

relationship, highlighting the main time dependence). A 

power function is used for approximation. 

sw mAt = ,                                     (9) 

and  

11

3

sw

ij m

ij

d
mAt

dt

−


=  ,                           (10) 

By use of experimental data the values of constants 

include in (9) were obtained: m=4.13, А=4.08 10-25 (h)-m. 

Further, from the plots given in [3], the constants for 

the equation reflecting the dependence of radiation creep 

on time were obtained. Initially, the experimental curves 

were processed based on the possible nonlinearity of the 

strain versus stress dependence. In this case, a value of the 

power of 0.95 was obtained. Further, in the calculations, 

the linear dependence was used 

rcd
B

dt


=  ,                                  (11) 

The value of constant: В=4.62 10-10 MPa-1. 

Further the dependences (8), (10), (11) were used for 

the calculations of tubes, which were considered as 2D 

object at plane strain conditions. 

For the computational analysis, the FEM Creep 

software package [13] was used. Due to the axial 

symmetry of the tubes and the loading, the pipe sector 

with an angle of 90 is considered. 

The calculation results in comparison with the 

experimental data of [3] are shown in fig. 2. The values of 

the hoop strain , % measured by the authors of this 

paper and obtained by calculation were compared. In 

fig. 2, the strains of tubes loaded with internal pressure, 

leading to a hoop stress in them of 170 MPa, is shown by 

curve 1 (calculation) and dots in the form of rhombuses; 

stress 90 MPa - curve 2 and triangles. Unloaded tubes are 

described by curve 3 and squares. To plot the graphs, the 

values of the components of the radiation swelling strains 

accumulated by the given moment were subtracted from 

the obtained values of the hoop strains (the experiments 

were carried out not in real time, but in order to obtain a 

given radiation dose [3]). 

Let us note the qualitative agreement of the results: 

with an increase in the value of internal pressure, the 

values of strains increased. 

Quantitative differences for the 2nd option (hoop 

stress 90 MPa) do not exceed 18%. For case 1 (hoop stress 

170 MPa) at t = 29-40 years, the differences between the 

experimental and calculated curves are significant, but 

further them became small. For free swelling, the 

differences do not exceed 10%. 

Analyzing the results obtained, the conclusion that 

the theoretical foundations of the calculation method 

described in the previous section and the algorithms 

compiled on their basis qualitatively reflect the 

experimental behavior of tubes under irradiation can be 

done. The stress state which is added to structural 

elements which are deforming under irradiation conditions 

leads to an increase in the strain rate and large overall 

strain values. In this case, the calculation method includes 

a free swelling model. Unfortunately, the real influence of 

time, which is absent in the experiments of [3], introduces 

the described quantitative differences in the results, 

especially at a higher stress of 170 MPa. 

 
Fig. 2 – Comparison of experimental (dots) and numerical 

(line) data. Hoop strain versus time, T=450-460 С 

Conclusions. This paper presents an attempt to 

explain the formulation of the problem of determining the 

stress-strain state as an boundary- initial value problem 
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using the dependence of the so-called free radiation 

swelling. Another approach is also discussed in which the 

dependence of the radiation swelling strains from stresses 

is used to solve the boundary value problem. Possible 

inconsistencies of this second approach are shown. 

Using the classical formulation of the boundary -

initial value problem of deformation, taking into account 

thermal, radiation creep and swelling strains, the problem 

of deformation of tubes made of austenitic stainless steel 

316 Ti (stabilized with titanium) is solved. Satisfactory 

agreement was shown between the experimental and 

calculated data obtained using the FEM Creep software 

package [13, 14]. 

For a final answer to the questions posed in the 

paper, it is necessary to conduct a complex experiment, in 

which the defining contribution to the deformation process 

will be made by the radiation swelling and radiation creep 

strains. Real-time research is needed, at least for several 

hours, and better, of course, days with the fixation of total 

displacements at different points in time. Further, the 

experimental results should be processed using both the 

dose dependences of the type (3) and the time type (4). It 

is necessary to check the adequacy of the hypothesis about 

the linear correspondence of the values the radiation 

damage dose and time. For such a comprehensive study, it 

is necessary to combine the efforts of specialists in the 

field of radiation material science and solid mechanics. 
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