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Abstract. The increasing age of European Nuclear Power Plants (NPPs) and envisaged extensions of plant 
lifetimes from 40 up to 80 years require an improved understanding of ageing phenomena of RPV components. 
The Network of Excellence NULIFE (Nuclear Plant Life Prediction) has been established to advance the safe 
and economic long-term operation (LTO) of NPPs by facilitating increased co-operation for applied R&D 
amongst members of the European nuclear community. The accurate prediction and management of RPV 
neutron irradiation embrittlement connected with long-term operation is an important aspect of this co-operation. 
Phenomena that might become important at high neutron fluences (such as flux effects and late blooming 
effects) have to be considered adequately in safety assessments. However, the surveillance database for 
prolonged irradiation times and low neutron fluxes is sparse. Consequently, there are significant uncertainties in 
the treatment of long-term irradiation effects. Therefore, the project LONGLIFE (Treatment of long-term 
irradiation embrittlement effects in RPV safety assessment) was initiated under the Euratom 7th Framework 
Programme of the European Commission as an umbrella project of NULIFE. 

LONGLIFE aims at 1) improved understanding of long-term irradiation phenomena that might compromise RPV 
integrity, and thereby the LTO of European NPPs, and 2) assessment of the adequacy of current prediction tools, 
codes, standards and surveillance guidelines for supporting long-term RPV operation. 

The scope of the work comprises the analysis of LTO boundary conditions; microstructural investigations and 
supplementary mechanical tests on RPV steels, including RPV steels from decommissioned plants; training 
activities; and elaboration of recommendations for RPV materials assessment and embrittlement surveillance 
under LTO conditions. A key part of the technical work is the selection of relevant materials for examination, e.g. 
which contain different weld and base metals originating from European LWRs. The scope of work covers 
different features of Western LWR and WWER type RPV materials. 

Against this background, the paper presents an overview of the project structure and related tasks and presents 
some intermediate results. 

 

1. Introduction 

During service reactor pressure vessel (RPV) steels are exposed to neutron irradiation, which causes 
microstructural changes and a degradation of the mechanical properties. As the age of existing NPPs is 
increasing and lifetime extensions and EOL up to 80 years for existing and new NPPs are on the 
agenda, some existing open issues regarding the understanding and prediction of RPV irradiation 
embrittlement effects need to be clarified. Moreover, especially for materials with higher contents of 
Cu, P, or Ni irradiation embrittlement effects resulting from long irradiation times and high neutron 
fluences must be adequately considered in RPV irradiation surveillance and safety assessment. Up to 
now, high fluence data for original RPV materials are used to a large extent in national programs only 
and the surveillance database for long irradiation times (>20 years) and low neutron flux is sparse. 
Consequently the treatment of such long term irradiation effects is often afflicted with large 
uncertainties requiring the generation of appropriate data and their assessment. In this context the 
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availability of microstructural data is essential for the understanding of the underlying mechanisms. In 
the long term perspective the further qualification and validation of appropriate safety concepts like 
Master Curve is also important because best-estimate assessment tools with reasonable conservatism 
are required for long term operation. Finally, the application of well developed and validated 
prediction tools for irradiation embrittlement would be advantageous for the implementation of any 
dedicated safety assessment approach and for making decisions with respect to the remaining 
economic lifetime of a nuclear power plant. 

The project LONGLIFE (Treatment of long term irradiation embrittlement effects in RPV safety 
assessment) has been initiated to make a step forward towards an improved understanding of LTO 
irradiation effects and the appropriate application of embrittlement surveillance procedures. The scope 
of work comprises the analysis of LTO boundary conditions, microstructural investigations and 
supplementary mechanical tests including RPV steels from decommissioned plants, training activities, 
and elaboration of recommendations for RPV materials assessment and irradiation embrittlement 
surveillance under LTO conditions. 

