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ABSTRACT 
 
From the beginning SKODA has paid a special attention to the assurance of the manufactured 
pressure vessels integrity. These evaluations, closely related to safety and life time, are 
performed practically for all operated VVER 440 equipment made in SKODA, and life time 
assessment programs for VVER 1000 reactors are being prepared. Good knowledge of all needed 
material properties is very important for the analyses. In connection to a number of upgradings 
performed during the manufacture of reactor pressure vessels, the manufacture itself was 
preceded by a large scope qualification tests covering testing of various base materials and weld 
joints on ten thousand test specimens.  
Continuous monitoring of properties degradation for the whole life time is one of important 
elements of safety and reliability of nuclear units. Analyses of actual condition of material with 
the evaluation of residual life time are necessary to perform first of all for the reactor pressure 
vessel which is due to considerable radiation embrittlement one of the most critical components 
of the nuclear power plant. Surveillance programs of material specimens which are required in 
regulations and recommendations of national and international authorities for nuclear safety, 
serve for the monitoring of changes to RPV material properties during the operation. 
 
New solution was designed, approved and implemented for a surveillance program of type V-320 
VVER 1000 reactor pressure vessels manufactured in SKODA Plzeò (RPV Belene and Temelin, 
units 1 and 2). 
 
 
INTRODUCTION 
 
Significant attention has been currently paid to the question of nuclear power plants aging. It is 
easy to understand because a number of commercial PWR´s in the world was put in operation in 
the 60s and 70s . The programs of Ageing Management or Lifetime Management include a 
system of monitoring of utility properties changes with the aim to reduce degradation of NPP 
equipment material in operational conditions. The quality of properties degradation monitoring 
during the operation of nuclear reactors is in relation with deeper understanding of degradation 
mechanisms so that it enables to provide as much accurate information as possible for these 
programs. EDF company, as the operator of the biggest number of type PWR reactors, 
determined 18 critical components within the Lifetime Management project.  These components 

PaperAGEING_Varna2002 1 



are practically unreplacable due to high induced radioactivity, or their replacement or repairs 
would be too expensive. (1). The nuclear reactor pressure vessel which is during the operation 
subject to most complicated loading, first of all from the point of view of high pressure, 
temperature and radiation, is definitely in the first place among the critical components. In the 
ninth place, there are pressure vessel internals which should be assessed  first of all with respect 
to fatigue loading, vibration and corrosion mechanical and radiation degradation. International 
projects are realized within the European Commission, and they are aimed at obtaining more 
information about degradation processes connected with ageing of reactor pressure vessels and 
internals materials in particular. (AMES 1,2 and 3 projects). 
As regards the reactors made by SKODA Plzeò, a number of data about degradation of materials 
used for pressure vessels and internals in type VVER reactors was detected. These results were 
gained within extensive experimental works during fabrication and technical services to operated 
nuclear power plants. 
 
 
RPV IRRADIATION EMBRITTLEMENT AND THERMAL AGEING 
 
High pressure, temperature, cyclic loading and neutron irradiation during the reactor operation 
cause significant degradation of material properties. It is temperature ageing, cyclic degradation 
and radiation embrittlement. Dominant role has, as regards the extent and importance of 
degradation, embrittlement due to neutron irradiation. This damage limits safe operation of RPV. 
VVER 440, type V-213 reactor pressure vessels were manufactured of material of higher purity 
and susceptibility of material to radiation and temperature embrittlement was tested within 
additional and certification testing prior to and during manufacture of these vessels in SKODA. It 
was found during irradiation in the research reactor LVR 15 at UJV Rez (2,3) that radiation 
embrittlement of material of industrial heat corresponds very well, with comparable 
concentrations of followed impurities, with the results gained on laboratory heats of weight 100 
kg made with step increased concentrations of Cu and P (0.08 to 0.52% of copper and 0.012 to 
0.021% of phosphorus). It was proved on them that the element which controls radiation 
embrittlement is, with higher concentrations, copper in the first place. The mechanism of 
radiation degradation is obviously different for copper  than for phosphorus (4) where it is 
radiation acceleration of segregation processes on grain boundaries. For copper it is a volume 
process when Cu atoms remain in solid solution and create chains of failures from the pairs Cu 
atom - vacancy (so called Frenkel´s defects). It was also found that with comparable conditions 
(neutron fluency and concentration of impurities) the resistance against radiation damage of RPV 
steel with nickel (15CH2NMFA) is lower than of steel without nickel (15CH2MFA). 
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TABLE  1 - Chemical composition characteristics of tested steels 

