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Dmytro Breslavsky and Oksana Tatarinova

Abstract The paper is devoted to the presentation of the calculation method for
determining the stress-strain state and long-term strength of reactor vessel internals
(RVI) and the description of the results obtained with its help. The method is based on
a complete mathematical formulation of the boundary- initial value problems of creep
accompanied by irradiation effects. Deformation and damage accumulation caused
by irradiation effects in the material when interacting with the effects caused by
thermal creep, can significantly limit the safe operation of RVI. Elastic, thermoelastic,
thermal and irradiation creep, irradiation swelling strains, creep damage and fracture
are considered. The numerical solution of the boundary value problems is performed
by the FEM, and the initial value problems are solved by time integration. To estimate
cyclic deformation and fracture, the procedures of asymptotic methods and averaging
over cycle periods are used. As an examples of the use of this calculation method,
the results of creep modelling of fuel element, T-joint of tubes and notched plates are
given. The issues of interaction of stresses, strains and damages of different nature
under complex stress state are discussed.

5.1 Introduction

Creep accompanied by the accumulation of hidden damage is a complex phenomenon.
In nuclear reactor vessel internals (RVI) it is also accompanied by effects associated
with the action of irradiation. Deformation and damage accumulation caused by
irradiation effects in the material, such as irradiation creep, irradiation swelling,
when interacting with the effects caused by thermal creep, can significantly limit the
safe operation of RVI [1, 2].
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Creep, which occurs as a result of radiation and is accompanied by high plasticity
of fuel and structural materials, is called irradiation creep. It is known that the rate
of irradiation creep can be several times higher than the rate of creep of the same
material at the same stress level [3–5]. In order to distinguish the mechanisms of creep
that occurs during radiation exposure and under the action of only temperature-force
fields, the term ‘thermal’ creep will be used for the latter.

Radiation exposure under conditions of long-term operation leads to another effect
- irradiation swelling, which is volumetric instability caused by the formation of pores
and bubbles in the material and the accumulation of inert gas. At the same time,
the increase in volume is accompanied by a decrease in the density of the material.
Irradiation swelling limits the operational properties of fuel rods and other elements
of the reactor during operation [4].

Like as in traditional creep-damage studies [6], the role of numerical simulation of
the RVI is no less important. Experimental studies are not only very expensive due to
their duration, but also require, firstly, unique laboratory equipment, and, secondly, are
associated with the need to observe strict safety measures due to possible irradiation
damage. If it is still possible to conduct experiments with a uniaxial stress state,
which are absolutely necessary to determine the properties of the material under
radiation exposure, then there are very few data on deformation measurements under
a complex stress state.

As with the numerical simulation of creep and fracture of structural elements,
FEM approaches are used to analyze the stress-strain state of RVI using both standard
engineering software such as ANSYS, ABAQUS [7–9], and specially developed ones
[10–12]. The basis for numerical modeling of the deformation processes in structural
elements subjected to the joint action of thermal-force and radiation fields is the use
of the hypothesis of strains additivity (in most cases, the problems are solved using
the Lagrange approach). Constitutive equations are formulated for each physically
nonlinear component of the total strain tensor (plasticity, thermal and irradiation creep,
irradiation swelling, etc.). It is clear that the adequacy and accuracy of numerical
solutions depends on their adequacy. If classical, proven constitutive equations are
used for plasticity and creep strains description, then the predicting the irradiation
swelling strains, which are often quite significant and dangerous [4, 5], is still far
from classical completion. Irradiation swelling strains have a volumetric nature, and
their description in Solid Mechanics is carried out using the equations corresponding,
for example, to the one used in the calculation of thermal strains. When formulating
the functional dependence used to describe the process of strain accumulation during
irradiation swelling, information is used regarding its dependence on the integral
neutron flux, fluency or accumulated radiation dose, temperature, and time. However,
further such dependencies are built directly using experimental distributions, which
are processed by the method of least squares [13]. Unfortunately, in most publications,
dependencies are formulated precisely for the expressions of swelling strains, while
for the correct formulation of the boundary- initial value problems, a formulation in
rates is required. Reformulation of these state equations obtained for the strain values
to an incremental form can lead to significant inaccuracies in calculations [14].
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The irradiation creep of metals and alloys is often found to be described by linear
dependencies on the applied stresses [4]. Sometimes, when processing the results
of experimental studies, it is possible to formulate the dependence of the irradiation
creep function on swelling [5], but such equations still require further verification.

As shown by experimental and numerical studies [1–5], the addition of radiation
exposure significantly, quantitatively and qualitatively, changes the characteristics of
creep processes in structural elements. As for hidden damage accumulation processes,
experimental data in most cases also indicate their intensification when radiation
exposure is added. Damage calculations of RVI elements using Continuum Damage
Mechanics (CDM) approaches are extremely few. This is primarily due to the difficulty
of obtaining experimental data on long-term behavior during radiation exposure, and
possibly to the lack of appropriate units in many FE software complexes.

