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INFLUENCE OF STRESSES ON DEFORMATION PROCESS UNDER THE IRRADIATION CREEP
AND SWELLING

OOroBOpPIOIOTECA MiAXOAM I omucy AedopMyBaHHS KOHCTPYKTUBHUX €IEMEHTIB, y MaTepiayi SKHX OAHOYacHO DPO3BHBAIOThCS Jedopmarii
panianiiiHoi TOB3ydocTi Ta po3myxaHHsA. PosrisHyro crocoOu ommcy amedopmanuiii paiianiiiHOro posmyxaHus, SIKi BHKOPHCTOBYHOTBCS IS
PO3paxyHKOBOIO aHaNli3y HampyXeHo-AeGopMOBAaHOrO CTaHy, LIO BHHHKAE B eJEMEHTax KOHCTPYKIH B ymoOBaxX CHUIbHOI Aii pamiauiHOro
OIPOMIHIOBAaaHHS i TEMIIEPAaTypPHO-CHIIOBBIX IOJIB. IIpeCTaBIeHO MOBHY CHCTEMY PIBHSHB II04aTKOBO-KPAHOBOrO 3aBHAHHS, B SIKill BPaXOBYHOTHCS
npyXkHi Ta TemwioBi aedopmanii, aepopmauii pamiamiiHoi MOB3y4oCTi Ta po3myxaHHs. UuceIbHE MOICTIOBAHHS IPOBEACHO 3 BUKOPUCTAHHAM
crenianizoBanoro nporpamuoro kommuiekcy FEM Creep, B skoMy KpaiioBa 3aJada po3B’si3y€ThCsl METOAOM CKIHYCHHHX EJIEMEHTIB, a MOYaTKOBa 3a
4acoM IHTerpyeThCsl PI3HUIIEBHM METOAOM NPOrHO3y-Kopekuii. HaBexeno nBi ¢opmu mis piBHSHHS CTaHy, [0 OHHCYe AedopMamilo pafiamiifHOro
PO3IyXaHHsS: Heplia s KOMIOHEHTIB TeH3opa nedopMariiid, Apyra - i IXHIX MIBUAKOCTeH. AHAi3yeThCs rimore3a Hpo JiHIHHY BiANOBIIHICTH
OTPUMAHOI 703U ONPOMIHEHHs Ta 4Yacy AedopMyBaHHsI, MPOTATOM SKOrO PO3BHBAIOThC HedopMarii pamiauifiHOro posmyxaHHs. BukiageHo HH3KY
IIHTaHb, HA SKi MOTPiOHI BIATOBiNI PH BUKOPHCTAHHI B PO3paxyHKaxX MPH CKIATHOMY HANpYXCHOMY CTaHi piBHSHB, Ae AedopMallis pagiariifHoro
po3myxaHHsl Oe3MmocepeHbO 3aIeKUTh Bix HanpykeHb. Ha mimcraBi 0OpoOKH eKCIepHMEHTAIBHUX JAHUX MPO po3myxaHHs TpyO i3 cram 316Ti B
niamasoHi Temmeparyp 450-460 °C 3anpornonoBana (opma piBHSIHHS Il IIBUAKOCTI nedopMaliiii paaiaiiiHoro po3myxaHHs, BU3HAUYCHI KOHCTAHTH,
110 BXOATH 10 HbOro. Ha mpukiai urceapHOro MoAeoBaHHs AeopMyBanHs TpyO i3 crami 316Ti, HaBaHTaKEHHX BHYTPILIHIM THCKOM, ITOKa3aHO
NPUHHATHICTS 3aCTOCYBAaHHS KJIACHYHOTO IAXOAY JUIL aHANi3y HAampyKeHO-IeOpMOBAHOTO CTaHy 3a HasBHOCTI Jedopmaniii paniariiHoro
PO3ITyXaHHS.
Kuarouosi cioBa: nehopMmyBaHHs, HAPYKEHHs, pajianiiiHa oB3y4icTh, pafiaiiiiHe po3myXaHHs, Tpyoa.

