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Abstract Keywords

The process models of iodine corrosion cracking of E110 zirconium alloy, fuel cladding,
zirconium fuel claddings, used to calculate the dura-  stress corrosion cracking, simula-
bility of the cladding (time for loss of tightness) are tion, reactor, operation
considered. A method for determining the corrosion

crack propagation rate in claddings made of E110

alloy @ 9.1 x 0.65 mm and the results of correspond-

ing studies (estimation of corrosion crack propaga-

tion rate and stress intensity factor Kiscc) are given at

a temperature of 380 °C in iodine environment at a

concentration of ~ 0.2 mg/cm?* Studies were per-

formed using tubular samples with a fatigue crack.

A fatigue crack on the inner surface of cladding made

of E110 © 9.1 x 0.65 mm alloy is the initiator of a

corrosion crack emergence (nucleation). The results

of corresponding studies are consistent with data

from the literature. The proposed study of the corro-

sion cracking process of fuel claddings in accordance

with the results of fracture mechanics is of practical

importance for substantiation of the regulation of Received 13.06.2018

reactor operating conditions © Author(s), 2019

Introduction. The experience of operating nuclear power plants (NPP) with
thermal neutron reactors made it possible, based on fuel elements failure cause
analysis, to determine that the interaction between the fuel and the cladding
during non-stationary (transient) operating conditions may lead to burst of the
fuel claddings. The most probable mechanism for such burst is cracking of
zirconium claddings due to stress corrosion (SCC) at iodine exposure [1], which
is released from the fuel during uranium fission. The release of atomic iodine in a
fuel element can occur both as a result of chemical reactions involving oxygen
and uranium fission products, and as a result of cesium iodide radiolysis [2], that
determines the actual possibility of iodine corrosion of the claddings made from
zirconium alloys in the presence of tensile stresses in them.
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Studies of the stress corrosion process of zirconium fuel claddings have been
conducted since the mid-1960s. These studies are important for ensuring the
operability of fuel element claddings in non-stationary (transient) operating
conditions of a reactor facility. B. Cox and ]. Wood [3] were among the first to
study stress cracking of zirconium claddings in the iodine environment. Their
studies underlie the cracking mechanisms known today.

Cracks propagation under stress corrosion can occur in zirconium alloys by
intragranular, intergranular and mixed mechanisms [4-6]. In the iodine
environment at T = 300 °C stress corrosion propagates predominantly by an
intragranular mechanism, although there is always at least a small fraction of
intergranular fracture. Intergranular fracture usually propagates at the initial
stage of the process. Such a transition corresponds to an increase in the stress
intensity factor at the crack tip to values greater than the critical ones (Kiscc).
At elevated temperatures, intergranular fracture in zirconium alloys during stress
corrosion tests in iodine environment occurs by dissolving grain boundaries —
removal of volatile zirconium iodides from these boundaries. At that, the initial

crack grows until the critical stress intensity factor (Kiscc) is reached, at which
the crack begins to propagate in an intragranular manner. Removal of volatile
iodides from grain boundaries may be accompanied by the deposition and
recovery of iodine particles at the tip or the beginning of the crack, which may be
the reason for the formation and accumulation of various impurities and alloying
elements in these places. If the initial stage of corrosion of a zirconium alloy
under stress is intergranular fracture, then the rate of such grain boundary
cracking is determined by the microstructure (grain size, size and distribution of
the minor phase particles, segregations of alloying elements or impurities).

Intragrain destruction occurs by the quasi-spalling mechanism — due to the
adsorption of iodine atoms or iodides, which diffuse into the crack tip and
weaken interatomic bonds there in certain crystallographic planes. The crack
propagates along the basal planes of the zirconium lattice.

It is necessary to add that the chemical composition of the alloys is the main
factor influencing the stress corrosion process of zirconium claddings. At the
same time, as the chemical composition changes, the structure and phase
composition, mechanical and physical properties of the alloys simultaneously
change. They affect the resistance of claddings to stress corrosion primarily
through a change in their strength, and this effect manifests itself in the initial
stages of fracture.