Due to the fact that the main structural materials of the active zone of nuclear
reactors were steels and alloys,which in most cases did not show significant anisotropy
of physical and mechanical properties, the calculations were carried out assuming
isotropy of deformation properties and accumulation of damage. By the way, a number
of light alloys are used for the manufacture of RVI elements, which are characterized
by significant anisotropy of both classical physical and mechanical properties [6] and
deformation during radiation exposure [15–17]. Their numerical modeling requires
the verification and formulation of more complex constitutive equations, and the use
of tensor models to predict damage accumulation.

The operation of nuclear reactors is not constant over time, they are periodically
shut down, and many RVI elements are subjected to cyclical varying in temperature
and pressure. This mode of their work is associated with the need to reformulate the
boundary initial value problems with the involvement of new constitutive equations,
which reflect the influence of cyclic loading, heating-cooling, and irradiation on
creep and damage accumulation. Investigations in this direction are just beginning to
be carried out, modeling of non-uniform loading is the subject of few publications
[18, 19]. Yang et al. [19] demonstrate the results of calculations of irradiation
swelling were carried out using ANSYS procedures, in which physical and mechanical
properties were determined as functions of time. Dubyk et al. [18] also used the
developed additional software for the ANSYS to model the reactor baffle taking into
account shutdowns.

This paper is devoted to the presentation of the main approaches, methods and
constitutive equations used for numerical modeling of creep-damage processes in RVI
elements made of materials that exhibit isotropic or anisotropic properties and can
be cyclically loaded. The presented numerical examples demonstrate the capabilities
of the calculation method for the purpose of determining the laws of deformation
and fracture.
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5.2 Problem Statement and Description of Solution Approaches.

Let us consider a solid with a volume 𝑉 fixed on a part of the surface 𝑆1 and loaded
with volume forces 𝑓𝑓𝑓 and traction 𝑃𝑃𝑃 and on a part of the surface 𝑆2 (Fig. 5.1). In the
coordinate system 𝑥𝑥𝑥 = (𝑥1, 𝑥2, 𝑥3) the motion of the continuum of material points will
be described by the displacement vector u, tensors of stresses 𝜎𝜎𝜎 = 𝜎(𝑥𝑖 , 𝑡), 𝜎𝑖 𝑗 = 𝜎𝑗𝑖

and strainsYYY = YYY(𝑥𝑖 , 𝑡), Y𝑖 𝑗 = Y 𝑗𝑖 , (𝑖, 𝑗 = 1,2,3),which are functions of coordinates and
time t. Irreversible creep strains are represented by a tensor 𝑐𝑐𝑐 = 𝑐𝑐𝑐(𝑥𝑖 , 𝑡), 𝑐𝑖 𝑗 = 𝑐 𝑗𝑖 . The
tensor connection for them with the stress tensor components and time is determined
by the accepted constitutive equations.

An inhomogeneous temperature field 𝑇 (𝑥𝑖 , 𝑡) acts on the solid, the effect of which
causes thermal strains YYYT = YYYT (𝑥𝑖 , 𝑡), with components YT

𝑖 𝑗
= YT

𝑗𝑖
. The components

of the total initial strain 𝑒𝑖 𝑗 consist of elastic 𝑒e
𝑖 𝑗

and thermoelastic strains YT
𝑖 𝑗

. The
presence of radiation exposure leads to the development of irradiation creep and
irradiation swelling strains with components 𝑐r

𝑖 𝑗
and Ysw

𝑖 𝑗
, respectively.

Let us specify the nature of the external load field. Acting external forces can be
divided into two components - main and oscillating action. To the first we include
volume forces 𝑓𝑓𝑓 (𝑥𝑥𝑥, 𝑡), 𝑥𝑥𝑥 ∈ 𝑉 , and the part of traction 𝑃𝑃𝑃0 (𝑥𝑥𝑥, 𝑡), 𝑥𝑥𝑥 ∈ 𝑆2, which slowly
varies over time or remain unchanged. The second part include tractions and forces
that change over time according to the harmonic law with amplitude 𝑃a

𝑖
and period 𝑇c

Fig. 5.1 Solid in thermal-force
and radiation fields. 1x
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𝑃𝑖 = 𝑃
0
𝑖 +𝑃a

𝑖 sin
2𝜋
𝑇c

In the assumptions formulated above, the mathematical formulation of the boundary
- initial value problem of the creep of solids under the action of periodically varying
loads can be represented by the following system of equations:

𝜎𝑖 𝑗 , 𝑗 + 𝑓𝑖 = 𝜌 ¥𝑢𝑖 , 𝜎𝑖 𝑗𝑛 𝑗 = 𝑃𝑖 , 𝑥𝑖 ∈ 𝑆2, (5.1)

Y𝑖 𝑗 =
1
2
(
𝑢𝑖, 𝑗 +𝑢 𝑗 ,𝑖 +𝑢𝑘,𝑖𝑢𝑘, 𝑗

)
, 𝑥𝑖 ∈ 𝑉, 𝑢𝑖 |𝑆1 = �̄�𝑖 , 𝑥𝑖 ∈ 𝑆1,

Y𝑖 𝑗 = 𝑒𝑖 𝑗 + 𝑐𝑖 𝑗 + 𝑐r
𝑖 𝑗 + Ysw

𝑖 𝑗 , 𝑒𝑖 𝑗 = 𝑒
e
𝑖 𝑗 + YT

𝑖 𝑗 ,

𝜎𝑖 𝑗 = 𝐷𝑖 𝑗𝑘𝑙

(
𝑒𝑘𝑙 − 𝑐𝑘𝑙 − 𝑐r

𝑘𝑙 − Y
sw
𝑘𝑙

)
,

𝑢𝑖 (𝑥,0) = 𝑐𝑖 𝑗 (𝑥,0) = 𝑐r
𝑖 𝑗 (𝑥,0) = Ysw

𝑖 𝑗 (𝑥,0) = 0.