OO6cyxmaloTcst MOAXOABI Ul ONUcaHMs JIe(hOPMHPOBAHHS KOHCTPYKTHBHBIX SJIEMEHTOB, B MaTepuajie KOTOPBIX OJHOBPEMEHHO Da3BHUBAIOTCS
nedopMaluK paJUallMOHHON MOJ3YY4eCTH M paciyxaHusi. PaccMoTpeHbl crocoObl onucaHus aedopManuii paJualioOHHOTO paclyXaHHs, KOTOpbIe
HCTIONB3YIOTCS UL PACUeTHOTO aHAJIN3a HaNPSHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHHMS, BO3HUKAIOIIETO B DJIEMEHTaX KOHCTPYKIMI IIPH COBMECTHOM
JICHCTBUU PaJMALIMOHHOrO OOJIydeHHsI M TeMIlepaTypHO-CHJIOBBIX mojei. [IpencTaBieHa mojHas cUCTeMa ypaBHEHMH HadalbHO-KpAeBOW 3anauu, B
KOTOPOH YYHTBIBAIOTCS YIPYTHe M TEIUIOBbIC JedopManuy, AepopMalui paJualliOHHOI MON3YYEeCTH U paciyxaHus. UHCICHHOE MOACIMPOBAHUE
MIPOBEJICHO C WCIIOJb30BaHHEM CIICNHAIN3HPOBAHHOTO nporpaMmHoro komekca FEM Creep, B KOTOpOM KpaeBasl 3amada peNIacTcs METOIOM
KOHEYHBIX JJICMEHTOB, a HadaJlbHas 10 BPEMEHU HHTEIPHPYETCS Pa3HOCTHBIM METOOM IIPOTHO3a-Koppekuuu. IlpuBemeHsl nBe (opMbl mist
YPaBHEHHMS COCTOSIHHS, OMHCHIBAIOMIEr0 AeOpMaLUIO paJHalliOHHOTO PACIlyXaHHs: OJHA I KOMIOHCHTOB TeH30pa JedopMaliuii, BTopas — 1t UX
CKOpOCTeil. AHAIM3HUPYETCs TUIIOTE3a O JINHEHHOM COOTBETCTBHY IOJIYYSHHOH 035l OOJIyUeHHs W BpeMeHH J1e()OpMHPOBAHHUS, B TEUCHHE KOTOPOTO
pa3BuBalOTCS AeOopMaluy paJHaldOHHOTO paciyxaHus. M310keH psa BOIPOCOB, Ha KOTOPBIE TPEOYIOTCSI OTBETHI IPH HCIOIB30BAHUU B pacdeTax
IpU CJIOXKHOM HANpPSHDKEHHOM COCTOSIHUM YpaBHEHUM, B KOTOPBIX JedopMalus paJualliOHHOTO DAaCIyXaHHUs HENOCPEACTBEHHO 3aBUCUT OT
HanpspkeHnd. Ha ocHOBaHMM 00pabOTKH SKCIIEpHMEHTANIBHBIX JAaHHBIX O paciyxaHuu TpyO w3 cramu 316Ti B nmamasone temmeparyp 450-460 °C
HpeanoxeHa GpopMa ypaBHEHHs UL CKOPOCTH JAehopMaliiil paJUalliOHHOTO PAcIlyXaHHs, ONpe/eNeHbl BXO/IMIINe B Hero KOHCTaHThl. Ha mpumepe
YHUCICHHOTO MOJENMPOBaHHus jaedopMupoBanHus Tpy0 u3 cramm 316Ti, HarpyKeHHBIX BHYTPEHHHM JIaBJICHHEM, IIOKa3aHa IPUMEHHMOCTb
KJIACCHYECKOro MOX0/1a Ul aHaJIN3a HalPsHKEHHO-1e(h)OPMHPOBAHHOTO COCTOSIHUS MPH HATTMYHHU Ae(OpManii paJHallHOHHOTO PacilyXaHHs.
KroueBsie ciioBa: 1eopMIpOBaHTe, HAPSHKEHNE, PaMAIMOHHAs TTOI3ydecTb, PaIMallIOHHOE PaciTyXaHHe, Tpyoa.

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 °C, 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
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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 g;j in arbitrary time instant are determined in the
following form:

T rc SwW
g; =€ +e& +ef +ef, @

where terms in right part are the strain tensor components:

elastic e;, thermal e, radiation creep e’ and radiation

swelling e*, (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:

1

o, + =0 ¢ :E(ui,j +Uj; +uk'iuk'j),xi ev;

T rc Sw . .
Gy = Dijkl By —€ —€q —€g") 1O =7, X € S, (2)

ui|sn =0, U;(x,0)=¢/°(x,0)=€"(x,0) =0,
where o is stress tensor, u is displacement vector in
material point. n is unit normal vector to the volume’s
boundary S; i=1,2,3; Dix present the components of
elastic moduli tensor; u; are the known values of
displacement vector in the boundary part S1. 7 are known
values of traction in the points of boundary part S.

To formulate the governing equation for the
components of the radiation swelling strain tensor, the
following dependences are used:

rs 1
Eij :§S®(D’T"")8ij s (3)
A0 1. . .
eij :és‘b(d)’t’T"")Sij . ( )

They use the function S [8, 9], or its rate [2, 12],
depending on the accumulated dose D or neutron fluence
@, 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

&y =& +6 +6° +6", (5)
(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]:

e; =Q (T _To)aij .

de; =de; +de] +de° +de",

U]

Here «; 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
& =—Bo;s;

2 ivij (8)

where s;; are deviatoric components of strain tensor, o; is
von Mises equivalent stress, B 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
(2)-(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 op in them of 90 and 170 MPa [3].

This paper presents an experimentally obtained
dependence of the radiation swelling strain &, % 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].

&, %
s

o082

0o +00E03— 802 ot t, years
0 s 0 15 s

1 2 30 35 0 s

Fig. 1 — Comparison of experimental (dots) and numerical
(line) data. Free swelling strain versus time, T=450 °C

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.

e = AL, 9)

and

sw

e
% LAt

d 3 v (10)

By use of experimental data the values of constants
include in (9) were obtained: m=4.13, 4=4.08 10-% (h)™.

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

d SI’C
dt

The value of constant: B=4.62 10'1° MPa.

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.

=Bo, (11)

The calculation results in comparison with the
experimental data of [3] are shown in fig. 2. The values of
the hoop strain s, % 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.

Ea%o
1.B0E+01
1.60E+01
1.40E+01 &
1
1.20E+01
1.00E+01 &
8.00E+00
a2
6.00E+00
3
4. 00E+00
2.00E+00 2
-
0.00E+00 tLyears
29 34 39 44 45 54

Fig. 2 — Comparison of experimental (dots) and numerical
(line) data. Hoop strain versus time, T=450-460 °C

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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