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ABSTRACT

Reactor internals are subject of three principle operation influences: neutron and gamma irradiation,
mechanical stresses, both static and dynamic, and coolant chemistry. Several cases of damage have been
reported in previous years in both boiling and pressure water reactors. They are linked with the term of
irradiation assisted stress corrosion cracking as a possible damage mechanism. In WWERs, the principle
material used for reactor internals is austenitic titanium stabilized stainless steel 08Khl8N10T, however high
strength steels are used as well. To assess the changes of mechanical properties and to determine whether
sensitivity to intergranular cracking can be increased by high neutron fluences, the experimental program has
been started. The goal is to assure safe operation of the internals as well as life management for all planned
operation period. The program consists of tests of material properties, both mechanical and corrosion-
mechanical. Detailed neutron fluxes calculation as well as stress and deformation calculations are part of the
assessment. Model of damage will be proposed in order to plan inspections of the facility. In situ
measurements of internals will be used to monitor exact status of structure during operation. Tensile specimens
manufactured from both base metal and model weld joint have been irradiated to the total fluences of 3 - 20
dpa. Changes of mechanical properties are tested by the tensile test, stress corrosion cracking tests are
performed in the autoclave with water loop and active loading. Operation temperature, pressure and water
chemistry are chosen for the tests.
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1. Introduction
Intergranular cracking of reactor core internals has been investigated for two decades since degradation
was first observed on stainless steel fuel cladding in the nineteen seventies. In the present time, the most
critical seems to be the occurrence of intergranular cracking on control rod blades, control rod
claddings, baffle bolts, absorber pins, core shrouds [1]. This problem concerns both BWR and PWR
types of reactors, however different operation conditions indicate different degradation processes are
taking place here. Since the beginning of the nineteen nineties, several reviews have been published
addressing this problem, for example [2] - [4]. The mechanism responsible for these damage processes
is generally called irradiation assisted stress corrosion cracking (IASCC) expressing the main influences
on the damage process: neutron dose, influence of irradiation fluxes on the environment and role of
environment in the degradation process. The threshold fluences have been determined for the cracking in

BWR and PWR environments. While the threshold of the former is approximately 5x10 n/cm
21 2

(E>1 MeV) the latter has been determined between 1-3x10 n/cm (E > 1 MeV) which corresponds to
approximately 1 dpa and 4 dpa respectively [3]. The influence of PWR environment on the cracking of
austenitic stainless steels has been demonstrated [16]. Baffle bolt pre-irradiated material was tested
under constant load. The failure was observed in PWR environment while no failure was observed if the
test was carried out in an inert gas. This result shows that even when there is a decrease in plastic
properties after irradiation higher than several dpa, another contribution can be expected from the
influence of water environment. It follows, that the degradation of these materials is likely combined
with more than one mechanisms. To evaluate their role, a combination of experiments should be
performed. The principle evaluation of differences between the exposure of irradiated material in the
environment with and without the ionizing flux of particles is one of these critical experiments. The
other one is the evaluation of influence of dissolved hydrogen and helium on the intergranular fracture.

Six principle mechanisms/influences are possibly taking place in these processes. They are likely
combined in the process of damage depending on operation conditions and characteristics of the
material.

• Irradiation hardening. It has been shown in several studies, that the irradiation over few tenths of
dpa increases of yield strength and tensile strength with a decrease of plastic properties. This
phenomenon has been observed for all 300 series stainless steels. The hardening is expressed,
depending on the irradiation fluence, by the yield strength increase by factor up to 4 [7] and total
elongation as a parameter of plasticity falling down to less than 1%.

• Changes to the grain boundary microstructure. The large population of vacancies and interstitials
leads to the diffusion of alloying elements to or from the grain boundaries. The migration is caused
by the inverse Kirkendall effect [11]. The process depend^on the irradiation fluence, temperature and
composition of the alloy. Both grain boundary depletion and build-up take place during this process.
Typically, chromium is depleted from the grain boundary region as well as iron or molybdenum by
the vacancy mechanism. On the other band, the grain boundary is enriched by silicon, phosphorus
and nickel which migrate by the interstitial mechanism [3, 12, 13]. The width of influenced region is
less than 10 nm on each side of the interface. The depletion of chromium can be by 5 to 10 wt% in
all steels of the 300 series even for the steels stabilized by niobium or titanium [11]. It results in
high sensitivity of the grain boundary region to stress corrosion cracking, especially in the case of
BWR water environment with high electrochemical potential.