where 𝜌 is the mass density; n is unit normal to the solid boundary; 𝐷𝑖 𝑗𝑘𝑙 are the
components of the elastic properties tensor, 𝑖 = 1,2,3, �̄�𝑖 are the known displacement
values in the surface part 𝑆1, which do not vary in time.

To determine the limits of the study, we will introduce several assumptions. Due
to the fact that we are considering structural elements in which large displacements
and strains are prohibited by their purpose, we will limit ourselves to the Lagrange
approach. We will consider quasi-static load processes, which is due to the fact that
during design, a search is made for the eigen frequencies of the system and it is
verified that the frequencies of its forced oscillations are far from them. In connection
with this, we will neglect the term corresponding to inertial forces in the equation of
motion, system (5.1). The hypothesis of strains additivity is applied. In the case when
processes characterized by a coupling between irradiation creep and swelling strains
take place, it is possible to postulate the existence of the hypothesis of additivity over
an infinitesimally small interval of time. But such processes will not be considered.

When considering the processes of cyclic varying the stresses due to the fact
that such problems for non-isotropic solids are just beginning to be investigated
and simple qualitative conclusions are needed, we will limit ourselves to the case
of stress varying according to a harmonic law with a low frequency. Such a case
corresponds to a varying of a pressure from a gas flow and is considered in [10]
for the isotropic properties of the material. To solve the problem, we will use the
approaches of the method of many time scales and averaging over the period of
varying stresses. At the same time, two systems of equations are obtained, one of
which describes the deformation of a solid under the influence of a thermal-force
field and radiation exposure and the action of only time-invariant load components,
and the other is analogous to the problem of quasi-static elastic loading in a cycle.
The systems are connected by the constitutive equations, which will be given below,
in the Sect. 5.3. The used approach of reducing the cyclic loading process to the
equivalent quasi-static one is described in [20–22] and also presented by the authors in
another paper of this symposium. The approaches developed by the authors use FEM
for solving boundary-value problems, and finite difference approaches for solving
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initial problems in time. To describe the development of a macrodefect (crack),
which occurs after the completion of hidden damage accumulation, a process based
on a series of reformulated boundary-initial value problems is used. In them, the
initial conditions are determined by the distributions of components of the stress-
strain state and damage parameter in finite elements acquired before the completion
of the next hidden damage accumulation in next finite element, and the boundary
conditions are determined by the current configuration of the considered structural
element, taking into account its destroyed parts. A description of the method and
corresponding algorithms can be found in [23, 24]. In addition to Solid Mechanics
problems, the ability to determine temperature fields in stationary and non-stationary
heat conduction problems is also implemented. A description of the method and
software can be found in [25, 26]. During the last decades, experimental verification
of the method, constitutive equations, and implemented software under uniaxial and
complex stress states was performed, some results and references are presented in
[21, 22, 24, 26].

5.3 Constitutive Equations

To demonstrate the capabilities of the calculation method, we will consider two
versions of the constitutive equations: first fordescribing the behaviorofmaterials with
isotropic properties as well as second one for non-isotropic (in this case, transversal
isotropic) properties of deformation and accumulation of hidden damage.

5.3.1 Materials with Isotropy of Properties

Here we use the equations only for static loading and irradiation effects. Cyclic
behaviour of structures made from materials with isotropic properties is described
by appropriate equations and analyzed in [21, 22, 24, 26].

The description of thermal creep and the damage accumulation associated with it
will be performed using the following equations:

¤𝑐𝑐𝑐 = 3
2
𝑏
𝜎𝑛−1

vM
(1−𝜔)𝑙

[
�̃�
]
𝑠𝑠𝑠 (5.2)

¤𝜔 = 𝑑
𝜎𝑟

e
(1−𝜔)𝑙

(5.3)

where 𝑠𝑠𝑠 = 𝑠𝑠𝑠(𝑥𝑖 , 𝑡) is the deviator of stress tensor, 𝜔 is scalar damage parameter
introduced by Kachanov-Rabotnov approach, 𝜎vM, 𝜎e are von Mises equivalent
stress and equivalent stress is obtained by use of fracture criterion which appropriate
for considered material [6]; 𝑏,𝑛, 𝑑,𝑟, 𝑙 are the material constants obtained only
from experiments on creep and long-term strength under static load and constant
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temperature values on standard samples under tension. Here we will limit ourselves to
cases of either constant temperature over the entire volume of the structural element,
or moderate temperature changes, when thermo-physical and long-term physical and
mechanical properties can be considered unchanged.

