
IAEA Specialist's Meeting on XA9847929

Irradiaton Effects and Mitigation
Vladimir, Russia, 15-19 September 1997

SYNERGETIC EFFECTS OF IRRADIATION AND THERMAL
EMBRITTLEMENT

by

Ferenc Gillemot*; Ferenc Oszwald **; Laszlo Gillemot*; Gabor Uri*; Soraia Pirfo*

* Atomic Energy Research Institute, H-1525 Budapest 114, Hungary

**NPP Paks, H-7031, Paks, Hungary

Abstract

The thermal ageing is a slow diffusion process, especially at the temperature of
reactor operation. The thermal ageing affects the forging surface and the middle zone
differently. The WWER surveillance specimens are located at accelerated irradiation
positions. Because of this fact the thermal ageing effect can be only measured on the
specimens irradiated at least 4 years long. The paper discusses the factors affecting
the real reactor wall embrittlement.
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1. INTRODUCTION
The mechanical properties of the reactor wall are not homogeneous. The welded

cladding is situated at the inner surface of the wall. Below the cladding the forged ring
properties are changing in the function of the direction and in the function of the
thickness.

During service the different ageing mechanisms also cause different property
changes in the function of the location. Summing up the original properties of the wall
material and the irradiation caused by embrittlement and thermal ageing realistic
estimates of the mechanical properties distribution can be elaborated. Using these
property distribution functions for deterministic PTS analysis reduces the
overconservatism of the assessments, that is the calculated lifetime will be realistic and
much longer than the results calculated by using transition temperature measured at lA
wall thickness after ageing. This paper introduces the method and shows some of the
results obtained on 15H2MFA material.

2. AGEING OF THE CLADDING

The cladding of the WWER-440 reactors was produced with strip electrode
submerged arc welding. The cladding is welded in three layers. The first layer is
slightly overalloyed to get austenitic structure after mixing with the base material. The
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different chemical compositions of the strip electrodes are given in Table 1. and the
standard mechanical properties are given in Table 2.

Table 1. The chemical composition of the electrodes used for cladding of WWER-440 reactor
vessels.

Electrode

SZv08H19N10G2B

SZvO8H25N13

C
[%]

0.1

0.09

Mn
[%]

1.5

1.5

Si
[%]

1.0

1.2

* max

[%]

0.03

0.03

[%]

0.02

0.02

Cr
[%]

18.0

24.0

Ni
[%]

10.0

13.0

Nb
[%]

0.9

-

COmax

[%]

0.05

0.05

Table 2. The standard mechanical properties of the welded cladding

Material

SZv08H19N10G2B

SZv08H25N13

Rpo.2

[MPa]

343

284

Rn,
[MPa]

539

422

A5

[•/.]

20

18

Z
[•/.]

30

25

KCU

m
20

29

Very little information is available on the ageing behaviour of the cladding materials.
In case of thin claddings (2-3 mm-s) the effect of the properties of the cladding on the
structural integrity assessment may be negligible. In case of thick (9 mm) cladding the
cladding properties must be considered during PTS assessment. If any was crack
initiated and started to propagate through the cladding it must be arrested in the base
material. Considering the high thermal stresses at the transition zone an 9-10 mm deep
propagating crack can be dangerous during a PTS event. In order to obtain better
knowledge of the mechanical properties of the cladding some tests have been
performed on original and differently aged clad material.
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Fig. 1. Comparison of the measured impact energy values in the function of temperature
a.) as received
b.) after 2000 hours of thermal ageing at 350 °C.(equal to 80 000 operational hours.)
c.) after 2*1019 n/cm2 E>0.5 MeV irradiation
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One set of specimens was thermally aged at 350 C for 2000 hours (this accelerated
laboratory ageing is modelling about 80-100 000 service hours).

To study the effect of radiation embrittlement on the properties of the cladding
another set of specimens has been irradiated in the Budapest Research Reactor with a
fluence of 2*1019 n/cm2 E>0.5 MeV.

After an irradiation tensile test on round and notched bars and impact testing was
performed.

Fig.l. summarises the effects of the irradiation and thermal ageing on the tested
cladding material. The transition temperature is practically not changed by irradiation
and thermal ageing, but the Charpy upper shelf energy is seriously reduced by the
irradiation. Considering that the irradiation fluence during this test was only 2*1019

n/cm2 (practically 1/10 of the EOL fluence of a WWER reactor) it can be supposed
that at higher irradiation fluence the transition temperature will be markedly shifted up.
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Fig.2. True-stress true strain curves obtained on irradiated notched tensile bars, a* is the notch
factor. Irradiation 2*1019 n/cm2 [E>0.5 MeV]

The tensile results give a somewhat more optimistic picture. (Fig.2.). The specimens
show high tensile values, but no notch effect. This is typical behaviour of stainless
steels, and proves that the material is tough against crack initiation even in irradiated or
thermally aged condition. Due to the low irradiation fluence further tests are planned to
study the EOL properties of the WWER 440 cladding.