 

2. LONGLIFE structure and scope of work 

A general survey on the motivation of the project including a description of state of the art methods 
and open issues has been given in [1]. Open issues for high Cu steels are mainly related to a lack of 
high fluence data, possible synergistic interactions between Cu, Ni and Mn, and conditions for 
possible saturation effects. Open issues for low Cu steels are related to the microstructure development 
at high neutron fluences, Late Blooming Effects (LBE) concerning microstructure and mechanical 
properties and the role of the irradiation temperature and of certain alloying elements like Mn, Ni. For 
non-hardening embrittlement (NHE), the quantification of the P effects at high fluences and its 
potential interaction with Cu represent open issues. In general, it has also been noted that plant specific 
surveillance programs, the microstructural data base for RPV steels and trend curves which describe 
the evolution of mechanical properties as a function of the neutron fluence need to be reviewed in 
order to cover LTO up to 80 years. 

The identification of these open issues, which are described in [1] in more detail, led to the definition 
of the structure and scope of work of the LONGLIFE project. LONGLIFE is a Collaborative Project 
with a duration of 48 months in the EURATOM part of the 7th Framework Programme of the 
European Commission. The consortium consists of 16 European partners. The project aims at: i) 
improved knowledge on LTO phenomena relevant for European LWRs, ii) assessment and proposed 
improvements of prediction tools, codes and standards, and iii) Elaboration of best practice guidelines 
on RPV irradiation embrittlement surveillance. 

More specifically, the following phenomena are investigated [1]: 

High fluence behavior: It has to be shown whether or not additional damage mechanisms, which 
were not yet observed at fluences corresponding to the designed EOL of existing reactors (i.e. up to 40 
years of operation), appear at high fluences. This is also related to the question whether or not existing 
trend curves for irradiation induced properties changes can be extrapolated to fluences corresponding 
to an extended EOL of 80 years. 

Flux effect: This is an important issue in the perspective of using material test reactors and 
surveillance data to predict hardening and embrittlement of RPVs in the core belt region. 

Late blooming effects (LBE): LBEs are suspected to occur at high fluences in low Cu steels which 
contain significant amounts of Ni and Mn. There is some evidence for LBEs from thermodynamic 
calculations and from microstructural investigations [2][3]. It has to be shown whether or not LBEs 
are relevant for RPV safety assessment under LTO conditions. 

Effect of alloying elements: Ni is known to play an important role in promoting matrix damage and 
in raising the concentration of irradiation induced precipitates in Cu-containing steels. Mn is also 
present in all RPV steels and seems to play a similar role as Ni. Similarly, Si has also been implicated 
and its effects on precipitation require further investigation. 
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Thermal ageing: This is a general degradation mechanism connected with long term operation at high 
temperature; even though this effect is not very pronounced for design operation times, it could be 
more important for LTO. This effect can create some synergism with radiation effects for some steels 
and thus increase or decrease radiation embrittlement for long term and high fluence operation. 

P-Segregation and NHE: The P-content is usually small except in some WWER-440 materials. 
Intergranular fracture has been observed e.g. at Greifswald unit 8. For materials with significant P-
content the influence of P to IGF is not yet clear. 

The work started with the collection and evaluation of plant specific information and data such as 
target fluences for LTO, plant specific pre-requisites, materials under consideration etc. This includes 
also a survey of available results of RPV materials from decommissioned plants with the aim to 
validate surveillance data and to study specific irradiation effects relevant for LTO. 

Microstructural data of irradiated either representative or original RPV materials are collected with the 
aim to demonstrate that damage models are (or not) consistent with the mechanisms of irradiation 
damage in the LTO. 

Complementary mechanical tests are performed in order to close gaps in the existing experimental 
data as much as possible. The microstructural data will be compared and correlated to the mechanical 
properties, and the most important influencing factors will be identified. 

The existing international prediction procedures of irradiation embrittlement will be systematically 
(re)evaluated. As an overall outcome of the project, surveillance guidelines for LTO will be developed. 
Training and dissemination of results is an important part of the work. 