 

 

  C Mn Si P S Cr Ni Mo V 

15CH2MFA     1) 0,15 0,40 0,20 0,016 0,018 2,75 0,30 0,71 0,32 
15CH2NMFA   1) 0,17 0,40 0,25 0,009 0,011 2,23 1,22 0,58 0,10 

14CH17N2       2) 0,16 0,46 0,40 0,027 0,018 16,44 1,92 - - 

A543                1) 0,15 0,40 0,22 0,010 0,020 1,73 3,75 0,58 0,03 

A533-B          3) 0,18 1,48 0,22 0,007 0,007 0,20 0,66 0,57 0,002 

1) SKODA Production (Complementary and Qualification Programme for RPV of 
   VVER 440 and 1000 reactors) 
2) POLDI Steel Production (from delivery for internal parts of VVER 440 reactors) 
3) Nippon Steel Corporation (JAPAN), plate special fabricated for IAEA programme 
 
 
The effect of temperature embrittlement at these steels is caused by microsegregation processes 
on the boundaries of primary austenitic grains. It was proved that the effect of first of all 
phosphorus and other elements of IV.B and V.B group of the periodic table of elements obvious 
here. Susceptibility of pressure vessel steels to temper embrittlement a great deal depends also on 
basic chemical composition from the viewpoint of alloying base (TABLE - 1). That also explains 
different behaviour of steels used for the manufacture of RPV according to ASME Code and 
steels manufactured according to Russian standards and regulations. E.g. A 533-B and first of all 
A 543 steels show significant susceptibility to temper embrittlement in comparison with steels 
15CH2MFA and 15CH2NMFA used for VVER 440 and VVER 1000 reactor pressure vessels. 
Extreme susceptibility of A543 steel to embrittlement can be seen from the results of testing of 
these steels susceptibility to temperature embrittlement. The increase of Charpy-V transient 
temperature TT  by 265°C (5) was found when using the step cooling regime for testing of  these 
steels resistance against temper embrittlement. Presence of nickel in the steel and increase of its 
content above 1% lead unambiguously to the increase of susceptibility to temper embrittlement 
which is well known from the application of these types of steels in chemical industry. It was 
proved that with comparable concentrations of P, Cu and other impurities, 15CH2MFA steel is 
exceptionally stable and its sensitivity to temper embrittlement is negligible. Increase of 
transition temperature TT after step cooling is just 20°C here. All important parts including RPV 
weld joints were tested in SKODA Plzen within qualification programmes in the course of 
fabrication of VVER 440 and VVER 1000 reactors. Temperature ageing was performed at 
temperatures 350 and 400°C, at time exposures of 1000, 3000 and 10 000 hours. The effect of 
increased purity (lower content of P, Cu, As, Sb, Sn) occurred in material from beltline region in 
comparison with other parts of the pressure vessel requirements from the viewpoint of chemical 
composition imposed on which were not so strict. For RPV parts from beltline region the 
embrittlement after 10 000 hours exposure at the above temperature shift is less than 13 °C. In 
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comparison with that, parts outside this region  (nozzle ring, head) show embrittlement 
characterized by the temperature shift of 20°C. 
 