• Changes in the electrochemical potential due to radiolysis of water. The gamma and neutron flux
causes the creation of molecules and radicals such as H2, H2O, e", H, OH, H , HO2 and others [1,3].
The Linear Energy Transfer rate (LET) is a parameter describing the efficiency of particular particle
flux to decompose water molecules. It is by three orders of magnitude higher for neutrons than for
gamma flux [1]. In such conditions, a shift of the electrochemical potential can be expected. In the
BWR environment, the shift by 250 mV was observed during direct measurement of electrochemical

potential under the radiation of 10 R/h of gamma and 5x10 n/cm s (E >lMeV) of neutrons [14].
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The result of the measurement of corrosion potential in the PWR water loop showed only transient
changes [15]. Even in open crevices in the PWR environment, there is not much reason for the shift
of pH in the crevice as no potential difference can be expected between the crevice tip and mouth. In
closed crevices, the concentration of boric acid and lithium hydroxide due to local boiling can lead to
a shift of pH to higher values [3].

• Irradiation creep. Even at the operating temperatures of LWR reactors, a change of dimensions of
core parts due to high irradiation has been showed to be possible [17]. For PWRs with much higher
fluence achieved during the operation life, this mechanisms seem to be effective in decreasing the

ductility of materials. At temperatures of 335 - 365 °C and doses over 70 dpa, 10% of swelling can
be expected [17]. The radiation creep may lead to a relaxation of material under constant
displacement conditions but the deformation can increase in the case of constant load.

• Helium effects. Helium is created under neutron irradiation of stainless steels by the (n,a) reaction
of boron. Helium cannot easily diffuse in the lattice and the helium degradation effects are typical for
higher temperatures of operation. The threshold for the embrittlement seems to be near the

temperature of 350 °C. In the case where boron existed originally on the grain boundary, the
resulting helium may lead to an intergranular fracture.

• Hydrogen effects. In principle there are two mechanisms for increasing of hydrogen content increase
in austenitic stainless steels operated under conditions the of LWR reactor core. The first one is
hydrogen diffusing from the metal surface as the result of corrosion processes and the second one is
(n,p) reactions. Hydrogen diffusivity in austenites is rather slow. However at operation temperatures
it becomes high enough to reach a homogenized hydrogen concentration profile in core structures in
the order of years. The maximum amount of hydrogen under these conditions is estimated to be in
tens of ppm, typically between 10 - 50 with the maximum level near 90 ppm [3, 18, 19]. In the
matrix, hydrogen can interact with several types of traps, such as dislocations, precipitates,
inclusion/matrix interfaces or grain boundaries. In the irradiated steel, more traps can be expected.
At the operation temperature of PWRs, only deep traps can keep the hydrogen trapped. Austenitic
structure of steels of the class 300 is potentially sensitive to the martensitic transformation during the
plastic deformation. Although there is not clear evidence that martensite is a prerequisite for the
hydrogen embrittlement, lower amounts of hydrogen can lead to the fracture of this structure [20].
Hydrogen can diffuse to grain boundaries which is due to radiation induced segregation being more
sensitive to the martensite transformation [3]. This mechanism can lead to intergranular cracking.

WWER reactors are sort of pressure water reactors with austenitic steel internals. There are no
published data about the damages of these parts. Nevertheless, combination of neutron fluxes, material
structure and corrosion environment could lead to the creation of inhomogenities during different
operation stages. The goal of presented work is to exclude such possibility and to develop devices and
approaches to avoid such situations through the knowledge of kinetics of damage phenomena.