The LONGLIFE project includes also a cooperation with a Russian partner. A separate work package 
has been established for the scientific / technical cooperation with Russia. 

The technical work is structured into 7 technical work packages (WP1 is project management): 

• WP2: LTO RPV conditions and available data for LWRs 

• WP3: Microstructure 

• WP4: Mechanical properties and testing 

• WP5: Materials assessment and applications  

• WP6: Training and dissemination of results 

• WP7: Surveillance guidelines 

• WP8: Cooperation with Russia 

A detailed description of the individual work packages is provided in [1]. There are close links 
between the work packages of LONGLIFE. Figure 1 shows the interconnections. 
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Fig. 1: Structure of LONGLIFE and interdependencies of the work packages [1] 

 

The investigations in work packages 3 and 4 are based on a pre-selected materials list consisting of 5 
RPV material groups with 9 base materials and 8 weld metals with significant sensitivity for specific 
long term irradiation effects, see Table I. These materials are representative of Western and Russian 
LWRs in operation, and will include the examination of special irradiation effects by means of 
susceptible materials. Some weld materials with higher contents of irradiation embrittlement 
promoting chemical elements are also considered (~0.2 % Cu in VTT-1 and ANP-5 and ~1.6-1.7 % Ni 
in ANP-6, RAB-1 and NRI-1). 

Table I: List of materials selected for investigations within the LONGLIFE project 
Code Type Description Irradiation condition / comment Testing techniques 
ANP-2 WM S3NiMo1 MTR, max. fluence 5 x 1019 n/cm² 

E >1 MeV, Tirr = 285 °C 
AP, SANS, TEM 
FT 

ANP-6 
RAB-1 

WM S3NiMo MTR/Surveillance, max. fluence 
6.8 x 1019 n/cm²; E >1 MeV, Tirr = 280…300 °C 

AP, SANS, TEM, 
PAS 

ANP-5 WM NiCrMo1 MTR, fluence 2.2 x 1019 n/cm²,  
E >1 MeV, Tirr = 285 °C (evidence for flux 
effect) 

SANS, PAS 
 

ANP-4 BM 22NiMoCr3-7 MTR, max. fluence 4.2 x 1019 n/cm² 
E >1 MeV, Tirr = 285 °C 

SANS, TEM 
 

SCK-6 BM 22NiMoCr3-7 MTR (BR2), max. fluence 16 x 1019 n/cm² 
E >1 MeV, Tirr = 290 °C 

SANS, TEM 
Tensile 

EDF-2  BM 16MND5 Surveillance, max. fluence 6.9 x 1019 n/cm² 
E >1 MeV, Tirr = 286 °C 

AP, SANS, TEM 
 

EDF-3  WM 16MND5 Surveillance, max. fluence 5.1 x 1019 n/cm² 
E >1 MeV, Tirr = 286 °C 

AP, SANS, TEM 
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FZD-1a BM A533B  
high P (JPB) 

MTR, max. fluence 9 x 1019 n/cm² 
E >1 MeV, Tirr = 255 °C (evidence for LBE) 
MTR (BR2) irradiation,  max fluence 
15 x 1019 n/cm² , E>1MeV, Tirr = 290 °C 

AP, SANS, TEM, 
AES 
Tensile 

FZD-1b BM A533B  
low P (JPC) 

MTR, max. fluence 9 x 1019 n/cm² 
E >1 MeV, Tirr = 255 °C (evidence for LBE) 
MTR (BR2) irradiation,  max fluence 
12 x 1019 n/cm² , E>1MeV, Tirr = 290 °C 

AP, SANS, TEM, 
AES 
Tensile 

FZD-2 WM 10KhMFT Decomm., max. fluence 3.1 x 1019 n/cm² 
E >1 MeV, Tirr = 265 °C (Trepan Greifswald 4) 