Texture has a significant influence on the initiation and on the propagation
of cracks in zirconium alloys during stress corrosion of the claddings. At that, the
effect of the texture is stronger than effect of the alloy’s chemical composition.
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The results of most studies are consistent with the fact that an intragranular
quasi-spalling crack propagates along the basal planes of the zirconium lattice.
The effect of texture on resistance of zirconium claddings to stress corrosion can
be traced mainly under conditions when the crack growth mechanism is
intragranular.

Thus, studies of the stress corrosion process of fuel claddings in iodine-
containing environment have shown that the main mechanisms of the “iodine”
process in zirconium alloys are adsorption in the case of intragranular fracture
and chemical dissolution of grain boundaries in the case of intergranular fracture
(4, 5].

It has been determined that stress corrosion cracking of zirconium fuel
claddings occurs in three stages [1, 4]: 1) initiation of cracks, 2) their quasi-
stationary growth in a corrosive environment under stress, and 3) ductile failure
(rupture) of the remaining cladding section. Most of the time before fracture
takes the first two stages. In this paper, we consider the second stage, namely, the
stage of quasi-stationary crack growth.

The existing theoretical models of quasi-stationary crack growth in the
iodine environment mainly come to building a correlation dependence of their
growth rate on the stress intensity factor based on one or another set of
experimental data. The use of such models is limited due to the large scatter of
data obtained from different authors.

Work objective — to analyze some features of the stress corrosion models
for zirconium fuel claddings, including some features of research in the power
excursion mode [6], providing a study of simulative fuel assemblies in the mode
of fast power surges (excursions), imitating load following (transient) processes
and allowing to control a nuclear reactor using neutronics and fuel codes, as well
as the results of experimental studies of quasi-stationary growth of corrosion
crack in the fuel claddings & 9.1 x 0.65 mm from E110 alloy at iodine
concentrations of ~ 0.2 mg/cm?* and temperature of 380 °C, depending on the
level of applied tensile stress.

Comparative analysis of stress corrosion models for zirconium fuel
claddings. The task of preserving the leak tightness of the fuel claddings when
maneuvering the power of NPP also remains relevant today. Therefore, it seems
important to regulate the operating conditions of fuel elements by acceptable
level and change rate of power, taking into account the fuel burn-out [2]. Many
studies have been devoted to the nature and conditions of the emergence of the
SCC process, the results of which are to some extent summarized in [4-6].

In accordance with the requirements of foreign and Russian supervisory
authorities [7, 8], when developing an engineering design of a fuel element, all
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mechanisms for the possible destruction of it, including the mechanism of stress
corrosion, should be taken into account.

The stress corrosion process proceeds in time at different rates depending on
external loading parameters (stress, temperature, iodine concentration) and
characteristic properties of the cladding material structural condition, which is
mainly determined by their manufacturing technology and degree of radiation
damage. This determines the possibility of using fracture mechanics to predict
the fuel claddings strength with a depth of the original fatigue crack, which
should not exceed the thickness of the latter, i.e., 0.65-0.9 mm.

To calculate the durability of the claddings (time for loss of tightness),
models are used that can be divided into two groups [9].

In the models of the first group, the cladding wall is conventionally divided
into a series of sequentially destructing elements of a predetermined thickness
upon reaching the required stress level and critical concentration of iodine,
which can be interdependent. The calculation formulas for this model are partly
empirical in nature and change during the transition from intergranular to
intragranular fracture [9-11].

Models of the second group use a relatively traditional approach of fracture
mechanics, which relates the design survivability to the crack propagation kinet-
ics, that is, to the dependence of its extension rate on the parameter characterizing
the stress state at the top. Assuming that stress corrosion damage occurs by cleav-

age, the stress intensity factor (Kiscc) is taken as such a parameter [12, 14, 15].
Note that in the models of the first group, this dependence is also indirectly

used with the exponent of the equation relating Kiscc to the crack growth rate as
a fracture behavior criterion in one or another analytical calculation technique.

Therefore, the aforementioned regulation of reactor operating conditions
should be based on experimental data on the kinetics of the stress corrosion
process.