2. Design of reactor internals in WWERs
WWER 440 reactor internal parts design is shown in Fig. 1. Core barrel is hung up on the pressure
vessel shoulder. A core basket is put on the bottom shoulder of core barrel. It consists of both upper and
lower plates and circumferential basket wall. As can be seen from Fig. 2 showing part of radial cross
section of reactor pressure vessel, there is a steel shell (baffle) creating boundary of the active zone.
Between the baffle and core basket wall, there is a water gap of non-equal thickness due to hexagonal
structure of core. For comparison, in Fig. 3 there is similar cross section of WWER 1000 reactor
pressure vessel. The biggest difference is in the baffle plates which are not present here.
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Fig.3- Geometry configuration of the WWER-1000 reactor.
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Operating conditions are represented by the factors:

• temperature of primary coolant in reactor pressure vessel is 298 °C in WWER 440 and 320 °C in
WWER 1000

• neutron flux: an example of results of calculations is in Paragraph 3.3

• gamma heating: according public sources has net been fully calculated yet

• water chemistry: it contains up to 6g/l of boric acid, up to 6 ppb of potassium hydroxide and 60ml/l
hydrogen.

3. Status of knowledge and operation experiences
Design basis for the reactor internals in WWERs did not calculated with any aging of these structures
due to that time unknown mechanisms of degradation. Nevertheless, the internal structures are objects
of visual inspections with the period of 4 years. Also, type basic stress calculations have been
performed [8]. As results from the search in published data from stainless steels of 300 series, no AISI
321 data are available. On the other hand, there are plenty of data for steels 304, 316 and their
modifications. The only commercially used stabilized steel in such circumstances in western reactor
internals is AISI 347, niobium stabilized steel. Lack of data of steel 08Khl8N10T is one of reasons to
perform here described program.

It was shown, that there does exist for 300 series steels rough correlation between dose and change of
mechanical properties. According these data, one should expect similar changes in 08Khl8N10T steel.

According the design conditions for WWERs, no damage mechanism of reactor internals has been
expected by designer according the status of knowledge approximately 30 - 40 years ago.

There is no published case of break of reactor internals in WWERs. On the other hand, visual
inspections are not fully reliable to determine the cracks in all reactor internal structures.

In WWER reactor internals, there are several types of materials used:

• 08KM8N10T stainless steel

• austenitic weld, both heat treated for internal stresses relaxation and without any heat treatment

• 14Khl7N2, KhN35VT-VD (materials of bolts, control mechanisms etc.)

At present time, no relevant data of mechanical and corrosion properties of these materials af^er
irradiation have been published.

4. Program of reactor internals lifetime assessment

4.1 History and Goals of Program
In the Czech Republic the Program of assessment of reactor internals has been started in 1998
officially, however a lot of effort has been given to the problem before. In 1995, as a part of the
assessment of WWER 1000 RPV, the first evaluation of internals from the point of view of neutron
fluences and corrosion-mechanical properties have been performed. It was shown that even low fluence
can decrease plasticity of stainless steel of 08Khl8N10T together with increase of its yield strength. On
the demand of NRI, Skoda Plzefi Machinery manufactured according the original technology models of
all principle materials used in reactor internals of WWERs. These have been used for further
irradiation.

The main objective of the Program is coming from the decision of State Office of Nuclear Safety No.
197/95 who has asked utilities to include into the reactor internals strength calculations also evaluation
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of both strength and lifetime from the viewpoint of influence of irradiation on the changes of material
properties. That means also to determine principle damage mechanisms and to prove an ability to
control them for all time of planned operation.

The principle tasks have been identified:

1. To secure an aging management of materials and structures of RPV internals influenced by
radiation embrittlement and IASCC. To define the limit values of critical parameters suitable to be
monitored on the four year period basis.

2. To determine sensitivity to radiation embrittlement and IASCC degradations for 30 years of
planned operation. To determine current status of mechanical and corrosion mechanical properties
of reactor internals material.

3. To propose measures to monitor changes of material properties of reactor internals. To define
procedure how to built these results into the current models of damage kinetics.

4. To calculate stress and deformation status of structures, to compare them with the material
properties after 10, 20 and 30 years of operation.

5. To determine threshold level of stress and fluence and to estimate kinetics of cracks growth. Based
on these values, prepare a model of degradation and subsequent calculation of residual lifetime.

As a result of the work, a prediction of degradation of reactor internals will be prepared together with
the methodology of in situ measurements and stress and deformation calculations.