SANS, AES 
FT, SPT, Tensile, HV 

VTT-1 WM 10KhMFT Surveillance, max. fluence 18 x 1019 n/cm² 
E >1 MeV, Tirr = 270 °C 

SANS, TEM 
FT 

AEK-1 BM 15Kh2MFA Surv. + MTR, max. fluence 145 x 1019 n/cm² 
E >1 MeV, Tirr = 270…290 °C 

AP, SANS, TEM 
FT, HV 

NRI-6 BM+WM 15Kh2MFA Surveillance, max. fluence 30 x 1019 n/cm² 
E >1 MeV, Tirr = 270 °C 

TEM 
 

NRI-1 WM 5Kh2NMFAA MTR, max. fluence 10 x 1019 n/cm² 
E >1 MeV, Tirr = 290 °C 

AP, TEM 
Impact, Tensile, HV 

 WM – Weld material, BM – Base material 

 

3. Selected preliminary results 

3.1 Atom probe tomography results of materials FZD-1a and ANP-6 

As an example, the microstructure of the steel FZD-1a, as observed by Atom Probe Tomography will 
be described. This laboratory heats, based on the ASTM 533 B Class 1 RPV steel, was manufactured 
by Nippon Steel Corporation in Japan. As it is reported in Table II, it contains a significant amount of 
phosphorous, in order to study the influence of this element on neutron irradiation embrittlement. 

Table II: Chemical composition of the steel FZD-1a. For clarity, concentrations are given both in atom 
and weight per-cents. Balance is iron.  

Elements C P Si Cr Mo V Mn Ni Cu 

wt.% 0.18 0.017 0.26 0.15 0.54 0.01 1.42 0.83 0.01 

at.% 0.83 0.03 0.51 0.16 0.31 0.011 1.43 0.78 0.009 

 

This steel was irradiated in WWER-2 reactor at Rheinsberg in Germany at a temperature of 255°C. 
Neutron flux and dose are respectively: 2.2×1016m-2⋅s-1 and 5.7×1023m-2. 

Samples were analyzed by Wide Angle Tomographic Atom Probes (WATAP): a Laser Assisted one 
(LAWATAP) and an Energy Compensated (ECoWATAP) which uses electric pulses. In both cases, 
the analysis temperature was 40-50 K. The electric pulse fraction was about 20% of the standing 
voltage. In case of laser pulse, the pulse energy was set to have the same effect than an electric pulse 
fraction equal to 20%. 

Figure 1 shows the 3D distribution of main solute atoms in an irradiated volume. Small cluster are 
clearly visible (in particular on the distribution of P atoms). Chemical composition measurements 
reveals that there are enriched in P (0 to 6at.%), Mn (0.8 to 15at.%), Ni (1.6 to 13.9at.%) and Si (0.5 to 
8.6at.%). Their radius is between 0.8 and 1.4 nm (1.1nm in average) and their number density is equal 
to 28.7×1022m-3. 
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Figure 1: Atom maps of P, Si, Mn and Ni in a small volume (36×36×87nm3) of neutron irradiated 

FZD-1a steel. 

 

As it can be seen from Fig. 1, these small Mn, Ni, Si and P clusters are not the only features observed 
in the irradiated steel. Indeed, P segregation along dislocation lines is also visible. These dislocations 
form a planar array. It could be an array of screw dislocations forming a low angle twist boundary.  
 