The irradiation swelling strain Ysw
𝑖 𝑗

is volumetric, so Ysw
𝑖 𝑗

= 0 at 𝑖 ≠ 𝑗 . In general
case it describes by function 𝑆Φ, which depends upon neutron fluency Φ, time 𝑡 and
temperature 𝑇 :

¤Ysw
𝑖 𝑗 =

1
3
¤𝑆Φ

( ¤Φ, 𝑡,𝑇 ) 𝛿𝑖 𝑗 (5.4)

As noted, the expression for swelling function 𝑆Φ is often determined numerically
using approximation procedures. For example, for steel type 0.08 % C, 16 % Cr, 11 %
Ni, Mn 3%, 0,2-0.4 % Nb for the neutron fluence range ¤Φ= 4..6 10 ·19 neutron/m2s
and temperature values 458-790 K it was determined as the following dependence
[10]:

¤𝑆Φ = 𝐴1𝛽1
(
𝛼1 ¤Φ

)𝛽1
𝑡𝛽1−1 exp

(
0.0235𝑇 − 83.5

𝑇 −630
− 1782

980−𝑇

)
, (5.5)

where 𝐴1 = 5.33 ·10−9, 𝛽1 = 0.19+1.63 ·10−3𝑇,𝛼1 ¤Φ = 9.37 ·10−3 dpa/h. Irradiation
creep strains will be calculated using the linear dependence of the strain rate on
stresses [4, 5]:

¤𝑐𝑐𝑐 = 3
2
𝑏rc𝜎vM [�̃�]𝑠𝑠𝑠 (5.6)

where 𝑏rc is the material constant for considered temperature range.

5.3.2 Materials with Transversal Isotropy of Properties

As is known [6], at elevated temperatures, even materials that are isotropic during
elastic deformation, can exhibit non-isotropic properties of creep and hidden damage.
Let us consider the constitutive equations proposed by Morachkovsky for materials
with transversely isotropic properties of creep and damage [27] and modified in [28]
for the case of cyclic loading. We consider the case of a quasi-static harmonic load
with frequencies in the range of 1. . . 3 Hz (that is, forced oscillations that occur far
from the eigen frequencies of the structural element during gas flow oscillations. At
the same time, the contribution of inertial forces is neglected). The used equations
are as follows:

¤𝑐𝑐𝑐 = �̃�𝐻 (𝐴)
𝜎𝑚−1

v
(1−𝜂)𝑚 [�̄�]𝜎𝜎𝜎, 𝐴 =

𝜎𝑎
v
𝜎v

(5.7)

¤𝜔𝜔𝜔 = 𝑑
𝑝/2
1111𝐾 (𝐴𝐷)

𝜎
𝑝−2
𝐷

(1−𝜂) 𝑝+𝑠−1 [�̄�]𝜎𝜎𝜎, ¤𝜂𝜂𝜂 = 𝑑 𝑝/2
1111𝐾 (𝐴𝐷)

𝜎
𝑝

𝐷

(1−𝜂) 𝑝+𝑠 , (5.8)

𝜂(0) = 0, 𝜂(𝑡∗) = 1, 𝐴𝑑 =
𝜎𝑎
𝐷

𝜎𝐷
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where 𝜔𝜔𝜔 is the damage tensor. 𝜎v = 𝜎𝜎𝜎𝑇 [�̄�]𝜎𝜎𝜎, 𝜎𝐷 = 𝜎𝜎𝜎𝑇 [�̄�]𝜎𝜎𝜎 are the equivalent
stresses which are the joint invariants of stress tensors and tensors of material
constants; 𝜂 = 𝜂(𝑡)t is scalar damage measure. The index 𝑎 denotes the equivalent
stresses calculated by use the amplitude components of the stress tensor under cyclic
loading. At the time 𝑡∗ of the finishing the hidden damage accumulation process
𝜂(𝑡∗)=1. Matrix [�̄�] contains the components of the material creep properties tensor
𝑏𝑖 𝑗𝑘𝑙:

[�̄�] =


1 𝛽12 0
𝛽12 𝛽2 0
0 0 4𝛽

 , 𝛽12 = −1
2
𝑏1111, 𝛽22 =

𝑏2222

𝑏1111
, 4𝛽 =

𝑏1212

𝑏1111
(5.9)

Matrix [�̄�] contains the components of the material creep damage properties tensor
𝑑𝑖 𝑗𝑘𝑙 :

[�̄�] =


1 𝛿12 0
𝛿12 𝛿2 0
0 0 4𝛿

 , 𝛿12 = −1
2
𝑑1111, 𝛿22 =

𝑑2222

𝑑1111
,4𝛿 =

𝑑1212

𝑑1111
(5.10)

The functions 𝐻 (𝐴) and 𝐾 (𝐴𝐷) are obtained after expanding the functions of the
creep strain and the damage measure into an asymptotic series on a small parameter

𝜇 =
𝑇𝑐

𝑡

in two time scales (slow 𝑡 and fast 𝜉 = 𝜏/𝑇 , 𝜏 = 𝑡/𝜇):

𝑐 � 𝑐0 (𝑡) + 𝜇𝑐1 (𝜉), 𝜂 � 𝜂0 (𝑡) + 𝜇𝜂1 (𝜉), (5.11)

where 𝑇c is the period of cyclic load; 𝑐0 (𝑡), 𝜂0 (𝑡)t), 𝑐1 (𝑡), 𝜂1 (𝑡) are the functions
corresponding to the main creep and damage processes in slow (0) and fast (1) time
scales. The expressions of these functions can be found in [20, 22, 26]. Then, with
the help of the averaging procedure over the period 𝑇c, constitutive equations (5.7)
- (5.8) are obtained. At the same time, the main system of equations (5.1) remains
unchanged, but now it describes the deformation motion of its points already in
the main, slow time. The derivation of the equations is described in more detail in
[20, 22, 26] .