4.2 Structure of Program

The principle structure of the Program is shown in Fig. 4. There are four main tasks present there. First
of them they are inputs. Material selection for the tests comes from the detailed material technology
knowledge. Detailed neutron flux calculation was planned in order to determine real fiuences during the
planned period of operation. The third input is stress and deformation status of the structure. The
second main task contains material irradiation and testing in order to prepare a quantified model of
materials degradation. In situ measurements of material properties changes will be designed. Eventually,
a procedure for lifetime determination will be proposed.

Fig. 4: Principle structure of the Program of RPV internals assessment
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4.3 Materials
Five types of materials were selected for the testing:

• KhN35Vt-VD used for the manufacturing of small parts of internals and rods drive mechanisms
(screws, bolts, bushings)

• 14Kh 17N2 used for locks of control rods

• 08KM8N10T (most of internals structures)

• weld metal Sv08Khl9N10G2B with appropriate heat treatment, used for axial weld joints of rings.
Heat treatment is used to minimize residual stresses

• weld metal SvO4Chl9Nl 1M3 used for circumferential weld joints.

The material composition of used materials is in Tab. 1. Mechanical properties are listed in Tab.2.

All materials were prepared by Skoda Plzeii Machinery according original technologies including heat
treatment.

From delivered material, tensile specimens were prepared. The diameter of gauge is 2 mm, gauge length
is 12 mm.

4.4 Neutron fluxes calculations
Detailed neutron fluxes have been calculated. The goal was to be able to determine particular fluences
in any location and time of operation of reactor internals. In principle, five main steps have been used in
the calculation [5,6]:

• determination of geometric and material input data

• determination of neutron sources in the active zone

• calculation of fluences and activities of fluence monitors

• corrections of calculated fluences on the basis of experiment

• qualification of calculation approach

Both codes ANISN and DORT have been used for calculations.

The obtained results give fluxes for both axial and radial cross sections of the reactor pressure vessel
and internals.

As maximum values, total fluences of approximately 40 dpa could be expected within the 30 years 'of
operation in WWER 440 reactor internals. Up to 80 dpa can be maximum fluence taking place in
WWER 1000 reactor internals for the same operation time.

4.5 Stress and deformation calculations
Only basic level stress calculations have been performed previously. They do not include calculations of
all operation regimes. This way, both stress and deformation calculations will be performed covering
both static loading and loads coming from a seismic event. Data from operation diagnostics will be used
to define cyclic loadings during operation. All calculations will be performed depending on the change
of mechanical properties of materials due to irradiation. From the trend curves of material properties
changes, the stress and deformation calculations for the internals structures will be obtained for the end
of planned lifetime.
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Table 1

Material

KhN35VT-VD

14KM7N2

14KM7N2

08Khl8N10T

Sv08Khl9N10G2B

SvO4Khl9NllM3

Chemical composition, >vt %

C

0.08

0.15

0.16

0.07

0.037

0.043

Mn

1.48

0.54

0.40

1.42

1.79

1.31

Si

0.43

0.33

0.40

0.44

0.49

0.43

P

0.015

0.022

0.022

0.020

0.015

0.017

S

0.012

0.008

0.007

0.010

0.001

0.017

Cr

14.88

16.51

16.32

18.65

18.93

17.48

Ni

34.88

1.96

1.95

10.50

10.76

10.49

Mo

2.25

Ti

1.39

0.50

W

3.38

Nb

1.0

Co

0.02

0.03

0.02

0.011

0.007

N

0.005

Table 2

Material

KhN35VT-VD

14KM7N2

14KM7N2

08KM8N10T

Sv08Khl9N10G2B

SvO4Khl9NllM3

TS

Rm

[MPa]

910

908

852

830

773

759

583

581

598

587

594

20°C

YS

Rp0.2

[MPa]

492

490

676

674

547

532

284

284

396

403

386

A5

[%]

30.2

31.6

21.8

19.6

24.0

24.0

55.0

55.0

43.3

40.0

46.7

RA

Z

[%]

51.9

52.0

60.6

61.6

61.6

61.8

67.4

66.3

62.0

64.0

59.9

TS

Rm

[MPA]

788

645

611

390 3

393 3

463

453

453

350°C

YS

Rp0.2

[MPA]