 
CHEMICAL COMPOSITION EFFECT 
 
One of the determining primary factors effecting the final utility properties of steels is the 
chemical composition. The alloy base conception is for RPV steels selected so that it ensures the 
required high level of all mechanical - metallurgical characteristics. From the viewpoint of long-
term properties, the permissible concentrations of practically all impurities in these steels have 
been significantly decreased. This concerns Cu, P, Sb, Sn and As whose limit values are by most 
manufacturers modified by internal regulations to so called "nuclear purity". Contents of copper 
and phosphorus were not practically limited for previously manufactured pressure vessels. Their 
significant effect on radiation embrittlement has been observed later and therefore for all pressure 
vessels manufactured worldwide after 1980 the concentration of these impurities both in base 
materials and weld metals used in beltline region has been strictly limited. Comparison of level 
of both these elements and nickel contents in RPV steels of various manufacturers is shown in 
Table 2. Significant differences are evident in indicated concentrations of phosphorus where the 
current requirements are below 0.010% P.  For the shown vessels of older reactors VVER 
440/230 (Kozloduy, Loviisa and Bohunice 1,2) where the phosphorus content reaches the value 
up to 0,046%P, recovery annealing of RPV has already been performed. One of the reasons for 
this measure, which can recover the required mechanical properties, was an impermissible 
embrittlement of the weld in beltline region caused just by the high content of phosphorus. 
Effect of impurities of Sn, Sb, As and P types especially in steels with higher nickel and 
chromium contents is sufficiently known in connection with the phenomenon of temper 
embrittlement. For temperature ageing, which comes into consideration when judging long-life 
degradation phenomena, the effect of these elements is equal. They are microsegregation 
processes on grain boundaries which can accelerate some alloying elements such as nickel and 
manganese and  by a mechanism of so called "co-segregation", i.e. interaction of impurities with 
these alloying elements. P concentrations on grain boundaries in embrittled state detected by the 
aid of AES analysis (Auger Electron Spectroscopes) is up to 100 times higher than phosphorus 
content in steel determined using common analytical methods in solid solutions. Phosphorus 
content at grain boundaries at level 4,91 at.% (6) was discovered in the weld metal of 
15CH2NMFA steel containing 0.010% P after step cooling embrittlement using AES. It is known 
that Mo present in solid solution acts against phosphorus segregation at grain boundaries because 
it is able to limit these microsegregation processes within a certain extent. 
 
 
INNOVATION OF RPV EMBRITTLEMENT  MONITORING 
 
Knowledge of the actual condition of material from the viewpoint of increasing degradation is 
important for the operator. In relation to that is preliminary testing of radiation resistance within 
certification programs of pressure vessel materials and monitoring of the material condition 
during the RPV operation using the surveillance programs. Since 1979 the necessity of the 
surveillance program has been stipulated in national regulations and standards which are based 
on the US Federal Code 10CFR50, Appendix H. First of all Charpy-V and tensile test specimens 
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made of material representing beltline region (base material and weld) have been   used until 
now. The shift of Charpy-V transient temperature TF (for radiation damage), decrease of the 
upper shelf energy value and change of strength values, particularly Rp0,2 are evaluated. 
Identical criteria for the assessment of the material properties damage degree are used also for 
evaluation of test specimens located in the area above the core monitoring within the surveillance 
program the temperature ageing of material. 
 