The components of the tensors 𝑏𝑖 𝑗𝑘𝑙 and 𝑑𝑖 𝑗𝑘𝑙 are determined by the results of
experiments on the creep and long term strength of samples cut from the material
in three directions. In the case of sheet materials produced by rolling, these are the
directions along, across the rolling and at an angle of 45◦ to them. �̃�,𝑚, 𝑝, 𝑠 are the
constants determined experimentally.

Next, we will consider the equation for determining the components of the irradi-
ation swelling strain tensor. In the case of anisotropy of the swelling properties, we
write
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¤Ysw
𝑖 𝑗 =

1
3
𝛽𝑖 𝑗 ¤𝑆Φ

( ¤Φ, 𝑡,𝑇 ) 𝛿𝑖 𝑗 (5.12)

where 𝛽𝑖 𝑗 are the coefficients reflecting the effect of anisotropy on the swelling
process. Due to the information about the isotropic nature of the irradiation creep
[29], we will describe it by Eq. (5.6).

5.4 Deformation, Damage Accumulation and Fracture in RVI

Let us consider examples of stress-strain state, damage accumulation and fracture
modeling, obtained by use of 2D and 3D models of RVI structural elements.

5.4.1 Creep of T-joint of Tubes

As a first example, let’s consider the results of numerical modeling of the processes of
thermal creep and irradiation swelling of the T-joint of the cooling tubes from system
of the reactor core (Fig. 5.2) [26]. The following dimensions are used: inner radius
50 mm, outer radius 100 mm. For the operational temperature range, the following
data are accepted: Young’s modulus 𝐸 = 1.55 · 105 MPa , Poisson’s ratio 𝜈 = 0.3,
coefficient of thermal expansion 𝛼 = 14.7 · 10−6 (𝐶◦)−1 , yield limit 𝜎y = 650 MPa,
ultimate strength 𝜎u = 980 MPa.

Let us use the isotropic material model (5.2) without taking into account the
damage of the material. The creep constants have the following values:

𝑏 = 3.6 ·10−19.9MPa−𝑛/h, 𝑛 = 4.9.

Fig. 5.2 Model of T-joint.
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The T-joint is loaded with a uniformly distributed internal pressure of 120 MPa,
the temperature field has a steady character and is characterized by a logarithmic
distribution of temperatures in the radial direction, at the outer and inner radii
temperature values of 740 K and 752 K are maintained, respectively. The rate of the
integral flux function is given in the form of the experimentally obtained Eq. (5.5).

The calculations were carried out in the general 3D statement, due to the joint’s
symmetry, one half of it was considered as a FE model (Fig. 5.2). In this figure
surfaces for which different formulations of boundary conditions symmetry were
used are marked with different colors. Calculations were made for a time of 10,000 h.
Figure 5.3 shows the varying of the maximum von Mises stress, which obtained in
the stress concentrator (situated at the transition zone between the tubes). Curve 1 is
built only for the creep problem as well as curve 2 presents the result of combined
problem of creep and irradiation swelling. Figure 5.4 shows the distributions of von
Mises stress in the cross-section of the T-joint also when solving the separate problem
of thermal creep (a) and the combined problem of creep and irradiation swelling (b).

Thermal creep of tubes is well studied, it is characterized by significant redistri-
bution of stresses with their general relaxation [21, 30]. Curve 1 of Fig. 5.3 also
confirms this property of creep under the action of internal pressure. But adding to the
analysis the effect of radiation exposure, which leads to the development of swelling,
qualitatively changes the nature of the change in the stress state. Comparing Fig. 5.4
a) and b) we can see that the stress levels differ from 150 MPa for the maximum and
80 MPa for the minimum values. Due to the effect of swelling strains, the stress level
increases, and due to stress relaxation during creep, it mainly decreases. Obviously,
it is possible to find such a value of internal pressure that will compensate the effect
of swelling. A more detailed description of the results can be found in [26].

5.4.2 Damage Accumulation and Fracture of Reactor Fuel Element

It is known [31] that the facts of the fracture of fuel elements claddings are the most
dangerous factor from the point of view of ensuring their durability. At the same time,

460

vM ,MPas

420

380

340

300
0      1      2      3       4      5       6      7      8       9

1

2

310�t , h

Fig. 5.3: Evolution of maximum von Mises stress in T-joint.
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Fig. 5.4: Distribution of the von Mises stresses in the T-joint. a) thermal creep, b) thermal creep
and irradiation swelling.

the fracture can go together - not only in the cladding, but also in the nuclear fuel.
The resulting crack causes rapid loss the operability in both elements. As an example,
Fig. 5.5 [31] shows the appearance of a crack developing in the fuel cladding and in
the fuel itself. During the operation of fuel rods, their stress-strain state is determined
by two main factors - the internal pressure of the gas gap and the mechanical load
that occurs as a result of bending in the spaces between the tube boards [4].