 
Fig. 2: Atom maps showing P segregation along dislocation lines in a small volume (30×30×65nm3) 
of neutron irradiated FZD-1a steel. The figure on the right shows the same volume rotated around 

horizontal axis. It clearly appears that the dislocations are located on a plane (dashed line) 

This observation suggests that intergranular P segregation could play a role on neutron irradiation 
embrittlement. However, more dedicated experiments are needed to conclude on this point (analysis of 
un-irradiated grain boundary, link between segregation and grain boundary nature…) 

The preliminary APT data of the highly irradiated ANP-6 steel (1.69 wt% Ni) indicates a strong 
growth of Mn/Ni/Si/Cu features from unirradiated (Nd = 7⋅1022m-3, D = 2.4 nm, Vf (clusters)=0.015%.) 
to irradiated condition (Nd = 1.6⋅1024m-3, D = 3.5 nm, Vf (clusters) = 1.7%) as shown in Fig. 3. The 
volume fraction Vf correlates very well with the observed large T41 shift of 178 K. 
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Ni Cu Mo 

V P C Si 

 Mn/Ni/Si/Cu clusters 

Fig. 3: Atom maps showing large density Mn/Ni/Si/Cu clusters in a small volume of highly  neutron 
irradiated ANP-6 steel (5.22⋅1019ncm-2, 21 million atoms) 

 

3.2. Tensile tests results of materials SCK-6, FZD-1a and FZD-1b 

The three LONGLIFE materials SCK-6, FZD-1a and FZD-1b were irradiated at 290°C to fluences up 
to 1.5⋅1020 n/cm², E > 1 MeV, which corresponds to more than 80 years of PWR operation. The 
irradiation time was 21 days, the neutron flux ranged from 1.9⋅1013 to 8.9⋅1013 n/cm²s [4]. Tensile tests 
were performed at room temperature using round specimens ∅2.4 mm x 24 mm. Based on these data 
the high fluence behavior the appearance of LBE and the role of phosphorous is investigated. 

The materials did not show any sign of change in the irradiation mechanisms at high fluences. Late 
blooming effects suspected to appear at high fluence were not evident from the present results. The 
irradiation hardening is monotonically increasing with neutron exposure (see Figs. 4 and 5). There is 
no indication of an accelerated increase in the covered fluence range. 
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Fig. 4: Evolution of yield strength with neutron exposure for material SCK-6. 

 

In the latter respect, the results are not in line with the findings in [5], where a significant acceleration 
of irradiation hardening was observed for the materials FZD-1a/b irradiated at 255 °C at lower fluxes 
(from 2.0⋅1012 to 3.8⋅1012 n/cm²s). These differences could be a consequence of pronounced deviations 
in the irradiation temperature and/or the neutron flux. 

100x100x140nm3
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Furthermore, the presented tensile data show that phosphorus has a direct effect on hardening as well. 
This is observed on FZD-1a and FZD-1b which differ mainly in the P-content, 0.017 and 0.007% 
respectively. Figure 5 clearly shows a significant hardening induced by P. Such an effect was also 
observed in [5] – though less pronounced. 
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Fig. 5: Effect of Phosphorus on irradiation hardening. 

 

3.3. SANS and fracture toughness results on material FZD-2 

The FZD-2 material originates from a decommissioned RPV of 1st generation WWER-440/V-230 
reactors at the Greifswald nuclear power plant. Trepans were taken from the beltline welding seam 
SN0.1.4 of the unit 4 RPV after 11 cycles of operation. T-S oriented Charpy size SE(B) specimens cut 
from well-defined through thickness locations of the multilayer beltline welding seam SN0.1.4. were 
tested. The complete chemical composition of trepan 4-6 was measured by optical emission 
spectrometry at different thickness locations [6]. Figure 6 shows the through-thickness dependence of 
the contents of Cu and P measured at VTT Espoo for the directly adjacent trepan 4-5. Both curves pass 
through a minimum in the root region of the weld.  
 