The thermal ageing does not affect the results. The high yield and tensile values of
the cladding show that during normal start and shut down the thermal stresses caused
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by the different thermal expansion coefficients the base material yields more easily than
the cladding. Consequently the probability of the appearance of underclad cracks
caused by low cycle fatigue is higher than that of crack initiation in the cladding.

3. THE EFFECTS OF THICKNESS
Studies of the thick forging and plates used for the nuclear industry have shown

that the material properties, specially the transition temperature measured by Charpy V
impact testing (TTKV) shows variation in the function of the thickness. Several good
examples were presented during the International Atomic Energy Agency Co-
ordinated Research Program (IAEA CRP) on "Optimising of Reactor Pressure Vessel
Surveillance Programs and their Analyses" phase III. (generally called CRP-3)
program. German researchers have shown the property change in the JRQ (IAEA
reference) steel [1]. In the program database the specimen location was characterised
by the distance from the nearest original surface and called "depth" [2]. Fig. 3. shows
the TTKV temperature distribution in JRQ material using the CRP-3 program data.
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Fig. 3. TTKV temperature distribution in JRQ material as received

4. THERMAL AGEING EFFECTS
It is widely discussed whether thermal ageing exists at the operational

temperature of the nuclear units or not. In the literature different results can be found
about the effect of low-temperature ageing. Some results show that there is no thermal
ageing effect below 400 °C. Others expect the effect to manifest itself even at such a
low temperature as 250 °C. To separate the low temperature thermal embrittlement
from the scatter of the measurements a large database is also needed.

As an example of a thermal ageing study on 15H2MFA steel is introduced. The
purpose of the study was to understand the low-temperature thermal ageing, and to
check whether thermal ageing occurs at the operating temperature of the reactor. The
normal operating temperature for reactor walls is 270-300 °C. To simulate 80 000
hours of ageing at 270 °C we used accelerated ageing at 350 °C, and the calculated
ageing time was 2000 hours. The ageing process was paused at weekends due to safety
reasons. The number of the cooling down and heating up are near to the stoppage
numbers of nuclear units after 10 years (80 000 hours) of service. This fact renders the
test conditions even more realistic.

\
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Transition temperature change was measured in the function of the material
thickness (depth) on the steel in as received condition. The measurements were also
repeated on aged and irradiated samples cut from the same block.

Tangent hyperbolic fitting was applied to calculate the NDT (Nil-Ductility-
Temperature) values and 68 Joule energy criterion as well as 0.9 mm lateral expansion
criterion were used. During the tangent hyperbolic fitting artificial points were used at
-200 °C. The tests have been evaluated in the function of thickness. Fig. 4-5 shows the
fitted tangent hyperbolic curves in the different layers of the 15H2MFA steel in aged
and as received condition. Fig. 6. shows that the NDT temperature increased only
slightly in the middle section of the forging, but considerable thermal ageing could be
observed in the near surface layers.
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Fig. 4. Tangent
hyperbolic fit on impact
energy results of
15H2MFA forging at 10,
22, 36, 48 mm depth as
received
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Fig. 5. Tangent
hyperbolic, fit on impact
energy results of
15H2MFA forging aged
2000 hours at 35O°C at
10, 22, 36 mm depth
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Fig. 6. TTKV4U temperature
distribution in as received
and aged 15H2MFA steel.
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At the same time the near surface layer of the material has higher toughness even
in aged condition than the middle zone. This gives a considerable reserve at evaluation
of stability of near surface cracks, like cladding cracks, or underclad short cracks
which are typical in certain generation of the RPV-s.

5. DISTRIBUTION OF IRRADIATION EMBRITTLEMENT
The irradiation embrittlement can be characterised by the following power law:

AT=A f*0 ! /3

where Af is the material sensitivity factor and 0 is the fluence given in 1019 n/cm2

units.

Calculations have shown that in the case of a WWER-440 reactor the flux rate is
about 5 times higher at the inner surface than at the outer one. It means that the
embrittlement of the wall changes with the thickness as it is shown in Fig. 7.

Fig.7 The transition temperature increase caused by irradiation in the function of the wall
thickness. (Fluence at the inner wall is 2*1020 n/cm2)
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6. SUM OF THE AGEING EFFECTS
The transition temperature in the function of the wall thickness of the thermally

aged 15H2MFA steel (Fig.6) has been summed with the function characterising the
radiation embrittlement (Fig.7.)- Finally the clad properties have been included into the
figure. The result is shown in Fig.8.

Fig.8. Realistic transition temperature distribution in the function of the wall thickness. This
example is calculated from the data obtained on laboratory aged 15H2MFA steel (2000 hours 350 C)
and irradiation data obtained on NPP surveillance specimens (2*1019 n/cm2 E>0,5 MeV).

7. CONCLUSIONS
Realistic transition temperature distribution in the function of wall thickness can

be calculated by summing the transition temperature function measured on thermally
aged wall material and the function characterising the irradiation effect in the function
of the wall thickness. Due to the good surface properties of the forging the max.
transition temperature of the material is considerably less than using only one value
measured at 1/4 wall thickness. Application of the realistic embrittlement function
increases the lifetime calculated at PTS assessment.
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