Let us analyze the process of fuel rod fracture. It can take place under the condition
that the gas gap is already absent due to the irreversible deformation of the fuel. In
this regard, a calculation scheme without a gap between the fuel and the fuel cladding
is involved in the simulation.

Fig. 5.5 Fracture of nuclear
fuel together with the fuel
cladding [B.R.T. Frost. Nu-
clear Fuel Elements. Oxford:
Pergamon Press, 1982]



94 Dmytro Breslavsky and Oksana Tatarinova

To simulate the bending of the fuel rod in its cross-section, the following calculation
model was built. At the first stage, fuel rod is considered as a hinged beam during
bending. According to the approaches of the theory of beam bending, the stress state
was determined. The mid-length cross-section of the fuel rod is considered. The
determined stresses were applied at the points of the cross-section in 2D model (plane
strain scheme) of the fuel rod with a maximum value of static load on the surfaces of
25 MPa. Due to the symmetry of the stress state, a model for one half of the section
was used.

In the calculations, it is assumed that the cladding is made of IN100 alloy. The
creep-damage constants of this material were obtained:

𝑏 = 3.43 ·10−29 (MPa)−𝑛/h, 𝑛 = 9.7, 𝑑 = 7.5 ·10−15 (MPa)−𝑟/h, 𝑟 = 5.2, 𝑙 = 15.

Material parameters for the fuel material:

𝑏 = 1.25 ·10−7 (MPa)−𝑛/h, 𝑛 = 𝑙 = 𝑟 = 3, 𝑑 = 3.125 · 10−7 (MPa)−𝑟/h

were obtained by use experimental data [26].
We present the results of numerical simulation of creep, damage accumulation

and subsequent fracture development for a cross-section of fuel rod under constant
bending by the load linearly increasing up to 25 MPa on the surface of the cladding.
According to the simulation data, it was established that after 318,443 h of creep,
accompanied by hidden damage accumulation, a macrodefect appears on the outer
surface of the fuel cladding (Fig. 5.6). Its material is destroyed simultaneously in
several finite elements. Further, the development of the macrodefect proceeds quite
quickly, within 0.001 h (3 s) it spreads to the fuel area (Fig. 5.7). After a few more
seconds, the complete fracture of the fuel in the cross-section occurs [26].

Analysis of the obtained numerical results shows that the existence of a macrodefect
in the fuel rod under consideration is limited to a few seconds. This means that for
the considered material composition the assessment of its long-term strength can be
performed only by calculating the processes of damage accumulation, without the
involvement of a specialized software tool for simulation of fracture.

Fig. 5.6 View of the fuel rod
cross-section model at the
end of the hidden damage
accumulation, 𝑡 = 318, 443 h
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Fig. 5.7 View of the fuel rod
cross-section model during
fracture process at the time
𝑡 = 318, 444 h.

5.4.3 Transversal-Isotropic Creep-Damage Behaviour of
Aluminium Notched Plate

The next example is related to the demonstration of the behavior of a representative
of light alloys, which present class of materials exhibiting anisotropy of properties
[15]. Consider the processes of thermal and irradiation creep, accompanied by the
accumulation of hidden damage and the growth of irradiation swelling strains in a
plate with side circular notches. Plate material is aluminum alloy type 2024. This
problem is classic for the creep theory, but it is also of practical importance for some
elements of RVI fasteners.

The plate is loaded by traction of 1 MPa, it is in a non-uniform temperature field
(230−280◦C and under the action of radiation exposure. The material of the plate
is characterized by significant anisotropy of creep properties and accumulation of
hidden damage. The constants for the constitutive equations (5.7), (5.8) for this alloy
are given in [32]. They are equal to:

𝑏1111 = 6.669 ·10−5, 𝑏1122 = −3.334 ·10−5, (MPa) (−2𝑛/(𝑛+1) )/h(2/(𝑛+1) ) ,

𝑏2222 = 7.653 ·10−5, 𝑏1212 = 5.332 ·10−5, (MPa) (−2𝑛/(𝑛+1) )/h(2/(𝑛+1) ) ,

𝑑1111 = 1.159 ·10−5, 𝑑1122 = −5.794 ·10−6, (MPa)−2/h2/𝑝 ,

𝑑2222 = 1.385 ·10−5, 𝑑1212 = 9.437 ·10−6, (MPa)−2/h2/𝑝 ,

𝑚 = 𝑝 = 3.4, 𝑠 = 0.

As noted in the Introduction, the description of irradiation swelling processes
due to the complexity of experimental measurements during radiation exposure is
a difficult task. Complete data for aluminum alloys, from which it is possible to
construct an equation of state, are very scarce. In this regard, we will use the data
given in various publications [15–17, 29] in order to build a qualitatively reliable
model of type (5.4). To construct an equation for describing the strains of irradiation
swelling, which are dependent on the values of temperature 𝑇 and neutron fluency
𝐹, we apply exponential dependencies:
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, (5.13)

where𝑈T is the value of activation energy for irradiation swelling process,

𝑄T = 6968.8K, 𝐹F = −5.92 ·1026neutron/m2, 𝐹1 = 7 ·1026neutron/m2.