453

536

462

221 3

223 3

311

294

304

A5

[%]

27.0

15.5

16.3

32.1 3

32.8 3

RA

Z

[%]

49.9

60.2

58.6

64.0 3

66.3 3
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4.6 Program of pre-irradations
The specimens are preirradiated in fast reactor BOR-60 in NIIAR, Dimitrovgrad (Russia). They are
irradiated in the sodium environment at the temperatures 320 - 330 °C to the fluences up to 20 dpa. The
specimens are preirradiated to different levels between zero and maximum dose to allow to measure
changes of material properties along all this interval. Despite higher energy spectrum of the fast
reactor, this way showed to be the single one to get higher fluences in relatively short time period.

The first part of specimens has been transported already to NRI, the second set will be delivered in the
end of 1998.

4.7 Testing of specimens
In principle, two types of tests are proposed: tensile tests and slow strain rate tests. Tensile tests
performed in argon atmosphere at 80 °C and 320 °C will give information about the changes of
mechanical properties of materials due to irradiation. While 320 °C represents operation temperature of
WWER primary coolant, 80 °C has been chosen as a representative temperature of outage period.
During this period, some manipulations with reactor internals are possible with the thread of mechanical
impact. All basic parameters will be evaluated including yield and tensile strength, total and uniform
elongation and area reduction. Fractographic analysis will be used to determine character of fracture
and if applicable, to evaluate amount of brittle fracture.

Corrosion mechanical properties will be tested via slow strain rate test. This test is widely used to
characterize a sensitization of materials to stress corrosion cracking, see ISO standard [22].
Deformation rate of 10'7 /s is used for tensile specimens tested in the WWER primary water
environment. The tests will be performed in the NRI hot cells. The refreshed loop autoclave with active
loading system has been developed for the testing. After the test, all parameters mentioned above are to
be valuated. Moreover, the possible cracks of SCC will be identified by SEM. From the depth of cracks,
the crack growth rate will be estimated. From both argon tensile tests and SSRTs, the trend curves will
be evaluated and used for the extrapolation of materials degradation.

4.8 Program of in situ measurements

With the laboratory testing program described in previous paragraph, the trends of changes of material
characteristics are determined. To be able to extrapolate current status of internals materials to the
future, although next inspection or even end of operation, one should have a feedback of such model to
the real changes. To achieve such feedback, in situ measurement will be used. It is based on the
instrumented hardness testing (IHT) of materials under operation. The method is based on the idea pf
defined deformation of material under indentor. Ball indentor is continuously pushed into the material
recording both load and displacement. From the relationship between these parameters, the yield
strength and hardening deformation coefficient can be determined [10,21]. The method has been used
successfully for the measurements of changes of mechanical properties of reactor pressure vessel and
piping [10].

The method will be calibrated in two-way process. First, correlation of tensile test YS data from
irradiated tensile specimens will be correlated with those obtained from the IHT from the same
specimens. The size factor was tested during the testing with bulk cold worked material. The correlation
between bulk IHT data and tensile specimens IHT data has been observed. As a part of this
calibrations, irradiated bulk material from the NPP will be used.

4.9 Limitations of Program

There are few items which cannot be addressed within current workscope of the Program. The
maximum irradiation dose of 20 dpa is according published data in the region, where changes of
mechanical properties are believed to be saturated [1]. This way, all these changes can be evaluated by
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the Program. On the other hand, there are phenomena related to high doses, as helium embrittlement or
irradiation creep, which cannot be described by this Program. Generally, to get materials irradiated to
such high level fluences is difficult, as fast reactor irradiation could possibly not lead to desired damage.
Helium is introduced into the material via irradiation by thermal neutrons. These effects should be
studied separately. Both evaluation of material from operation and modeling should be used for such
estimations.

5. Conclusions

The Program of assessment of WWER reactor internals has been started to determine principle material
properties changes after irradiation up to 20 dpa. The calculations of stresses and neutron fluxes have
been performed. Test material is irradiated and prepared for the testing. As a parallel part of the work,
in situ testing is under preparation. As a result, lifetime assessment methodology will be prepared based
on both trend curves obtained from the Program and stress and deformation calculations.
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