New solution was designed, approved and implemented for a surveillance program of type V-320 
VVER 1000 reactor pressure vessels manufactured in SKODA Plzen (RPV Belene and Temelin, 
units 1 and 2). The specimens according to the original project were placed in containers located 
on the upper part of the side shielding above the reactor core in the place of high gradient of 
neutron field, whereas the irradiation temperature was significantly different here (area of hot 
water output) from the temperature in critical places of the RPV. The solution realized during the 
manufacture of reactor pressure vessels of type VVER in SKODA Plzen is in correspondence 
with the world requirements for the surveillance programs. Surveillance specimens are placed in 
10 containers (25 x 180 x 330 mm) in special holders welded on the inner wall of the pressure 
vessel. The containers are located in the area of maximum neutron fluency on the wall, both 
along the core and azimuthally – on the pressure vessel perimeter. The specimens are placed in 
two layers and the value of irradiation acceleration coefficient is in the range of 2.5 to 3.5. Each 
container is fitted with sets of activation and fission monitors of neutron fluences 
(Fe,Ni,Co,Nb,Cu,U238, Np237) and temperature monitors. Two of the containers are placed in 
the area of bottom nozzles above the core. The specimens placed in these containers monitor 
possible degradation of the pressure vessel material due to temperature aging. The containers 
with specimens are removed and evaluated in agreed periods, monitoring in appropriate manner 
the whole period of the pressure vessel operation. The specimens in containers placed in the core 
area are removed after 2, 4, 8 and 12 refueling intervals, and further intervals for removing and 
evaluation of the rest of containers with surveillance specimens are based on the evaluation of 
radiation degradation of material. As regards containers in the area of nozzles, the first removal 
of these specimens is after 10 refuelling intervals, with respect to lower degradation due to 
temperature aging. 
 
The new approach to this program includes also selection of surveillance specimen material 
representing the area of a pressure vessel (three rings and two circumferential welds including the 
heat affected zone) in the part surrounding the reactor core. The main criterion for the selection 
of the used base material and weld joint is the value of total 10x%P + %Cu. Material with higher 
value of this total is used for the surveillance specimens so that the degradation monitoring 
corresponded to material with the poorest purity from the viewpoint of phosphorus (P) and 
copper (Cu) concentration which significantly effect radiation embrittlement. Higher 
concentration of the remaining monitored impurities - arsenic (As), antimony (Sb) and tin (Sn) is 
decisive when the values the above total are equal. The total number of specimens placed in 
containers is 1740, most of them are specimens of type Charpy-V for V-notch impact tests. In 
addition to that, there are test specimens with an artificial crack of type COD and CT0.5 for 
fracture toughness tests used in the program. 
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Measurements of neutron fluencies on the outside pressure vessel wall form an integral part of 
the program needed for more accurate evaluation of the surveillance program results. This 
measurement and its results have a number of unquestionable advantages. Activation detectors 
can be placed into any place of the reactor pressure vessel and allow to get information about 
complete distribution of neutron fluence along the core azimuth and length. Activation detectors 
assemblies can be changed or completed in an operative way, with the inserting and removing of 
these detectors during the reactor outage. The whole operation is relatively simple and does not 
negatively effect the outage duration. 
The program drawn up in this way is used for both units of type VVER 1000 reactors at the 
Temelin NPP and currently, it is offered for two units close to completion at the Ukraine. They 
are Rovno NPP unit 4 and Khmelnitski NPP unit 2 - both of type VVER 1000. 
 