The value of the threshold time for the beginning of the development of the irradiation
swelling process is 15,000 h. Using data from [29, 33] for the temperature range
under consideration, the value of the radiation creep constant was obtained:

𝑏rc = 3 ·10−6MPa−1/h.

Due to the symmetry of the plate with two side notches, calculations were made
for its fourth part. The results of the calculations in the form of distributions of
temperatures (Fig. 5.8 a), damage measure and von Mises strains are presented in
Figs. 5.8 - 5.12.

The cycle of calculation studies included the following variants of modeling: only
thermal creep and damage of the plate without the influence of radiation exposure
(variant 0, Figs. 5.8 b) and 5.9 a); thermal and irradiation creep and damage of the
plate without the influence of irradiation swelling (variant 1, Fig. 5.11 a); thermal and
irradiation creep and damage, taking into account the effect of isotropy of irradiation
swelling (variant 2, 𝛽𝑖 𝑗 = 1, Figs. 5.9 b) and 5.11 b) and in cases of transversal isotropy
(variant 21 (𝛽11 = 2, 𝛽22 = 0.5, Figs. 5.10 a) and 5.12a ) and variant 22 (𝛽11 = 0.5,
𝛽22 = 2, Figs. 5.10 b) and 5.12 b).

We will present the obtained values of the time until the completion of hidden
damage accumulation: variant 0: 𝑡∗ = 50175 h; variant 1: 𝑡∗ = 37869 h; variant 2:
𝑡∗ = 37728 h; variant 21: 𝑡∗ = 50727 h; variant 22: 𝑡∗ = 33864 h. As can be seen, the
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Fig. 5.8: Distribution of temperature a) and von Mises strains, b) in an aluminum plate with a
notch, thermal creep, 𝑡∗=50175 h, static loading.
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Fig. 5.9: Distribution of the damage measure in an aluminum plate with a notch a) thermal creep
𝑡∗ = 50175 h, b) thermal, irradiation creep and irradiation swelling, 𝑡∗ = 37728 h.
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Fig. 5.10: Distribution of the damage measure in an aluminum plate with a notch. Thermal,
irradiation creep and anisotropic irradiation swelling a) variant 21, 𝑡∗ = 50727 h, b), variant 22,
𝑡∗ = 33864 h.

addition of another process of creep (irradiation, variant 1) significantly intensifies
the process of stress redistribution and, thanks to this, an increase in damage rate,
which lead to more fast fracture. Adding isotropic irradiation swelling to the analysis
(variant 2) leads to a further, but insignificant, reduction in the time to completion of
hidden damage accumulation. Finally, the anisotropy of swelling properties can both
significantly, by 4000 h, reduce the time 𝑡∗ obtained in the isotropic analysis (variant
22), and significantly increase it, even in comparison with purely thermal processes
(variant 21).

The analysis of the distribution of hidden damage in the case of not taking into
account the influence of radiation exposure (variant 0, Fig. 5.9 a) shows that it is the
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Fig. 5.11: Distribution of the von Mises strains in an aluminum plate with a notch a) thermal and
irradiation creep 𝑡∗ = 37869 h, b) thermal, irradiation creep and irradiation swelling, 𝑡∗ = 37728 h.
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Fig. 5.12: Distribution of the von Mises strains in an aluminum plate with a notch. Thermal,
irradiation creep and anisotropic irradiation swelling a) variant 21, 𝑡∗ = 50727 h, b), variant 22,
𝑡∗ = 33864 h.

same as in the classical analysis of creep with damage [6]: zones with significant
damage are concentrated near the notch. Adding the influence of radiation taking into
account irradiation creep and isotropy of swelling (variant 2, Fig. 5.9 b) significantly
intensifies damage in the axial direction. If the swelling properties are considered
anisotropic, then due to the higher level of strains and stresses in the axial direction
(variant 22, Fig. 5.10 b), the damaged zone increases significantly. We also note that
the place of completion of hidden damage accumulation may slightly shift along the
edge of the notch.
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The effect of radiation on the strain distribution is much greater than on the
damage in the plate. This is obviously related to the addition of various mechanisms
of deformation growth to the analysis. If, without taking into account radiation
exposure, the strains do not exceed 0.01% (variant 0, Fig. 5.8 b), then the combined
effect of thermal and irradiation creep (variant 1, Fig. 5.11 a) increases the maximum
strain value to 0.7%. The main contribution to the strain level is made by irradiation
swelling strains, their maximum is 4-5%.

The distribution along the plate of the maximum strain values also changes
qualitatively – from a concentration around the notch in case of thermal creep
(variant 0, Fig. 5.8 b) to a significant zone on the sides of the plate in case of radiation
creep (variant 1, Fig. 5.11 a) and almost complete significant deformation under the
action of irradiation swelling (Fig. 5.11, Fig. 5.12, variants 2, 21, 22). The anisotropy
of irradiation swelling changes the location of the zones of maximum strains – now
they are located on the sides of the plate, but in variant 22, when the deformation is
more intense in the axial direction, their maximum level is greater (5.5%, Fig. 5.12 b).
In variant 21, when the higher rate of swelling strains is in the direction perpendicular
to the plate axis, due to the mutual influence of stresses, the time to failure is even
longer than in case of purely thermal creep. The strain level at the edges of the plate
increases significantly, by a factor of two, compared to the isotropic case (variant 2).