 

Fig. 6: Contents of Cu and P through the wall thickness of trepan 4-5 taken from RPV unit of 
Greifswald NPP [6] 
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The crack fronts of T-S-oriented specimens from one thickness location are situated in a uniform 
structure of the multilayer welding seam. The reference temperature T0 was calculated using the 
measured fracture toughness according to ASTM E1921-10. The fracture toughness tests are 
supplemented by hardness measurements, metallographic and scanning electron microscope 
investigations. KJc-1T values measured with Charpy-size SE(B) specimens prepared from one thickness 
location generally follow the Master Curve description rather well but with large scatter. There is a 
large variation in the evaluated through thickness T0 values of the multilayer welding seam. The T0 
values measured with specimens cut from different thickness locations of the multilayer welding seam 
are strongly dependent on the weld microstructure along the crack tip. 

Figure 7 shows the shift of the reference temperature T0 over the thickness location. Since the 
unirradiated condition of the material FZD-2 is not available, the shift was calculated against the T0 
values of trepan 2-3 from the RPV of unit 2, which was annealed and not re-irradiated [6].  

 

 

Fig. 7: Through thickness dependence of the shift of the reference temperature, the predicted shift of 
the critical temperature of embrittlement and of the neutron fluence (material FZD-2) [6] 

 

Fig. 7 also depicts the neutron-irradiation-induced shift of TK through the beltline welding seam 
predicted by the Russian code PNAE G-7-008-86, taking into account the measured P and Cu contents 
as shown in Fig. 6. The shift of T0 does not follow the predicted TK shift because of the strong 
variation of toughness caused by the intrinsic weld bead structure and the different filling materials 
used for weld root and the main weld within the multilayer welding seam. Hence, the position of the 
crack tip of the specimen in the multilayer welding seam is crucial and defines the cleavage fracture 
toughness. The application of T-L-oriented specimens might lead to other results due to larger 
variation of weld bead structure within a single specimen crack front, which might lead to lower 
measured toughness values due to the weakest link character of the test. However, the inhomogeneity 
of the weld structure remains and the basic assumptions of the Master Curve approach on the 
macroscopically homogenous structure and statistically distributed initiation sites along the crack front 
do not hold. This issue needs more investigation, preferably on different types of multilayer RPV 
welding seams. 

Samples for small-angle neutron scattering experiments were cut from tested SE(B) specimens of 
layers 4 and 6 corresponding to thickness locations of 32 mm and 52 mm, respectively [7]. Fig. 8 
shows the size distributions of irradiation-induced clusters. Annealed samples of the respective layers 
were used as reference for the evaluation of the scattering curves and the size distributions. The size 
distribution of the scatterers for specimens taken from layers 4 and 6 are almost identical. In particular, 
the total volume fraction of clusters obtained for layer 6 is as high as the fraction obtained for layer 4, 
which received a higher neutron fluence. As a possible explanation for this result we suggest that the 
higher fluence level in layer 4 in comparison to layer 6 is compensated by the lower Cu content (cf. 
Fig. 6 and Fig. 7).  
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Fig. 8: Size distribution of irradiation-induced clusters for layers 4 and 6 in terms of volume fraction 
per radius interval (material FZD-2). 

 
 

4. Conclusions 

The scope and the structure of the European project LONGLIFE were presented. The project 
addresses relevant microstructural and mechanical phenomena that might become important for the 
embrittlement surveillance of European RPVs to be operated beyond the designed EOL. 

We presented first results of ongoing microstructural and mechanical investigations. Atom probe 
tomography investigations showed the existence of irradiation induced formation of Mn-Ni-Si clusters 
in low Cu steels. 

Tensile tests results from low Cu steels did not show a late blooming effect for a high flux irradiation 
at 290 °C. A significant contribution of phosphorus to irradiation hardening was found. 

Fracture toughness tests were performed on a weld material extracted from the wall of the RPV of unit 
4 of the Greifswald  NPP. The through wall course of the reference temperature unexpectedly does not 
follow the course of the predicted shift of the embrittlement temperature. The influence of the fluence 
on T0 is covered by the influence of the inhomogeneous structure of the multi-layer welding seam and 
the variation in the chemical composition. SANS measurements showed the existence of radiation 
induced clusters containing Cu and vacancies. 
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