A different method of up-grading was chosen for the Mochovce NPP units 1 and 2. Here, it was 
necessary to keep the original design of conventional chains placed in special channels located on 
the outer reactor internal cylinder surface. The chains consist of cylindrical capsules containing 
surveillance specimens. The channel allows to remove these capsules and evaluate the test 
specimens in agreed time intervals so as to allow monitoring of the course of the vessel material 
embrittlement, first of all in the core area. 
The upgrade originated in experience with these programs at nuclear power plants of type VVER 
440 at Jaslovské Bohunice and Dukovany. During the results analysis of used surveillance 
specimens a number of deficiencies and inaccuracies was detected, first of all during the 
recalculation and interpretation of neutron fluence data which can cause an error of 20 to 30%. 
Carried out modifications aimed at removing these deficiencies, reduce inaccuracies and comply 
with the current international requirements for the method of pressure vessel embrittlement 
monitoring. The design of interconnection of individual capsules from the existing chain eye to 
flexible bellows which ensure the defined position of capsules containing specimens against the 
core. This was the source of rather large inaccuracies. Due to the utilization of „reconstitution“ 
method it was possible to design the fitting of individual capsules with surveillance specimens 
using quite a new approach. The reconstitution consists in the possibility to use for the irradiation 
of specimens of type Charpy-V only a small part of the original specimen representing the core 
area with a notch. The size of these specimens is only 10x10x11 mm and before testing they shall 
be welded using an electron beam to the size of a standardized specimen. The highest 
contribution is that this method allows to place material for 12 future standard test specimens into 
one irradiation capsule to determine a transient curve from which the rate of pressure vessel 
material embrittlement is determined. 
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Together with computer evaluation of these results this method eliminates another source of 
inaccuracies caused by the necessity to use specimens irradiated in several capsules for one 
transient curve. High attention was paid also to the choice of suitable neutron monitors to cover 
the whole spectrum of fast neutrons in individual capsules. The level of determination accuracy 
also assume systematic measurements of neutron flux on the outer pressure vessel surface in the 
place of irradiation chains capsules. To determine the irradiation temperatures, melting monitors 
for the temperature range of 271 to 305°C are used. In order to obtain as many data on the 
pressure vessel material condition as possible from these surveillance specimens, also additional 
analyses (Mosbauer spectroscopy, electron-positron annihilation and transmission electron 
microscopy) are included in the concept of the applied up-graded program. 
Detail elaboration of this up-graded program was carried out at VUJE Trnava and realized in 
close cooperation with SKODA JS a.s. for both Mochovce NPP units. 
 
 
CONTROL OF THE INTERNAL PARTS AGEING 
 
Chromium steel with martensitic ferritic structure 14CH17N2 is used for CRDM parts 
(intermediate rods catches) on VVER reactors. Higher strength properties in comparison with 
austenitic Cr-Ni steel used for the internals were the reason for the use of this steel. Based on the 
mechanical properties analysis, particularly impact strength, high anisotropy was detected. High 
ratio of values in longitudinal and transverse directions reaching 10 to 15 was with the given 
production technology caused by line morphology of eliminated δ-ferrite present in the amount 
of 25%. This unfavourable condition was later improved by the technology of free forging with 
limited elongation. This is the method used now for the production of all parts to be used as spare 
parts. For assessment of the necessity to replace these parts it is hardness which is checked within 
the life time extention program. It is obvious from the measurement results of operated parts that 
the increase of hardness is saturated after a certain time. For rods with lower radiation loading 
operated in control groups 1 to 5 hardness does not exceed values 450 HB, even after 12 years of 
operation. The increase of hardness is also shown here. For group 6 with maximum radiation 
loading (according to calculation for 5 years of operation the fluency is 2 to 5 x 1026 n.m-2) the 
increase of hardness is faster and the values in some cases reach 500 HB and more. Limit values 
according to which individual control rods life time is assessed, were determined based on a 
number of experimental works part of which was also determination of this steel resistance 
against radiation and temperature embrittlement. It was detected during these experiments that 
the radiation embrittlement is rather high (a shift of transient temperature TF was deducted from 
transient curves in the amount of 270°C). 

 
 
CONCLUSIONS 

 
Adequate attention shall be paid to monitoring of the reactor pressure vessel and internals 
material properties degradation during the entire service of the nuclear reactor. These 
requirements arise in connection with safe operation of this equipment. More accurate 
information about actual properties can enable extending of the life time without taking 
unacceptable risk. Radiation and, with long-term service, also temperature embrittlement 
significantly effects mechanical properties. Surveillance programs used for monitoring of 
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properties of the most loaded equipment - pressure vessel - shall be solved so that the level of 
uncertainty with determination of actual properties, was as little as possible. High attention has 
been currently paid to the monitoring of the internals materials degradation to which no such 
attention has been paid yet. 
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