Now, we will present the results of the calculations of the deformed state and
the distribution of the damage measure when adding a cyclic harmonic loading. We
suppose that the stresses in the plate are caused by the cyclic temperature change
according to the asymmetry parameter of the heating-cooling cycle 𝐻 and the motion
of the plate edge which is is run according to the harmonic law of traction with the
cycle asymmetry parameter 𝐿:

𝑃 = 𝑃0

(
1+ 𝐿 2𝜋

𝑇c

)
, 𝑇 = 𝑇0

(
1+𝐻 2𝜋

𝑇c

)
(5.14)

For numerical modeling, we apply the constitutive equations (5.7) and (5.8). Let us
take 𝐿 = 𝐻 = 0.15. The calculation results are given in Fig. 5.13, which shows the
distribution of the damage measure a) and von Mises strains b). The time to the
completion of hidden damage accumulation was shorter than in a case with constant
stresses. It was equivalent to 28,914 h.

Analyzing the calculation results shown in Fig. 5.13, we come to the conclusion
that due to the intensification of the process of damage growth, which ends in the
area of the stress concentrator earlier than it was in the case of an unvarying stress
field, in the vicinity of the plate far from the concentrator, the values of the damage
measure even at 𝜂 =0.05 are absent (Fig. 5.13 a), as was in the results of variant 2
(Fig. 5.9 b). Due to the shorter time to failure, the overall strain level inside the plate
also decreases (Fig. 5.13 b). At the same time, we stress that due to the fact that the
strain rate is greater during cyclic loading, their overall level at the edges of the plate
becomes the same, 2.5%, in a shorter time , as in purely static processes.
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Fig. 5.13: Distribution of the damage measure a) and von Mises strains b) in an aluminum plate
with a notch. Cyclic loading. Thermal, irradiation creep and irradiation swelling, 𝑡∗ = 28914 h.

5.5 Conclusions

The approach and method of solving the problems of Creep theory with the application
of Continuum Damage Mechanics in the case of action of radiation exposure are
considered. The main difference from the classical problems of the Creep theory
is the consideration in the analysis of two additional mechanisms of deformation -
irradiation creep and irradiation swelling. If the consideration of irradiation creep,
which is modeled by a power-law, or quite often even a linear dependence of the
strain rate on stresses, does not present difficulties and is easily implemented into
the general calculation scheme, then the modeling of irradiation swelling, starting
from the construction of the constitutive equation to numerical procedures, is not
a standard task. It is not implemented in most software complexes of engineering
analysis.

The main problem is the construction of an adequate constitutive equation that
reflects the dependence of irradiation swelling deformation on time. It is clear from
the point of view of Continuum Mechanics approaches, that the formulation of the
equation for the strain rate is better. If such an equation is built and verified, then
with the possibility of implementing an additional unit to the FE software tool,
the implementation of the calculation method of analysis taking into account the
development of volume strains of irradiation swelling will not be a difficult task.

Due to the fact that the evaluation of the processes of joint development in time of
thermal and irradiation creep strains,which are also accompanied by the accumulation
of hidden damage, together with irradiation swelling strains, an adequate analytical
modeling is not possible for the case of a complex stress state with a complex shape of a
structural element and boundary conditions. For this, our approach uses a developed
calculation method based on a combination of FEM and difference methods of
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time integration. A demonstration of the method’s capabilities for various cases of
deformation and damage of RVI elements is provided for 3D and 2D problems. The
possibility of modeling materials with isotropy and anisotropy of long-term material
properties, using scalar and tensor parameters of damage, continuing the analysis of
fracture after the completion of the accumulation of hidden damage at some point of
the element is shown.

The above presented results of calculations show that the contribution of strains
caused by radiation exposure of the material in most cases leads to an increase in
the overall level of strains and a reduction in the time until the completion of hidden
damage. But for the case of materials even with transversal isotropy of properties,
due to the contribution of irradiation swelling strains and different nature of stress
redistribution in this case, the time to completion of hidden failure may even increase.
The addition of a cyclic component of the thermal-force loading in most cases leads
to an increase in the overall level of strains and a decrease in the values of time to
completion of hidden damage accumulation.

Even with the isotropy of long-term properties, due to the combination of stress
relaxation processes during creep and their growth during the growth of irradiation
swelling strains with time, it is possible to obtain different dependences of the resulting
stress on time, which will affect the time until the completion of hidden failure.

All presented examples show that an adequate analysis of long-term deformation
and strength of structural elements exposed to thermal - force and radiation fields
is possible only with the use of appropriate calculation tools. Due to the essential
nonlinearity of the problems, even a moderate deviation of the parameters can lead to
qualitatively different distributions of the components of the stress-strain state. There-
fore, the basis of the methods should be adequate and verified constitutive equations,
primarily for describing the irradiation swelling strains in time, understanding their
isotropic or anisotropic nature.
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