Probably, one of the approaches to the modeling of cracking (crack
propagation) may be the dependence of creep deformation in the state of plane
deformation zone in front of a propagating crack, depending on the iodine
concentration.

The crack starting time is determined by the crack opening at its top, and the
crack growth rate after its starting (8) is determined by the material parameters
defining the deformation, by the height (h) of the fracture process zone
(commensurate with the grain size of the zirconium alloy) and by stress intensity
factor (Kiscc).

One distinctive feature of the crack propagation process is the ability to
estimate its propagation by changing the size. The first stage of crack growth can
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be also considered the final stage of its formation. At the stage of initiation, a
crack is formed as a result of microcracks coalescence under the shear stresses
action. The process of microcracks formation differs from the process of their
further propagation, since at the first stage these are shear cracks, which then
propagate as opening mode cracks.

The phenomenon of sensitivity to strain rate is of great importance, since it is
postulated that at some reactor power growth rates, an increased tendency of fuel
elements to fracture during fuel-cladding interaction (FCI) may appear and, as a
consequence, a corrosion process is possible.

On the curves of the relative strain-to-fracture vs the strain rate a minimum

is found, which manifests itself as the concentration of iodine increases from 107>

to 107> mg/cm?. Such data for fuel claddings of E110 alloy were obtained in [15].

Apparently, the time to crack starting and the time to fracture are rather a
consequence than causes of stress corrosion cracking and, probably, they can be
used as independent variables in modeling.

It should be noted that the process of fuel claddings destruction during stress
corrosion is controlled by diffusion, and the cladding behavior controlled by
diffusion is possible for some fast transients during fuel elements irradiation.

Limiting the cracks propagation by the diffusion process can play an
important role for already existing deep cracks (incipient cracks) during
relatively fast transient conditions, like reactor power surge. Apparently, at high
stresses, the fracture process mainly occurs by creep rupture, whereas at low
stresses (long-term laboratory tests), relaxation during creep reduces stresses to
values below the threshold.

High stresses for the time dependence of stress corrosion and limiting the
iodine concentration [2] lead to destruction under stress corrosion conditions,
which originates as intergranular and spreads as transgranular.

Analysis of studies of zirconium fuel claddings in relation to the power
surge. The problem of iodine corrosion cracking of zirconium claddings is
extremely important for ensuring the operability of spent fuel elements in
transient (load following) conditions. Therefore, special experiments and post-
reactor studies of simulative fuel assemblies and individual full-scale fuel rods
with fresh and spent fuel in the mode of fast power surges (excursions),
simulating transients, have been developed.

Such tests with short pulses are performed in pulsed reactors: IGR
(Kazakhstan), BIGR (RFNC — VNIIEF) and in the irradiation device of the MIR
reactor (SSC RIAR), and with a pulse duration of more than a few tenths of a
second — in the SM reactor (SSC RIAR).

ISSN 0236-3941. Bectauk MI'TY um. H.9. baymana. Cep. Mammnocrpoenne. 2019. Ne 5 139



A.S. Sotnikov

Possible changes of individual parameters (iodine concentration, tempe-
rature, stress) in the of power surge mode according to [6] are presented
in Fig. 1 and Fig. 2.
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Fig. 1. Change of stress, temperature and iodine concentration
in the power surge mode

The crack growth in the cladding in the power surge mode, presented
in Fig. 1, for unirradiated zirconium-4 (co2 = 483 MPa; Guts = 552 MPa) is shown

in Fig. 2, a, and for irradiated zirconium-4 (co2 = 620 MPa; Guts = 690 MPa) —
in Fig. 2, b. The thickness of the zirconium cladding was 0.75 mm.

From Fig. 2, a it follows that the crack starting (beginning of growth) in
unirradiated zirconium-4 for the given experimental conditions was 0.2 h, and
the kinetics of its growth indicates its arrest and the absence of destruction, while
for irradiated zirconium-4 (Fig. 2, b) under the indicated experimental
conditions the cladding was destroyed at a time of 0.48 h.

It seems that the starting process and the propagation of a corrosion crack in
laboratory (unirradiated claddings) experiments and irradiated claddings are
different, although the mechanism of initiation and propagation is similar (Fig. 2).

Thus, the process of destruction of fuel claddings under conditions of fuel-
cladding interaction and stress corrosion is the following:

140 ISSN 0236-3941. Bectauk MI'TY um. H.9. baymana. Cep. Mammsaoctpoenne. 2019. Ne 5



Simulation of Initiation and Development of Corrosion Cracks...

— plastic deformation (emergence of the first macroscopic crack);
— actual destruction, which is determined by the rate of a macroscopic crack
propagation and the level of tensile stresses at the corrosion crack mouth.
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Fig. 2. The crack growth in the cladding of unirradiated (a) and irradiated (b)
zirconium-4 in the power surge mode:

1 (a) is stress relaxation in the cladding in the power surge mode, no destruction;
1 (b) is accelerated destruction (beginning) of the cladding; 2 (b) is cladding destruction

Research methods and simulation results of the initiation and propa-
gation of corrosion cracks under stress corrosion conditions. To experi-
mentally justify the quasi-stationary growth of a corrosion crack (the second
stage of propagation) in iodine environment under stress, it was assumed that for
a brittle crack the maximum tensile stresses at its top are proportional to the

stress intensity factor (Kiscc) [13].

As a result of long-term operation of the fuel element claddings under creep
conditions, the destruction of the cladding material can occur at stresses less than
the tensile strength in iodine environment.

The creep rupture strength properties of the cladding material, in general,
are characterized by a set of stress rupture curves, which are plotted in the
coordinates of the creep-rupture life — the applied stress. According to the
results of creep-rupture tests at a constant iodine concentration on the basis of
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tests up to ~ 1000 h, the threshold stress values of the stress corrosion process at
the corresponding test temperature are experimentally determined.
In real fuel elements, the amount of iodine is usually defined in grams or

milligrams per 1 kg of UO> fuel, depending on its burn-out and the gaseous
fission product release [2-6, 15]. The iodine concentration in tests with a
constant initial amount of iodine in an experimental tubular sample is defined
as a volume concentration (mg/cm’) or as a surface concentration (mg/cm?).
At that, the required iodine concentration in an experimental tubular sample
is determined by a specimen of iodine, which is loaded inside it before sealing
and filling it with an inert gas (argon) to create the required level of tensile
stresses in the cladding.

Calculations [2, 15] show that the release of stable iodine isotopes in the
most stressed VVER-1000 fuel element at a burn-out of ~ 50 MW.-day/tU
is ~ 0.1-0.3 mg of iodine/cm®. When conducting laboratory experiments with a
constant value of iodine concentration per unit of the inner surface of the
cladding, an average value of ~ 0.2 mg of iodine/cm? was taken. At T = 380 °C
and a surface concentration of iodine ~ 0.2 mg/cm? the threshold stress value of
the stress corrosion process for unirradiated claddings & 9.1 x 0.65 mm from
E110 alloy is ~ 180 MPa [15].

In the general case, the results of creep-rupture tests at an appropriate
temperature are approximated by an equation of the following form:

c = Alog ti+ B, (1)

where o is the value of tensile stresses; t; is the test time; A and B is material
constants.

Thus, the allowable test time (#;) for a given tensile stress in equation (1) is
determined based on the stress rupture curve at the corresponding test
temperature.

The behavior of the zirconium claddings (alloy E110) was investigated
using experiments on tubular samples of ¢J 9.1 x 0.65 mm under an internal
pressure of an inert gas (argon) with a fatigue crack with depth of ~100 um,
length of ~ 6 - 10° um, an opening angle of 30 + 5° and a radius at the tip
of ~ (10...20) um previously created on the inner surface of the cladding, and
with iodine concentration of ~ 0.2 mg/cm? At that, the crack parameters were
monitored using non-destructive methods: ultrasonic and eddy current using
reference samples [15].

The calculation of circumferential stresses () in the claddings of tubular
specimens was carried out according to the formula:

o = Prdav/(2h), (2)
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where Pr is inert gas (argon) pressure at test temperature of 380 °C; dav is
average outer diameter of the cladding; / is average thickness of the cladding.

In the experiments carried out, the time #; was not more than 0.5faow at
tensile stresses values of 150 and 170 MPa and at test temperature of 380 °C.

It was assumed that at the stage of subcritical crack propagation under stress
corrosion, the instantaneous crack growth rate (V) is constant and its average
value can be described by the following expression:

V=Lilt, 3)
where L; is the current size of the corrosion crack extension (the average
measured value of the crack size) at the selected value of tensile stress leve; t;is
the experiment time; #; < tallow.

The study of stress corrosion of claddings was accompanied by a thorough
analysis of the conditions for the crack propagation and their geometrical
parameters using metallographic examinations after its extension for a given
period of time t;.

The results of the experiments at T = 380 °C are presented in Fig. 3 and in

the table. Fig. 3 shows the cross-sections of samples with a crack in the initial
state (a) and after testing at 6 = 150 MPa (b) and o = 170 MPa (¢).

Fig. 3. The results of metallographic
examinations of cladding samples from
E110 alloy with a previously created
fatigue crack (a) and after testing under )
stress corrosion conditions at T' = 380 °C -’ - .

and stresses of 150 MPa (b)
and 170 MPa (c), magnification x 150 c

The summarized test results, including the calculated data of the current
values of stress intensity factor and subcritical crack propagation rate are also
shown in the table. The table presents some of the data from [13, 14] for
comparison purposes.
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It follows from the above results that the crack propagation rate turned out to
be more at higher stresses (comparison of ¢ = 150 MPa (b) and 6 = 170 MPa (c)).

Thus, an increase in stresses in the brittle area contributes to the acceleration
of crack growth under given test conditions for stress corrosion.

The data from [13, 14] on tubular samples of the VVER type & 9.1 x 0.65
mm [13] and of the RBMK type 13.6 x 0.9 mm [14] presented for comparison are
in satisfactory agreement with the data of this work.

It should be noted that the Kiscc value was calculated from the relation
known from the literature [12-14]:

Kisce = 2,50+ acr (4)
where a is the crack depth; o is the circumferential stress.

Summarized results of studies of claddings from E110 alloy under stress corrosion
conditions (iodine concentration ~ 0,2 mg/cm?) at T = 380 °C

Depth of crack . . Crack :
Stress, . . Stress intensity . Literature
Test time h extension propagation
G, MPa factor Kiscc sources
L, pym rate L;/ ti,cm/s
150 1.5 90 3.56 1.7-10b | Present work
170 1.0 110 4.46 3.1-10° | Present work
150 - 230 4.00 - [13]
146 - 329 4.92 1.53-10°° [14]
97 - 420 4.56 2.21-107 [14]
110 - 325 4.49 1.75-107 [14]

It should be noted that carrying out works on stress corrosion of fuel
claddings is necessary to further improve zirconium alloys and predict the
behavior of fuel claddings in more severe operating conditions associated with an
increase in the NPP energy resource due to an increase in burn-up range, an
increase in the duration of the fuel cycle and the transition to load following
reactor operation conditions [16].

Conclusion. Models of the corrosion cracking process of zirconium fuel
claddings are discussed using relatively traditional approaches of fracture
mechanics, linking the design survivability with the crack propagation kinetics.

The methodology and results of estimation of the corrosion crack extension
rate and its propagation are presented depending on the level of applied tensile
stresses in claddings & 9.1x0.65 from E110 alloy at iodine concentration

of ~ 0.2 mg/cm? and temperature of 380 °C.
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The calculations of the corrosion crack growth (extension) rate and the Kiscc
values under these experimental conditions are consistent with known literature
data determined on VVER and RBMK type zirconium fuel claddings.

Such studies of the initiation and propagation of corrosion cracks are of great
importance for regulating the reactor operating conditions, especially in relation
to the materials of fuel claddings of a new generation.

Translated by K. Zykova
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